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Multi-resonance thermally activated delayed fluorescence (MR-TADF) molecules with narrow full width
at half maximum (FWHM) have attracted much attention recently. In this work, 36 borane/amine (B/N)
type MR-TADF molecules were theoretically designed by using an intramolecular-lock strategy and
systematically studied based on first-principles calculations. It was found that intramolecular-lock at
different positions and in different manners could induce different luminescent properties. The
calculated oscillator strengths for PXZ-L, and PTZ-L, locking systems are weaker than that for 2DPABN
(without intramolecular-lock), while the Cz-L; and TMCZ-L; locking could result in stronger oscillator
strength. Though the calculated FWHM of all the systems with intramolecular-lock is higher than that of
2DPABN, the Cz, TMCz and DMAC locking at L; or L, would induce relatively small FWHM which is
comparable to that of 2DPABN. Our calculation results indicate that intramolecular-lock could enhance
the SOC values and decrease the energy gap between the first singlet excited state and the first triplet
excited state, which is quite favorable to reverse intersystem crossing. The Cz, TMCz and DMAC locking
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systems could realize comparable and higher efficiency than 2DPABN, thus higher quantum efficiency
could be obtained. Our calculation results indicate that the intramolecular-lock strategy is an effective
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1. Introduction

Multi-resonance thermally activated delayed fluorescence
(MR-TADF) materials have attracted much attention for applica-
tion as light-emitting materials in organic light-emitting diodes
(OLEDs)."™® Most traditional TADF molecules are composed of
donors (D) and acceptors (A) with special hindrance, and a small
energy gap (AEsy) between the first singlet excited state (S;) and
the first triplet excited state (T;) as well as efficient reverse
intersystem crossing (RISC) can be realized.” > However, D-A
type TADF emitters suffer from significant structural relaxation in
excited states and the large full width at half maximum (FWHM)
of emission as well as a small radiative rate.'® For this reason, the
MR-TADF molecules which could realize spatial separation of the
frontier molecular orbitals (FMOs) in fused planar boron-nitro-
gen (B-N) based polycyclic aromatic frameworks by the electron-
deficient boron atom and the electron-rich nitrogen atom were
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method to realize the design of highly efficient MR-TADF emitters.

first put forward by Hatakeyama et al'* This kind of design

strategy enables the emitters to achieve both small AEgr and
suppressed structural relaxation in excited states, resulting in
narrowband TADF emission and high photoluminescence quan-
tum yields (PLQYs).">™" A series of high-performance MR-TADF
molecules based on B-N polycyclic aromatic frameworks have
been developed to prepare OLED materials, with extremely high
color purity in the panchromatic tuning from blue to red'®>?
which was previously difficult to achieve for most traditional D-A
type TADF molecules. So far, only two classes of molecules,
borane/amine type (B/N) and amine/carbon type (N/C),**® were
found to have MR-TADF properties. More design strategies
are needed to develop MR-TADF emitters. Recently, Wu and
coworkers reported asymmetrical peripherally locking strategies
on BN-based MR-TADF molecules, and obtained circularly polar-
ized MR-TADF emitters with excellent luminescent properties.*®
The locking strategies have been successfully used in the D-A
type TADF emitters to realize marked amplified spontaneous
emission (ASE) by adjusting the torsion angles and restricting
intramolecular relaxation.>* However, the intramolecular-lock
strategy applied to the MR-TADF emitters is quite limited. It is
expected that the MR-TADF molecules with intramolecular-lock
might present excellent luminescent properties.
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Fig. 1 Schematic diagram of the intramolecular-lock strategy for the
studied molecules. (a) The schematic diagram of the dihedral angle (o),
the dihedral angle («g), and the dihedral angle (xa). (b).

In this work, 36 molecules were designed by using an intra-
molecular-lock strategy at different positions of the MR-TADF
emitter 2-diphenylmethane-BN (2DPABN) with different positions
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or manners (as shown in Fig. 1(a) and 2). Based on our survey, five
molecules including 10H-phenoxazine (PXZ), 10H-phenothiazine
(PTZ), 9H-carbazole (Cz), 9,9-dimethyl-9,10-dihydroacridine
(DMAC), and 1,3,6,8-tetramethyl-9H-carbazole (TMCz) locked at
L, or (and) L, separately have been synthesized and studied as
TADF emitters experimentally.”'*'®**® However, no theoretical
study was performed on the intramolecular-lock strategy on the
MR-TADF emitters. The relationship between geometric structures
and photophysical properties of MR systems needs to be further
explored. In this work, we would perform a systematic study on
MR systems with different locking manners based on first-
principles calculation and excited state decay rate analysis. The
luminescent properties of 36 molecules are analyzed and potential
MR-TADF emitters with high efficiency are predicted. This study
would provide a reference for the design of MR-TADF molecules
with highly efficient luminescent properties.

2. Theoretical methods and
computational details

For all 36 molecules, S; and T; were optimized using the time-
dependent density functional theory (TD-DFT) method. The opti-
mization of the ground state (S,) was performed with the density
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Fig. 2 Chemical structures of all studied molecules.
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functional theory (DFT) method. The Hessian calculation was
carried out to confirm that the local minimum of the potential
energy is found for the three states. Six functionals (O3LYP, B3LYP,
PBEO, PBE0-1/3, BMK and M062X) with different percentages of
Hartree-Fock exchange (HF%) were tested. In Table 1, the absorp-
tion and emission wavelengths of eight molecules including
2PXZBN, 2DMACBN, 2DPABN, 2PTZBN, 2CzBN, 2TMCzBN,
PTZDMACBN and DPACzBN were calculated. It is found that the
results calculated with the O3LYP function showed better agree-
ment with experimental values and were relatively more stable by
comparing with the data calculated with other functionals. And
more contrasting data are presented in Tables S1, S2 and Fig. S2
(ESIYt). It should be noted that there are theoretical investigations
showing that most common DFT functionals as well as the
consideration of the Tamm-Dancoff approximation (TDA) consis-
tently predict a much larger AEsr owing to the absence of an
explicit account of double (or higher order) excitations.>>*° Our
calculation based on O3LYP also shows a little larger value than
experimental values, which is consistent with the results in ref. 39.
However, we find that the tendency obtained from TD-DFT and
spin-component scaling second-order approximate coupled-cluster
(SCS-CC2) is similar as shown in Fig. S1 (ESIt) (data from in ref.
39). Considering the computational cost, we adopt O3LYP for
further property prediction of MR-TADF emitters theoretically
designed. In addition, the 6-31G(d) basis set which has been
widely used in TADF emitters was adopted.”'™** The polarizable
continuum model (PCM) is used in our calculation to simulate the
solvent environment, and all the calculations can be realized in the
Gaussian 16 program.**

The variation of the geometric structure can be effectively
determined by a geometric comparison between two states. The
geometric difference between the two states is quantitatively
shown in the root mean square displacement (RMSD) values,
which can be displayed with Multiwfn.*> The formula of RMSD
is shown as:

1 natom N2 N2 N2
RMSD = \/ﬁ Xl: [(x,- —x) (i =)+ (zi — z)) } (1)
where i is the atomic ordinal number, x; and x; are the x
coordinates of the ith atom, and y and z have the same mean-
ing. The RMSD values of geometric structures of two states
represent the change of the geometry in two states and reflect
the degree of structural relaxation. If this value is large, the
reorganization energy could be large and a fast nonradiative
decay process may be resulted.

The radiative rate is calculated using the Einstein’s sponta-
neous emission formula:

ko — SAER? @)
1.499cm—2s

where f is the oscillator strength and AEy is the vertical
emission energy between the initial state and the final state
with the unit of wavenumbers (cm™").*® Here the energy gap
between S; and S, is used for fluorescence emission. It repre-
sents the decay rates of S; in the way of emission. Besides that,
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the S; state can also decay in the way of a nonradiative process
which includes the internal conversion process and the inter-
system crossing process to triplet states.

According to the Fermi’s golden rule (FGR) and first-order
perturbation theory, the nonradiative decay rate can be written
as follows:

2
knr = %Z P, 25 (Eilf - Efu) (3)

v

H fu.iv

where P;, is the Boltzmann distribution function of the initial
state. The letter i and f represent the initial and final electronic
state, respectively. u and v are the label of vibrational states.
Hy, ;, is the interaction between two different Born-Oppenhei-
mer states, and it contains two contributions as follows:

I:Illliz/ = HBO¢i ("7 Q)¢V(Q) + I:Isod)i (r7 Q)¢1/(Q) (4)

Here H"° denotes the nonadiabatic coupling and A°° is the
spin-orbit coupling. When the Fourier transform is applied for
the delta function, the intersystem crossing rate constant
between two electronic states with different spin multiplicity
can be written as:

o0

1 X ' )
kisc = ﬁ<¢f|HSO |&i) | de[e " Z prge(t, T)) (5)

where Z; is the partition function and psc(¢,7) is the thermal-
vibration correlation function. The reverse intersystem crossing
(RISC) rate can also be calculated using eqn (5). (®¢H°°|®;) is
the spin-orbit coupling (SOC) constant between two states with
different spin multiplicity. SOC is a relativistic effect, which
arises naturally in Dirac theory, a fully relativistic one-particle
theory for spin 1/2 systems.’”” The SOC matrix elements
between excited states can be evaluated as residues of quadratic
response functions.’®* It can be calculated in the powerful
molecular electronic structure program DALTON.’>*' More
details are added in the ESIT and we also refer to ref. 52. One
should note that k;c here means the internal conversion rate
and k;gc means the ISC rate. The molecular materials property
prediction package (MOMAP) is used to calculate the ISC and
RISC rates in toluene.>° The detailed calculation information
can be found in ref. 60.

3. Results and discussion
3.1 Geometric structures

The relative position between D and A has an important impact
on the energy gap and excitation properties of TADF molecules.
Here we adopt an intramolecular-lock strategy to lock the
dihedral angles and form six different donors, thus the dihe-
dral angles for the L;-locking () and the L,-locking («x) are
shown in Fig. S3(a-f) (ESIt), and the angles () on triarylboron
(TAB) of 36 molecules (optimized coordinates are listed in
Table S3, ESIt) are also listed and illustrated in Fig. S3(g-i)
and Table S4 (ESIt). The schematic diagram of oy, og and «y is
shown in Fig. 1(b). It can be found that the value of oy, varies in
the range of 11°-36° (except DPA-L; locking systems). og
changes from 4° to 33° (except DPA-L, locking systems), and

This journal is © the Owner Societies 2023
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Table 1 Emission wavelengths and absorption wavelengths were calcu-
lated using different functionals for the eight molecules in toluene.
Experimental values are also listed (unit: nm)

O3LYP B3LYP PBEO PBE-1/3 BMK MO062X Exp.

2PXZBN Abs. 482 455 438 410 409 384 475°
Emi. 532 498 478 445 441 412 504

2DMACBN Abs. 462 438 422 397 396 375 461¢
Emi. 504 473 454 425 421 396 485°

2DPABN Abs. 421 402 389 368 368 352 437°
Emi. 456 430 413 388 384 367 462°

2PTZBN Abs. 480 451 434 406 402 379 471¢
Emi. 537 499 479 445 436 409 510¢

2CzBN Abs. 456 432 416 393 392 372 458¢
Emi. 482 453 435 408 406 385 477°

2TMCzBN Abs. 468 443 427 403 402 381 491°
Emi. 492 463 446 419 416 394 512¢

PTZDMACBN Abs. 471 444 427 401 398 376 467°
Emi. 529 489 470 437 429 403 497¢

DPACzBN Abs. 442 420 406 383 382 365 450°
Emi. 475 446 429 403 400 380 469°

@ Measured in 1 x 10~° M toluene solution at 300 K. ® Measured in 2 x
107> M in CH,Cl, at 300 K. € Measured in 1 x 10~ > M toluene solution
at 298 K.

o, is from 9° to 37° for all molecules in S,, S; and T. It can also
be seen that for DPA-L; and DPA-L, locking systems, the dihedral
angles (o4, and ag) are quite large. This indicates that the locking
strategy can effectively confine the dihedral angles in the donor
groups, while the angles in the acceptor have quite limited
influence. Specifically, we find that the Cz- or TMCz- lock at both
L, and L, would have a similar influence on «, as DPA, while the
PXZ-, PTZ- or DMAC- lock at L; and L, would induce higher o,.
This might be induced by the stronger structure modulation of
TAB when a hexatomic ring is induced. Similar influence can be
found for all three states. The angle difference would induce
different planarity of donors and acceptors, which would also
influence the charge transfer properties.

The root mean square displacement (RMSD) values are calcu-
lated to compare the difference between two states (So—S;, So—T; or
S;-T,) which can be shown in Fig. S4 (ESIt). and Fig. 3. It is found
that the RMSD values between two excited states (S;-T;) are much

View Article Online
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smaller than the values involving the ground state and excited
states (So—S; and S,-T;). It means that the geometric structures
of two excited states are quite close to each other, which may
also induce a small energy gap between them. From Fig. 3(a)
and (b), we can find that the RMSD values for PXZ-L,, PTZ-L,
and DMAC-L, locking systems change only a little when the L;-
locking is different. It means that L,-locking has more signifi-
cant influence on the RMSD values. It can be found that PTZ-L,
locking would induce relatively larger RMSD values, and the
values in PXZ-L, and DMAC-L, locking systems are quite close to
each other. The values for DPA-L,, Cz-L, and TMCz-L, systems
vary significantly, which means both L; and L, locking would
have strong influence on the RMSD values. It can be found that
the molecule 2CzBN with both Cz-L, and Cz-L, locking have the
smallest RMSD values. The RMSD values could reflect the
variation of the non-radiative rates to some extent.®!

3.2 Photophysical properties

The calculated absorption and emission wavelengths of all 36
molecules are shown in Fig. 4. It is found that all the molecules
with locked groups would have red-shift emission compared to
the molecule without a locked group (2DPABN). The absorption
wavelengths for the locked molecules are also larger than that
for 2DPABN. In addition, both absorption and emission wave-
lengths for the molecules locked with PXZ and PTZ at L, are
larger than those for molecules locked with DPA, Cz, DMAC and
TMCz at L,. The emission wavelength range of the molecules
(locked by PXZ-L, and PTZ-L,) is from 592 nm (DPAPXZBN) to
616 nm (PTAPXZBN). So, the MR-TADF molecules locked with
PXZ or PTZ would induce more significant red-shift emission,
and are potential TADF emitters with red emission. However,
the molecules with DPA would have the smallest absorption
and emission wavelengths. In addition, we find that the locking
at the L, position has only a little influence on the absorption
wavelength with the variation being smaller than 50 nm. For
locking at L,, the variation for all systems is close to 75 nm. It
means that L, locking has more significant influence on the
absorption wavelengths. Similar to the absorption wavelengths,
L, locking has also more obvious influence on the emission
wavelengths. The variation induced by L, locking is even larger
than that in absorption wavelengths (close to 175 nm). It means
that the locking strategy has more influence on S, than S,.
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Fig. 3 Root mean square displacement (RMSD) for So—S; (a), So—T1 (b) and S;—T; (c) for all studied molecules by O3LYP/6-31G(d) in toluene.
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The narrow full width at half maximum (FWHM) of emis-
sion is one important advantage for light-emitting materials in
OLEDs. Here the FWHM is calculated as shown in Fig. 4(c) and
Fig. S5 (ESIt). It is found that most of the molecules studied
have a FWHM less than 80 nm, and the molecule 2DPABN
without intramolecular lock can obtain the smallest FWHM
value. It means that locking could induce larger FWHM. For
PXZ-L, and PTZ-L, locked molecules, the FWHM values are
relatively larger. It is concluded that the emission color would
be less pure for the PXZ-L, or PTZ-L, locked molecules although
they could realize redshift emission. This also reflects that it is
also difficult to obtain emission with long wavelengths and
narrow FWHM values using an intramolecular locking strategy.
For Cz-L,, TMCz-L, and DMAC-L, systems, the FWHM values
are much smaller than the PTZ-L, and PXZ-L, locking systems.
It can also be found that the PTZ-L, and PXZ-L, could also have
a larger FWHM. It is concluded that Cz, TMCz and DMAC
locking at L, or L, would induce relatively small FWHM. 2CzBN
could have the smallest FWHM.

The energy gap between S; and T; (AEsy) determines
whether TADF can be realized by influencing the RISC process.
The AEsy values for 36 molecules are illustrated in Fig. 5(a) and
Fig. S6 (ESIT). It is found that the energy gaps for all the systems
are smaller than 0.4 eV. The values for PTZ-L, locking could
strongly decrease the energy gap, followed by the PXZ-L,
and DMAC-L, locking strategies. However, the PXZ-L; locked
molecules are larger than other systems based on L1 locking.
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For L;-locking, the Cz-L; locked systems have relatively smaller
AEsr than other systems. It is found that the molecule
(CzPTZBN) with Cz-L; locking and PTZ-L, locking have the
smallest energy gap. It is also found that most of the systems
with intramolecular-locking have smaller energy gaps than
2DPABN. It means locking strategies are also a good strategy
to obtain a smaller energy gap.

If both S; and T; are contributed mainly by the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), the energy difference can be
approximated as AEsr = E(S;) — E(T:1) = 2J(¢, ¢*). Here J is
the exchange energy which can be expressed as j(¢, ¢*) =
(p(1)p*(2)|€*/r12|p(2)p*(1)), where ¢ and ¢* are wavefunctions
of transition orbitals. Here we can see that exchange energy and
overlap are two factors that influence AEgr. The electron
distribution in the HOMO and LUMO that contributes to
transition is shown in Fig. S7 (ESIT). It is found that there is
no electron distribution on the N atom in the HOMO, while
significant distribution is found in the LUMO. Short-range
charge transfer can be observed in molecular orbitals. At the
same time, the energy gap between the two orbitals (AEy ;) is
also listed in Table S5 (ESIt) and illustrated in Fig. S8 (ESIT),
which shows a consistent rule with the absorption wavelengths.
The transition properties of excited states can also be described
with natural transition orbitals (NTOs) which are drawn in
Fig. 6 and Fig. S9, Fig. S10 (ESIY) for S; and T;. NTO is used
to search for a compact orbital representation by multiple
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Fig. 5 Energy gap (AEst) (a), spin—orbit coupling (SOC) (b), intersystem crossing rates (kisc) (c) and reverse intersystem crossing rates (krjsc) (d) between
S; and Ty for all studied molecules by O3LYP/6-31G(d) in toluene. The radiation rates (k,) (e) and the internal conversion rates (k\c) (f) between S; and S for

the studied twenty molecules by O3LYP/6-31G(d) in toluene.

orbital transition modes, when more than one pair of molecu-
lar orbits is involved in the transition. To quantitatively cate-
gorize the transition properties, the S, index, which is the full
space integral to the S(r) functions, is defined as:

S, index = JSr(r)dr EJ ke (pte(r)dr (6
Here p"°"° is the hole density and p®'® is the electron density. We
can define the transition properties of the excited state by
analyzing the value S, index which represents the particle-
hole overlap. When the value is smaller than 40%, the overlap
between electrons and holes is limited, which means signifi-
cant charge transfer would occur in transition, and the state
would be defined as a charge-transfer (CT) state. When the

This journal is © the Owner Societies 2023

value is in the range 75-100%, a large orbital overlap can be
observed and a large transition dipole moment would be
obtained. This kind of state could be defined as a local-
excited (LE) state. When the value is between 40% and 75%, a
hybrid local-excited and charge transfer (HLCT) state is
defined.®*** From NTOs, we can find that all MR-TADF mole-
cules studied here have HLCT properties regardless of S; and
T,. The values are around 60% for both S; and T, in all the
systems. From Fig. 6, we can see that Cz-L, and TMCz-L,
locking would induce larger values, which means more loca-
lized excitation (LE) would occur during excitation. The PTZ-L,
and PXZ-L, locking (with smaller values) would result in
stronger charge transfer, while the Cz group plays a more
significant role in inducing strong charge transfer for the L,
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Fig. 6 Electron—hole overlap for S; (a) and T, (b) for all studied molecules by O3LYP/6-31G(d) in toluene. The fluorescence efficiency is illustrated in (c).

locking in both S; and T;. In addition, the values for molecules
in the T, state are all larger than those in S;. The differences
between Cz-L, or TMCz-L, systems and DPA-L, systems in T, are
also large than that in S;. The HLCT properties in all the MR
systems would favor the generation of a small AEsr and a large
transition dipole moment, both of which are the most impor-
tant requirements for TADF emitters. The oscillator strength (f)
which has a close relationship with the transition dipole
moment (TDM) is calculated and is shown in Fig. 4(d). It is
found that the oscillator strengths for PTZ-L, and PXZ-L, locking
systems are all smaller than other systems. This is consistent with
the stronger CT properties in S; for PTZ-L, and PXZ-L, locking
systems. For L; locking, the Cz-L; and TMCZ-L; would result in
larger oscillator strength, which is good for luminescence.

3.3 Decay rates of excited states

In addition to AEgr, the spin-orbit coupling (SOC) constant is
another important parameter to characterize the process of up-
conversion, and the values are shown in Fig. 5(b) and Table 2.
We can find that all the systems with intramolecular locking have
larger SOC values than the molecule without locking (2DPZBN).
The system with PXZ-L, locking has larger SOC values compared
with other systems with L; locking, and systems with PXZ-L,
locking also have relatively large SOC values. Consequently, the
PXZ locking strategy is propitious to the ISC process for the MR-
TADF molecules. In addition, we find that Cz-L, and TMCz-L,
locking have weak enhancement on the SOC values than
2DPABN. The values of intersystem crossing rates (kisc) and
reverse intersystem crossing rates (kgisc) between S; and Ty can
directly characterize the ISC and RISC process between excited
states, and the data for the 36 molecules are listed in Table 2 and
Fig. 5(c) and (d). It is found that the systems with intramolecular-
lock can obtain a larger kisc compared with 2DPABN except
PXZCZBN. Similar results can be easily found in the RISC rate,
which should have close relationship with the relatively smaller
AEgyr in the systems with intramolecular-lock. In addition, we
find that most RISC rates are comparable with the ISC rates with
about one order of magnitude smaller except for 2DPABN,
TMCzDPABN, DPADMACBN and PTZTMCzBN. This indicates
that most molecules designed could realize up-conversion from
T; to Sy, and are potential TADF emitters.

A high radiative rate (k) is one of the important conditions
for efficient emission in TADF emitters. The calculated radiative

24412 | Phys. Chem. Chem. Phys., 2023, 25, 24406-24416

rates for all the systems are listed in Table 2 and Fig. 5(e). It is
found that TMCz-L; and Cz-L, locking systems can generally
obtain large k, values. while PXZ-L, and PTZ-L, locking systems
would have smaller radiative rates which should be induced by
the smaller overlap between holes and particles. The calculated
radiative rates are about one or two orders of magnitude larger
than the ISC rates, which satisfy the requirement for TADF.
Another important factor to improve the fluorescence efficiency
is a smaller internal conversion rate (k;c). The calculated results
are listed in Table 2 and Fig. 5(f). We can find that k¢ (~10%) is
about an order of magnitude larger than k. (~ 10”) for molecules
studied in this work except for TMCzPTZBN, TMCzCzBN, and
2TMCzBN. The PTZ-L, and PXZ-L, locking systems have larger
nonradiative rates than other systems (with values close to
2DPABN) except for TMCzBN, TMCzCzBN and TMCzPTZBN.
This would directly influence fluorescence efficiency. The
calculated fluorescence efficiency is shown in Fig. 6(c). It is
found that the molecules with PTZ-L, and PXZ-L, locking have
much smaller fluorescence efficiency than other intramolecular-
lock systems (except for TMCzCzBN and 2TMCzBN). The
fluorescence efficiency of Cz-L,, TMCz-L, and DMAC-L, locking
systems is close to that of 2DPABN. The calculated fluorescence
efficiency of CzDPABN, 2CZBN, CzDMACBN, 2DMACBN and
TMCZDPABN is larger than that of DPABN. This indicates that
molecules with proper locking strategy could realize higher
fluorescence efficiency. One could note that the calculated
efficiency is smaller than the experimental values (close to
100% for some TADF emitters) due to the approximations used
in theoretical calculation.

4. Conclusions

In summary, 36 MR molecules with intramolecular-lock are
theoretically designed and studied. It is found that the locking
position and locking manner have different influences on the
luminescent properties. It is found that PXZ-, PTZ- or DMAC-
locking at L; and L, would induce higher o, due to the stronger
structure modulation of TAB when a hexatomic ring is induced.
Cz- or TMCz-locking at both L; and L, would have a similar
influence on o, to DPA. Both the calculated absorption and
emission wavelengths are larger than those of 2DPABN with no
intramolecular-lock. It means that intramolecular-lock could
induce red-shift emission. However, the calculated FWHM of

This journal is © the Owner Societies 2023
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Table 2 Spin—orbit coupling (SOC) between S; and Ty calculated based on the geometry of Ty, the radiation rates (k,) and internal conversion rates (k\c)
between S; and S as well as the intersystem crossing rates (kisc), reverse intersystem crossing rates (krisc) between S; and T; and the values of
fluorescence efficiency (@) for all studied molecules by O3LYP/6-31G(d) in toluene

SOCr, (cmil) ke (571) kic (571) krsc (Sil) krisc (571) Dpr (%)
2PXZBN 0.322 2.55 x 10’ 2.04 x 10° 9.21 x 10° 3.64 x 10° 11.05
PTZPXZBN 0.338 2.55 x 107 2.03 x 10° 8.75 x 10° 4.66 x 10° 11.12
DPAPXZBN 0.238 2.06 x 107 1.99 x 10° 2.48 x 10° 2.78 x 10° 9.36
CzPXZBN 0.324 3.30 x 10’ 1.88 x 10° 7.02 x 10° 2.63 x 10° 14.91
DMACPXZBN 0.310 2.92 x 107 1.94 x 10® 7.08 x 10° 3.76 x 10° 13.03
TMCzPXZBN 0.307 3.52 x 107 2.22 x 10° 2.06 x 10° 1.98 x 10° 13.69
PXZPTZBN 0.480 2.15 x 107 1.81 x 10° 1.75 x 10° 1.64 x 10° 10.56
2PTZBN 0.193 2.09 x 107 1.83 x 10° 2.13 x 10° 2.10 x 10° 10.24
DPAPTZBN 0.164 1.54 x 107 1.82 x 10® 2.05 x 10° 3.19 x 10* 7.81
CzPTZBN 0.170 2.65 x 107 1.70 x 10° 2.93 x 10° 1.94 x 10° 13.47
DMACPTZBN 0.193 2.40 x 107 1.78 x 10® 2.49 x 10° 5.71 x 10* 11.86
TMCzPTZBN 0.192 2.91 x 10’ 2.37 x 10*° 1.29 x 10° 9.44 x 10> 0.12
PXZDPABN 0.391 5.26 X 107 1.11 x 10° 1.91 x 10° 1.02 x 10° 32.03
PTZDPABN 0.319 4.43 x 107 1.10 x 10® 5.95 x 10° 1.38 x 10° 28.64
2DPABN 0.059 5.44 x 10’ 8.46 x 10’ 2.15 x 10* 1.20 x 10% 39.16
CzDPABN 0.073 7.95 x 107 9.98 x 10’ 2.24 x 10° 1.45 x 10* 44.33
DMACDPABN 0.150 6.90 x 107 9.93 x 10’ 9.36 x 10* 6.37 x 10* 40.97
TMCzDPABN 0.068 8.59 x 10’ 1.08 x 10° 8.13 x 10" 2.04 x 10° 44.23
PXZCzBN 0.474 5.72 x 107 1.15 x 10® —5.84 x 10° 1.11 x 10° 33.28
PTZCzBN 0.423 4.41 x 10’ 1.16 x 10® 6.79 x 10° 1.44 x 10* 27.40
DPACZBN 0.175 5.01 x 10’ 8.43 x 10’ 3.26 x 10° 8.95 x 10* 37.17
2CzBN 0.108 7.82 x 107 1.07 x 10° 8.07 x 10" 1.92 x 10! 42.31
DMACCZzBN 0.335 7.59 x 107 1.03 x 10° 6.63 x 10° 4.36 x 10° 42.32
TMCzCzBN 0.111 8.71 x 10’ 7.41 x 10'° 1.61 x 10° 1.03 x 10° 0.12
PXZDMACBN 0.483 4.92 x 107 1.21 x 10® 3.69 x 10° 2.30 x 10* 28.91
PTZDMACBN 0.381 4.60 x 10’ 1.17 x 10® 6.24 x 10° 4.10 x 10* 28.17
DPADMACBN 0.196 5.73 x 107 1.01 x 10° 2.33 x 10° 1.44 x 10® 36.08
CzDMACBN 0.285 6.90 x 107 1.06 x 10° 3.89 x 10° 4.79 x 10° 39.33
2DMACBN 0.289 6.68 x 10’ 1.10 x 10° 3.31 x 10° 2.84 x 10° 37.81
TMCzDMACBN 0.251 7.68 x 107 2.20 x 10° 1.84 x 10° 1.67 x 10° 25.84
PXZTMCzBN 0.510 5.26 x 10’ 1.21 x 10° 3.14 x 10° 1.07 x 10° 30.21
PTZTMCzBN 0.419 3.97 x 10’ 1.14 x 10° 2.77 x 10° 5.45 x 10° 25.77
DPATMCzBN 0.175 5.40 x 107 1.02 x 10® 7.44 x 10° 5.68 x 10° 32.94
CzTMCzBN 0.084 7.72 x 107 1.21 x 10° 3.50 x 10* 4.75 x 10* 38.92
DMACTMCzBN 0.317 7.40 x 107 1.10 x 10° 3.97 x 10° 3.57 x 10° 40.19
2TMCzBN 0.068 8.43 x 10’ 8.96 x 10'° 1.49 x 10* 2.33 x 10* 0.09

the MR molecules with intramolecular-lock are a little larger
than 2DPABN. But the Cz, TMCz and DMAC locking at L, or L,
would induce relatively small FWHM which is comparable with
that of 2DPABN. Our calculation results also indicate that
intramolecular-lock could induce smaller energy gap and larger
SOC values between S; and T,, which is favorable for the
generation of TADF. The calculated oscillator strength for
PXZ-L, and PTZ-L, locking systems is weak than that for
2DPABN, while the Cz-L, and TMCZ-L, locking could result in
stronger oscillator strength. The calculated radiative rates
which have a close relationship with the oscillator strength
show similar results. Based on the calculated fluorescence
efficiency, we conclude that Cz, TMCz and DMAC locking
systems could realize comparable and higher efficiency. All
the calculated RISC rates are comparable to the ISC rates,
which confirm the generation of TADF. In addition, we predict
that a more efficient RISC process would be realized in systems
with intramolecular-lock, thus higher quantum efficiency could
be obtained for them. Our calculation results indicate that
intramolecular-lock is a highly efficient strategy to enhance
the fluorescence efficiency and quantum efficiency of MR-TADF
molecules, which may favor the design of new type of MR-TADF
molecules.
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