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Thermally activated delayed fluorescence (TADF) is the internal conversion of triplet excitons into singlet
excitons via reverse intersystem crossing. TADF can significantly enhance the efficiency of organic light-emitting
diodes (OLEDs). In order for a chromophore to display TADF the energy difference between its lowest singlet
and lowest triplet states, S1 and T1, should be as small as possible. This requirement is facilitated by spatial
separation between the frontier orbitals. Computer simulations based on time-dependent density functional
theory (TDDFT) have been used extensively to predict the excited state properties of TADF chromophores.
However, the accuracy of TDDFT largely depends on the choice of exchange-correlation functional. Here, we
present a benchmark study of the performance of TDDFT based on different classes of hybrid functionals for 16
TADF chromophores consisting of different donor and acceptor moieties. We find that only the range-separated
double hybrid functionals, ωB2PLYP and ωB2GP-PLYP, provide qualitatively correct predictions of the relative
singlet excitation energies of different molecules, the spectral composition of excited states, and the energy
ordering of intramolecular charge-transfer versus valence excited states. Therefore, we recommend using these
functionals to assess prospective TADF chromophores. Nevertheless, further development is needed to improve
the quantitative performance of TDDFT. These findings are important for our ability to computationally screen
and design candidate TADF chromophores and advance the development of highly efficient OLEDs.

DOI: 10.1103/PhysRevResearch.4.033147

I. INTRODUCTION

Organic chromophores are widely used in organic elec-
tronic and photovoltaic devices [1,2], such as organic light-
emitting diodes (OLEDs) [3,4]. The efficiency of OLEDs
is limited because 75% of electrically generated excitons
are triplet excitons [5], whose radiative decay to the singlet
ground state is forbidden by selection rules. This loss may be
mitigated by thermally activated delayed fluorescence (TADF)
[5–13], a reverse intersystem crossing (RISC) from the lowest
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triplet excited state T1, to the lowest singlet excited state
S1, which subsequently decays to the ground state S0, emit-
ting a photon. TADF chromophores are organic molecules
[5,6,14], metal-organic complexes [15–17], and polymers
[18]. In addition to OLEDs, TADF chromophores can also be
used as triplet sensitizers in triplet-triplet annihilation (TTA)
upconversion thanks to the small energy difference between
their S1 and T1 states, �EST [19–21].

The endothermic RISC process is thermally activated with
an energy barrier of �EST = S1 − T1. Therefore, strong emis-
sion was initially observed at elevated temperatures. The first
reported pure organic TADF chromophore was eosin in 1961
with a �EST of 0.37 eV [11]. A breakthrough was achieved by
Adachi et al., who demonstrated that spatially separating the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) leads to a small �EST ,
producing efficient TADF [12]. This can be explained within
a simple two-electron two-state model [22], where �EST
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corresponds to twice the electron exchange energy, J . J de-
pends on the spatial overlap between the two states. The
smaller this spatial overlap, the smaller J is. Using this de-
sign approach, Adachi et al. synthesized a donor-acceptor
molecule with �EST as small as 0.11 eV, showing both ef-
ficient upconversion from T1 to S1 and intense fluorescence.
This has spurred research on TADF in the last decade, in-
cluding experimental synthesis of new TADF chromophores
[23–28], as well as theoretical studies of molecular properties
[29–32], and/or molecular design principles [9,23–26,30,33–
35].

Excitation energies of chromophores may be calculated ac-
curately using high-level quantum chemistry methods, such as
the spin-component scaling modification of the approximate
coupled-cluster singles-and-doubles (SCS-CC2) [30,36,37]
and the domain-based local pair natural orbital (DLPNO)
implementation [38,39] of the similarity transformed equa-
tion of motion coupled cluster theory with single and double
excitations (STEOM-CCSD) [40]. However, the high com-
putational cost of these methods is prohibitive for materials
screening. Thanks to the appealing balance between accu-
racy and efficiency, computer simulations based on density
functional theory (DFT) and time-dependent DFT (TDDFT)
[41,42] are widely used for the design of TADF chromophores
by predicting the frontier molecular orbitals and excited
state properties. Using TDDFT for high-throughput screening,
thousands of molecules out of a set of 400 000 have been
identified as promising TADF-based OLED chromophores
across the visible spectrum and selected candidates have been
experimentally determined to yield external quantum efficien-
cies as high as 22% [43]. TDDFT has been used to derive
design principles for TADF chromophores. Using TDDFT,
it has been demonstrated that a linker added between the
donor and acceptor moieties, especially a nonaromatic linker,
reduces the overlap between frontier orbitals, decreasing the
exchange energy and �EST [29].

Despite the recent successes of TDDFT in deriving design
rules for TADF chromophores, predicting the properties of pu-
tative molecules, and discovering new materials, its predictive
power strongly depends on the choice of approximation for
the exchange-correlation (xc) functional. The self-interaction
error (SIE) affects the DFT orbital energies, in particular for
semilocal functionals, typically leading to severely underes-
timated HOMO-LUMO gaps and destabilization of localized
molecular orbitals [44–47]. SIEs in the ground-state orbital
energies propagate to the TDDFT excited-state energies. In
particular, SIE may cause drastic underestimation of the en-
ergies of charge-transfer (CT) excited states [48,49], where
the electron and hole are spatially separated, such as the ex-
citation from HOMO to LUMO in donor-acceptor molecules.
Spurious CT states may be present in TDDFT spectra [50,51].
For donor-acceptor compounds, the energy of a CT excitation
may be underestimated to the point that it becomes lower than
non-CT (valence) excitations, leading to misidentification of
the transitions contributing to S1 and T1. In global hybrid
functionals the effect of SIE is mitigated by mixing a fraction
of exact (Fock) exchange with the semi-local exchange and
correlation. However, the large percentage of Fock exchange
required to accurately describe CT states is detrimental to the
overall accuracy [44]. In range-separated hybrid functionals

the Coulomb interaction is split into a short-range and a long-
range component [52,53]. Long-range corrected (LC) hybrid
functionals contain a larger fraction of Fock exchange in the
long range and a reduced fraction of Fock exchange in the
short range [54–58]. This provides an improved description
of CT excitations [59–61]. The fraction of Fock exchange
included in the short range and the range-separation parameter
of LC-hybrid functionals may be tuned to system-specific val-
ues, which may further improve the performance for a given
system [62–64].

TADF chromophores often incorporate a twisted torsion
angle or a linker between the donor and acceptor moieties
to facilitate the spatial localization and separation of the
HOMO and LUMO [5]. Visualization of DFT orbitals has
been used in studies of new experimentally synthesized and
theoretically predicted TADF candidates to assess the degree
of orbital localization and separation [5,65]. However, visual
inspection of DFT orbitals does not guarantee that the S1

and T1 excited states will be dominated by a CT-like tran-
sition between the spatially separated HOMO and LUMO.
To calculate the energies and spectral composition of S1 and
T1 in TADF chromophores, TDDFT has been widely used
[6], predominantly with the Becke 3-parameter Lee-Yang-
Parr (B3LYP) [66] and the Perdew-Burke-Ernzerhof based
(PBE0) [67] global hybrid functionals [17,25,68–79]. Fewer
studies of TADF chromophores have utilized other functionals
[6,22,80–82], including the Minnesota global hybrid meta
generalized gradient approximation (meta-GGA) with double
Fock exchange (M06-2X) [83], the range-separated Coulomb-
attenuating method B3LYP functional (CAM-B3LYP) [54],
and the range-separated hybrid functionals ωB97X [56] and
ωB97X-D [84]. In some cases, findings obtained with a global
hybrid functional may not hold with a LC-hybrid functional.
For example, TDDFT with global hybrid functionals may
underestimate CT excitation energies, overestimating the CT
character of S1 and T1 and incorrectly predicting an effective
TADF chromophore [27,48,49,85]. Therefore, a benchmark
study of the performance of TDDFT for intramolecular CT
states using different functionals is important for our ability
to reliably predict the properties of proposed TADF chro-
mophores and advance the development of highly efficient
OLEDs.

Several studies have benchmarked the performance of
TDDFT using different functionals, with respect to experi-
mental values and high-level calculations of the excitation
energies of various molecules [86–91]. Some studies have
focused specifically on CT excited states [92–98] and TADF
chromophores [13,27,28,32,99–102]. The latter studies have
used experimental values of the excitation energies of known
TADF chromophores as the performance metrics. One draw-
back of this approach is that for these chromophores the
experimental observation of TADF already indicates that
the lowest excitations are dominated by a CT-like transi-
tion from HOMO to LUMO. Therefore, the S1 energies of
such molecules are not useful for assessing whether differ-
ent functionals underestimate the CT excitation to be lower
than valence excitations, leading to a qualitatively incor-
rect lowest excited state. Rather, a donor-acceptor molecule
with a valence lowest excited state should be used for this
purpose.
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As a case study, we have chosen a donor-acceptor molecule
consisting of a carbazole donor and a cyanobenzene acceptor
(CzCB). As we demonstrate below, at any torsion angle be-
tween the donor and acceptor moieties S1 is dominated by
valence transitions and remains a valence excited state. We
use this to evaluate whether TDDFT with different function-
als erroneously predicts a CT-like S1 excitation. In addition,
we have compiled a benchmark set of 15 molecules con-
sisting of different donor and acceptor moieties commonly
used in experiments to provide a statistical assessment of
functional performance for a wider array of materials. In
contrast to earlier benchmarks [13,27,28,32,99–102], which
focused only on the excitation energies, we also evaluate the
performance of TDDFT with respect to the spectral compo-
sition of the S1 excitation, namely the contribution of the
HOMO → LUMO transition. We benchmark five classes of
functionals, including global hybrid functionals, global hybrid
meta-GGA functionals, LC-hybrid functionals, perturbatively
corrected double hybrid functionals, in which generalized
gradient approximations are mixed with Fock exchange and
a fractional correlation energy calculated at the level of
second-order many-body perturbation theory (PT2), and range
separated double hybrid functionals. In addition, we explore
whether system-specific tuning improves the performance of
LC-hybrid functionals. We note that only singlet intramolec-
ular CT excitation energies are benchmarked due to the
lack of experimental triplet excitation energies of the TADF
benchmark set. Moreover, triplet excitation energies may be
affected by triplet instability, which may be exacerbated by
the inclusion of Fock exchange [103–105], requiring further
benchmarks.

TDDFT results are compared to experimental values,
where available, and to high-level theoretical values obtained
using DLPNO-STEOM-CCSD. The equation of motion
(EOM) approach is an extension of the ground-state cou-
pled cluster (CC) theory to compute excitation energies by
a linear operator on the similarity transformed Hamiltonian
[106]. EOM-CCSD scales proportional to the sixth power
of the system size. Nooijen et al. proposed STEOM-CCSD,
where a second similarity transformation is performed to re-
duce the cost of evaluating the transformed equations and
yield more accurate excitation energies than EOM-CCSD be-
cause STEOM-CCSD contains some triple excitation effects.
The DLPNO technique [38,39], newly developed by Neese
et al., enables computing the ground state CC energies for
large molecules. It has been shown that the DLPNO-STEOM-
CCSD approach does not lose any significant accuracy
relative to its canonical counterpart for benchmark sets such
as Thiel’s set [106–111]. The DLPNO version of EOM-CCSD
has been found to produce an average absolute deviation
of 0.042, 0.079, and 0.128 eV, respectively, for ionization
energies from the HOMO, outer valence, and inner valence
orbitals, which is on the order of the intrinsic error of the
canonical version itself [107]. The DLPNO implementation
has reproduced the electron affinities (EA) obtained with
EOM-CCSD with a maximum absolute deviation of 49 meV
for a test set of 24 molecules [108]. The DLPNO-STEOM-
CCSD approach is employed to provide reliable information
on the spectral composition of the excited states, which is

missing from benchmarks that rely only on comparison to
experimental excitation energies.

We find that only LC-BLYP and ωB97X LC hybrid func-
tionals, with 100% Fock exchange in the long range and
a range separation parameter of about 0.3 bohr−1, and the
ωB2PLYP and ωB2GP-PLYP range-separated double hybrid
functionals correctly capture the spectral composition of in-
tramolecular CT states. Other functionals underestimate CT
excitation energies and thus overestimate the contribution of
CT transitions between spatially separated frontier orbitals to
the lowest excited state. The LC-BLYP and ωB97X function-
als may, in contrast, overestimate excitation energies of CT
states to be erroneously higher than valence excited states.
This leaves only the ωB2PLYP and ωB2GP-PLYP range-
separated double hybrid functionals as the most reliable for
predicting the excited states of TADF chromophores. New
range separated double hybrid functionals may be explored to
further improve the accuracy of the energy spacing between
different states.

II. METHODS

A. Exchange-correlation functionals

TDDFT calculations were performed with several func-
tionals of different classes. The lowest three rungs in the
“Jacob’s ladder” of density functional approximations [112],
namely the local density approximation (LDA), general-
ized gradient approximation (GGA), and meta-GGA, are
not considered here. Rather, we start from “fourth rung”
hybrid GGA and hybrid meta-GGA functionals with in-
clusion of Fock exchange. As summarized in Table I, the
B3LYP [66] and PBE0 [67] global hybrid GGA func-
tionals contain a fixed fraction of Fock exchange mixed
with GGA exchange and correlation. The B3LYP functional

TABLE I. Percentage of exact (Fock) exchange (EXX) for global
hybrid GGA, meta-GGA, and double hybrid functionals, EXX G,
percentage of Fock exchange in the short range, EXX SR, and
long range, EXX LR, and range separation parameter, ω, for range-
separated hybrid and double hybrid functionals, and percentage of
PT2 correlation for double hybrid and range-separated double hybrid
functionals. The unit of ω is bohr−1.

EXX G EXX SR EXX LR ω PT2

B3LYP [66] 20%
PBE0 [67] 25%
TPSSh [113] 10%
M06-2X [83] 54%
CAM-B3LYP [54] 19% 65% 0.33
LC-BLYP [55] 0% 100% 0.33
ωB97X [56] 15.7706% 100% 0.30
IP-LC-BLYP 0% 100% tuneda

IP-ωB97X 15.7706% 100% tuneda

B2PLYP [114] 53% 27%
B2GP-PLYP [115] 65% 36%
ωB2PLYP [116] 53% 100% 0.30 27%
ωB2GP-PLYP [116] 65% 100% 0.27 36%

aTuned system-specific value.
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contains 20% Fock exchange mixed with the Becke semilocal
exchange and the Vosko-Wilk-Nusair (VWN) local corre-
lation and the Lee-Yang-Parr (LYP) correlation, whereas
the PBE0 functional contains 25% Fock exchange mixed
with the Perdew-Burke-Ernzerhof exchange and correlation.
The global hybrid meta-GGA functionals of Tao-Perdew-
Staroverov-Scuseria (TPSSh) [113] and M06-2X [83] contain
a fixed fraction of Fock exchange mixed with meta-GGA
exchange and correlation. Meta-GGA functionals contain a
dependence on the kinetic energy density in addition to the
density and its gradient. TPSSh contains 10% Fock exchange
and nonempirical Tao-Perdew-Staroverov-Scuseria (TPSS)
meta-GGA, whereas the semi-empirical M06-2X with 54%
Fock exchange is heavily-parameterized for nonmetals and is
recommended for applications involving excitation energies
of valence and Rydberg states [83].

In the global double hybrid functional B2PLYP [114]
and B2GP-PLYP [115], the GGA Becke exchange and LYP
correlation are mixed with Fock exchange and perturbative
second-order correlation (PT2) [117–119]. They are hence
named double hybrid. Double hybrids are considered as “fifth
rung” functionals because unoccupied Kohn-Sham orbitals
are used for calculating the PT2 correlation energy [120,121].
The difference between B2PLYP and B2GP-PLYP is the mix-
ing fractions obtained based on different fitting sets [114,115].
The former contains 53% Fock exchange and 27% PT2 cor-
relation, whereas the latter contains 65% Fock exchange and
36% PT2 correlation.

In range-separated hybrid functionals the Coulomb inter-
action is split into short range (SR) and long range (LR) parts
and the fraction of Fock exchange depends on the spatial
distance between two points. In the CAM-B3LYP [54] func-
tional, the fraction of Fock exchange increases from 19% in
the short range to 65% in the long range. In the LC-BLYP
[55] functional the fraction of Fock exchange varies from 0%
to 100% and in the ωB97X [56] functional the fraction of
Fock exchange ranges from 15.7706% to 100%. The inter-
mediate region is usually smoothly described by the standard
error function with a range separation parameter ω, which
is typically determined by fitting empirically to a benchmark
set. The range separation parameter is 0.33 bohr−1 in CAM-
B3LYP, 0.33 bohr−1 in LC-BLYP, and 0.30 bohr−1 in ωB97X.
CAM-B3LYP, LC-BLYP, and ωB97X are derived by modi-
fying the exchange in B3LYP, BLYP [122], and B97 [123]
functionals, respectively. CAM-B3LYP employs the same
Becke exchange and VWN and LYP correlation as B3LYP.
LC-BLYP uses the same Becke exchange and LYP correlation
as in the BLYP GGA functional [122]. ωB97X uses exchange
and correlation that are of the form suggested by Becke in
his 1997 global hybrid GGA functional, B97.[123] In the
same vein, Casanova-Paez et al. proposed the range-separated
double hybrid functionals ωB2PLYP [116] and ωB2GP-PLYP
[116] by introducing range separation to the exchange part of
the double hybrid functionals B2PLYP and B2GP-PLYP,

EXC = αEωB88
X (ω) + (1 − α)ESR−HF

X + ELR−HF
X

+βELY P
C + (1 − β )EPT 2

C . (1)

The α and β parameters in ωB2PLYP and ωB2GP-PLYP
are kept the same as in B2PLYP (α = 0.47, β = 0.73) and

FIG. 1. (a) The IP of CzCB at the equilibrium dihedral angle of
θ = 50◦, obtained from the negative of the HOMO energy (red) and
the IP, given by the total energy difference between the cation and
neutral molecules (black) as a function of the range separation pa-
rameter ω. (b) ω in LC-BLYP, ωB97X, IP-LC-BLYP, and IP-ωB97X
as a function of the dihedral angle θ of CzCB.

B2GP-PLYP (α = 0.35, β = 0.64), leaving only ω to be
tuned. Casanova-Paez et al. tuned ω to reproduce the HOMO-
LUMO gap by means of Koopmans theorem and to reduce the
one-electron self-interaction error in the hydrogen atom. They
found that, other than the aforementioned two nonempirical
approaches, the most viable approach is an empirical least-
squares fit to a training set consisting of Rydberg, CT, and
local valence excited states, yielding ω values of 0.30 bohr−1

for ωB2PLYP and 0.27 bohr−1 for ωB2GP-PLYP [116].
These values are very close to 0.33 bohr−1 in CAM-B3LYP
and LC-BLYP, and 0.30 bohr−1 in ωB97X. The ωB2PLYP
and ωB2GP-PLYP functionals are thus tailored for TDDFT
excited states rather than ground state properties.

Alternatively, ω may be tuned to a system-specific value,
for example by reproducing the ionization potential (IP) of the
molecule of interest by means of Koopmans’ theorem [124].
In addition to the aforementioned 11 functionals, we consid-
ered system-specific nonempirically IP-tuned LC-BLYP and
ωB97X, denoted as IP-LC-BLYP and IP-ωB97X. Figure 1(a)
shows the IP-tuning procedure for CzCB at the equilibrium
dihedral angle of θ = 50◦. To make the negative of the HOMO
energy equal to the IP, given by the total energy difference
between the cation and neutral molecules, ω is decreased
from 0.33 bohr−1 in LC-BLYP to 0.2015 bohr−1 in IP-LC-
BLYP. Figure 1(b) shows the IP-tuned ω in IP-LC-BLYP
and IP-ωB97X as a function of the dihedral angle. For both
functionals, IP-tuning produces ω values that are significantly
lower than the constant ω values in LC-BLYP and ωB97X for
all 10 molecular geometries. The IP-tuned ω values have a
weak dependence on the molecular conformation.
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B. Computational details

All calculations were conducted using version 4.2.0 of the
ORCA code [125]. Geometry optimizations were performed
using the B3LYP functional [66], and a pairwise dispersion
correction with the Becke-Johnson damping [126]. SV(P)
basis sets were used and tight SCF convergence criteria corre-
sponding to an energy tolerance of 1 × 10−8 au were applied.
All atomic positions were relaxed until the maximal force
was below 3 × 10−4 au. For CzCB, the optimal dihedral angle
between the carbazole and cyanobenzene planes, θ , was found
to be 50◦. To modify the overlap of the HOMO and LUMO,
θ was varied from 0◦ to 90◦ by increments of 10◦, with
the atomic positions within the donor and acceptor moieties
fixed. The 10 resulting molecular geometries of CzCB and the
TADF benchmark set were used for DLPNO-STEOM-CCSD
and TDDFT calculations.

Reference DLPNO-STEOM-CCSD calculations were per-
formed using the def2-TZVP basis sets [127], which provide
a balance between accuracy and efficiency. For example, the
agreement between DLPNO-STEOM-CCSD results obtained
with def2-TZVP basis sets and experimental excitation en-
ergies of indigo dyes has been reported to be well below
0.1 eV [110,128]. The mean absolute error of values obtained
with def2-TZVP compared to def2-QZVPP has been found
to be only 0.01 eV [128]. The resolution of identity (RI) ap-
proximation was used with the def2-TZVP/C auxiliary basis
sets [129]. The truncation parameter for singles pair natural
orbitals (PNOs) was 1 × 10−11, and the active space selec-
tion thresholds for occupied and virtual orbitals were set to
5 × 10−3 [108].

TDDFT calculations were performed using the def2-TZVP
basis sets [127]. We have conducted a basis set conver-
gence test for a representative TDDFT@B3LYP calculation
of CzCB, provided in the SI. The energy difference between
the values of the lowest four excitation energies obtained with
def2-TZVP and def2-QZVPP is within 0.02 eV. The resolu-
tion of the identity (RI) approximation for the Møller-Plesset
perturbation theory (MP2) was utilized with def2-TZVP/C
auxiliary basis set [129] in the TDDFT calculations with dou-
ble hybrid and range-separated double hybrid functionals.

Bader analysis [130,131] is a widely-used spatial parti-
tioning scheme applied to charge densities in the format of
volumetric data on a discrete three-dimensional grid. It was
employed to calculate the charge distribution of molecular
orbitals and evaluate the electron density differences between
excited and ground states. The densities of molecular orbitals
were computed with the FHI-aims code [132,133] using tier 2
basis sets [134] and output in the format of 100 × 100 × 100
voxel grids in a 30 × 30 × 30 bohr3 cell. The electron density
differences between excited states and ground states were
computed with TDDFT using ORCA and output in the format
of 80 × 80 × 80 grids in a 28 × 30 × 31 bohr3 cell.

III. RESULTS AND DISCUSSION

A. A case study of CzCB

Figure 2(a) shows the change in the energies and spatial
distributions of the Hartree-Fock orbitals of CzCB, which
serve as the reference ground state for coupled cluster calcu-

lations, as a function of the dihedral angle, θ . The HOMO-1
and LUMO + 2 are localized on either the donor or the ac-
ceptor moiety regardless of the dihedral angle, whereas the
HOMO-3, HOMO-2, HOMO, LUMO, and LUMO + 1 have a
strong dependence on the molecular conformation. At θ = 0◦,
the HOMO-3, HOMO-2, HOMO, LUMO, and LUMO + 1
extend over the whole molecule. As θ increases, the coupling
between the π electron systems of the two moieties is broken.
The HOMO-3, HOMO, and LUMO + 1 gradually become
localized over the donor moiety and the HOMO-2 and LUMO
gradually become localized over the acceptor moiety. As a
result of the change in orbital localization, transitions involv-
ing these orbitals may exhibit a change of character upon
bond rotation. In particular, the HOMO to LUMO transition
changes from a valence excitation at θ = 0◦ to a CT-like
excitation between the carbazole and the cyanobenzene at θ =
90◦. In addition to the qualitative visual inspection of molec-
ular orbitals, this change in the character of the HOMO →
LUMO transition may be quantified by Bader charge analysis.
The percentage of charge on the acceptor moiety %eA for
the HOMO and LUMO is shown in Fig. 2(b). At θ = 0◦, the
HOMO and LUMO are delocalized over the whole molecule
and the charge population on the acceptor moiety is approx-
imately equal, implying a valence transition from HOMO to
LUMO. When θ approaches 90◦, the HOMO and LUMO are
almost 100% localized over the donor and acceptor moieties,
respectively, implying a CT transition. We note that DFT
orbitals obtained with all functionals studied here reproduce
the spatial distributions obtained with Hartree-Fock, however
the orbital energies are different. Representative orbitals of
DFT@B3LYP are visualized in the Supplemental Material
[135]. The change of energy ordering between the HOMO-1
and HOMO, seen in Fig. 2, is not observed in DFT with
any functional. Rather, a change of energy ordering between
LUMO + 1 and LUMO + 2 at 50◦ < θ < 90◦ is found in
the DFT orbitals obtained with the B3LYP, PBE0, TPSSh,
IP-LC-BLYP, and IP-ωB97X functionals. DFT orbital ener-
gies obtained with different functionals are provided in the
Supplemental Material [135].

We begin by analyzing the dependence of the S1 en-
ergy and spectral composition on the dihedral angle with
DLPNO-STEOM-CCSD. Figure 3(a) shows that the DLPNO-
STEOM-CCSD S1 energy increases as θ is rotated from 0 to
90◦. Figure 3(b) shows the main transitions that contribute to
S1 as a function of θ . At θ = 0◦, S1 is dominated by the tran-
sition from HOMO to LUMO. As θ increases, the HOMO to
LUMO transition gradually changes from a valence excitation
to a CT-like excitation, as the HOMO becomes localized on
the donor moiety and the LUMO becomes localized on the
acceptor moiety (see Fig. 2). The diminishing spatial overlap
between the HOMO and LUMO leads to a decrease in the
contribution of the HOMO → LUMO transition to S1. At the
same time, as θ increases, the LUMO + 1 becomes increas-
ingly localized on the donor moiety (see Fig. 2). The HOMO
and LUMO + 1 retain spatial overlap, leading to an increase
in the contribution of the HOMO → LUMO + 1 transition
to S1. Overall, as its spectral composition changes, the S1

excitation retains its valence character and does not become
a CT-like excitation. This adversely affects the TADF perfor-
mance of CzCB.
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FIG. 2. (a) Molecular orbitals (HOMO-3 to LUMO + 2) and orbital energies of CzCB obtained with Hartree-Fock. The orbitals are labeled
according to their energy ordering at the equilibrium torsion angle of 50◦. Orbitals are visualized with an isosurface value of 0.013 au. The
inset shows the crossing of HOMO and HOMO-1 between 60◦ and 70◦. (b) Percentage of charge localized on the acceptor moiety for the
HOMO and LUMO %eA obtained with Bader analysis.

FIG. 3. (a) DLPNO-STEOM-CCSD and TDDFT S1 energies as a function of θ . Check marks indicate that the correct qualitative behavior
obtained with DLPNO-STEOM-CCSD is reproduced with TDDFT. The spectral composition of S1 calculated with (b) DLPNO-STEOM-
CCSD, (c) TDDFT@B3LYP, and (d) TDDFT@LC-BLYP.
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We now turn to investigating whether TDDFT with differ-
ent exchange-correlation functionals provides a qualitatively
correct picture of the nature of the S1 excitation of CzCB,
which is crucial for reliably assessing its TADF perfor-
mance. Figure 3(a) shows that only the LC-BLYP and ωB97X
range-separated hybrid functionals and the ωB2PLYP and
ωB2GP-PLYP range-separated double hybrid functionals re-
produce the qualitative trend in S1 versus θ obtained with
DLPNO-STEOM-CCSD. With other functionals, the S1 en-
ergy decreases rather than increases with θ . An analysis of the
transitions contributing to S1 explains why. Figure 3(c) shows
that with TDDFT@B3LYP the contribution of the HOMO →
LUMO transition to S1 increases with θ rather than decreases,
whereas the contribution of the HOMO → LUMO + 1 tran-
sition to S1 decreases rather than increases. This means that
above θ = 10◦ TDDFT@B3LYP erroneously predicts S1 to be
a CT excitation. Similar trends to B3LYP in the spectral com-
position of S1 are obtained using the PBE0, TPSSh, M06-2X,
CAM-B3LYP, IP-LC-BLYP, IP-ωB97X, B2PLYP, and B2GP-
PLYP functionals, as shown in the Supplemental Material
[135]. In contrast, TDDFT@LC-BLYP, shown in Fig. 3(d),
reproduces the trends obtained with DLPNO-STEOM-CCSD.
The contribution of the HOMO → LUMO transition to S1

decreases with θ , whereas the contribution of the HOMO →
LUMO + 1 transition increases, such that S1 has a valence
excitation character. Similar trends are obtained using the
ωB97X, ωB2PLYP, and ωB2GP-PLYP functionals, as shown
in the Supplemental Material [135]. The S1 energy obtained
with LC-BLYP, ωB97X, ωB2PLYP, and ωB2GP-PLYP in-
creases with θ because the CT HOMO → LUMO transition
is replaced by a valence transition from the HOMO to the
higher-energy LUMO + 1. In contrast, with other function-
als the S1 energy decreases because the energy of the CT
HOMO → LUMO transition is underestimated and it remains
the dominant contribution to S1.

This is further illustrated by the CT character of the S1

excited state, CT DA, plotted as a function of θ in Fig. 4. We
define CT DA as the amount of charge transferred from the
donor moiety to the acceptor moiety, which corresponds to
the electron density difference between the S1 excited state
and the S0 ground state, �ρ, over the acceptor moiety,

CT DA =
∫

A
�ρdr3. (2)

CT DA is evaluated with Bader analysis. A positive value
means net charge transfer from the donor (D) to the acceptor
(A) moiety. The group of functionals that correctly describe
the dependence of the S1 energy on θ , LC-BLYP, ωB97X,
ωB2PLYP, and ωB2GP-PLYP, show negligible charge trans-
fer over the entire range of θ , which indicates a valence
character. Although S1 retains its valence character with bond
rotation, its spatial distribution changes from an excitation
delocalized over the whole molecule at θ = 0◦ to an excitation
localized over the donor moiety at θ = 90◦. This is reflected
in the electron density differences shown in Fig. 4. In contrast,
the group of functionals that incorrectly describe the depen-
dence of the S1 energy on θ , B3LYP, PBE0, TPSSh, M06-2X,
CAM-B3LYP, IP-LC-BLYP, IP-ωB97X, and B2PLYP, show
electron transfer from the carbazole to the cyanobenzene,
which becomes more significant at higher angles. With

FIG. 4. CT DA, computed with Bader analysis, as a function of
θ . Check marks indicate that the correct qualitative behavior ob-
tained with DLPNO-STEOM-CCSD is reproduced with TDDFT.
Representative electron density differences, �ρ, obtained with
TDDFT@B3LYP and TDDFT@LC-BLYP are visualized with an
isosurface value of 0.001 au. The green and blue represent positive
�ρ (electron gain) and negative �ρ (electron loss).

B2GP-PLYP the electron transfer increases up to θ = 70◦ and
subsequently decreases. This is because the energy of the CT
HOMO → LUMO excitation is underestimated to be lower
than, but very close to, the valence HOMO → LUMO + 1
excitation with TDDFT@B2GP-PLYP, as shown in the Sup-
plemental Material [135].

The success of the LC-BLYP, ωB97X, ωB2PLYP, and
ωB2GP-PLYP functionals in correctly describing the nature
of the first singlet excited state of CzCB and its behavior
as a function of molecular conformation is attributed to the
inclusion of 100% Fock exchange in the long range, which
is known to be important for the description of CT excitations
[136–138]. Conversely, the failure of the CAM-B3LYP range-
separated hybrid functional may be attributed to the lower
fraction of 65% Fock exchange in the long range. The failure
of double hybrid functionals and success of range-separated
double hybrid functionals in calculating CT excited states
are consistent with previous benchmarks [13,85,116,139]. We
note, however, that the functionals that achieve a balanced
description of CT and valence excitations and provide a quali-
tatively correct picture do not produce quantitatively accurate
excitation energies. TDDFT based on LC-BLYP, ωB97X,
ωB2PLYP, and ωB2GP-PLYP significantly overestimates the
S1 energy of CzCB compared to the DLPNO-STEOM-CCSD
reference values, agreeing with benchmarks of CT states in
other molecules [93] and our TADF molecule set below.

Optimally tuned system-specific range-separation parame-
ters often improve the performance of range-separated hybrid
functionals [140–142]. However, in some cases they may
lead to large errors and qualitatively incorrect ground-state
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FIG. 5. [(a), (b)] TDDFT S1 energy and [(c), (d)] CT DA of the S1 excitation of CzCB at the equilibrium conformation of θ = 50◦ as a
function of the range separation parameter, ω, obtained with LC-BLYP and IP-LC-BLYP (left) and ωB97X and IP-ωB97X (right).

properties [143]. Figure 3(a) shows that the TDDFT@IP-LC-
BLYP and TDDFT@IP-ωB97X S1 energies are closer to the
DLPNO-STEOM-CCSD reference than TDDFT@LC-BLYP
and TDDFT@ωB97X. However, they erroneously decrease
with θ . Figure 5 illustrates the changes in the energy and CT
character of S1 upon tuning ω from its values in LC-BLYP and
ωB97X to IP-LC-BLYP and IP-ωB97X. For both functionals,
the S1 excitation energy decreases with ω and the character
of S1 changes from a valence to CT excited state. Therefore,
system-specific IP-tuning does not improve the performance
of the LC-BLYP and ωB97X range-separated hybrid function-
als due to an underestimation of the CT HOMO → LUMO
excitation energy. This is consistent with the failure of CAM-
B3LYP because decreasing the range separation parameters
reduces the amount of Fock exchange. Together with a 100%
Fock exchange in the long range, a range separation parameter
of at least 0.3 bohr−1 in range-separated hybrid functionals
is essential for a balanced description of valence and
intramolecular CT excitations in CzCB. For a statistical per-
formance evaluation of the LC-BLYP, ωB97X, ωB2PLYP,
and ωB2GP-PLYP functionals, a set of 15 donor-acceptor
molecules are calculated with DLPNO-STEOM-CCSD and
TDDFT. The results are compared to experiments where avail-
able.

B. A TADF benchmark set

Figure 6 shows the structures of 15 TADF chromophores,
denoted as 1 to 15, consisting of different donor and ac-
ceptor moieties commonly used in experiments. The full
chemical names are provided in the Supplemental Material
[135]. Molecules 9 and 11 are theoretically proposed TADF
candidates [144,145]. Others are experimentally synthesized
compounds [28,65,71,146–155]. Their HOMO and LUMO
are localized on the donor and acceptor moieties, as shown in
the Supplemental Material [135], although, in some cases, the
frontier orbitals may partially overlap. Computed S1 energies
may be compared with experimental measurements of the first
absorption peaks. The degree of CT character is quantified

by the contribution of the HOMO → LUMO transition to the
S1 excitation, obtained with DLPNO-STEOM-CCSD, %HL.
The benchmark set contains molecules whose S1 excited states
have different characters, as shown in Fig. 6. %HL is only
0.0% for 2 and 8.9% for 4. For the remaining molecules,
%HL ranges from 47.7% to 89.8%, indicating a significant
CT character. Based on our findings for CzCB, TDDFT cal-
culations for the TADF benchmark set are performed with the
7 range-separated hybrid and range-separated double hybrid
functionals, i.e., CAM-B3LYP, LC-BLYP, ωB97X, IP-LC-
BLYP, IP-ωB97X, ωB2PLYP, and ωB2GP-PLYP.

Figure 7(a) shows the difference between the S1 ener-
gies calculated with TDDFT and the DLPNO-STEOM-CCSD
reference values. The benchmark TADF chromophores
are arranged by their %HL on the x axis. Comparison to
experimental values, where available, is provided in the Sup-
plemental Material [135]. The mean average errors (MAEs)
of all methods are summarized in Fig. 7(b). Compared to
experiments, DLPNO-STEOM-CCSD performs extremely
well with a MAE of 0.09 eV, agreeing with previous bench-
marks of other molecules [128]. For TDDFT calculations, the
MAE has a strong dependence on the exchange-correlation
functional, especially the fraction of Fock exchange. With
LC-BLYP and ωB97X, the S1 energy is significantly overes-
timated with MAEs of 0.66 and 0.78 eV. This agrees with the
results reported here for CzCB, and with earlier benchmarks
[93]. For CAM-B3LYP, IP-LC-BLYP, and IP-ωB97X, which
contain less Fock exchange than LC-BLYP and ωB97X,
the overestimation of the S1 energy decreases with MAEs
of 0.34, 0.16, and 0.17 eV. Notably, the performance of
CAM-B3LYP, IP-LC-BLYP, and IP-ωB97X functionals de-
pends on the nature of the excited state. For valence states,
such as of molecules 2 and 4, TDDFT S1 excitation en-
ergies obtained with the CAM-B3LYP, IP-LC-BLYP, and
IP-ωB97X functionals are overestimated by about 0.56, 0.27,
and 0.41 eV with respect to the DLPNO-STEOM-CCSD
reference in Fig. 7(a). For molecules 15 and 3 with %HL
of 47.7% and 58.6%, respectively, the overestimation de-
creases by about 0.20 eV. For molecules whose S1 has a
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FIG. 6. Geometries of TADF chromophores, arranged by their donor moieties, i.e., (a) carbazole (Cz), (b) phenoxazine (PXZ) and
phenothiazine (PTZ), (c) 9,9-dimethyl-9,10-dihydroacridine (DMAC), (d) 5,10-dihydrophenazine (DHPZ), and (e) triphenylamine (TPA).
The contributions of the HOMO → LUMO transition to the S1 excitation %HL obtained with DLPNO-STEOM-CCSD, are also indicated.

stronger CT character with %HL above 60%, TDDFT excita-
tion energies calculated with the CAM-B3LYP, IP-LC-BLYP,
and IP-ωB97X functionals further decrease, to the extent
that TDDFT@IP-LC-BLYP excitation energies are underes-
timated. The decrease of the S1 excitation energies obtained
with the CAM-B3LYP, IP-LC-BLYP, and IP-ωB97X func-
tionals with increasing CT character in Fig. 7(a) stems from
the underestimation of CT excitation energies. The more
CT-like the excited state is, the more the excitation en-
ergy is underestimated relatively to DLPNO-STEOM-CCSD.
Because the errors are strongly system dependent and not
systematic, the CAM-B3LYP, IP-LC-BLYP, and IP-ωB97X
functionals may fail to provide a reliable comparison between
the excitation energies of different TADF chromophores. Al-
though the LC-BLYP, ωB97X, ωB2PLYP, and ωB2GP-PLYP
functionals significantly overestimate the excitation energies
by more than 0.50 eV, the overestimation stays roughly
constant and is independent of the degree of CT charac-

ter. Because the errors of these functionals are systematic,
they can provide a reliable comparison between different
chromophores. This is consistent with yielding the correct
excitation energy change as a function of molecular conforma-
tion for CzCB, thanks to a balanced description of the relative
energies of valence and CT excitations.

Next, we assess the performance of exchange-correlation
functionals with respect to the spectral composition of the S1

excitation. Figure 7(c) shows the difference in the contribu-
tion of the HOMO → LUMO transition to the S1 excitation
obtained with TDDFT versus the DLPNO-STEOM-CCSD
reference �%HL. Similarly to the case of CzCB, TDDFT
with the CAM-B3LYP, IP-LC-BLYP, and IP-ωB97X func-
tionals underestimates the CT excitation energies and thus
overestimates %HL for the benchmark set. %HL is over-
estimated by 5% to 20% for most molecules owing to the
inclusion of only 65% Fock exchange in the long-range in
CAM-B3LYP and a range separation parameter ω smaller
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FIG. 7. (a) Difference between the S1 energies calculated with TDDFT and the DLPNO-STEOM-CCSD reference values; (b) MAEs of
S1 energy referenced to experiments (black) and DLPNO-STEOM-CCSD (red); and (c) difference between %HL obtained with TDDFT and
DLPNO-STEOM-CCSD. Molecules are arranged on the x axis in order of increasing %HL, obtained with DLPNO-STEOM-CCSD. Tabulated
excitation energies and %HL are provided in the Supplemental Material [135]. The region of �%HL from −10% to 10% is highlighted in
yellow.

than 0.30 bohr−1 in IP-LC-BLYP and IP-ωB97X. Tabulated
range separation parameters of the IP-LC-BLYP and IP-
ωB97X functionals are provided in the Supplemental Material
[135]. Considering that with DLPNO-STEOM-CCSD the
%HL is generally up to 60% to 80%, an overestimation of
5% to 20% with the CAM-B3LYP, IP-LC-BLYP, and IP-
ωB97X functionals corresponds to a strong CT character. For
example, for molecule 1 the %HL of 76.5%, obtained with
DLPNO-STEOM-CCSD is overestimated by about 18.0%,
approaching 95.0%.

With the LC-BLYP, ωB97X, ωB2PLYP, and
ωB2GP-PLYP functionals, TDDFT correctly describes
the nature of the S1 excitation of CzCB and its behavior
as a function of molecular conformation. The balanced
description of CT versus valence transitions, which leads to
a correct spectral composition, is also reflected in the TADF
benchmark set. However, for some molecules, the LC-BLYP
and ωB97X LC hybrid functionals fail in qualitatively
predicting the energy ordering between different excited
states. As shown in Fig. 7(c), with the LC-BLYP and ωB97X
functionals, the %HL of S1 is severely underestimated for
some molecules. For molecule 9, the %HL of S1 is also
severely underestimated by ωB2PLYP. This is because the
excitation energies of CT excited states dominated by the
HOMO → LUMO transition are overestimated relative to
other valence states, such that the valence states become the
lowest excited states. A representative example of molecule 9
is shown in Fig. 8. The excitation energies of the three lowest
singlet excited states calculated with DLPNO-STEOM-CCSD
are shown on the left side of Fig. 8(a). The CT excited state
dominated by the HOMO → LUMO transition is about
0.20 eV lower in energy than the two valence excited states
located on either the donor or the acceptor moiety. TDDFT
with the LC-BLYP and ωB97X functionals reproduces the
spectral composition of these states, similarly to the case of

CzCB. However, the CT state is erroneously predicted to be
higher in energy than the two valence states. As shown in
Fig. 7(c), a significant fraction of the chromophores studied
here suffer from the same issue of incorrect energy ordering
of CT versus valence excited states when using the LC-BLYP
and ωB97X functionals. Incorrect energy ordering of excited
states with TDDFT based on LC-hybrid GGA functionals
compared to experiments and DLPNO-STEOM-CCSD,
has also been reported for other TADF materials, such as
azine derivatives [156]. This problem may be solved by
the inclusion of PT2 correlation in range-separated double
hybrid functionals. With the ωB2PLYP and ωB2GP-PLYP
functionals, most of the chromophores studied here are
concentrated within −10% to 10% of the %HL obtained
with DLPNO-STEOM-CCSD, in the yellow region of
Fig. 7(c). Of the 15 TADF chromophores benchmarked
here, an incorrect S1 state is observed only in molecule
9 with ωB2PLYP. As shown in Fig. 8, the CT excited
state of molecule 9 obtained with TDDFT@ωB2PLYP
is correctly predicted to be lower in energy than the
valence excited state localized on the donor moiety, but
still higher than the valence excited state localized on the
acceptor moiety. TDDFT@ωB2GP-PLYP yields an accurate
spectral composition and the same lowest singlet excited
state as DLPNO-STEOM-CCSD for the whole benchmark
set. Range-separated double hybrid functionals may thus
be used to reliably predict the properties of prospective
TADF chromophores. We note, however, that although
the energy ordering of the three lowest singlet excited
states of molecule 9 obtained with TDDFT@ωB2GP-PLYP
reproduces that obtained with DLPNO-STEOM-CCSD, the
energy spacing between the three states is different. This calls
for further development of more advanced functionals that
can qualitatively and quantitatively describe the excited-state
properties of donor-acceptor molecules. Considering that

033147-10



BENCHMARKING TIME-DEPENDENT DENSITY … PHYSICAL REVIEW RESEARCH 4, 033147 (2022)

FIG. 8. (a) Energy of the three lowest singlet excited states for
molecule 9, obtained with DLPNO-STEOM-CCSD and TDDFT
with the LC-BLYP, ωB97X, ωB2PLYP, and ωB2GP-PLYP func-
tionals. The states dominated by a CT excitation from the PTZ
donor to the xanthone (XTN) acceptor, a valence excitation lo-
calized on the acceptor, and a valence excitation localized on the
donor are indicated by red, blue, and green horizontal lines, respec-
tively. The percentage of contribution of the dominant transitions
is also indicated. (b) Electron density differences obtained with
TDDFT@ωB2GP-PLYP for the three lowest singlet states with
an isosurface value of 0.001 au. The green and blue isosurfaces
represent electron gain and electron loss. (c) DFT molecular or-
bitals corresponding to the dominant transitions contributing to the
three lowest singlet states. The HOMO-9 obtained with Hartree
Fock corresponds to HOMO-5 with DFT@LC-BLYP, HOMO-
6 with DFT@ωB97X, and HOMO-8 with DFT@ωB2PLYP and
DFT@ωB2GP-PLYP. The isosurface value is 0.013 au.

the range separation parameters in LC-BLYP, ωB97X,
ωB2PLYP, and ωB2GP-PLYP, which correctly predict the
spectral composition of excited states, are very close to or
equal to each other, this may be achieved by exploring the
parameter space of α and β in Eq. (1) and/or introducing
range-separated correlation [157].

We note that the CT nature of the singlet excitation and
the difference between the first singlet and triplet excita-
tion energies are necessary but not sufficient conditions for
efficient TADF. Additional requirements are a long triplet life-
time, a fast RISC rate, and intense fluorescence [5,158,159].
Molecules with very similar �EST may exhibit large vari-

ations in the RISC decay constant [160]. This results from
the spin-vibronic coupling, as revealed by quantum dynam-
ics simulations [161] and experimental observations [162].
The spin-vibronic mechanism does not lessen the importance
of �EST in TADF. In addition, a small �EST also bene-
fits applications such as TTA upconversion by reducing the
energy loss and increasing the anti-Stokes shift [19–21]. The
chemical environment may alter the excitation energy and
oscillator strength of excited states, affecting TADF efficiency
[162–164]. In polar solvents, the RISC decay constant may
be significantly enhanced due to stabilized CT states and a
smaller �EST [162,164]. Recently, rather than the conven-
tional design of twisted donor-acceptor chromophores, new
classes of TADF chromophores have been proposed to meet
different requirements. For example, in some molecules that
display specific intramolecular noncovalent interactions, a fast
RISC from T1 to S1 and a fast radiative decay from S1 to
S0 are simultaneously achieved, facilitating TADF [80]. A
design strategy of a rigid polycyclic aromatic framework
based on the multiple resonance effect minimizes �EST with-
out broadening of the fluorescence peaks, which improves the
color purity of TADF and the external quantum efficiency of
OLEDs [30,37,70].

IV. CONCLUSIONS

In summary, TDDFT based on 13 exchange-correlation
functionals of different classes was benchmarked for the
first singlet excited states of TADF chromophores. The
performance of TDDFT was assessed in comparison
to experiments and high-level DLPNO-STEOM-CCSD
reference data. This enabled us to evaluate not only the
accuracy of the excitation energies but also of the spectral
composition of the TDDFT excited states. A representative
donor-acceptor molecule with a valence S1 excitation, CzCB,
was used as a detailed case study to evaluate whether
TDDFT with different functionals erroneously predicts a
CT-like excitation. The dihedral angle between the donor and
acceptor of CzCB was rotated to vary the degree of spatial
separation between the HOMO and LUMO. A set of 15
additional TADF chromophore, whose S1 excitations have
a varying degree of CT character, was further employed to
provide statistical data on the performance of TDDFT with
range separated hybrid and double hybrid functionals.

Based on the case study of CzCB, we find that TDDFT,
using functionals with a globally fixed fraction of Fock
exchange, including global hybrid GGA functionals, global
hybrid meta-GGA functionals, and double hybrid functionals,
underestimates CT excitation energies and may overestimate
the CT character of the lowest excited state. This may lead
to incorrect predictions of chromophores being potentially
promising for TADF. Therefore, these functionals are not
considered further. Range separated hybrid and double hybrid
functionals with 100% Fock exchange in the long range and
a range separation parameter of about 0.30 bohr−1, including
LC-BLYP, ωB97X, ωB2PLYP, and ωB2GP-PLYP, are found
to provide a balanced description of the valence versus CT
nature of the S1 excited state of CzCB. Range-separated
hybrid functionals with different parameters, including
CAM-B3LYP with 65% Fock exchange in the long range
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and optimally tuned LC hybrid functionals with smaller
range separation parameters, may fail owing to an insufficient
fraction of Fock exchange.

Based on the benchmark set of 15 TADF chromophores,
we find that TDDFT using the LC-BLYP, ωB97X, ωB2PLYP,
and ωB2GP-PLYP functionals systematically significantly
overestimates the S1 excitation energies. In contrast, with the
CAM-B3LYP, IP-LC-BLYP, and IP-ωB97X functionals the
errors are not systematic, but rather a function of the degree
of CT character of the S1 excitation. With CAM-B3LYP the
overestimation of the S1 excitation energies decreases with
increasing CT character, whereas with IP-LC-BLYP, and IP-
ωB97X the errors in the S1 excitation energies change from
overestimation for a low CT character to underestimation for a
high CT character. This means that the CAM-B3LYP, IP-LC-
BLYP, and IP-ωB97X functionals cannot be used to reliably
compare between different prospective TADF chromophores.
TDDFT@LC-BLYP and TDDFT@ωB97X produce an in-
correct energy ordering of different CT and valence excited
states for some molecules. This problem is rectified by the
inclusion of PT2 correlation in range-separated double hybrid
functionals, which yield an accurate spectral compositions of
excited states and correct energy ordering of CT and valence
excited states, compared to DLPNO-STEOM-CCSD.

In conclusion, TDDFT is appealing for excited-state sim-
ulations of molecules thanks to its efficiency, compared
to computationally expensive high-level quantum chemistry
methods, which enables screening a large number of candi-
dates. However, the reliability of TDDFT strongly depends
on the choice of the exchange-correlation functional. Based
on the findings reported here, we recommend range-separated

double hybrid functionals, in particular the ωB2GP-PLYP
functional, for TDDFT calculations of potential TADF
chromophores. Although range-separated double hybrid func-
tionals are demonstrated here to provide qualitatively accurate
results, the excitation energies and energy spacings between
different excited states need to be further quantitatively im-
proved. This may be achieved by exploring the parameter
space of Fock exchange and PT2 correlation fractions and/or
introducing range-separated correlation. These findings are
important for our ability to reliably predict the properties
of donor-acceptor molecules to advance the development of
highly efficient OLEDs with TADF. In addition, they would
benefit computational materials discovery efforts for other
applications involving intramolecular CT states.
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