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ABSTRACT

Thermally activated delayed fluorescence (TADF) emitters are typically embedded at low
concentrations in a host matrix to suppress emission quenching. However, recent studies indicate
that TADF compounds such as the oBFCzTrz emitter display insignificant concentration
quenching dependence. To understand the origin of this beneficial behavior, here, the
morphology, dynamics, and electronic properties as well as charge transport and energy transfer
in a neat film of the oBFCzTrz emitter are characterized via molecular dynamics simulations
combined with density functional theory calculations. The emissive layer is found to be in a
glassy state at room temperature with the twisted configurations of the emitter molecules
allowing for intra-molecular donor-acceptor interactions, but disfavoring infer-molecular n—n
stacking, which suppresses the formation of infer-molecular aggregate states. As a result, the
electronic structure and luminescence of oBFCzTrz are not significantly altered by inter-
molecular interactions. The diffusion lengths of the singlet and triplet excitons are calculated to
be small enough that there occurs no substantial concentration quenching effect. Overall, the
design of new TADF emitters with structural motifs similar to that of o0BFCzTrz offers potential
to develop efficient OLED devices in which the emissive layers are entirely composed of TADF

molecules without the need for a host component.
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1. Introduction

Organic materials showing thermally activated delayed fluorescence (TADF) have emerged as a
promising class of emitters to promote internal quantum efficiencies (IQEs) of
electroluminescence beyond the spin statistical bottleneck of 25%.!'-! Recent developments in
TADF-based organic light-emitting diodes (OLEDs) with an IQE of up to 100% have shifted the
material design paradigm of OLEDs from heavy-metal containing phosphors to cost-effective

U1 TADF emitters benefit from the conversion of nonradiative triplet states

all-organic emitters.!
to the emissive singlet through a reverse intersystem crossing (RISC) mechanism.!!> 12 131 For an
efficient RISC transition, a separation energy (AEst) between the lowest singlet state (S1) and
triplet state (T1) smaller than 0.2 eV is usually required.[: '*I To achieve such small AEst values,
molecules consisting of donor and acceptor moieties are considered and a precise linkage
between them is used to reduce the electronic exchange interactions via formation of twisted
donor-acceptor conformations.['31°1 Recently developed TADF systems made of an acceptor

3,30.311 coupled with a donor like

such as triazine,!® 2027 benzophenone,!?® 2! or diphenylsulfonel
an acridane!?> 3% or carbazolel® 2% 27> 28 321 derivative have small AEsr, high photoluminescence

quantum yield (PLQY), and short delayed fluorescence lifetimes.

TADF emitters are typically embedded at low concentrations (< 20 wt. %) in a host matrix

through host—guest co-evaporation in order to suppress emission quenching and/or exciton

217, 33, 34

annihilation due to molecular aggregation.! I However, recent studies indicate that some

TADF emitters can show insignificant concentration quenching dependence, opening a new
5, 25, 35-38]

avenue to simplify OLED structure/fabrication and reduce device manufacturing costs.!

For instance, OLEDs where the active layer has a high concentration of o0BFCzTrz (5-(2-(4,6-



diphenyl-1,3,5-triazin-2-yl)phenyl)-5SH-benzofuro[3,2-c]carbazole), a blue TADF emitter formed
by ortho-linkage of benzofurocarbazole to triazine (see Figure la), was shown to exhibit high
external quantum efficiency (EQE) with low roll-off during operation.’®) Emissive films
composed of 8 and 100 wt% of oBFCzTrz showed EQEs of 20.3 and 12.3% at 10 cd/m?,
respectively;l*! the same films displayed EQEs of 12.6 and 13.7% at 1000 cd/m?, which points

to ambipolar transport and, importantly, very limited concentration quenching.[*°]

It was suggested that m—m stacking between neighboring molecules could be inhibited via steric
hindrance from side chains, thereby minimizing concentration quenching.[*-421 Alternatively,
bulky TADF emitters can be employed to reduce the short-range interactions among emitters and
suppress quenching.[*> 4l However, the structure of oBFCzTrz and its lack of side chains
introduces short-range inter-molecular interactions among emitters, making the absence of
concentration quenching in neat oBFCzTrz films a priori unexpected. In order to provide a
molecular insight into the emissive properties of o0BFCzTrz neat films, we use an approach that
combines molecular dynamics (MD) simulations and density functional theory (DFT)
calculations to examine the electronic structure, intersystem crossing transitions, and charge-

transport and energy-transfer characteristics in neat o0BFCzTrz films.

2. Results and Discussion

2.1. Morphology

The packing configuration of the emissive layer has a strong impact on the optical, energy-
transfer, and charge-transport properties and consequently on device performance.[*> 4] In order

to obtain an in-depth understanding of the oBFCzTrz neat-film morphology and structural



dynamics, we rely here on atomistic molecular dynamics (MD) simulations. The MD simulation
box is illustrated in Figure 1b and the details of the computational approach are given in the
Methodology Section. The derived evolutions of the average mean-square-displacements
(MSDs) of the center-of-mass (COM) positions of the oBFCzTrz molecules are plotted as a
function of MD simulation time () in Figures 1c and 1d. At very short simulation times (¢ < 1
ps), the molecular motions fall into a “ballistic diffusive regime”, i.e. MSD(f) « # (Figure 1c),

that is dominated by inertia of the emitters and their surroundings.[*’! The small magnitude of

converged MSD for such a diffusion points to the short distances (VMSD ~ 0.7 A) that
oBFCzTrz molecules can move in a straight line at a constant velocity before collisions with
their surroundings, demonstrating the high local concentration of the film. At longer time scales,
the emitters start to move within the instantaneous cages formed by neighboring molecules.
Figure 1c indicates that such a “caging diffusive regime” governs the whole simulation time at
300 K; therefore, no appreciable changes in the morphology of the emissive layer occur and the
film presents a glassy behavior. What this implies is that, if the system at 300 K is initially
located at a local minimum of the energy landscape, it does not have enough thermal energy to
jump over energy barriers of local minima to find the global minimum on the potential energy

surface.

Next, we carried out MD simulations of the system at higher temperatures, which are close to
that used during device fabrication.’®] As temperature increases to 500 and 550 K, the molecules
now possess enough thermal energy to “melt” the cages and transit to a diffusive regime, in
which case MSD(¢) « ¢ (see Figure 1d); in these instances, the system can explore the energy

landscape and reach the global minimum (generally, the most ordered configuration) in the



course of the annealing procedure. At these higher temperatures, the caging regime that separates
the short-time ballistic and long-time diffusive regimes becomes negligible. As the system is
then cooled down to room temperature, the dynamics of the o0BFCzTrz molecules again become
reminiscent of those seen for typical glassy materials, with memory of the initial configuration
persisting to a large extent throughout the simulation. This result highlights the importance of the
experimental protocols in the preparation of emissive layers since previous studies have shown

that thermal annealing strongly influences device performance.[*® 4]
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Figure 1. (a) Chemical structure of oBFCzTrz consisting of a donor (benzofurocarbazole) and an
acceptor (triazine) moiety. (b) Illustration of the MD simulation cell containing 400 0BFCzTrz molecules.
The donor, acceptor, and center of mass (COM) of each molecule are shown in blue, red, and magenta,
respectively. Mean-square-displacements (MSDs) of the COMs as a function of simulation time at: (c)
300 K and (d) 500 and 550 K.

The radial distribution functions (RDFs) of the centers-of-mass (COM) of the oBFCzTrz
molecules are shown in Figure 2a (we recall that the RDFs correspond to the probability of
finding a COM at a distance (R) from another tagged COM). In comparison to the 500 and 550 K
cases, the RDF profile at 300 K shows more features owing to the restricted motions of the
individual molecules trapped in the cages. As temperature increases to 500 and 550 K, the RDF
profile resembles that of a typical fluid whose particles are able to escape from the cages and
reach a diffusive regime. At all the temperatures considered here, the RDFs of the system show a
general outline where the peak maximum and the first shell boundary are located at around 10.0

and 15.0 A, respectively.

We evaluated the average number of neighbors around a given molecule as a function of COM
separation distance (R). For the sake of accuracy, the number of neighbors is computed directly
by using the MD snapshots. Results at 300 K indicate that on average a nearest neighbor
molecule is located at R ~ 8.0 A, and the number of neighbors within the first shell (R < 15 A) is
about 17. At the higher temperatures, the values remain similar. Figures 2b and 2c¢ (black, blue,
and red lines) present the RDFs between the COMs of the donor (D) and acceptor (A) molecular
subunits (we note that in these RDF calculations of COMa—COMDp, the donor-acceptor pairs are
omitted if both moieties belong to the same molecule). The peak located at ~ 4.1 A is ascribed to
co-facial geometrical D/D, A/A, and D/A configurations, which is confirmed by visual

inspection of molecules from the MD snapshots. For the system at 300 K, the occurrence of a



D/A co-facial configuration is found to be slightly larger (~ 31%) in comparison to those of D/D
and A/A counterparts. This can be attributed to electrostatic interactions that favor such D/A co-
facial configurations. However, a temperature increase to 500 — 550 K leads to equal sampling of
all possible pairs (Figure 2c). The RDFs between all the donor and acceptor subunits, including
as well those belonging to the same molecule, are also given in Figures 2b and 2¢ (green line);
the results imply that the infra-molecular distance between the D and A moieties is about ~ 5.9
A. Of note, due to the twisted structure of the emitter imposed by the ortho-linkage of the D/A
moieties, the RDF peak intensity for the inter-molecular D/A (~ 4.1 A) is significantly reduced,

i.e., the twisted structure imposes steric hindrance on the inter-molecular D/A interactions.

In what follows, we consider the electronic properties of o0BFCzTrz at the DFT-optimized
geometry as well as within the thin film in the forms of monomers, dimers, and trimers that are
extracted from our MD simulations trajectories at 300 K. The results discussed below underline
that the aforementioned twisted structure of the oBFCzTrz molecules plays a critical role in
minimizing the impact of molecular aggregation on the electronic properties of the emitter in the

emissive layer.
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Figure 2. (a) Radial distribution functions (RDFs) between COMs of individual oBFCzTrz
molecules (shown as magenta balls in Figure 1b) at 300, 500, and 550 K as a function of
separation distance (R). (b) and (c) RDFs for COMs of donor (D) and acceptor (A) fragments of
the system (see Figure 1a) at 300 and 550 K. In (b) and (c), the RDFs between all the donor and
acceptor subunits of the system are shown in green. The other RDF plots in (b) and (c) are
between the subunits that belong to different molecules.



2.2. Intra-molecular electronic excitations

To describe the electronic structure of 0BFCzTrz, we carried out long-range corrected density
functional theory geometry optimizations of an isolated molecule in its ground state (So) at the
oprcMB97XD-DFT level, see Methodology Section). The excited-state calculations and the
geometry optimizations of the lowest excited singlet state (S1) and triplet state (T1) were carried
out by means of time-dependent DFT (TDDFT). The calculated singlet adiabatic energy

(Eg“ld, Figure 3a) and singlet-triplet splitting energy (AEst) are 2.49 eV and 10 meV,

respectively, to be compared to experimental values of 2.99 eV and 2 meV estimated from the
onsets of the absorption spectra in thin film;?”] this suggests that the use of the wpcmB97XD
functional underestimates to some extent the excited-state energies, in line with the results of
previous studies.’% 3! The natural transition orbitals (NTOs) indicate that, in both S; and T,
states, the hole and electron are mainly localized on the o0BFCzTrz donor (benzofurocarbazole)
and acceptor (triazine) moieties, respectively (Figure 3b). The very limited spatial overlap
between the hole-NTO and electron-NTO demonstrates the dominant charge-transfer (CT)

character of both excited states.

10



(b)
> ; Sy electron-NTO
9 2 Y

T, electron-NTO

Figure 3. (a) Illustration of intersystem crossing (ISC), reverse intersystem crossing (RISC),
singlet adiabatic energy (E&?), triplet adiabatic energy (Ef%), rates of radiative and non-radiative

decays (k- & kur), and singlet-triplet energy separation (AEst). (b) Natural transition orbitals in
the S; and T; states. Atom color code: C, gray; H, white; N, blue; O, red.

Since the molecular geometry in the solid state can be expected to differ from that of the isolated
molecule, we randomly extracted 1600 molecules from the MD trajectories, which allows us to
account for the effect of molecular packing on the electronic excited-state energies. TDDFT
calculations for the selected molecules were then performed to derive the energy distributions of
the Sy and T states. These distributions are Gaussian-like and centered at ~2.86 and ~2.83 eV for
Si and Ti, respectively, see Figure 4a. The standard deviations (o) of both S; and T: energy
distributions is ~0.13 eV, which is in good agreement with the value of 0.10 eV estimated from
the experimental electroluminescence spectrum of 0BFCzTrz.3%! The DFT calculations indicate
that the AEst values remain small for the configurational space studied here. As shown in Figure
4b, over 52% of the molecules possess a AEst less than 0.05 eV, ensuring that a considerable

ratio of oBFCzTrz monomers can potentially exhibit significant reverse intersystem crossing

11



rates at room temperature. It is worth mentioning that the AEst values are found to be positive
for all the structures considered here; previous studies on TADF emitters have indicated that
inter-molecular interactions can sometimes alter the relative positions of the S; to T; states,

leading to negative AEst values in the case of a few of the emitters.[5% 53]
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Figure 4. (a), (b) Normalized energy distributions for Si, Ti, and AEsr for 1600 individual
molecules of oBFCzTrz extracted from the MD simulations. (c¢), (d) The same distributions for

1200 dimers, and (e), (f) 500 trimers of o0BFCzTrz. Insets in (d) and (e) are random examples of
dimers and trimers.

2.3. Inter-molecular electronic excitations

Molecular aggregation in an emissive layer can alter the opto-electronic properties of the
material®+38 with the formation of a non-emissive S; state being a possible reason for
concentration quenching. In order to evaluate the nature of inter-molecular states in an

oBFCzTrz film, we randomly extracted from the MD simulations 1200 dimers and 500 trimers

12



of 0BFCzTrz where the inter-COM distances are within 9.45 A. Such a distance threshold
restricts the sampling of dimers to those where the two interacting monomers are in close
vicinity. TDDFT calculations were carried out to estimate the energy distributions of the S; and
T; states for the selected dimers and trimers. The results are illustrated in Figures 4c and 4d,
respectively. An NTO analysis shows that the majority of S; states are localized on monomers,
see Dimer I and Trimer I in Figure 5. However, nearly 10% of the S; states in dimers and 13% in
trimers have a hybrid character resulting from the mixing of monomer CT and infer-molecular
CT excitations, see Dimer II and Trimer II in Figure 5. The derived distributions of singlet and
triplet states are very similar to those computed for the monomers. As displayed in Figures 4c
and 4e, the energy distributions of the lowest excited singlet and triplet states of dimers and
trimers are only slightly red-shifted by ~0.10 and ~0.15 eV, respectively, in comparison to those
for the monomers (Figure 4a). These results are fully consistent with experimental data pointing
to a ~0.11 eV red shift of the emission band in films with a high concentration in o0BFCzTrz.3")

The AEst values for dimers and trimers of o0BFCzTrz have distribution patterns similar to that of

monomers, see Figures 4d and 4f.
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Figure 5. Natural transition orbitals for S; in two representative dimers and trimers of
oBFCzTrz. Atom color code: C, gray; H, white; N, blue; O, red.

2.4. Radiative transitions

We now turn to the effect of molecular aggregation on the radiative decay rate (k) for the
electronic transition from S to So. These rates were estimated using the Einstein relation>®! (see
Methodology Section). They are on the order of 5.10 x 10° s*' for monomers and only very
slightly decrease with inter-molecular interactions, with values of k. for dimers and trimers of
4.36 x 10° s7! and 3.55 x 10% s7!, respectively. The photoluminescence quantum yield (PLQY)
and the S; state lifetime (7) of oBFCzTrz in thin films are reported to be 82% and 5.4 ps,
respectively;?7- 3% these values can be used to approximate the radiative decay rate of the emitter
as ~ 7 x PLQY= 4.4 x 10° s!, which is in excellent agreement with the DFT results.

Interestingly, in contrast to the Gaussian distribution displayed by the excited-state energies, the

14



k- distribution has an exponential shape (Figure 6a). Further investigations are required to

understand the origin behind this feature and its relevance to the device properties.

Overall, our results indicate that aggregation induces only a small red-shift of both singlet and
triplet energy distributions and a slight decrease in radiative decay rates, which point to a
negligible concentration quenching effect and allow us to rationalize important experimental

observations.?%]

2.5. Intersystem crossing transitions

Intersystem crossing is at the heart of the operation of a TADF-based device. The estimation of
the ISC and RISC rates (kisc and krisc) of the emitter was performed in the framework of Marcus
semiclassical electron-transfer modell® (see Methodology Section). Figure 6b displays the
distribution of spin-orbit couplings (¥soc) based on the results obtained for the 1600 oBFCzTrz
monomers extracted from the MD simulations. Vsoc is calculated to have a mean absolute value
of ~0.01 meV (i.e., ~0.1 cm!), which is on the lower end of the values reported for typical
TADF molecules (0.02-0.10 meV).[%!") In line with results for other TADF molecules,!>3! the Vsoc
values correlate approximately linearly with the AEst values (Vsoc « AEst, Figure 7a). This
underlines that an increase in Vsoc value comes at the expense of an increase in the barrier for
the RISC transition. Here as well, further investigations are definitely warranted to gain a better
appreciation of the origin of the observed linear relationship between Vsoc and AEst in these

emitters.
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Using Vsoc and AEst along with the value of the reorganization energy (see Methodology
Section) allows the estimation of the kisc and Arisc rates (Figures 6¢ and 6d). The mean values of
kisc and krisc are 1.22 x 107 s7! and 2.20 x 10% s!, respectively, which is comparable to those

14.61] The estimated ISC rate is thus only about 3 times larger

reported for typical TADF emitters.|
than the radiative transition rate; thus, the system is likely to perform only a few cycling

transitions between singlet and triplet states before a photon is emitted, which explains the short

delayed fluorescence lifetimes observed in oBFCzTrz devices.

We also find a correlation between &, and krisc, see Figure 7b, which underlines that the emitter
conformations at which the RISC rates are largest often exhibit the lowest radiative decay rates.
This correlation points to the fact that the largest values of krisc are obtained for systems with
vanishing AEst values, i.e., for systems that have nearly a pure CT character of the S; state and
consequently a vanishing oscillator strength for the transition to the ground state (and thus a
small k). Nevertheless, during the lifetime of the S; state, the structural fluctuations due to
vibrational dynamics are expected to allow the emitter to sample conformations with higher

transition dipole moments and in this way promote radiative decay.
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2.6. Energy transfer

It is also of interest to evaluate the excitation energy transfer (EET) rates among oBFCzTrz
molecules. EET processes can lead to non-radiative decay pathways of the excited states via,
e.g., exciton-exciton annihilation, which decreases not only the PLQY but also device
stability.[%% 631 To evaluate the EET rates, the related electronic couplings were obtained using an
approach based on molecular TDDFT transition densities (see Methodology Section).[%% 631 The
electronic couplings for the singlet-exciton energy transfer (SEET) processes and triplet-exciton
energy transfer (TEET) processes are given in Figure 8a as a function of infer-molecular
separation distance (Rcom), as obtained from calculations performed on the 1600 dimers
extracted from the MD snapshots. For dimers composed of monomers in close vicinity (Rcom <
9.45), about 96% of the contribution to the electronic coupling for SEET is due to Coulomb
interactions, leaving a small portion of about 4% for the contribution related to exchange
interactions. For triplet excitons, the Coulomb contribution to the electronic coupling is found to

be zero, as expected.

Based on these electronic couplings, the rates for the SEET (ksgzer) and TEET (kreer) processes
were calculated; the results are shown in Figure 8b. The kszer values can be as large as 8.7 x 10°
s'! and are about four orders of magnitude larger than the k7zer values, which is mainly due to the
higher electronic couplings for SEET than TEET (Figure 8a). Based on the calculated ksgzr and
kreer values and considering only energy-transfer processes within a Rcom < 0.8 nm range, the
exciton diffusion coefficients (Dr) for the SEET and TEET processes are about 8.74 x 10° and

9.92 x 10" nm? s, respectively. These diffusion coefficients are significantly lower than those

18



previously reported for thin films based on conventional organic semiconductors, with Dy(seeT)

values around 10'°-10"" nm? s*!, and Dy (reer) values around 103-10% nm? -!.[66-72]

We also evaluated the diffusion length (Lp) for oBFCzTrz excitons within the time, 7 = 1/krisc =
0.45 s, that can be considered as the upper limit of the TADF process. The singlet exciton
diffusion length is calculated to be ~0.63 nm, which is about one order of magnitude smaller than
those found for conventional organic semiconductors such as NPD (N,N'-diphenyl-N,N’-bis(1-
naphthyl)-1,1’ biphenyl-4,4” diamine) (5.1 nm),[”> 7 as well as shorter than the average distance
between two oBFCzTrz emitters, ~0.8 nm. As expected, a much smaller diffusion length of
about 0.01 nm is derived for triplet excitons. Considering that the exciton density in an OLED
based on o0BFCzTrz is about 10' ¢m under normal device operation conditions,!**! the average
distance between two excitons is evaluated to be about 9.3 nm. Thus, our results suggest that the
singlet excitons are able to perform only about one infer-molecular hop before decaying to their
ground state while the triplet excitons remain essentially immobile during this time. These results
underline that the exciton energy-transfer processes in 0BFCzTrz films are too slow to lead to
any significant luminescence quenching via exciton-exciton annihilation or exciton decay at

device interfaces.

In conventional fluorescent emitters and heavy-metal phosphorescent complexes, the Forster!””!
mechanism has been found to be the dominant energy transfer mechanism. In contrast, recent
concentration quenching measurements!’®! performed for xanthone-based TADF emitters suggest
a short-range Dexter energy transfer mechanism in these systems.l’”> 781 Qur results presented

above indicate that in oBFCzTrz-based devices the energy transfer mechanism is similar to that
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found in conventional OLEDs. However, the rates we have derived are very small, which
contributes to a reduction in exciton—exciton annihilation processes and in energy transfer to

interfaces and therefore mitigates concentration quenching.

2.7. Charge transport properties

The charge mobility in the emissive layer of OLEDs plays a key role in the formation of
excitons and hence in device performance. Thus, we evaluated the electron and hole hopping
rates (ke and kn) between oBFCzTrz molecules (see Methodology Section), again using 1600
dimers with COM separation distances < 14 A extracted from the MD simulation trajectories.
For each dimer, the electronic couplings between the frontier orbitals of the monomers were
calculated and are displayed in Figure 8c. These results were then used as inputs to estimate the
charge hopping rates (Figure 8d). We find that the &, values are two orders of magnitude larger
than the k. values, which suggests that the emission properties in devices based on oBFCzTrz
can suffer from a lack of balance between electron and hole mobilities. This result is in
agreement with the experimental current-voltage (J-V) curves for an oBFCzTrz film,[**! which
indicate that the current density is higher for holes than electrons. We note that the larger value
of kn vs. ke mainly originates in the lower reorganization energy estimated for holes (A ~ 0.19
eV) vs. electrons (4. ~ 0.59 eV); the greater A. value appears to be related to steric effects
associated with delocalization of the unpaired electron on both donor and acceptor subunits of

oBFCzTrz.
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Figure 8. (a), (b) Absolute electronic couplings and rates of excitation-energy transfers for
singlet (ksger) and triplet (kreer) excitons. (c), (d) Absolute electronic couplings and charge-
transport rates for holes (|V4|, kx) and electrons (|V1|, k). The couplings and rates are estimated

using 1600 dimers extracted from the MD simulations, as a function of COM separation.

3. Conclusions

We have used a combination of molecular dynamics simulations and density functional theory

calculations to study the morphology, structural dynamics, and electronic properties of a neat

film of 0BFCzTrz, a blue TADF emitter that has been demonstrated to suffer from only very

limited concentration quenching in OLED devices. The MD results indicate that a neat film of

the emitter presents a "glassy-type" state at 300 K, where the morphology of the film is

significantly dependent on the initial packing configuration. The ortho-linkage between the
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donor and acceptor subunits of the emitter imposes a twisted structures which favors intra-
molecular noncovalent interactions; a very recent study has shown that these types of
interactions enhance spin-orbit couplings between the S and T; states, which can significantly
improve the reverse inter-system crossing rates.l””l Importantly, the highly twisted structure of
the emitter is found to disfavor inter-molecular co-facial n—m stacking configurations. As a
result, the emitter S; and T; state energies are hardly influenced by interactions among adjacent
emitters in the thin film; these excited states are essentially localized on monomers, which leads
to only a small probability of formation of inter-molecular CT excitations. These results
underline that molecular aggregation minimally impacts the electronic structure of the o BFCzTrz
molecules. Thus, the optical properties of the oBFCzTrz molecules are preserved in the emissive
layer and remain governed by the highly twisted infra-molecular structural motif imposed by the

ortho-linkage between the donor and acceptor subunits.

The excitation energy-transfer calculations confirm that the Forster mechanism is the dominant
pathway of energy transfer among oBFCzTrz molecules. The rates of energy transfer are found
to be very small, making exciton-exciton annihilations in the emissive layer unlikely. Combined
with the absence of co-facial n-m stacking, this result explains the lack of luminescence

quenching in oBFCzTrz neat films.

Overall, our findings highlight that the use of ortho-linked, twisted donor-acceptors motifs can
be an efficient design strategy to develop TADF emitters free of concentration quenching effects.
However, attention must be paid to the charge-transport properties of this type of emitters, as

electron transport in the o0BFCzTrz film evaluated here was found to be two orders of magnitude
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slower than hole transport, which points to a lack of balance in charge mobility within the active

layer, a feature that will require attention in order to improve device operation.

We believe that the multi-tiered simulation and analysis approach of this work can be used as a
computational framework to study a wide range of TADF molecules for a systematic design and

development of emitters with limited luminescence quenching.

4. Methodology Section

MD Simulations: A 200 x 200 x 200 A3 cell consisting of 400 o BFCzTrz molecules with a low
density of 0.05 g cm™ was initially prepared. An energy minimization and a 5-ns MD simulation
using NPT ensemble at 1 atm and 300 K were first conducted. The resulting system was heated
to increase the temperature (7) from 300 K to 550 K at 50 K intervals for 1 ns at each
temperature. This was followed by an MD simulation with constant 7" at 550 K for 40 ns to allow
exploration of the energy landscape. The system thus generated was cooled down from 550 K to
300 K through a 50-ns MD, and next equilibrated for 10 ns. Finally, on the resulting system with
cell size of 68.4 x 68.4 x 68.4 A® and mass density of 1.17 g cm™, an MD simulation was carried
out for 20 ns to sample the structural characteristics of o0BFCzTrz at 300 K. All simulations were
performed using the NAMD package.!®°! The Langevin dynamics and Nose-Hoover Langevin
piston were used to keep the temperature and pressure constant, respectively.[®!] To calculate the
long-range electrostatic interactions, the particle mesh Ewald (PME) algorithm was employed.!?!

The van der Waals forces were truncated using a cutoff of 12 A, and equations of motion were

integrated with a time step of 1 fs. The potential model based on OPLS-AA was used to describe
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interactions within the system.[®3] Using a protocol developed in our group,®* the dihedral
parameters, equilibrium values of bonds and angles, and the partial atomic charges of the force

field for oBFCzTrz were updated using long-range corrected DFT calculations.

DFT Calculations: The Gaussian 09 package was used to perform the calculations using the
long-range corrected ®B97XD functional with the 6-31G(d,p) basis set.[®> 8] We optimized the
range-separation parameter ® through minimizing J(w), defined as J(w) = (Enomo + IP)* +
(Evumo + EA)2¥7l The calculations were performed for a molecule embedded in a dielectric
medium using the polarizable continuum model (PCM). We employed a dielectric constant (€) of
3.5, which is a value commonly considered for TADF systems.[®-%1 Here, Enomo and ErLumo
denote HOMO and LUMO energies, while IP and EA denote the vertical first ionization
potential and electron affinity of the molecule. An optimum ®pcm value of 0.0217 was obtained.
The Tamm-Dancoff approximation within time-dependent DFT (TDA-TDDFT)®!-4l was used to
estimate the excited-state transition energies and optimize the molecular geometries in the
excited states. Previous studies have pointed out that the TDA approach provides a better

description of singlet and triplet excitations than TD-DFT.[%3: %6l

ISC and RISC Rates: The semiclassical Marcus equation/*”) was employed to examine the rates
of ISC and RISC (kisc and krisc):

2T
k=— |V|?

(A + AEgp)?
7 —> (D

1
4k TA < 4AkgT
where, %, ks, and T, denote the reduced Planck constant, the Boltzmann constant, and

temperature, respectively. We randomly extracted 1600 structures of the emitter from MD

snapshots and calculated the singlet-triplet energy separations (AEst =Es, — Et,). Spin-orbit
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couplings (Vgoc) between Si and T were calculated according to the method of linear-response

time-dependent density functional using the PySOC and MolSOC codes.[7- %8

The reorganization energies associated with the ISC and RISC transitions were calculated using
the potential energy surfaces (PES) of the related triplet and singlet states as discussed in detail

elsewhere.[01]

Radiative Decay Rates: The Einstein equation!®®! was used to estimate the radiative decay rate
(kr):

_ Esl3 fm)
T 3€,mh4cs K

(2)
where, €., ¢, Es, and u denote the vacuum permittivity, speed of light, energy of S, relative to S,

and transition dipole moment between the So and S; states of the monomers, respectively; f'(n) is

a function of the refractive index (n) of the emissive layer to account for the local-field effect on

2 2
the radiative decay. Within the Lorentz virtual cavity model, we considered f(n) = @ 9]

and n = 1.8 for a neat film of o0BFCzTrz.

Energy Transfer Rates: To evaluate the rates of excited-state energy transfer, we used the

semiclassical Marcus equation (Eq. 1). The electronic couplings for energy transfer between two

[100-102]

neighboring A and B molecules (Vag) were determined using:
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where pa and pp denote the transition densities of molecules A and B; g and mo are the
exchange-correlation kernel and transition frequency, respectively. The first and second terms on
the right-hand side of Eq. 3 are due to inter-molecular Coulomb (Forster coupling) and
exchange-correlation (Dexter coupling) interactions, respectively. The last term is the orbital-
overlap correction contribution. We randomly extracted 1600 dimer structures from the MD
snapshots and calculated the electronic couplings using Gaussian 16.[33] The change in energy

due to SEET and TEET processes is approximated as AEsger = Es () - Es;8) and AETeer = Et (A
— Er 1), where Es ), ET (a), Es,a), and Et,a) are the energy of the Si and T, states for two

neighboring molecules A and B. The reorganization energies for the SEET and TEET processes

are estimated by means of PES calculations and found to be 0.89 and 0.84 eV, respectively.

The exciton diffusion coefficients were evaluated in the framework of the Smoluchowski—

. . d?k .
Einstein theory of random walks,['%] as D, = — , where d and £ are the distance between the

emitters and the hopping rate, respectively. The diffusion length L, are then calculated as Lp =

/ D, .1104l
Charge Transport Rates. The semiclassical Marcus equation (Eq. 1) was also used to evaluate

the rates of charge hopping between 1600 0BFCzTrz dimers that are randomly extracted from

the MD trajectory. The electronic couplings for holes and electron (V4 and V.) were estimated
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through a fragment orbital approach with a basis set orthogonalization procedure.!'® The change
in energy due to transfer of an electron (AE,) and hole (AE},) was approximated by calculating
the energy difference in LUMOs and HOMOs of neighboring monomers, respectively. The
reorganization energies associated with the transfer of holes (4n) and electrons (4.) were

estimated, as in the case of intersystem crossing, by means of PES calculations.
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