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ABSTRACT: The thermally activated delayed fluorescence
(TADF) phenomenon has attracted increasing attention because
it can harvest 100% of the electro-pumped carriers to form singlet
bound excited state for fluorescence. It is generally believed that
the small energy gap between S; and T, (AEgy) is essential for
TADF to facilitate the reverse intersystem crossing (1ISC).
However, for a few donor—acceptor (D—A) organic compounds
with small AEr, the TADF phenomenon is absent, indicating that
AEg; might not be a good molecular descriptor. Here, using our
self-developed thermal vibration correlation function (TVCF)
formalism in combination with quantum chemistry calculations, we
revisit the key factors that dominate the TADF property for 11 D—
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A systems with small AEgr. Based on our theoretical results in comparison to experiments, we conclude that the activation energy
AG is a good molecular descriptor to characterize the TADF performance because a significantly better linear relationship is
observed between AG and the rISC rate constant (k;gc) compared to that between AEg; and k,sc. These findings provide deeper
understanding of the TADF mechanism, shedding light on the molecular design of high-performance TADF materials.

1. INTRODUCTION

Thermally activated delayed fluorescence (TADF) materials
have attracted increasing attention for organic light-emitting
diodes (OLEDs) because of their ability to harness all of the
electrogenerated triplet and singlet excitons for fluores-
cence.'”® Deep understanding of the TADF mechanism and
the establishment of good descriptors are very important for
the molecular design of highly efficient TADF materials.””"" In
the TADF process of organic molecules, the triplet exciton first
goes uphill to the singlet excited state through reverse
intersystem crossing (rISC) and then emits fluorescence.
Therefore, the rISC process is key to the occurrence of the
TADF phenomenon.

It is generally accepted that a heavy atom is required to
provide large spin—orbit coupling (£) for mutual conversion
between singlet and triplet states in metal complexes.'” Adachi
et al. claimed that the highly efficient spin conversion can take
place without heavy atoms as long as a molecule possesses a
small AEg; and a nonvanishing small spin—orbit coupling ()
because the mixing coefficient between singlet and triplet states
(csr) is inversely proportional to AEgp by cgp o« &/Egr.”"
Driven by this notification, researchers started to pursue
ultrasmall AEgr through designing a twisted donor—acceptor
(D—A) molecular structure, which can produce space-
separated highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) to decrease the
electronic exchange energy so that charge-transfer 'CT and
3CT states can be energetically degenerate.'* AEg; < 0.1 eV
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was once regarded as a necessary condition to generate TADF
for organic compounds,’ and TADF materials with almost zero
energy gap were synthesized by the Adachi group."” However,
& between two complete CT states (‘CT and *CT) is zero
according to the El-Sayed rule, which would surely prevent the
occurrence of rISC according to the rate formalism.'® Through
investigating the rISC rate constant as a function of energy gap
at different temperatures of TADF molecule via the thermal
vibration correlation function (TVCF) formalism,"” Peng et al.
proposed that the most efficient rISC process approximately
appears at AEgp = 4 instead of AEg; = 0, in which the rISC
rate is almost temperature-independent, namely, it can occur
without thermal activation.'® Samanta et al. have drawn the
same conclusion that a sufficient reduction in AEg; is not
necessarily required for TADF compounds.” Through
spectroscopic measurements, Adachi et al. also observed that
compounds with similar AEg; values exhibit different TADF
properties, namely, some are TADF-active while others are
TADF-inactive.'”° In addition, some declarations suggest that

the involved intermediate local excitation (LE) states'”*' or
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Scheme 1. Compounds Investigated in This Work, with Blue Indicating Donor Moieties and Red Denoting Acceptor Moieties
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the Herzberg—Teller effect’”*’ induce significant spin—orbit where the first term corresponds to the nonadiabatic coupling
coupling for an efficient rISC process between 'CT and *CT and the second term corresponds to spin—orbit coupling.
states. Applying the Franck—Condon principle and the TVCF
In this work, using our self-developed TVCF rate theory method, we rewrite eq 1 as
coupled with quantum chemistry calculations, we systemati- 1
cally investigated the structure—property relationship between kigc = —Z(ng?zi + k}ﬁi + k}ai)
singlet—triplet energy gap (AEgr), reorganization energy (4), h ®)
activation energy (AG), and interconversion rates (kigc/usc) o
between S; and T, for seven TADF-active and four TADF- k(?li = / dte™r* |§y(|2pjg.0)(t, T) @
inactive or%anic compounds with similar AEg; (see Scheme e
1)."19%*7%7 Based on our theoretical results and the
experimental facts, we conclude that activation energy AG is KD = Rel2 f © dte@st 1 oW T
a good molecular descriptor to characterize the TADF i =€ —oo ¢ ; S ‘f'kpff,k( 1) (s)
performance because of a significantly better linear relationship
between AG and kg5 compared to that between AEgr and ©
L 2) — i, 2,
kisc/asc- These findings provide deeper understanding of the k(li = /: - dte™" Z T;f,kai,ijg,zzl(t» T)
TADF mechanism and open a novel design strategy to broaden k,l (6)
the scope of high-performance organic TADF materials.
T, = z é:ianf,k Rin,k nf
2. THEORETICAL MODEL AND METHODOLOGICAL ik = AE, AE,, @)
APPROACHES ! X
Based on Fermi’s golden rule, second-order perturbation Hell'e, Ry = (QPplD) 18 the nonadle})l))atlc elelctronlc
theory, and Born—Oppenheimer adiabatic approximation, the Couphrzlg between two electronic .state.s and pf (th)’ p}i,Z(f,T),
intersystem crossing rate constant is generally expressed as and p Jﬁ "‘Zl(t’T) are three thermal vibration correlation functions,
whose analytical solution can be found in ref 17. The ISC rate
ar a2 formula can tackle the case in which the ISC process effectively
ko = 2 2 p(T)|A . + Z HyHy, S(E. —E, ) occurs with the help of intermediate states. A similar
B¢ n ~ Kl f b Ty expression can be obtained for rISC rate constant with
o ! (1) different initial and final electronic states compared to the
corresponding ISC rate constant. It should be noted that AE;
where 7 is Planck’s constant; P, is the Boltzmann = E; — Eyis positive for the ISC process while negative for the
distribution of the vibration manifolds in the initial electronic tISC process. For the ISC process, AEy = AFgy; for the rlSC
state; v,v,, and vy are the vibrational t b f th process, Ay = —AEgr.
Lo S quantum nHMbErs of tae For the case of strong coupling, one can apply short-time
initial, intermediate, and final electronic states, respectively; 8 ping 'pp ZY
and H' denotes the interaction between two different Born— approximation (exp(ita)k) =1+ itw, + (’t‘z":‘) + ) and
Oppenheimer states, consisting of two contributions ) o )
high-temperature approximation (kT/Aw; > 1) and neglect
A, ~ BO ~ SO the first- and second-order terms. The ISC rate is then
HY, = H ,(r; Q‘)@"x(Q) +H O Q)G"I(Q) @) represented by the following Marcus—Levich equations”®
1469 https://dx.doi.org/10.1021/acs.jpca.0c09767
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K 1 B P 3 (AEif - /1)2
= — & exp| —
SC/MSC = 3 S T P adkgT )

From eq 8, it can be intuitively seen that (i) the intersystem
crossing is induced by the spin—orbit coupling & If &
vanishes, the ISC or rISC is prohibited for two electronic
states even with E; = 0. In this work, we set {; to be a constant
of 0.5 cm™ for the reason that &y for all investigated
compounds ranges from 0.003 to 1.746 cm™" (see Table S3).
(ii) The reorganization energy A is also very important to tune
the rate constant value, which can be evaluated by

A= D7
k

)

L 22
A = Siho, = 2a),c D (10)

Here, wy, S}, and A, are the frequency, Huang—Rhys factor,
and reorganization energy of kth normal modes, respectively.
In practice, we calculate A at both S; and T, optimized
structures and the average value of these two reorganization
energies is substituted into eq 8.

Equation 8 intuitively depicts the relation between the ISC/
rISC rate constant and the energy gap as well as the
reorganization energy. We plot the potential energy surfaces
of the Sy, S;, and T, states with the nonradiative transitions in
Figure la. It is easily seen that AE; is always much larger than

N\ 00 01 02 03 04
AG(eV)

Figure 1. (a) Potential energy surfaces of the S, S, and T, states and
the nonradiative transitions between states with energy gap (AE) and
reorganization energy (4). (b) ISC and rISC rate constants versus AE
based on eq 8. (c) ISC and rISC rate constants versus AG based on
eq 8. &y is set to be 0.5 em™!in (b) and (c).

A (AE;>> 2) for the nonradiative decay processes back to the
ground state, ie, S; = Sy and T; — S;, while for the ISC
process between S; and T,, the values of 4 and AE; are
comparable. The ISC/rISC rate constants as a function of AE;
are given in Figure 1b based on eq 8. From eq 8 and Figure 1b,
kisc/nsc is maximized when AEj = A. Figure 1b can be divided
into two regions, i.e, normal region with AE; < 4 and inverted
region with AEif > A. As AEif increases, the rate constant
increases in the normal region while decreases in the inverted
region. Owing to the fact that AE; ranges between —0.5 and
0.5 eV, which is comparable to the value of 4, the rISC and ISC
rates always span the two regions, which leads to a
nonmonotonic relationship between the rate constant and
energy gap. Thus, the energy gap law becomes invalid in a such
case. This revises the conventional conception that the rate is
infinitely increased when the energy gap is close to zero.

Equation 8 can be rewritten in an Arrhenius-like form as
follows

AG
k =A -
1SC/1ISC exp{ RT] 1)
where
1 2 T
A= —IE1" |[——
h éf \ kT (12)
and
(AE, — A)?
41 (13)

Practically, we compute AG in two ways: the first one is
based on eq 13, which is marked as AGj; the second one is via
a linear fitting between the logarithm of the computed TVCF
rate constants versus the temperature (details in Part 8 of the
Supporting Information), which is marked as AG,. In this
work, we demonstrate that AG is a more appropriate
descriptor of TADF materials instead of AEg; because it can
take the vibration relaxation between S, and T, i.e.,
reorganization energy, into consideration. Note that thermal
vibrational effect has been explicitly taken into account in AG,
via TVCF, which should serve as a more sophisticated
descriptor compared to AG,. In Figure lc, we plot rate
constant as a function of AG. Clearly in Figure Ic, a linear
relationship is observed between AG and logk, ie., the rate
constant increases monotonically as AG decreases. Therefore,
AG is theoretically a more convincing descriptor for ISC/rISC

Scheme 2. Schematic Graph for Molecular Design of Efficient TADF Materials
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processes in TADF materials, as indicated in ref 18 as well as
the Marcus theory.

Based on the aforementioned analysis, one needs to focus on
the minimization of AG instead of Eg for the molecular design
of efficient TADF materials, as shown in Scheme 2. For both
ISC and rISC processes, A = AEgr is required to get the
maximum transition rate. For the ISC process under such
condition, AG tends to zero, i.e, the ISC process becomes a
barrierless process. For the rISC process, the minimum value
of AG equals to AEgy, ie.,, AEgy is the minimum of energy
potential barrier for the rISC process. In other words, when the
reorganization energy shares a similar value to the energy gap,
the rate of rISC is directly determined by AEg; since AG =
AEgr. However, when the value of A differs from AE¢;, AG
will deviate from AEgy, leading to the fact that the TADF
activity is no longer AEgr-related. That is the reason why
although several compounds investigated in this work have
similar AEgr, only part of them are TADF-active, which leads
to a new direction of molecular design.

In this work, geometry optimizations and frequency analyses
were performed by density functional theory (DFT) for S, and
T,, respectively, and time-dependent DFT (TDDFT) was
performed for the S, state, under the CAM-B3LYP/6-31G*
level. Here, we compare the T geometry via unrestricted DFT
(UDFT) and Tamm—Dancoff approximation (TDA) of o-
3CzBN and 4CzTPN for test and found that the results are
very similar. The root-mean-square displacement (RMSD)
values of these two methods are 0.280 and 0.013 A,
respectively (Figure S7). And all of the optimized geometries
can be found in Part 9 of the Supporting Information. The
scale factors of frequencies are fitted to be 0.9495 (see Part 1
of the Supporting Information) under this calculation level.”
The PBEq, method (TDA PBEa,/6-31+G*) is applied to get
the excitation energies’’ (see Part 2 of the Supporting
Information). All of the calculations took solvent (toluene)
effect into consideration with the solvation model based on
density (SMD).>" These quantum chemistry calculations were
performed in Gaussian 16.>> The rate constants of ISC and
rISC were computed by the TVCEF approach in our home-built
MOMAP package.'”**™> More computational details can be
found in the Supporting Information.

3. RESULTS AND DISCUSSION

First, based on the computational model, we optimize the
molecular geometries of Sy, S;, and T, and get the excitation
energy. The computational results of the emission energy
(Eemi) and the energy gap (AEgr.q) after zero-point vibration
energy correction (AEzpyp), AEgrgo = AEgrg + AEzpyp
versus the experimental counterparts are plotted in Figure 2,
while the explicit values can be found in Table S4. It is found
that most of the data points lie close to the diagonal line in
Figure 2, which reflects the fact that the calculated emission
energy as well as the 0—0 energy gap (AEgr.) are in good
agreement with the experimental results. This proves the
reliability of our applied electronic structure method. Note that
rather large deviations are observed for AEgy o of 2-CzBN and
m-3CzBN, and taking m-3CzBN as an example, the calculated
excitation energy of S; (AE,,;) of m-3CzBN is 2.79 eV, well
matching the experimental value of 2.90 eV with a small
deviation of 0.11 eV. The calculated excitation energy of T,
(AEr) of m-3CzBN is 2.69 eV, in good agreement with the
experimental value of 2.85 eV with a small deviation of 0.16
eV. But the resultant theoretical and experimental AEg values
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Figure 2. Comparison between theoretical (TDA-PBEq,/6—31+G*
with SMD) and experimental emission energies (left) and AEgr g

(right).

are 0.09 eV and 0.24 eV, respectively, which lead to a large
deviation of 0.15 eV. Because AEqy is a small quantity, namely,
0.24 eV, the deviation of 0.15 eV is a large one. It is still a great
challenge to obtain reasonable AE. ;, AEp, and AEg;
simultaneously. Therefore, we compute the adiabatic energy
gap (AEgr.,q) of these two molecules, which is applied in the
following rate constant calculations, by subtracting the
calculated AE;pyy from the experimental AEgr .. Based on
the electronic structure calculation, there is only one triplet
state lower than the S, state in energy for each compound
under S; geometry (see Table S4). The T, states are higher in
energy than the S, state, and will unlikely be involved in the
ISC and rISC processes. Therefore, the following ISC/rISC
rate constants are calculated using eq 4 by taking only T into
account.

To investigate the transition character of S; and T for these
systems, we plot the frontier orbitals at S, and T optimized
geometries in Figure 3 for m-3CzBN, 4CzBN, and 0-3CzBN

m-3CzBN

ik —.f,;.t

Z'os,,

3‘ 96.0%
.‘g”

4CzBN

0-3CzBN
o 772% 0 s
,4 *‘. 3
HOMO LUMO

Figure 3. Frontier orbitals of S, and T, states under the PBEa,/
6—31+G* level for m-3CzBN, 4CzBN, and 0-3CzBN.

and in Figure S2 for the remaining molecules. According to
Figures 3 and S2, the main character of both S, and T for all
investigated systems is charge-transfer transition. Specifically,
molecules with pure charge-transfer character such as Spiro-
CN, DHPZ-2BTZ, PXZ-TRZ, 3-PXZ-XO, and DMAC-TRZ
have almost zero AEgr (Table 1) because of an almost
complete spacial separation between HOMO and LUMO

https://dx.doi.org/10.1021/acs.jpca.0c09767
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Table 1. Comparison of the Adiabatic Energy Gap between S, and T,(AEgy_,4), Reorganization Energy (1), AG,, AG,, and the

Rate Constants of ISC and rISC“

energy/eV AEgr. o ) AGysc AG,sc kisc (107 s71) AGysc AGy.sc kasc (10°s7")
TADF-active
4CzBN 0.23 0.23 ~0 ~0 3.43(57°) 0.23 0.21 0.12(0.18°)
4CzTPN 0.11 0.11 ~0 ~0 15.5 0.11 0.13 0.52
Spiro-CN ~0 ~0 0.001 0.01 55.7(3.24%) 0.0005 0.03(0.057") 64.3(0.005")
DHPZ-2BTZ 0.01 0.01 0.0001 0.02 32.2(4.9) 0.007 0.04(~0") 40.5(6.25%)
PXZ-TRZ 0.01 0.01 2% 107 0.03 5.09 0.01 0.06 2.96
3-PXZ-XO 0.04 0.02 0.004 ~0 22.3(0.88°) 0.04 0.06 22.0(0.17°)
DMAC-TRZ 0.01 0.01 ~0 0.03 11.2(1.67%) 0.01 0.06 4.32(0.80%)
TADF-inactive
2CzPN 0.18 0.82 0.05 0.05 0.05(2.1°) 0.41 0.24 0.006(0.006°)
0-3CzBN 0.23 1.14 0.18 0.14 0.009(4°) 0.41 0.32 0.003(0°)
2CzBN 0.22° 0.54 0.05 0.04 0.78(8°) 0.27 0.23 0.0017(0°)
m-3CzBN 0.24° 0.07 0.11 0.03 1.45(24°) 0.35 0.21 0.0003(0°)

“Experimental counterparts are shown in brackets. All of the energetics are given in the unit of eV. bDoped film. “Toluene solution. “Estimated

from available experimental Frave
P

= 2: 1 in the film. “Obtained via AEgr,q = AEgroo(exp) — AEpyg.

orbitals. For molecules with a subtle portion of local excitation
character such as 4CzBN, 4CzTPN, 2CzPN, 0-3CzBN, 2-
CzBN, and m-3CzBN, AEg; is slightly larger (~0.2 eV based
on Table 1) due to the small but non-negligible overlap
between the frontier orbitals. It can be seen from Table 1 that
compounds with similar AEg; values can be either TADEF-
active or -inactive. Therefore, we reinforce that AEg cannot be
the appropriate descriptor of the TADF process.

According to eqs 8—10, the deformation of molecule
between S, and T, also plays a role in the ISC and rISC
processes. To explore the deformation between S, and T, we
calculate 4 between S; and T, and explicit numbers can be
found in Table 1. It can be seen from Table 1 that for all
TADEF-active molecules, 4 is very close in energy compared to
AEgr_,4, while for TADF-inactive molecules, A largely deviates
from AEgr,;, which consolidates that AEgr .4 = A is the
optimal condition for TADF molecules.

Next, we analyze the main contribution of normal modes in
reorganization energy between S; and T in Figures 4 and S3.
Results show that the contribution to the reorganization
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Wavenumber(cm1)
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Figure 4. Reorganization energy and modes with mean contribution
of m-3CzBN, 4CzBN, and 0-3CzBN.
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energy is mainly from low-frequency modes, especially the
modes which change the dihedral angle between donor and
acceptor, such as mode 9 (15.15 cm™"), mode 14 (51.50 cm™")
in m-3CzBN, mode 16 (58.14 cm™) in 4CzBN, and mode 18
(106.61 cm™) in 0-3CzBN. Therefore, manipulating the
dihedral angle between donor and acceptor is the key to
control the reorganization energy between S; and T,. This
deformation between S; and T, has been experimentally
explored via time-resolved infrared (TR-IR) spectroscopy.'”*’
Theoretically, we compute the IR spectra of Sy, S;, and T for
all of the molecules and take the difference between S; (T))
and S, to match the experimental TR-IR spectroscopy, as
shown in Figure S, for m-3CzBN, 4CzBN, and 0-3CzBN, and
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Figure S. Differences between the vibrational profiles of S; and T,
from that of S, for m-3CzBN, 4CzBN, and 0-3CzBN, which can
match experimental time-resolved infrared (TR-IR) spectroscopy.

Figure S4 for the remaining molecules. It is not hard to find
that the molecule with a large A tends to have significantly
different TR-IR spectra for S; and T, (e.g, 0-3CzBN). The
large deformation of molecule gives rise to a large peak in the
IR spectra. For molecules with little deformation between S,
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and T, (e.g, m-3CzBN), there is no obvious deviation in the
TR-IR spectra for these two states.

The whole contribution from both AEgr and A4 can be
gathered in AG, as indicated in eq 13. The calculated AGgc
and AGygc values are listed in Table 1. Compared with the
two available experimental results in Table 1, i.e., AG,gc for
Spiro-CN and DHPZ-2BTZ, the calculated values are in good
agreement. To highlight the significance of AG, we plot the
calculated rate constants (kigc and k;gc) as a function of
AGisc,usc as well as AEgr in Figure 6. For both kigc and k¢,
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Figure 6. Relationship between AEg; (black), AG, (blue), AG,
(red), and the rate constant for ISC (left) and rISC (right) processes.
Filled markers indicate TADF-active materials, and open markers
indicate TADF-inactive materials. The solid lines are obtained from
the linear fitting between AEgr, AG;, AG,, and the rate constants.
The green dashed lines indicate the threshold value of AG for TADF-
active molecules among all investigated systems.

the linear fitting coefficient for both AG, and AG, is
significantly larger than the 1 for AEg, indicating the fact
that the ISC/rISC rate is more closely related to AG instead of
AEgr, as signified in Figure lc. Specifically, the linear
coefficients between the rate constants and AG, are even
better than those between the rate constants and AG,, since
AG, is derived from a linear fitting between the temperature
and the TVCF-calculated rate constant, in which the electron-
vibration coupling effect has been explicitly taken into account.
In addition, the kISC/rISC rate constants of the investigated
systems obtained from real SOC are listed in Table S3, and the
fluctuation of SOC is found to have no significant influence on
the linear relationship between kigc/5c and AG.

It can be seen from Figure 6 that all TADF-active molecules
(indicated by filled markers and listed in Table 1) have smaller
AG values (blue triangle and red circle) compared to TADF-
inactive counterparts for the ISC process, while the AEg
(black square) values of these molecules are not necessarily
smaller than those of TADF-inactive materials. Similar results
can be obtained for the rISC process. Particularly, AEgr is
extremely close to AG for TADF-active molecules, which
corresponds to the optimal case for efficient ISC and rISC
processes, as indicated in Scheme 2. In addition, according to
Figure 6, all TADF-active molecules have AG ¢ less than 0.22
eV and AGc less than 0.03 eV, which can serve as a
convenient criterion to screen out efficient TADF materials.

4. CONCLUSIONS

In this work, we have demonstrated that AG can serve as a
more proper descriptor for TADF activity instead of the
commonly used AEg. Eleven molecules with similar AEg;
(~0.2 eV) but different experimental TADF properties have
been comprehensively investigated, and our results have shown
that only molecules with small AG (i.e,, when AEg; = A) are
TADF-active. A good linear relationship has been obtained
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between the ISC/rISC rate constant and AG, instead of AEgr.
Therefore, these molecules with smaller AG have larger ISC
and rISC rates, which benefits TADF. Based on our analysis, 4
= AEgy is the condition when AG reaches its minimum, i.e.,
the most favorable situation for TADF phenomenon.
Molecules with relatively large AG are not TADF-active
even with an extremely small AEg;. Practically, 4 can be
modified by manipulating the dihedral angle between D and A,
making it possible to equal the value of AEgy, which opens up
a new direction in future TADF molecular design. The
molecular descriptor AG is easy to implement, which would be
very helpful for machine-learning-based research in the future.
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