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Molecular design for thermally activated delayed fluorescence (TADF) necessitates precise molecular
geometric requirements along with definite electronic states to ensure high intersystem crossing (ISC)
rate and photoluminescence quantum vyield (PLQY). Achieving all these requirements synchronously
while maintaining ease of synthesis and scalability is still challenging. To circumvent this, our strategy of
combining a crystal engineering approach with basic molecular quantum mechanical principles appears
promising. A holistic, non-covalent approach for achieving efficient TADF in crystalline materials with
distinct mechanical properties is highlighted here. Charge transfer (CT) co-crystals of two carbazole-
derived donors (ETC and DTBC) with an acceptor (TFDCNB) molecule are elaborated as a proof-of-
concept. Using temperature-dependent steady-state and time-resolved photoluminescence techniques,
we prove the need for a donor-centric triplet state (*LE) to ensure efficient TADF. Such intermediate
states guarantee a naturally forbidden, energetically uphill reverse intersystem crossing (RISC) process,
which is paramount for effective TADF. A unique single-crystal packing feature with isolated D—-A-D
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Accepted 3rd November 2023 trimeric units ensured minimal non-radiative exciton loss, leading to a high PLQY and displaying
interesting mechanical plastic bending behaviour. Thus, a comprehensive approach involving a non-
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Introduction

Since the discovery in 2012, TADF emitters and their organic
light-emitting devices (OLEDs) have represented fascinating
developments in lighting/display technologies. They require
a delicate balance of various molecular features, such as the
choice of the donor (D) and acceptor (A) units, the geometry of
the molecule, the positioning of electronic states, etc., to ach-
ieve optimal TADF performances."™® The conventionally fol-
lowed geometric requisite of significant structural distortion
between the D and A centre to attain a low singlet-triplet energy
offset (AEst) eventually results in low oscillator strength.
Hence, achieving high PLQY in a conventional molecular design
presents an inherent challenge."'> Most traditional TADF
systems reduce AEg r at the expense of oscillator strength, fos.
(Scheme 1a).**>* Therefore, the design of efficient TADF
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offset and a high oscillator strength for efficient TADF emitters is achieved here.

emitters relies on the subtle balance between these two antag-
onistic effects.

Moreover, the synthetic complexity of obtaining TADF
materials limits their commercial viability. As a result, devel-
oping cost-effective and scalable methods for efficient TADF
emitters is still a challenge. Coupling mechanical softness to
the single crystals of such materials would be an added
advantage from the perspective of fundamental and applied
functional aspects. Soft TADF crystalline materials would be
highly suitable for mechanically flexible active layer channels
for next-generation display technologies. The crystal engi-
neering approach has been pivotal in tuning the mechanical
properties of soft materials.”® Moreover, there has been growing
interest in flexible organic crystals as an advanced class of
functional materials. Recent attempts to make dynamic, flexible
organic crystals rather than conventional brittle crystals have
increased due to their advantages in fabricating smart opto-
electronic devices, waveguides and many other applications.>*°
In this context, introducing flexibility in intermolecular TADF
crystals with high PLQY will create new opportunities in the
abovementioned applications.

This study focuses on developing mechanically compliant
intermolecular CT co-crystal systems with small AEs_r values for
efficient TADF (Scheme 1b). Intermolecular D-A pair-mediated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Schemel (a) Graphical representation of conflicting requirements of simultaneously achieving a small effective singlet—triplet energy offset and

a high oscillator strength for efficient TADF emitters; (b) simplified diagram representing our non-covalent donor—acceptor design strategy; (c)
diagrammatic representation of the extent of the charge transfer interaction; (d) correlation of extent of CT interaction to the desired functional
output and our hypothesis to facilitate ISC (RISC) via intermediate triplets of contrasting orbital symmetry.

TADF offers distinct advantages over the traditional intra-
molecular pairs. Tedious and sophisticated synthetic steps to
obtain various C-C and C—heteroatom bonds can be elimi-
nated by using a bimolecular pair. Additionally, compared to
the poor charge balancing issue in conventional host materials
in OLED devices, the intrinsic charge transfer bipolarity of such
bimolecular systems makes this design principle more
attractive.*** It is possible to achieve the desired combination
of properties by mixing the right electron-rich and -deficient
counterparts. Emphasis is placed on choosing donor and
acceptor units of appropriate electron affinity (EA) and ionisa-
tion potential (IP) to obtain complexes with small AEg 1 values
and higher RISC rates. It is known that the right balance of a D
and A with an appropriate EA and IP is essential to ensure the
radiative 'CT state upon formation of the complex.5*%*

We have carefully screened a list of widely available small
molecule D-A conjugates to condense our choice to a few of
them to yield TADF (Fig. S1 and S2}). From the frontier energy
levels of the D and A units and the intrinsic properties of the
conformers, we narrowed down our choices to 9-ethylcarbazole
(ETC) and 3,6-di-tert-butylcarbazole (DTBC) as donors and

© 2023 The Author(s). Published by the Royal Society of Chemistry

2,3,5,6-tetrafluoroterephthalonitrile (TFDCNB) as the corre-
sponding acceptors to obtain plausible TADF complexes.
Emphasis is placed on the carbazole-derived donor unit
because of its intrinsic low-lying triplet states and high inter-
system crossing rate.> Later, the hypothesis is extended to other
suitable pairs to obtain the desired complexes to further vali-
date our proposed proof of concept (Schemes 1c, d and
Fig. S37).

Results and discussion

All the precursor materials and acceptor molecules used were
procured from Sigma-Aldrich and used after recrystallisation.
Carbazole was synthesised in the lab following a reported
procedure; the detailed synthetic procedure and character-
isation data are described in the ESI (Schemes S1, S2 and
Fig. S4-S117). As the optical signals of carbazole derivatives are
known to be sensitive to any trace amounts of impurities
present in the sample in the form of other structural isomers,*®
the purity was further confirmed by analytical HPLC to rule out
all such possibilities. Fig. S111 depicts the HPLC trace analysis
of the carbazole derivatives used in the present study.

Chem. Sci., 2023, 14, 13870-13878 | 13871
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The CT complexes were prepared using liquid-assisted
grinding (LAG) (Fig. S121). A detailed discussion of the prepa-
ration and structural characterisation of the CT complex using
IR and powder X-ray diffraction (PXRD) (Fig. S137), along with
the single-crystal X-ray diffraction (SCXRD) analysis, is provided
in the ESL.T Thermal analysis (TGA and DSC) was carried out to
confirm the formation of the CT complexes and gauge their
thermal stability, and is summarised in the ESI (Fig. S14 and
S15%). Moreover, the drop-cast films are highly crystalline,
retaining the CT character of the cocrystal evident from the
microscopic data (see Fig. S16 and ESI for detailst).

Crystallographic molecular packing and the relative orien-
tation of the donor-acceptor pair of the CT complex in the unit
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cell are crucial in dictating the optical features of the sample
(oscillator strength, reverse intersystem crossing rate, etc.).
Hence, SCXRD analysis for ETC-TFDCNB was carefully carried
out and is summarised in Fig. 1b and 4. The ETC-TFDCNB
crystal belongs to the monoclinic P24/c space group, and both
the D and the A motifs attained a planar geometry. Interestingly,
a trimeric unit constituting two donors and one acceptor
molecule interact strongly with each other in a face-to-face
manner to form a D-A-D sandwich repeating unit, and the
trimeric unit interacts weakly with another trimeric unit in an
edge-to-face fashion along the b-axis (Fig. 1b and 4e). This
packing significantly impacts the optical features (vide infra) by
ensuring confined excitons within the stack of three molecules
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(a) Molecular structure of the donor ETC and the acceptor TFDCNB; (b) single-crystal molecular packing of the ETC-TFDCNB co-crystal

along the a-axis; (c) UV-Visible absorption spectra (normalised at absorption maxima) of ETC, TFDCNB and the ETC-TFDCNB CT complex in the
film state; (d) frontier molecular orbital (FMO) energy levels of ETC, TFDCNB and the ETC-TFDCNB CT complex; (e) TD-DFT simulated electronic

absorption spectra of ETC-TFDCNB in D—A-D form, and the respecti

ETC-TFDCNB are obtained from the crystal structure).
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ive molecular orbitals involved in the transitions (the coordinates of the
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(2D:1A), enabling less exciton loss due to long-range excitonic
migration in extended arrays. This unique molecular packing
suggests additional interesting mechanical properties in the
bulk crystals. Low-temperature (~100 K) SCXRD experiments
were also performed to identify any structural alteration upon
lowering the sample temperature, which is vital in dictating the
optical traits of these samples. No significant structural change
was observed in the unit cell parameters or molecular stacking
upon lowering the sample temperature (Table S17).

The optical properties of these samples are also interesting.
Dilute solutions of the CT crystals do not exhibit their resultant
optical characteristics; individual monomeric absorption bands
are visible rather than intermolecular charge transfer transi-
tions, as expected due to the heavily solvated and dissociated CT
pair. Thus, thin films prepared by drop-casting solutions of the
obtained co-crystals were used to obtain the optical features of
the CT forms. The optical absorption spectra of these thin films
were recorded in transmission mode on a quartz substrate.
They show distinctive new broad absorption and spectral bands
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originating from the hybrid states obtained between the HOMO
of the donor and LUMO of the acceptor pair (Fig. 1c), high-
lighting the formation of the CT complex. It is to be noted that
neither of the individual components of the CT complex have
any characteristic optical transitions in the visible spectrum
range, and, hence, they appear to be colourless in their solid
state. For comparison, the absorption spectral profiles of ETC
(donor), TFDCNB (acceptor) and ETC-TFDCNB (CT complex)
are summarised in Fig. 1c.

Density functional theory (DFT) calculations were carried out
to understand the electronic states of the CT complex pair. The
frontier molecular orbital (HOMO, LUMO, etc.) energies and
static dipole moment (SDM) were calculated using the geometry
obtained from the X-ray crystal structure employing the B3LYP-
D3/def2tzvp level of theory. The dispersion factor GD3 was used
to account for the dispersive nature of m---7v stacking. The
energy levels and frontier orbitals of the CT complex and their
corresponding conformers are shown in Fig. 1d. As expected,
the highest occupied molecular orbital (HOMO) lies on the
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(a) Temperature-dependent steady-state PL emission of an ETC-TFDCNB single crystal; (b) variation of the steady-state PL intensity with

temperature at A = 525 nm and 1 = 590 nm; (c) variation of the integrated area of the steady-state PL band with temperature. Temperature-
dependent (d) gated PL emission spectra (initial delay = 0.1 ms) of an ETC-TFDCNB single crystal; (e) steady-state and (f) gated (initial delay = 0.1
ms) PL emission spectra of ETC crystalline film; (g and h) lifetime decay profile of the ETC-TFDCNB film.
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donor molecule, whereas the lowest unoccupied molecular
orbital (LUMO) is localised on the acceptor. The calculated
electronic energy diagram of the ETC-TFDCNB complex
(Fig. 1d) proves that its HOMO (—5.92 eV) is energetically closer
to the HOMO of ETC (—5.61 eV), and that its LUMO (—3.04 eV) is
more comparable to that of TFDCNB (—3.58 eV). The calculated
static dipole moment (SDM) for the ETC-TFDCNB complex is
2.63 Debye, indicating highly dipolar behaviour; the dipole
moment vector aligning from the D to the A unit, which is
a characteristic of such CT complexes (Fig. S17f). Time-
dependent density functional theory (TD-DFT) calculations
were performed using the ETC-TFDCNB geometry obtained
from SCXRD at the TPSSh-GD3BJ/def2tzvp level of theory. The
simulated optical absorption spectrum (Fig. 1e and S187) is well
harmonised with the experimental data. Based on TD-DFT
analysis, two distinct electronic transitions are predicted: an
intense lower-energy band centred at ~443 nm with explicit CT
character, and a less-intense band at a shorter wavelength
(~316 nm) with a significant donor-centric locally excited (LE)
character.

To probe the PL characteristics of the CT complex, solid-state
samples, viz., pristine films, polymer-doped films and single-
crystal samples, were used to record steady-state and gated PL
spectra. At 300 K, a broad emission band ranging from 480 nm
to 700 nm (Anax = 530 nm) with a full-width half maximum
(FWHM) of 3226 cm ™", which is indicative of characteristic CT
state emission, is observed from the single crystal upon exci-
tation at 440 nm (Fig. S197). The gated (0.1 ms initial delay) PL
spectrum of the same crystal sample gives a very weak emission
ranging from 510 nm to 720 nm (Fig. S221). The gated emission
spectral maximum (Aio® = 575 nm) is red-shifted compared to
the steady-state PL emission maximum (Ay, = 530 nm)
(Fig. $197). The energy offset (AE (ST* — T{")) at 300 K is found
to be ~0.15 eV from the corresponding emission spectral
onsets. Fig. 2g and h shows the PL decay profiles of the pristine
crystalline film. A biexponential decay with two distinct
regimes, an initial prompt fluorescence decay (with t° = 60 ns)
followed by a delayed component (with tg, = 2.2 ps), is evident.
This observation leads us to envisage the possibility of a ther-
mally activated delayed emission mechanism as preconceived
by our design strategy (Scheme 1 and Fig. S3t). Moreover,
homogeneously dispersed films of ETC-TFDCNB were prepared
in polymer matrices of various dielectric constants. Even at
a 10% (wt/wt) concentration, the complex retains its CT char-
acteristics, as is evident from the absorption, PL emission and
lifetime decay profile (Fig. S207).

To better characterise the underlying photophysics of the
delayed excited state phenomenon in the ETC-TFDCNB co-
crystals, we analysed the steady-state and delayed emission
spectral characteristics with varying sample temperatures and
delay times (Fig. 2a and d). Interestingly, the emission spectra
of the single-crystal and thick-crystalline-film (Fig. S21%)
samples are firmly temperature-dependent. The temperature
dependence of the steady state and delayed spectra were also
found to be entirely different. In the case of the steady-state
spectra, at 300 K, a PL band centred at 530 nm is noticed. The
intensity (at Amax) of this band steadily declines with the

13874 | Chem. Sci., 2023, 14, 13870-13878
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decrease of the sample temperature (Fig. 2b). The reduction in
the integrated spectral area confirms the monotonic decline in
PLQY with the lowering of the sample temperature (Fig. 2c).
This observation is an evident characteristic of thermally acti-
vated up-conversion of the triplet excitons back to the singlet
state. From the slope analysis, a thermal activation energy
barrier of ~0.3 meV is obtained, which is characteristic of the
TADF mechanism (Fig. S227).

Interestingly, at low temperatures (<100 K), an additional
band centred at 480 (+5) nm appears in the steady-state spec-
trum upon 440 nm excitation. We hypothesised that the newly
emerged band was the transition originating from the trapped-
donor (ETC)-centric triplet states due to the lack of necessary
activation energy below 100 K. To confirm this, we compared
these emission features with the temperature-dependent
steady-state and delayed PL spectra of the pure donor (ETC)
sample (Fig. 2e and f). The phosphorescence band was invisible
in the steady-state emission spectra (Fig. 2e). Still, the gated
emission spectral profile (delay of 0.1 ms) proves the existence
of an emission band centred at 440 nm (Fig. 2f). This band
appeared to be similar to the high-energy band observed in the
CT complex at <100 K (Fig. 2a). Moreover, the gated emission
spectra of the ETC-TFDCNB further confirm the donor-centric
transition at low temperature (Fig. 2d). As inferred from the
phosphorescence spectra of the ETC sample at 80 K, we ensured
that the higher energy band that appears for ETC-TFDCNB at
low temperature is of *LE character.

For TADF emitters, it is well accepted that the singlet to triplet
energy gap (AEs.y) is directly proportional to the electron
exchange energy (J),""*> which is eventually related to the spatial
overlap of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). Thus, to achieve
high (reverse) intersystem crossing rates, spatial separation of
the HOMO and LUMO is essential to reduce J; this guideline has
been followed in the conventional design strategy. In contrast, it

5,(CT)

Energy

Abs.

Fluor. (prompt/delayed)
Low temperature

So(CT)

Fig. 3 Simplified potential energy diagram of the electronic states
involved in our designed TADF materials.
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is necessary to have sufficient wavefunction overlap to ensure
high oscillator strength and excellent radiative decay rates (S, <
S;). El Sayed's rules forbid direct T; and S; conversion in cases
where the states have the exact orbital nature, as would be the
case when both are pure CT states due to the predicted vanishing
spin-orbit coupling.®” Thus, the orbital nature of the singlet and
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triplet states (LE or CT) is an essential factor determining the
efficiency of the ISC (and RISC) process.****-%> We consider that
for our system, the forbidden RISC (and ISC) are facilitated by the
donor-centric locally excited triplet state “®'T (Fig. 3). Thus, we
propose that in the case of the ETC-TFDCNB co-crystal, a mech-
anism of sequential up-conversion (RISC) viz., *CT — *LE — 'CT
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(a) Schematic diagram representing exfoliation followed by bending on the (010) face for the ETC-TFDCNB crystal; (b) schematic diagram

illustrating the brittle behaviour of the (100) face for the ETC-TFDCNB crystal; (c and d) optical images of plastic deformation and mechanical
fracture upon application of force on the (010) and (100) face, respectively, for the ETC-TFDCNB crystal; (e) molecular packing of the ETC—
TFDCNB crystal; quantitative nanomechanical tests: (f) load—displacement (P—h) curves of the (010) and (100) face of ambient crystals; in situ
scanning probe 2D and 3D microscopic images of impressions after indentation at 5 mN loads on the (g) (010) face and (h) (100) face,
respectively.
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is followed. The schematic potential energy surfaces are illus-
trated in Fig. 3 according to the electronic energy levels of the
different states involved. We suggest that simultaneous emission
from both the LE and CT states is observed at sub-ambient
temperatures (T < 100 K), as the thermally activated rate of
RISC from *LE — 'CT is restricted (Fig. 3). The energy of the
bridging *LE state was estimated from the gated PL spectrum of
the isolated donor alone, i.e., ETC. The donor's °LE triplet state,
which is sandwiched between the S,(CT) and T,(CT) states, is
energetically in favour of ensuring effective RISC (or ISC). This
process explains the high PLQY (¢ = 90% at room temperature
and ambient pressure) for the ETC-TFDCNB crystal (Fig. 3).
Similar photophysical behaviour is observed for the DTBC-
TFDCNB pair (Fig. S23t). Intermediate donor-centric triplet
emission from the donor (DTBC) also appeared at low tempera-
tures. Moreover, we have extended this unique non-covalent
approach to other suitable pairs to obtain the desired
complexes (TADF, exciplex and fluorescent CT complexes),
bolstering our proposed design strategy (Fig. S23-S267).

As a part of our continuous efforts to understand the
mechanical properties of organic crystals with fascinating
optoelectronic properties, we explored the properties of single
crystals of DTBC-TFDCNB and ETC-TFDCNB by performing
a sequence of mechanical operations.>*>* A schematic repre-
sentation and optical images of ETC-TFDCNB crystals under
mechanical operations are summarised in Fig. 4a-d, S28 and
the ESI Videos.t These qualitative tests at ambient temperature
revealed that single crystals of DTBC-TFDCNB are brittle due to
the absence of facile slip planes or any restorable interactions
(Fig. S321). On the other hand, ETC-TFDCNB crystals which
grow along c-axis, can be easily exfoliated upon applying stress
on the (100) or (001) faces using a metal needle, which results in
thin crystals (Fig. S271). Additionally, the delicate thin-needle
shape crystals obtained by slicing the pristine crystal show
remarkable plasticity upon application of stress on the (010)
face, i.e., irreversible deformation (Fig. 4a, ¢, S28 and ESI Videos
1, 21). The morphology and qualitative mechanical behaviour of
the ETC-TFDCNB crystal before and after exfoliation are
demonstrated in Fig. S28 and ESI Video 2.}

On the other hand, upon the application of mechanical
stress on the (100) face, the crystal breaks in a brittle manner
(Fig. 4b and d). To understand these distinct mechanical
responses from different faces, we analysed the crystal structure
from SCXRD studies. The SCXRD studies revealed that the
monoclinic (P24/c space group) ETC-TFDCNB crystal has one
ETC molecule and half a TFDCNB molecule in the asymmetric
unit. One molecule of TFDCNB interacts with two molecules of
ETC to form strong w-stacking interactions (D-A-D) with
a centroid-to-centroid distance of 3.43 A nearly along the b-axis
(Fig. 4e). One ETC molecule from one D-A-D unit interacts with
another ETC molecule of another D-A-D unit along the b-axis
(Fig. 4e) via weak C-H---T interactions (d = 3.16 A, 6§ = 110.42°).
These weak interactions between two strongly interacting
D-A-D units help to form a weak interacting plane, i.e., a slip
plane, parallel to the (010) face with a layer separation of ~1.53
A. Applying mechanical stress perpendicular to the slip plane
helps the crystal to bend plastically.>*?*
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On the other hand, with mechanical stress on the (100) face,
the crystal breaks in a brittle manner due to the absence of any
facile slip plane perpendicular to this direction. The crystal was
exfoliated when the force was applied by a needle on the (001) or
(100) face due to the presence of a weak interacting plane
parallel to the (010) face between two D-A-D units. To quantify
the mechanical properties of the crystal, we performed nano-
indentation® experiments on the (100) and (010) faces. Then,
we analysed the extracted elastic modulus and hardness for
both faces. The elastic modulus (E) and hardness (H) for the
(010) face are 5.79 & 0.27 and 0.18 =+ 0.01, respectively, and for
the (100) faces, 5.00 & 0.31 and 0.12 + 0.01, respectively, ata 5
mN load (Fig. 4f-h, S29 and S30t). The low elastic modulus and
hardness for the plastically bendable (010) face indicate its soft
nature and agree well with previously reported plastically
bendable crystals.®*** However, for the (100) face, the values are
even lower, which may be due to the indentation parallel to the
weak interacting plane causing sudden slippage of the layers. In
the loading curves, several pop-ins were observed in both faces
(Fig. 4f). These pop-ins are generally seen when sudden pene-
tration of the indenter tip at a constant load occurs due to
a sudden burst of the microscopic elastically compressed layers
upon reaching a critical load. To understand the mechanical
behaviour of the crystal, we used pairwise energy framework
calculations, which explain the anisotropic nature of the
structure in ETC-TFDCNB (Fig. S31}). The analysis suggests
that the total energy of the D-A pair is —54.6 k] mol ™, which is
significantly higher than that of D-D interacting pairs (Eq: =
—28.1 k] mol™') on either side of the weakly interacting slip
plane.

Conclusions

In summary, we have successfully demonstrated an efficient
non-covalent molecular design strategy to yield efficient TADF
in a set of CT co-crystals and solids. Selectively choosing the
donor and acceptor pair ensured the forbidden singlet-triplet
transitions facilitated through a fast ISC (or RISC) between 'CT
- 3LE sets of electronic states following El Sayed's rule. The
relevance of the donor-centric local excited states is a prerequi-
site in donor selection. We also provide a plausible structural
basis for designing efficient mechanically soft organic TADF
materials. We believe this report will help in understanding the
structural and electronic basis for designing mechanically
flexible and efficient intermolecular TADF materials for future
applications.
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