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How Donor–Bridge–Acceptor Orientation and Chemical
Modification Affect the Thermally Activated Delayed
Fluorescence Abilities of Boron-Based Emitters
Jeremy M. Kaminski, Tu V. Chu, and Christel M. Marian*

The photophysical properties of a series of thermally activated
delayed fluorescence emitters, comprising a nitrogen-based
donor, a phenylene bridge and a boron-based acceptor, are
investigated using a combination of density functional theory
and multi-reference configuration interaction methods. In addi-
tion to singlet and triplet charge-transfer (CT) states, an accep-
tor-localized low-lying triplet state is found in all compounds.

The size of the singlet–triplet gap and the energetic order of
the CT and locally excited (LE) states can be modulated by regioi-
somerism (ortho- or para-linkage) and the chemical modification
of the subunits. Spin-vibronic interactions, introduced through a
Herzberg–Teller-type approach, are found to accelerate the inter-
system crossing process considerably provided that the CT and LE
states are close in energy.

1. Introduction

In search for efficient blue thermally activated delayed fluores-
cence (TADF) emitters, boron-based donor–acceptor systems
have gained increasing attention.[1–9] This interest primarily arises

due to the strong electron-accepting properties of the sp2-
hybridized, tri-coordinate boron atom and the extended
p(B)-π�(Ar) conjugation in triarylboranes. In combination with
suitable donors comprising a tri-coordinate nitrogen atom such
as diphenylamine (DPA), 9,9-dimethylacridane (DMAC) or 9,9-
di-phenylacridane (DPAC), promising blue-light-emitting TADF
compounds were developed, either as ortho-appended[10,11] or
para-appended[12,13] donor–bridge–acceptor systems. These con-
figurations give rise to electronically excited states of through-
space charge-transfer (TSCT) and through-bond charge-transfer
(TBCT) type, respectively. The acceptors comprised cyclic boryl
compounds such as 9-boraanthryl (BA) or 10H-phenoxaboryl
(OB) groups as well as open forms such as dimesitylboryl (B).
To gain a deeper understanding of the observed trends, the
authors performed quantum chemical calculations using Kohn–
Sham density functional theory (KS-DFT) and time-dependent
DFT (TD-DFT) methods. Herein, they focused mainly on the pho-
tophysical properties of the singlet and triplet CT states, SCT and

TCT. As we will show, a triplet LE state, TLEðAÞ, is present in all these

systems in energetic proximity of the CT states.
Due to spin statistics, singlet and triplet excited states are

populated in a ratio of 1:3 in organic light-emitting diodes
(OLEDs). TADF emitters harvest the triplet excitons by thermal
upconversion of the TCT population to the SCT state, followed
by delayed fluorescence. Requirements for efficient upconversion
are a sufficiently small singlet–triplet energy gap, ΔEST, and a rea-
sonable spin–orbit coupling (SOC) strength. The ΔEST value of CT
states is related to the amount of exchange coupling between the
donor and acceptor moieties. In face-to-face oriented TSCT sys-
tems, the distance between their π-planes can be used to tune
the energy of the CT states and their splitting.[14�-17] In metal-free
TBCT systems, it is typically the torsional angle between the
donor and acceptor moieties that steers the ΔEST value.[18–20]

Because intersystem crossing (ISC) and reverse ISC (rISC) between
SCT and TCT states of equal electronic structure are orbitally
forbidden, spin–vibronic coupling with a nearby LE state is essen-
tial for enhancing the SCT ↭ TCT transitions in TBCT and TSCT
complexes.[14,21–26] The enhancement is particularly pronounced
if the LE state is of nπ�-type or if out-of-plane vibrations mix some
nπ�-character into a ππ�-excited state. Even in the absence of
doubly occupied nonbonding orbitals, vibronic interactions can
lift the orbital selection rules. In triarylborane phosphors, for
example, σ(B)! π�(B) transitions were shown to accelerate the
ISC process.[27]

In this work, we investigate the adiabatic energies of the low-
lying CT and LE states and their relative energetic order in a series
of emitter molecules (Figure 1) using a combination of DFT and
multi-reference configuration interaction (MRCI) methods.[28] For
the most stable conformer of DPACoOB, consisting of a DPAC
donor and anOB acceptor connected in ortho-position to a meth-
ylated phenylene (1-Me) bridge, the effect of spin–vibronic
coupling on the ISC and rISC rates is explicitly evaluated.
To investigate the influence of π-stacking versus C─H↔ π
interactions, we replaced the DPAC donor by DMAC and DPA,
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respectively. By varying the number of methyl groups on the phe-
nylene linker, we systematically study the impact of the steric
repulsion between acceptor and linker on the donor–acceptor
torsion angle and the photophysical properties of the para-
appended combination of these substituents. Finally, chemical
modification of the acceptor unit is employed to analyze the
internal heavy-atom effect on the TADF properties in comparison
to the originally used DPAC donor and OB acceptor.

2. Results and Discussion

2.1. The Ortho-Appended DPACoOB Emitter

DPACoOB is one of three molecules in a series studied by
Mubarok et al.[11] for which the influence of different acceptor
moieties, namely BA, OB, and B on the luminescence was ana-
lyzed. These emitters have a rigid backbone due to the ortho-
connectivity of donor and acceptor. The crystal structure of
DPACoOB indicates the presence of π–π interactions between
one phenyl group of DPAC and the OB plane. Additionally, a non-
bonding electronic interaction between the nitrogen atom of
DPAC and the boron atom of OB may be assumed. Hence, the
boron atom is sterically and electronically protected, which
improves the chemical and thermal stability of the emitter.[11]

We found two conformers in the electronic ground state. As
shown in Figure 2, they primarily differ in the orientation of the
DPAC phenyl groups relative to the acceptor. In conformer I, one

of these phenyl groups is perpendicular to the OB molecular
plane and exerts C─H↔ π interactions, similar to the corre-
sponding DMAC compound studied in Ref. [10]. Conformer II
is stabilized by π↔ π interactions between one phenyl residue
of the DPAC donor and the OB acceptor. In agreement with
the crystal structure analysis,[11] conformer II is preferred over
conformer I in the electronic ground state. The DFT/MRCI-
R2016 calculations place conformer I energetically 0.24 eV above
conformer II. We therefore do not expect conformer I to be ther-
mally populated in the electronic ground state.

The experimental absorption spectrum of DPACoOB at room
temperature in toluene exhibits bands with maxima at 290 and
344 nm and a shoulder at 368 nm.[11] A Gaussian-broadened line
spectrum for conformer II, calculated at the DFT/MRCI-R2016[28]

level of theory, are shown in Figure 3. All bands exhibit a system-
atic hypsochromic shift of 0.10–0.15 eV relative to the experimen-
tal spectrum. The lowest-energy absorption band at 356 nm
originates from the S1 ← S0 excitation, which is mainly a
HOMO! LUMO transition with donor-to-acceptor CT character.
This explains the relatively small oscillator strength (f ¼ 0.043) of
this transition. The second absorption band with a maximum
at 337 nm corresponds to the S2 ← S0 excitation, mainly a

Figure 1. Investigated donor (upper panel), bridge (middle panel), and
acceptor (lower panel) moieties. Electron-donating (blue circles) and
accepting (red circles) units are cross-linked through a phenylene bridge at
the 1,2-positions (ortho-regioisomers) or 1,4-positions (para-regioisomers).

Figure 2. Optimized electronic ground-state conformers of DPACoOB at
PBE0/def2-SV(P) level of theory in toluene. Conformers I and II exhibit
either C─H···π or π ···π interactions, respectively.

Figure 3. DFT/MRCI-R2016 absorption spectra for conformer II (turquoise)
of DPACoOB in toluene in comparison to experimental results (black).[11]

The line spectrum was broadened by Gaussians with 2000 cm full width at
half maximum.
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HOMO-1! LUMO transition with LE character localized on the
acceptor moiety. The most intense band in the considered wave-
length regime arises from several LE transitions, localized either
on the donor or acceptor units.

In contrast to the situation in the electronic ground state, the
CT states of conformer I are located energetically below their
counterparts in conformer II because the C─H↔ π interaction sta-
bilizes the negative charge of the OB acceptor in the CT states of
conformer I to a much higher extent than the π-stacking interac-
tion in conformer II. To ease the discussion of a possible confor-
mational change in electronically excited DPACoOB molecules, all
energy levels in Figure 4 are drawn with respect to a common
origin, that is, the ground-state energy of conformer II.

The level scheme (Figure 4) reveals significant changes in
excitation energies, despite the moderate structural differences
between the optimized S0 and SCT/TCT geometries (Table S3,
Supporting Information). In conformer II, the bonds connecting
nitrogen, boron or oxygen with their direct neighbors differ by at
most 0.02 Å in length between the S0 and SCT/TCT equilibrium
structures, leading to minor variations in the corresponding bond
angles as well. However, the bite angle between the donor and
acceptor moieties, as indicated by the B1–N1 distance, opens up
markedly upon optimization of the CT state geometries.
Simultaneously, the distance between the π-stacked DPAC phe-
nyl residue and OB acceptor, reflected in the C41–O1 distance,
shrinks. At the ground-state minimum geometry of conformer II,
the energy difference between the SCT and TCT states is minimal
(ΔEST;vert ¼ 0.025eV), consistent with the value of 0.048 eV calcu-

lated by Mubarok et al.[11] at the TDDFT(PBE0)/6-31G�� level of
theory. Decisive for the TADF properties, however, is the adiabatic
value, ΔEST;adia, or more precisely, the energy splitting ΔEST;0�0

between the vibrational ground states of these electronic states
(see below). Interestingly, the TCT state is not the lowest triplet
state at the ground-state geometry according to our calculations.
Here, the T1 state is mainly characterized by a local ππ� excitation
on the acceptor, TLEðAÞ. It is therefore not surprising that the order

of states changes when the nuclear arrangement is relaxed in the
CT states (Figure 4).

A TheoDORE analysis[29] of the one-particle transition density
matrices, performed along a linearly interpolated pathway (LIP)
connecting the Franck–Condon (FC) region with the optimized
SCT structure (Figure 5 left), reveals that the electronic structure
of the T1 state changes gradually from a CT contribution of about
10% at the S0 geometry to about 75% at the SCT minimum geom-
etry. In contrast, the S1 state largely retains its CT character. Along
this relaxation pathway, the S1 and T2 potential energy surfaces
(PESs) intersect while T1 and T2 undergo an avoided crossing.
We may therefore expect strong vibronic coupling between
these states. A similar picture arises along a LIP connecting the
TCT and TLEðAÞ minima (Figure 5 right). In addition to angular

motions of the π-stacked DPAC phenyl residue, C─C stretching
modes in the OB acceptor are excited. The low-frequency vibra-
tional modes promoting the nonadiabatic couplings are torsional
and rocking motions of the OB acceptor as well as a scissoring
mode between the DPAC phenyl group and the acceptor moiety.

Difference densities of the SCT, TCT, and TLEðAÞ states of

conformer II at their respective minimum geometries are dis-
played in Figure 6. The adiabatic excited-state energies lie
all within a narrow range of ≈100meV. Although the singlet–
triplet energy splitting of the CT states (ΔEST;adia ¼ 0.084 eV,

ΔEST;0�0 ¼ 0.085 eV) increases compared to the FC region

(ΔEST;vert ¼ 0.025 eV at the ground-state geometry), it remains

small enough to facilitate TADF. Note that the experimental
ΔEST value (0.020 eV), reported by Mubarok et al.[11] was derived
from the onsets of the fluorescence and phosphorescence spec-
tra in toluene at 77 K, as the room-temperature fluorescence is
substantially red-shifted in this medium. Adiabatically, the
TCT and TLEðAÞ states are almost degenerate according to our

calculations.
The fluorescence rate constant of conformer II (Table 1)

matches the expectations for a purely organic donor–acceptor
system. Vibronic interactions increase the rate constant only mar-
ginally. The radiative lifetime of 185 ns, determined in Herzberg–
Teller (HT) approximation, agrees very well with the measured

Figure 4. DFT/MRCI-R2016 energy level scheme of conformer I and
conformer II of DPACoOB in toluene solution. All adiabatic excitation ener-
gies are given relative to the ground-state minimum energy of conformer
II in eV.

Figure 5. Linearly interpolated pathways between the optimized ground-
state (GS) and S, as well as between the optimized T and T geometries
(conformer II). DFT/MRCI-R2016 vertical energies of the relevant excited
singlet (boxes) and triplet (circles) states relative to the ground-state mini-
mum in eV. Along these pathways, the S state can be identified with the S
state (blue), whereas the T and T states gradually change their character
between T (red) and T (green).
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prompt fluorescence lifetime of 173.4 ns.[11] While SCT ↝ TLEðAÞ ISC

can compete with radiative decay, the nonradiative SCT ↝ TCT
transition is relatively slow in FC approximation. According to
the energy gap law for nested states (weak coupling limit),[30]

the rate constant for the latter process is expected to decrease
exponentially with increasing ΔEST value. Indeed, test calculations
employing 0–0 energy gaps in a range between 20 and 100meV
confirm these expectations (Figure S3 and Table S6, Supporting
Information). In contrast, the SCT ↝ TLEðAÞ transition, which tends

toward the strong coupling limit as formulated by Englman
and Jortner,[30] appears to be nearly independent of the energy
gap. The inclusion of spin-vibronic effects through a HT-like
ansatz[31] accelerates the ISC and rISC processes between the
CT states by about two orders of magnitude (see Table 1), com-
parable to the impact of spin–vibronic interactions on the
efficient TSCT emitter TpAT-tFFO.[14,25,26] At variance with the
findings for the FC approximation, the HT rate constants of this
ISC process in DPACoOB do not obey the energy gap law for
nested states. Due to the vibronic coupling between the CT
and LE states, the SCT ↝ TCT rates seem to inherit the energy
dependence from the SCT ↝ TLEðAÞ transition. Varying the

0–0 energy gap in a range between 20 and 100meV in the
VIBES program yields HT ISC rate constants ranging merely

between 1� 106 and 3� 106 s�1 (Figure 7 and Table S5,
Supporting Information). As may be expected, the thermally acti-
vated SCT ↜ TCT rISC process is muchmore sensitive with regard to
the chosen ΔEST;0�0 value. The calculated rate constant varies

between approximately 2� 106 s�1 for ΔEST;0�0 ¼ 20meV and

4� 104 s�1 for ΔEST;0�0 ¼ 100 meV. Employing the computed

0–0 splitting of 85 meV yields a rate constant of about 105 s�1

for the backtransfer of triplet excitons in conformer II of
DPACoOB in HT approximation. Spin–vibronic coupling with
the nearby TLEðAÞ state thus provides an explanation for the

delayed fluorescence of this conformer inspite of a substantial
singlet–triplet splitting.

Component-averaged derivatives of the SOC matrix elements
(SOCMEs) with regard to nuclear displacements (Figure S4,
Supporting Information) identify an in-plane deformation vibra-
tion of the acceptor involving the oxygen atom, normal mode 66
(Figure S5 and S6, Supporting Information), with a harmonic fre-
quency of 665 cm�1 as the most prominent promoting mode of
the SCT ↭ TCT ISC and rISC processes. In the acceleration of the
SCT ↭ TLEðAÞ ISC and rISC processes, C─C stretching modes with

harmonic frequencies around 1600 cm�1 (Figure S8 and S9,
Supporting Information) play prominent roles. Despite larger
SOC gradients (Figure S7, Supporting Information) the enhance-
ment of the rISC rate constant by spin-vibronic coupling is smaller
than in the SCT ↜ TCT upconversion process, presumably due to a
lower thermal population of the high-frequency modes.

Fluorescence spectra were calculated for the emissive
SCT state at different temperatures in toluene and compared to
experimental data[11] (see Figure 8). At 77 K, there is good agree-
ment between the calculated (λmax ¼ 409 nm) and experimental
(λmax ¼ 422 nm) spectra. As may be expected, the computed
room-temperature HT spectrum exhibits a moderate bathochro-
mic shift of 1302 cm�1 (0.16 eV) due to population of higher vibra-
tional quanta, resulting in a λmax value of 432 nm. Comparison
with the corresponding FC spectrum (Figure S12, Supporting
Information) shows that the inclusion of vibronic effects does
not markedly alter the emission spectrum. The experimental
spectrum shows a significantly larger red-shift of 3078 cm�1

(0.38 eV) to λmax ¼ 485 nm. This discrepancy suggests that the
observed experimental shift cannot be attributed solely to the

Table 1. FC and FCþ HT rate constants (F/ISC/rISC, s�1, 300 K) between
low-lying singlet and triplet state of DPACoOB for conformers I and II
based on the computed DFT/MRCI energy gaps.

Process Transition Conformer Ia) Conformer IIa) Conformer IIb)

F SCT! S0 8.7 � 105 5.2 � 106 5.4 � 106

ISC SCT↝ TCT 2.6 � 104 3.8 � 104 3.0 � 106

ISC SCT↝ TLE(A) 8.2 � 103 7.7 � 106 9.6 � 106

rISC SCT↜ TCT 2.2 � 102 4.4 � 102 7.9 � 104

rISC SCT↜ TLE(A) 1.3 � 105 1.3 � 104 7.6 � 104

a)FC approach. b)FCþ HT approach.

Figure 7. Computed rate constants for ISC and rISC between low-lying sin-
glet and triplet states of DPACoOB (conformer II) in Herzberg–Teller (HT)
approximation at 300 K with varying singlet–triplet energy gap. Note the
logarithmic scale of the rate constants.

Figure 6. Difference densities (�0.001) of the excited states of DPACoOB
at their optimized geometries in toluene for conformer II. Areas losing
electron density in comparison to the S state are shown in red, areas
gaining electron density in yellow. Corresponding difference densities for
conformer I are shown in Figure S2, Supporting Information.
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temperature effect caused by a change in the Boltzmann popu-
lation of the vibrational levels.

To explore the origin of this effect, we investigated whether the
red-shifted emission could stem from conformer I as its SCT mini-
mum is energetically favored over the corresponding minimum of
conformer II (see Figure 4). To populate the SCT state of conformer I,
an energetically accessible pathway has to be found. The inter-
conversion of the conformer structures does not only require a
reorientation of the phenyl group close to the OB acceptor.
Energetically more demanding is the inversion of the (nonplanar)
acredane unit (see Figure S14, Supporting Information). Nudged-
elastic band calculations[32,33] indicate barrier heights of ≈0.60 eV
on the ground-state PES and of ≈0.40 eV on the SCT PES, which
are relatively difficult to overcome (see Figure S13, Supporting
Information). We therefore consider the good agreement
between the SCT emission spectrum of conformer I with the
experimental room-temperature spectrum to be accidental.

Analysis of the crystal structure reveals that the donor and
acceptor units of two neighboring DPACoOB molecules
adopt a T-shaped orientation (see Figure S15, Supporting
Information). This raised the question whether the red-shifted
room-temperature emission in toluene solution could originate
from an excimer state. However, preliminary computational
results for a dimer did not confirm this hypothesis. Alternatively,
solvent reorganization effects could be the cause of the
experimentally observed red shift. Although this process is not
adequately described by the applied continuum solvent model,
there are two experimental indications in favor of this assump-
tion. First, the bathochromic shift of the DPACoOB room-
temperature emission in the relatively rigid DPEPO film is much
smaller than in toluene, which is expected to be solid at 77 K, but
exhibits low viscosity at 298 K. Second, a similar dependence of
the fluorescence wavelength was observed by Kitamoto et al.[12]

for a related para-appended compound where conformational
effects are unlikely. Notwithstanding the shortcomings of our
model in fully recovering the solvent reorganization in liquid
toluene, we are confident that our computational approach
captures the matrix effects on the dopant in the OLED device
very well.

2.2. Chemical Modification of the Donor in Ortho-Appended
Systems

Donor, bridge, and acceptor units can be systematically modified
to fine-tune the photophysical properties of the emitter molecule.
First, we investigate the impact of three distinct donor motifs,
that is, DPAC, DMAC, and DPA on the adiabatic state ordering
when they are cross-linked with the OB acceptor in ortho-
position. DPAC and DMAC are relatively rigid, whereas DPA
exhibits higher flexibility. As reported previously, the phenyl
groups, attached to the acridane core in DPAC, contribute mini-
mally to electronic excitations, but one of them plays a crucial role
in nonbonding π↔ π interactions within the molecule (see also
Refs. [10,13]). Conversely, DMAC features two methyl groups
attached to the acridane frame, which facilitate C─H↔ π inter-
actions. In DPA, the rigid tricyclic system is replaced with a more
flexible structure. Here, the entire donor participates actively in
electronic excitations, and one of its phenyl rings can orient
toward the acceptor, enabling π–π stacking, a behavior similar
to that observed in DPAC.

We do not expect the adiabatic excitation energy of the LE
triplet state localized on the acceptor, TLEðAÞ, to be strongly

affected by donor modification. However, it is evident from
Figure 9 that an increase of the π↔ π interaction, when going
from DMAC through DPA to DPAC, slightly shifts the TLEðAÞ state

to higher energies. In contrast, CT excited states are intrinsically
sensitive to the choice of the donor. Like in conformer I of
DPACoOB, C─H↔ π interaction between one methyl residue
of DMAC and the negatively charged OB acceptor stabilizes
the CT states of DMACoOB. This stabilization leads to an ener-
getic arrangement of excited states (Figure 9) that enhances
the TADF performance, in agreement with the experimentally
observed higher ratio of delayed to prompt fluorescence.[10]

For DPA, the opening of the acridane ring markedly alters the
hole distribution on the donor and further lowers the energy
of the CT states. Consequently, the TLEðAÞ state comes to lie ener-

getically higher than the SCT state. This change prevents the TLEðAÞ
state from serving as a mediator in the SCT ↜ TCT rISC process. It
also becomes apparent that increasing flexibility of the molecule
results in a higher ΔEST value. Compared to DPAC, this value

Figure 8. Calculated (turquoise) and experimental (black) emission spectra
of DPACoOB (conformer II) in toluene at 77 K (dashed lines) and 298 K
(solid lines). The theoretical spectra were determined in HT approximation.

Figure 9. DFT/MRCI-R2016 energy level scheme of DPACoOB, DMACoOB,
and DPAoOB. All adiabatic excitation energies are given relative to the
ground-state minimum energy of the respective compound in eV.
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approximately doubles when DPA is chosen as the donor. This
result is in line with the conclusion drawn by Wu et al.[34] who
set up structure-property relationships for triarylboron-based
TADF molecules comprising various donors and dimesitylboryl
acceptors.

2.3. Regioisomerism: The Para-Appended DPACpOB Emitter

The para-linkage of the DPAC donor and the OB acceptor to the
methylphenylene bridge in DPACpOB increases the energy gap
between the SCT and TCT states substantially in relation to
DPACoOB. Comparison of the level schemes in Figure 10
(1-Me) and Figure 9 (DPAC) reveals that the adiabatic SCT energy
is blue-shifted while the adiabatic TCT energy is simultaneously
red-shifted in DPACpOB, indicating a higher overlap of the
hole and particle densities and, consequentially, a stronger
donor–acceptor exchange interaction in the para-appended
emitter. The adiabatic energy of the TLEðAÞ state varies minimally

between the two regioisomers and hence comes to lie in the
energy gap between the two CT states in DPACpOB. With
a rate constant of kF ¼ 3.8� 105 s�1 in FC approximation,
fluorescence is slowed down by an order of magnitude in com-
parison to DPACoOB, making it more susceptible to competitive
nonradiative deactivation processes. SCT ↝ TCT ISC proceeds at
a rate constant of kISC ¼ 8.0� 105 s�1 in FC approximation
(see also Table 2, 1-Me), thus reducing the prompt fluorescence
quantum yield. Despite the increased singlet–triplet splitting,
the SCT ↜ TCT rISC is not substantially slower than in its
ortho-appended congener. We refrained from carrying out
HT-type calculations for DPACpOB. However, as the TLEðAÞ state

forms the first excited triplet state at the ground-state geometry
and comes to lie adiabatically between SCT and TCT states, we
expect spin–vibronic interactions to enhance the rISC rate by
one to two orders of magnitude compared to its value of

k ISC ¼ 2.5� 102 s�1 in FC approximation. All in all, we expect this
para-appended regioisomer to be TADF active, but with lower
luminescence quantum yields than the ortho-appended
regioisomer.

2.4. Chemical Modification of the Bridge

In other para-appended donor–bridge–acceptor systems, the
ΔEST value can easily be manipulated by introducing bulky sub-
stituents on the phenylene bridge.[20,35] The question therefore
arises whether the twist angle between the donor and acceptor
moieties in DPACpOB can be changed in a similar way. The closer
this angle is to 90°, the smaller ΔEST values are expected. For
DPACpOB, we systematically explored the impact of varying
numbers of methyl groups, i.e., 0-Me, 1-Me and 2-Me, on the phe-
nyl bridge in ortho-position relative to the acceptor. Methyl
groups have only minor electronic effects, making them ideal
for analyzing conformational changes on the photophysical prop-
erties of the para-appended emitters.

Increasing the steric hindrance forces the bridge and the
acceptor from a twisted conformation with a dihedral angle of
55° (0-Me) gradually into an orthogonal arrangement in the elec-
tronic ground state of 2-Me. Simultaneously, the dihedral angle
between the donor and the bridge remains nearly orthogonal.
Counterintuitively, the addition of methyl groups in ortho-
position to the acceptor therefore reduces the dihedral angle
θ between the donor and acceptor in the electronic ground state,
bringing it closer to co-planarity (0-Me: 41°, 1-Me: 15°, 2-Me: 2°).
Similar donor–acceptor twist angles are found for the TCT state
(see Table 2), where a change from 28° (0-Me) over 13° (1-Me)
to 3° (2-Me) is observed. In the SCT state, the trend is the same.
The donor–acceptor twist angles are somewhat larger (0-Me: 50°,
1-Me: 31°, 2-Me: 21°), but they are far away from 90°.

The adiabatic excitation energy of the TLEðAÞ state remains

nearly constant upon methyl substitution, whereas the SCT and

TCT states increase in energy within this series (see Figure 10).

Every additional methyl group raises the adiabatic energies of

the SCT and TCT by ≈100meV, despite the fact that the CT character

of these states mildly increases, as indicated by the static dipole

moments displayed in Table 2. The energy gap between the CT

states is kept nearly constant at about 230meV. While the addition

of methyl groups to the linker therefore does not have the desired

effect of reducing the ΔEST value, their impact can be used to posi-

tion the CT states in the energetic proximity to the TLEðAÞ state.

The impact of the nuclear arrangement on the electronic
structure is most pronounced in the TCT state. Moving from
the optimized geometry of the SCT state to the TCT minimum
reduces the CT contributions to the TCT wavefunction, thus
explaining the substantial lowering of the static electric dipole
moment and the increase of the SOCMEs with the SCT wavefunc-
tion. For systems in which the LE state lies adiabatically between
the CT states, we expect spin-vibronic interactions to improve the
TADF abilities. Nevertheless, we consider the para-appended
boron-based emitters to show inferior TADF performance in com-
parison to the ortho-appended ones.

2.5. Substituting Sulfur for Oxygen

SOC plays a crucial role in the ISC and rISC processes. To
exert a heavy-atom effect, we modified the original acceptor

Figure 10. DFT/MRCI-R2016 energy level scheme of DPACpOB with modi-
fied bridge (0-Me, 1-Me, and 2-Me). All adiabatic excitation energies are
given relative to the ground-state minimum energy of the respective com-
pound in eV. For 0-Me, the asterisk symbolizes that the TLE(A) state energy
was derived from the optimized SLE(A) geometry due to optimization failure.
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10H-phenoxaboryl (OB) by substituting sulfur for oxygen, result-
ing in the acceptor unit 10H-phenothiaboryl (SB).

Our DFT/MRCI calculations reveal a small singlet–triplet
energy gap between the CT states of the para-appended com-
pound DPACpSB (Table S7, Supporting Information), which is
smaller than in DPACpOB. Note, however, that the TCT state does
not constitute the first excited triplet state in DPACpSB.
Adiabatically, the TLEðAÞ state lies more than 0.5 eV below the

SCT state, indicating that TADF is not to be expected for this com-
pound. In the corresponding ortho-regioisomer, the SLEðAÞ and

TLEðAÞ states are found at slightly lower energies while the SCT
and TCT states are markedly stabilized (Table S7, Supporting
Information). This red-shift is not sufficient, however, to bring
the TLEðAÞ state in close energetic proximity to the CT states.

On these grounds, we did not investigate the photophysical
properties of these sulfur-containing compounds in more detail.

3. Conclusion

In search for suitable blue-light OLED emitters, the class of boron-
based TADF emitters has proven to be highly promising. There are
many ways to modify the molecular framework of a donor–bridge–
acceptor system. In this quantum chemical study, we systematically
investigate the influence of the donor–acceptor orientation in ortho-
and para-arrangements on the TADF abilities. Moreover, the donor
strength and rigidity is modulated and the impact of an internal
heavy-atom effect on the photophysical properties is studied.

Starting with the experimentally verified TADF emitter
DPACoOB,[11] which consists of a DPAC donor and an OB acceptor
connected in ortho-position to a methylated phenylene (1-Me)
bridge, we found an acceptor-localized excited triplet state,
TLEðAÞ, in close energetic proximity to the previously known SCT
and TCT states. This TLEðAÞ state couples vibronically to the TCT state,

thus enhancing the upconversion of the triplet population to the
fluorescent SCT state. This spin-vibronic mechanism accelerates the
rISC by two orders of magnitude brings its rate constant in good
agreement with the experimentally determined value.

When the phenyl residues of the acridane donor are replaced
by methyl groups, the C─H↔ π interaction between DMAC and
the negatively charged OB acceptor stabilizes the CT states of

DMACoOB. This stabilization has a two-fold effect. It leads to a
red-shift of the emission and an energetic arrangement of the
CT and LE states that is expected to enhance the TADF perfor-
mance, in agreement with the experimentally observed higher
ratio of delayed to prompt fluorescence in comparison to
DPACoOB.[10,11] The less rigid DPA donor further lowers the energy
of the CT states and increases the ΔEST value, thus preventing the
TLEðAÞ state from serving as a mediator in the SCT ↜ TCT rISC process.

In the para-appended DPACpOB, fluorescence is slowed
down by an order of magnitude in comparison to the ortho-
appended DPACoOB, making it more susceptible to competitive
nonradiative deactivation processes. Although the ΔEST value
is markedly increased in this congener, the rISC rate constants
are comparable in both systems. We therefore expect
DPACpOB to be TADF active, but with lower luminescence quan-
tum yields than the ortho-appended regioisomer.

Counterintuitively, the addition of methyl groups in ortho-
position to the acceptor reduces the dihedral angle between
the para-appended donor and acceptor units in the electronic
ground state of DPACpOB, bringing them closer to co-planarity.
Therefore, the addition of methyl groups to the linker does not
have the desired effect of reducing the ΔEST value. However, their
impact can be used to position the CT states in the energetic
proximity to the TLEðAÞ state.

Introduction of a sulfur atom in the acceptor does not show
the expected acceleration of the ISC and rISC processes due to an
internal heavy-atom effect because the lowest excited triplet
state adopts LE character in DPACpSB and DPACoSB and is
located far below the CT states. We therefore expect these com-
pounds to be nonemissive at room temperature.

Summarizing, chemical modification of the donor, bridge and
acceptor in boron-based TADF emitters can be used to tune the
energetic position of the CT states with regard to an acceptor-
localized T which is an essential mediator for accelerating the
rISC process by spin–vibronic interactions.

4. Computational Methods

The electronic ground and excited-state geometries were
optimized with Gaussian16[36] using (TD)DFT including the

Table 2. Donor–Acceptor twist angle θ (°), electric dipole moments μ (D), adiabatic energy difference ΔEadia (cm
�1), component averaged SOCMEs (cm�1) and

FC rate constants (s�1, 300 K) for ISC and rISC transitions in para-appended DPAC and OB for varying numbers of methyl substituents on the phenylene bridge.

Bridge θ Initial State Final State ΔEadia SOCME kISC/krISC

0-Me 50 SCT (μ ¼ 26.18) TCT (μ ¼ 25.61) 1759 0.081 2.8 � 104

1-Me 31 SCT (μ ¼ 27.97) TCT (μ ¼ 27.26) 1909 0.082 8.0 � 105

2-Me 21 SCT (μ ¼ 29.44) TCT (μ ¼ 29.09) 1826 0.064 5.2 � 104

0-Me 50 SCT (μ ¼ 26.18) TLEðAÞ (μ ¼ 5.52) 1094 0.264 4.4 � 105

1-Me 31 SCT (μ ¼ 27.97) TLEðAÞ (μ ¼ 6.01) 1504 0.090 4.7 � 103

2-Me 21 SCT (μ ¼ 29.44) TLEðAÞ (μ ¼ 6.43) 2403 0.058 2.8 � 105

0-Me 28 TCT (μ ¼ 13.88) SCT (μ ¼ 22.07) –1759 0.444 1.5 � 102

1-Me 13 TCT (μ ¼ 15.19) SCT (μ ¼ 23.66) –1909 0.386 2.5 �102

2-Me 3 TCT (μ ¼ 16.39) SCT (μ ¼ 24.70) –1826 0.343 2.1 �102
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Tamm–Dancoff approximation (TDA) for excited triplet states.
Throughout, the def2-SV(P) atomic orbital basis set[37] was
employed in the calculations. Several density functionals were
tested in the geometry optimization step of DPACoOB.
Analysis of the data revealed that dispersion corrections,[38]

included either explicitly or through the density functional, lead
to too strong intramolecular interactions and underestimate the
distance between the phenyl residue of the DPAC donor and the
OB acceptor by up to 0.3 Å. We finally opted for the PBE0[39,40]

density functional without dispersion corrections for all structure
optimizations as this hybrid functional gave the best overall
agreement with the X-ray parameters[11] (Table S2, Supporting
Information). Analytic harmonic vibrational frequencies were
computed with Gaussian16. Solvation effects (toluene) were con-
sidered via the polarizable continuum model[41] (PCM) using the
solvent excluding surface (SES) implemented in Gaussian16.
Note, that the PCM considers the solvent response to the elec-
tronic transition density and does not account for solvent reor-
ganization effects, in contrast to state-specific solvent models
based on the difference density. We have refrained from applying
a corrected linear response solvent model in the present case
because it was found to overshoot drastically in donor–acceptor
compounds with highly polar CT excited states.[20]

Molecular orbitals for subsequent excited-state calculations
were generated with Turbomole[42] employing the BH-LYP[43,44]

density functional. The auxiliary basis sets of Weigend[45] were
used for the resolution-of-the-identity approximation of the
two-electron integrals. Excitation energies and photophysical
properties were calculated with the DFT/MRCI method[46,47] in
the R2016 parametrization of the Hamiltonian[28] with the tight
configuration selection threshold of 0.8. This method performs
much better than TDDFT (Figure S1, Supporting Information)
in reproducing the general shape of the absorption spectrum
spectrum of DPACoOB. Unlike TDDFT conjunction with the
PBE0[39,40] hybrid functional or the optimally tuned, long-range
corrected LC-HPBE[48] or B97X-D[49] functionals, the DFT/
MRCI-R2016 Hamiltonian[28] yields balanced results for the
CT and LE transitions (Table S1, Supporting Information).
Fragment-based analyses of the DFT/MRCI-R2016 wavefunctions
were performed with the TheoDORE tool box.[29]

Radiative rate constants in Franck–Condon (FC) approxima-
tion were determined according to the well-known Einstein for-
mula. To check whether vibronic effects accelerate fluorescence,
electric dipole transition moments and their numerical deriva-
tives were employed to compute fluorescence rate constants
in HT approximation according to

kHTF ¼
Z

IHTðωÞdω ¼ 4
3ħc30

R
ω3SHTðωÞdωR
SFCðωÞdω (1)

where IHTðωÞ is the frequency dependent intensity of the com-
puted HT spectrum, ħ is Planck’s constant divided by 2π, c0 is

the vacuum speed of light and SHTðωÞ and SFCðωÞ are the HT
and FC spectral densities, respectively, obtained by a fast
Fourier transformation of the autocorrelation function in the time
domain.[31]

SOCMEs between target singlet and triplet states were calcu-
lated with the spin–orbit coupling kit (SPOCK)[50,51] using the
Breit–Pauli Hamiltonian in atomic mean-field approximation.[52,53]

Derivatives of the SOCMEs with respect to the mass-weighted
normal coordinates were determined by two-point finite-difference
techniques using a step size of 0.1 units. Rate constants for
ISC and rISC in the framework of Fermi’s golden rule
were determined in FC or HT approximation by means of a
Fourier transform approach, as implemented in the VIBES pro-
gram.[31,35,54] Temperature effects were included by assuming a
Boltzmann distribution in the initial electronic state. The time cor-
relation function was multiplied by a Gaussian damping function
of 10 cm�1 full width at half maximum (FWHM) before numerical
integration on a time interval of 3000 fs using 65536 grid points.
The sensitivity of the computed rate constants with regard to var-
iations of these technical parameters was found to be marginal
(Table S4, Supporting Information). In the FC approximation, the
rate constant for the Sa ↝ Tb ISC at a given temperature is com-
puted as the sum of squared electronic SOCMEs between the ini-
tial singlet state Sa at its minimum geometry and the three triplet
sublevels Tαb, multiplied by the Boltzmann and FC weighted den-
sity of vibrational states according to

kFCISCab
ðTÞ ¼ 2π

ħZ

X
α

jhΨTαb
j ĤSO jΨSaij2Q0

�
X
k

e
�ðEak�Ea0 Þ

kBT

X
j

j vbj j vak
� �j2 δðEak � EbjÞ

(2)

where kB is the Boltzmann constant and Z ¼ P
k e

�ðEak�Ea0Þ
kBT the par-

tition function of the initial state. In the HT approximation, the
SOC is expanded as a function of the normal coordinates Q of
the initial state about Q0 and the expansion is terminated after
the linear term yielding[23,31,55]

kFCþHT
ISCab

ðTÞ ¼ 2π
ħZ

����
X
α

X
k

e
�ðEak�Ea0 Þ

kBT

�
X
j

hvbj jhΨTαb
j ĤSO jΨSaijQ0

þ
X

A

∂hΨTαb
j ĤSO jΨSai
∂QA

����
Q0

QAj vaki
����
2

� δðEak � EbjÞ

(3)

Squaring this expression yields a pure FC term, a mixed FC/HT
term and a HT/HT term. Similar formulas result for the reverse
Sa ↜ Tb process.
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