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Is range separation always necessary for modeling
TADF emitters? A benchmark study of B3LYP
on dispersion-corrected geometries vs. tuned
xB97X-D

Sanyam, † Nishi Tejiyan,† Krishna Singh and Anirban Mondal *

Thermally activated delayed fluorescence (TADF) emitters are commonly modeled using optimally tuned

range-separated density functionals to capture their charge-transfer–dominated excited states. How-

ever, the necessity of such tuning remains an open question, particularly in view of its substantial com-

putational cost. In this work, we present a systematic benchmark of density functional methods for

predicting the ground- and excited-state properties of TADF molecules, based on a dataset of 26

experimentally reported emitters spanning diverse donor–acceptor architectures. We compare the per-

formance of B3LYP augmented with Grimme’s D3 dispersion correction (B3LYP-D3) against optimally

tuned o B97X-D, M06-2X, and related variants. The assessment covers frontier orbital energies, singlet

and triplet excitation energies, singlet–triplet gaps, radiative and non-radiative rate constants, and

exciton charge-transfer descriptors. Within the computational protocol employed here, we find that

B3LYP-D3 provides consistent predictions for several ground-state properties and yields singlet–triplet

energy gaps and photophysical rate constants that are comparable to those obtained with optimally

tuned functionals. While tuning the range-separation parameter can improve the description of certain

excited-state energies, these gains are not systematic across the dataset and must be considered

alongside the associated computational overhead. Taken together, the results indicate that, within the

present workflow, fortuitous error cancellation enables dispersion-corrected B3LYP geometries to

achieve performance comparable to that of more computationally demanding, tuned range-separated

functionals for this specific class of molecules. This observation suggests that B3LYP-D3 may offer a

computationally efficient option for exploratory calculations and preliminary screening of TADF emitters,

though care must be taken as these findings may not be directly transferable to other architectural or

architectural-system classes not investigated here.

1 Introduction

Thermally activated delayed fluorescence (TADF) has emerged
as a cornerstone strategy for realizing highly efficient organic
light-emitting diodes (OLEDs). By enabling the upconversion of
non-emissive triplet excitons to emissive singlet states through
reverse intersystem crossing (RISC), TADF emitters allow for the
theoretical utilization of both singlet and triplet excitons, achieving
up to 100% internal quantum efficiency (IQE).1–3 Depending on
their electronic architecture, TADF materials are generally categor-
ized into two major classes: donor–acceptor–donor (D–A–D) type
and multi-resonant (MR-TADF) emitters.

In D–A–D systems, donor and acceptor moieties are linked
through single bonds or flexible spacers, promoting spatial
separation between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO).2,4–6 This orbital separation effectively reduces the
exchange interaction and thus narrows the singlet–triplet energy
gap (DEST), which is essential for efficient RISC. Conversely, MR-
TADF emitters feature rigid polycyclic frameworks incorporating
heteroatoms such as boron (B), nitrogen (N), sulfur (S), and
oxygen (O).7–9 Their unique resonance-induced frontier orbital
distribution simultaneously ensures a small DEST and high
oscillator strength, enabling narrowband emission.

The performance of TADF emitters is governed by a delicate
interplay of several key parameters—the singlet–triplet energy

gap (DEST), spin–orbit coupling HS1T1
SO

� �
, reorganization energy

(l), and both radiative (kR) and non-radiative (kNR) decay rate
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constants. Achieving fast RISC requires a sufficiently small

DEST and sizable HS1T1
SO between the lowest singlet (S1) and

triplet (T1) excited states. Therefore, accurate computation of
these parameters is crucial for understanding exciton dynamics
and for rational molecular design of efficient emitters.10–18

Computational modeling, particularly density functional
theory (DFT) and time-dependent DFT (TD-DFT), has become
indispensable for predicting and rationalizing the optoelectro-
nic behavior of TADF molecules.19–22 However, the predictive
reliability of these methods is highly sensitive to the choice of
exchange–correlation functional. While TD-DFT accurately
describes charge-transfer (CT) excitations in most D–A–D TADF
emitters, it struggles to capture the excited-state features of MR-
TADF systems, primarily due to its inability to properly account
for double excitations that dominate in these rigid frame-
works.20,22 In this context, double-hybrid functionals such as
B2PLYP have been shown to perform well for MR-TADF systems
owing to their improved description of double excitations in the
singlet state.20,23 However, for D–A–D systems, where single
excitations predominate, TD-DFT remains both robust and
computationally efficient.24–26 Consequently, the routine use of
double-hybrid functionals for D–A–D emitters is often imprac-
tical due to their substantially higher computational cost. To
improve accuracy, the community has largely adopted optimally
tuned range-separated hybrid functionals, particularly oB97XD,
which balance local and long-range exchange interactions.27

These functionals deliver superior predictions for both local
and CT excitations but at a significant computational expense,
as the range-separation parameter must be optimized for each
molecule. This optimization step poses a severe bottleneck for
high-throughput screening and design of new emitters. Conse-
quently, there is growing interest in identifying cost-effective yet
reliable alternatives—such as hybrid functionals with dispersion
corrections (e.g., B3LYP-D3) and long-range corrected func-
tionals like M062X—to achieve a favorable balance between
accuracy and computational efficiency.24,25

In this work, we contest the prevailing notion that optimally
tuned range-separated functionals are indispensable for reli-
able prediction of TADF properties. We hypothesize that the
widely used B3LYP functional, when combined with Grimme’s
D3 dispersion correction (B3LYP-D3), can offer predictive accu-
racy comparable to that of oB97XD across diverse classes of
TADF molecules. To test this hypothesis, we carry out a sys-
tematic benchmarking study involving 26 experimentally
reported TADF emitters.2,28–43 The performance of B3LYP-D3
is compared against DFT functionals including oB97XD, M06-
2X, and B3LYP-D3(BJ) (which includes short-range dispersion
corrections) through comprehensive evaluation of both ground-
and excited-state properties. Specifically, we examine HOMO–
LUMO energy levels, singlet (S1) and triplet (T1) energies, and
excitonic descriptors such as the charge-separation distance
(DCT) and charge-transfer number (QCT). Furthermore, key
kinetic parameters–including prompt fluorescence (kPF), inter-
system crossing (kISC), and reverse intersystem crossing (kRISC)
rates–are computed to assess how well each functional captures
excited-state dynamics. While optimally tuned range-separated

functionals do yield improved accuracy for certain excited-state
properties in specific cases, these improvements are neither
systematic nor substantial across the full dataset and come at a
significantly higher computational cost due to the need for
molecule-specific parameter tuning. Through this systematic
comparison, we demonstrate that B3LYP-D3 provides a com-
putationally efficient yet quantitatively reliable route for
modeling TADF materials, offering a practical alternative for
large-scale screening and rational design of next-generation
OLED emitters.

The motivation for this work was not based on the hypoth-
esis that a conventional hybrid functional is inherently superior
to optimally tuned range-separated hybrids (OT-RSHs). Rather,
it arose from two considerations. First, previous studies—
including ref. 44—have shown that global hybrids can some-
times reproduce singlet–triplet gaps with reasonable accuracy
due to error compensation between singlet and triplet excitation
energies. In addition, conventional hybrids such as B3LYP
remain widely used for practical computational screening of
TADF emitters due to their robustness and lower computational
cost. As discussed in a recent study,45 deviations in certain RSHs
can arise from significant short-range HF exchange contribu-
tions or non-optimal range-separation parameters. At the same
time, analyses reported in ref. 46 demonstrate that carefully
constructed OT-RSHs—particularly those without short-range
HF exchange and with correct asymptotic behavior—can pro-
vide systematically improved excited-state descriptions for TADF
systems in both gas and solvent phases when benchmarked
against experimental and high-level theoretical data. Regarding
the choice of B3LYP-D3, it was selected because (i) it remains
one of the most commonly employed functionals in the TADF
literature, (ii) its performance in predicting DEST and excitation
energies is well documented, and (iii) the inclusion of disper-
sion corrections enables a more balanced description of ground-
state structures and noncovalent interactions relevant to these
emitters. The objective of the present study is therefore to
benchmark a widely used and computationally efficient proto-
col against OT-RSH approaches within the same computational
framework, rather than to establish a general hierarchy of DFT
approximations.

2 Computational methodology

We employed a comprehensive computational protocol to
investigate a curated set of 26 experimentally reported donor–
acceptor–donor type TADF emitters obtained from the litera-
ture.2,28–43 The chemical structures of these molecules are
illustrated in Fig. 1. As shown, the selected compounds encom-
pass a broad chemical space through systematic variations
in donor–acceptor combinations, p-conjugation lengths, and
electron-donating or -withdrawing substituents. All molecules
adhere to a donor–acceptor (D–A) molecular design, where the
spatial separation of frontier orbitals governs the photophysical
properties. Representative examples such as 2,3-TXO-PhCz,
2,5-Cz, and TXO-PhCz exhibit a direct D–A linkage, while others
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incorporate phenyl bridges between donor and acceptor frag-
ments to fine-tune conjugation and electronic coupling. The
acceptor components commonly include strong electron-
withdrawing units such as cyano groups, triazine moieties
(aromatic rings containing three nitrogen atoms), and fluorine
substituents. Additional electron-deficient functionalities, such as
carbonyl and sulfoxide groups, are also present in several com-
pounds. On the donor side, carbazole units are frequently employ-
ed—for instance, in DCzTRZ and TXO-TPA—and are known for
their moderate electron-donating ability and structural rigidity.
N,N-diphenylamine derivatives are also widely used as donor
fragments, offering enhanced conjugation and tunable electronic
interactions. In a few cases, sulfur- and phosphorus-containing
groups are incorporated to promote spin–orbit coupling, thereby
facilitating efficient intersystem crossing. Overall, the chosen set
of molecules represents prototypical D–A systems characterized by
spatially separated HOMOs and LUMOs. This separation leads to
small singlet–triplet energy gaps, which favor efficient reverse
intersystem crossing. The chemical and electronic diversity within
this dataset thus makes it ideally suited for benchmarking the
accuracy and transferability of different density functional approx-
imations in modeling TADF-active materials.

All quantum-chemical calculations were carried out in the
gas phase using the Gaussian09 software package,47 and mole-
cular visualizations were generated using GaussView. Ground-
state geometries of all 26 TADF emitters were optimized without
symmetry constraints to ensure accurate electronic structure
characterization. To achieve a balance between computational
efficiency and predictive accuracy, we employed five exchange–
correlation functionals—oB97XD, tuned-oB97XD (o0B97XD),
B3LYP-D3, B3LYP-D3(BJ), and M06-2X—in conjunction with the
6-31+G(d,p) basis set.48–51 To ensure high numerical precision

and reproducibility, the self-consistent field (SCF) energy conver-
gence threshold was strictly set to 1.0 � 10�8 a.u. on the density
matrix. Geometry optimizations were performed in redundant
internal coordinates using standard convergence thresholds:
maximum force o4.5 � 10�4 a.u., root-mean-square (RMS) force
o3.0� 10�4 a.u., maximum displacement o1.8 � 10�3 a.u., and
RMS displacement o1.2 � 10�3 a.u. All numerical integrations
for the underlying DFT exchange–correlation kernels and their
TD-DFT extensions were executed using a pruned fine integration
grid to guarantee numerical stability, energy conservation, and
rotational invariance.

The optimally tuned range-separated functional (o0B97XD)
was parameterized following the procedure described in ref.
27,52–56. In this approach, the range-separation parameter (o)
is adjusted to minimize the deviation between the ionization
potential (IP) and the negative of the highest occupied mole-
cular orbital (HOMO) energy, thereby ensuring consistency with
Koopmans’ theorem. The optimized o value was obtained by
minimizing the objective function

J(o) = (Eneutral
HOMO + IP)2 + (Eneutral

LUMO + EA)2, (1)

where Eneutral
HOMO and Eneutral

LUMO correspond to the highest occupied
and lowest unoccupied molecular orbital energies of the neutral
species, respectively. The ionization potential and electron affi-
nity (EA) were obtained from total energy differences as follows:

IP = Ecation � Eneutral, (2)

EA = Eneutral � Eanion, (3)

where Ecation, Eneutral, and Eanion denote the total electronic
energies of the cationic, neutral, and anionic species, respec-
tively. This tuning ensures consistency between orbital energies

Fig. 1 Chemical structures of the investigated compounds in the present study.2,28–43
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and the corresponding charged species, thereby improving the
accuracy of excitation energy predictions.

Following the optimal tuning of the range-separation para-
meter, excited-state single-point calculations were carried out for
all molecules to determine the first singlet (S1) and triplet (T1)
excitation energies. The singlet–triplet (ST) energy gap was subse-
quently computed as the energy difference between these states.
The ST gaps were computed as vertical gaps, i.e., singlet and triplet
excitation energies were evaluated at the optimized ground-state
geometry. This choice was made to ensure methodological consis-
tency across the entire molecular set and to allow a direct compar-
ison of single-point excited-state energies among the different
functionals. Since the primary objective of this study is a compara-
tive assessment of functional performance across multiple photo-
physical descriptors, a uniform vertical protocol was adopted to
avoid introducing additional variability arising from functional-
dependent excited-state structural relaxation. For emission ener-
gies, however, the excited-state geometries were explicitly optimized
(within the respective method), and vertical emission energies were
computed from those optimized structures. Thus, relaxation effects
were included in the fluorescence energies. Although the adiabatic
ST gaps and explicit consideration of optimized triplet geometries
can provide a more complete physical picture, as demonstrated in
earlier TD-DFT/TDA-based investigations.57 Moreover, such an
approach can be particularly important when analyzing the nature
of the involved excited states and structural relaxation effects.
However, performing full triplet excited-state geometry optimiza-
tions for all 26 molecules with all considered functionals would
require substantial computational effort and significantly extend
the scope of the present benchmarking study. Our intention here
was to compare the intrinsic ability of the functionals to reproduce
excitation energies and derived properties within a consistent and
computationally tractable protocol. To assess the influence of
environmental screening, solvent effects were incorporated for a
representative subset of five molecules using the conductor-
like polarizable continuum model (CPCM) as implemented in
Gaussian09, with toluene (e = 2.38) as the solvent. Solvent stabili-
zation moderately reduced deviations in the computed excitation
energies, highlighting its importance in mimicking experimental
conditions while maintaining computational tractability.

The accuracy of each functional was quantitatively evaluated by
comparing the computed values against available experimental
data. For this purpose, statistical performance metrics—mean
absolute deviation (MAD), root mean square deviation (RMSD),
and standard deviation (s)—were calculated using the following
expressions:

MAD ¼ 1

N

XN
i¼1

xi � xrefi

�� ��;

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

xi � xrefi

� �2
vuut ;

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN
i¼1

xi � �xð Þ2
vuut ;

(4)

where xi and xref
i represent the computed and reference (experi-

mental) quantities, respectively, and %x denotes the mean of the
computed dataset. These statistical descriptors provide a robust
measure of each functional’s predictive reliability across the
molecular dataset, enabling a systematic comparison of their
accuracy and consistency.

Radiative (kPF) and non-radiative (kISC, kRISC) rate constants
were computed to elucidate the exciton dynamics governing
TADF behavior. The radiative rate constant (kPF), corresponding
to prompt fluorescence, quantifies the probability of radiative
decay from the first excited singlet state (S1) to the ground state
(S0). It was evaluated using Einstein’s spontaneous emission
formula:

kPF ¼
DE2

S0S1
fS0S1

1:499
; (5)

where fS0S1
denotes the oscillator strength, and DES0S1

repre-
sents the transition energy between the ground S0 and first
excited singlet S1 states, expressed in cm�1. This relationship
directly links the transition probability to the optical transition
dipole moment, thereby serving as a quantitative descriptor of
fluorescence efficiency. The non-radiative pathways were ana-
lyzed through the intersystem crossing and reverse intersystem
crossing processes, which mediate spin conversion between
singlet and triplet manifolds. The kISC rate characterizes the
singlet-to-triplet transition, while kRISC describes the thermally
assisted reverse process that regenerates emissive singlet
excitons—both being central to the delayed fluorescence
mechanism. These rate constants were determined using
Fermi’s Golden Rule:

k
IFðRÞ
ISC ¼ 2p

�h
h1c0

I jHSOj3c0
Fi

�� ��2FCWD; (6)

where HSO represents the spin–orbit coupling (SOC) operator,
and FCWD is the Franck–Condon weighted density, which
captures the vibrational overlap between the initial and final
electronic states. The FCWD term was evaluated as:

FCWD ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkBT
p exp �ðDE þ lÞ2

4lkBT

� 	
; (7)

where l denotes the reorganization energy, kB is the Boltzmann
constant, T is the absolute temperature (taken as 298 K), and
DE is the singlet–triplet energy gap. These quantities collec-
tively determine the efficiency of triplet harvesting through
RISC, which is central to achieving high internal quantum
efficiency in TADF materials.

Although Einstein’s formula does not explicitly account for
the Herzberg–Teller (HT) effect—i.e., vibronic coupling arising
from nuclear motion, which becomes particularly important
when the oscillator strength is very small. In the present case,
the oscillator strengths are not reasonably very small and fall
within the typical range reported for donor–acceptor systems. A
rigorous inclusion of the HT effect would require additional
rate calculations involving excited-state Hessians and vibronic
coupling terms, which are computationally demanding. In
the present work, our objective is to compare different rate
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expressions within a consistent and simplified theoretical
framework. Accordingly, the Einstein formula is employed at
the Franck–Condon level to enable a direct methodological
comparison. Regarding the ISC/RISC rates, geometry relaxation
accompanies the transition between singlet and triplet mani-
folds. A fully quantitative description would require temperature-
dependent spin–orbit coupling within the Fermi’s Golden Rule
formalism, together with an explicit treatment of vibrational
effects. Such a comprehensive treatment has been reported in
our previous study on three D–A–D molecules, where we provided
a detailed discussion of these aspects.58 In contrast, the primary
aim of the present work is to demonstrate how different theore-
tical approaches behave when implemented within a simplified
Marcus-type framework. While this approximation does not yield
quantitatively exact rate constants, it provides valuable physical
insight and serves as an efficient and computationally tractable
strategy for preliminary material screening.

In addition to rate constants, we analyzed descriptors asso-
ciated with the excitonic nature of the investigated compounds.
The charge-transfer (CT) character was quantified by calculat-
ing the CT number and the centroid distance between positive
and negative charge barycenters. These parameters provide
insight into the spatial distribution and extent of electron–hole
separation within the excited state. Transition electron densi-
ties were obtained using TD-DFT with the B3LYP-D3 and
o0B97XD functionals in combination with the 6-31+G(d,p) basis
set, as implemented in ORCA 5.0. The analysis of CT des-
criptors was subsequently carried out using the Multiwfn
program.59 The optimized geometries of the 26 molecules in
ground and excited states (also in solvent phase) are provided
in the supplementary information (SI) folder for clarity and
reproducibility.

3 Results and discussion

The rationale for compound selection and the computational
protocol have been detailed in the preceding section. All
investigated molecules are experimentally reported, and their
corresponding photophysical data are provided in the SI. Table
S1 provides the mapping between the compound numbers used
in this study and their corresponding names in the litera-
ture. Since these donor–acceptor molecules exhibit minimal
double-excitation character, conventional DFT and TD-DFT
methods are sufficient to describe their excited-state proper-
ties. Although optimally tuned range-separated hybrid
functionals such as o0B97XD offer improved accuracy, their
system-specific nature and high computational cost limit their
broader applicability. Therefore, this study aims to establish an
efficient and transferable computational strategy that balances
accuracy and scalability by benchmarking multiple functionals
against available experimental data to capture the essential
photophysical descriptors governing TADF behavior. The
numerical values of o as a function of the objective function
J(o) are provided in Table S13, while the corresponding repre-
sentative o versus J(o) plot is shown in Fig. S15.

3.1 Ground-state properties

It is important to emphasize the nature of the empirical disper-
sion corrections (D2, D3, and D3(BJ)) employed within our
computational workflows. These additive terms are parameterized
based on nuclear positions to capture long-range London disper-
sion effects in the electronic ground state. Because they modify
only the total energy and its derivatives (such as gradients and
frequencies), they do not alter the underlying electronic structure,
molecular orbitals, or electron densities. As a strict mathematical
consequence, when calculating vertical excitation or emission
energies at a fixed geometry (Evertical = Estate-2 � Estate-1), the
dispersion energy contributions for both states are identical and
cancel out completely. Therefore, the dispersion corrections
impact our computed vertical photophysical properties and
frontier orbital energies solely through an indirect mechanism:
by altering the underlying optimized molecular geometries of
the ground or excited states. Any direct differences in electronic
transitions or descriptor metrics are governed entirely by the
intrinsic performance of the chosen exchange–correlation func-
tional framework.

We begin our analysis with ground-state electronic properties—
namely the frontier orbital energies, EHOMO and ELUMO, and
their difference, DEHOMO–LUMO. These descriptors were chosen
because experimental data are available for most of the com-
pounds, enabling a direct validation of theoretical results.
Experimentally reported ‘‘HOMO’’ and ‘‘LUMO’’ levels are typi-
cally derived from oxidation and reduction onset potentials
obtained via cyclic voltammetry, which are more rigorously
related to ionization potentials and electron affinities. This
distinction is directly connected to the theoretical foundation
of optimal tuning and to the fact that conventional functionals
do not strictly satisfy Janak’s theorem60 or the piecewise linear-
ity condition. This approach involved the standard convention
in the experimental TADF literature, where oxidation and reduc-
tion onsets are frequently reported and interpreted as HOMO
and LUMO levels.29 For consistency with how these values are
presented in those studies, the computed Kohn–Sham frontier
orbital energies with the reported experimental values were
compared. Although such a comparison is not rigorous from a
formal electronic-structure standpoint. A more physically mean-
ingful comparison would involve computing vertical IPs and
EAs using a DSCF protocol and directly relating those quantities
to experimental redox potentials. Therefore, comparison of
Kohn–Sham eigenvalues with experimental redox-derived quan-
tities should be interpreted qualitatively and trend-wise, rather
than as a strict validation of absolute orbital energies. This
clarification better delineates the theoretical limitations of the
comparison and avoids overinterpretation of the frontier orbital
analysis.

Table 1 summarizes the mean absolute deviation, root mean
square error, and standard deviation of the calculated proper-
ties for the five tested functionals. For EHOMO, both B3LYP-D3
and B3LYP-D3(BJ) deliver the smallest deviations, with MAD
and RMSD values of 0.20–0.28 eV and s E 0.20 eV. In contrast,
oB97XD produces the largest errors (MAD = 1.81 eV, RMSD =
1.83 eV), while its tuned counterpart, tuned-o0B97XD, shows
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improved but still inferior performance. The M06-2X functional
lies in between, though it exhibits a larger spread (s = 0.49 eV).
A similar trend is observed for ELUMO, where B3LYP-D3 and
B3LYP-D3(BJ) again yield the lowest deviations (MAD E 0.50 eV,
RMSD E 0.53 eV), while oB97XD significantly overestimates the
energies (MAD = 2.23 eV, RMSD = 2.25 eV). Tuning the range-
separation parameter reduces this error to about 1.0 eV, but the
accuracy still falls short of that achieved with the B3LYP-based
approaches. For the HOMO–LUMO gap, B3LYP-D3 and B3LYP-
D3(BJ) again outperform the other methods, showing excellent
agreement with experimental values (MAD = 0.47 eV, RMSD = 0.55
eV). By contrast, the default oB97XD substantially overestimates
the gap (MAD = 4.07 eV, RMSD = 4.08 eV), while tuning reduces
the error to 0.95 eV. Fig. S1–S5 visualize the deviation trends. As
seen in Fig. S1, the B3LYP-D3 functional (blue bars) consistently
yields deviations below 0.83 eV, whereas o0B97XD (yellow bars)
performs reasonably well, except for PPZ-3TPT, which deviates by
approximately 1.63 eV. Comparable results are obtained for ELUMO

(Fig. S3 and S4), reaffirming the superior accuracy of B3LYP-D3
and B3LYP-D3(BJ) across all metrics.

The HOMO–LUMO gap, being directly linked to the lowest
electronic excitation, serves as a critical descriptor for the
photophysical behavior of TADF emitters. Fig. 2 compares the
deviations in DEHOMO–LUMO obtained from B3LYP-D3 and
o0B97XD. The B3LYP-D3 functional consistently reproduces
experimental gaps with minor deviations, confirming its relia-
bility and efficiency for ground-state electronic structure pre-
dictions. Absolute values of EHOMO, ELUMO, and DEHOMO–LUMO

are provided in Tables S2–S4, with experimental values included
where available.

3.2 Excited-state properties

When examining the vertical absorption and emission energies,
it is vital to note that the D3 and D3(BJ) empirical corrections do
not directly affect these transition metrics. Because vertical
transitions are computed at a fixed, single geometry, the
ground-state parameterized dispersion energy is identical for
both the initial and final states, resulting in exact cancellation.
Consequently, the vertical energies discussed herein represent
the intrinsic performance of the pure B3LYP functional frame-
work. The minor differences observed between the B3LYP//
B3LYP-D3 and B3LYP//B3LYP-D3(BJ) protocols originate exclu-
sively from the structural variations inherited from the preced-
ing ground- or excited-state geometry optimizations. In contrast
to the clearer trends observed for ground-state orbital ener-
gies—where B3LYP-D3 and B3LYP-D3(BJ) generally perform
well—the performance for excited-state properties is somewhat
more nuanced. In this context, tuning the range-separation
parameter in oB97XD can, in some cases, improve predictive
capability; however, the overall improvement is typically modest
and should be weighed against the additional computational
effort required by the tuning procedure. The following discus-
sion provides a detailed assessment of these trends.

Following ground-state optimizations, the singlet-state
emission energies (Sem

1 ) were evaluated for all investigated
compounds. In this work, fluorescence energies were obtained
from optimized S1 geometries followed by vertical emission
calculations. Thus, excited-state structural relaxation was
included. Although these values do not correspond directly to
experimental lmax, which are influenced by vibronic structure,
finite-temperature effects, and environmental broadening. A
rigorous comparison with experimental band maxima would
require vibronic simulations and spectral-shape modeling.
Therefore, computed transition energies should not be inter-
preted as simulated lmax values. For triplet energies, we primar-
ily relied on vertical excitation energies (and emission estimates
where applicable), without systematically performing full T1

geometry optimizations for the entire dataset. The adiabatic
triplet energies and vibronic effects would provide a more
direct comparison to phosphorescence maxima. However,
including full excited-state optimizations and spectral simula-
tions for all 26 molecules and multiple functionals would
substantially extend the scope of the present benchmarking
study. We employed linear-response PCM (LR-PCM) consis-
tently across all methods to maintain a controlled comparison.
We recognize that, for charge-transfer states—particularly in

Table 1 Mean absolute deviation (MAD), root mean square deviation
(RMSD), and standard deviation (s) of calculated electronic properties
across different computational methods. Here, EHOMO and ELUMO denote
the highest occupied and lowest unoccupied molecular orbital energies,
respectively; is the orbital energy gap; ES1 corresponds to the first singlet
excited-state energy (absorption or emission); and DEST is the singlet–
triplet energy gap. Solvent-corrected values are obtained in toluene with
five explicit solvent molecules

Property
B3LYP-
D3(BJ)

M06-
2X

B3LYP-
D3 oB97XD o0B97XD

EHOMO
MAD 0.20 1.19 0.20 1.81 0.32
RMSD 0.28 1.22 0.28 1.83 0.48
s 0.19 0.49 0.20 0.29 0.36
ELUMO

MAD 0.51 1.35 0.50 2.23 1.03
RMSD 0.54 1.38 0.53 2.25 1.10
s 0.17 0.56 0.18 0.30 0.38
DEHOMO–LUMO

MAD 0.47 2.54 0.47 4.07 0.95
RMSD 0.55 2.56 0.55 4.08 1.18
s 0.28 0.94 0.29 0.35 0.70
Emission energy (ES1)
MAD 0.55 0.53 0.56 0.68 0.37
RMSD 0.63 0.65 0.64 0.74 0.45
s 0.31 0.36 0.31 0.29 0.26
Absorption energy (ES1)
MAD 0.41 0.53 0.41 0.72 0.34
RMSD 0.50 0.59 0.50 0.77 0.42
s 0.71 0.26 0.28 0.27 0.25
DEST

MAD 0.11 0.27 0.10 0.66 0.11
RMSD 0.13 0.31 0.13 0.67 0.14
s 0.08 0.26 0.08 0.14 0.08
Solvent-corrected (toluene)
MAD (ES1 emission) 0.41 0.35 0.60 0.61 0.20
RMSD (ES1 emission) 0.50 0.38 0.69 0.69 0.24
s (ES1 emission) 0.29 0.16 0.34 0.32 0.14
MAD (ES1

absorption)
0.51 0.48 0.53 0.63 0.48

RMSD (ES1

absorption)
0.69 0.54 0.71 0.70 0.67

s (ES1 absorption) 0.46 0.26 0.47 0.32 0.46
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emission—standard LR-PCM can be inadequate due to the lack
of state-specific polarization.

Analysis of the RMSD values (Table 1) indicates that tuned-
o0B97XD performs somewhat better (RMSD = 0.45 eV) than
B3LYP-D3 (RMSD E 0.64 eV), with a marginal reduction in
standard deviation (difference of B0.05 eV). M06-2X yields even
smaller MAD values than both B3LYP-D3 and B3LYP-D3(BJ),
whereas the default-oB97XD functional again performs the poor-
est (MAD = 0.68 eV). Molecule-wise deviations between B3LYP-D3
and tuned o0B97XD (Fig. S6) further reinforce these trends: for
most compounds, tuned-o0B97XD (yellow bars) provides smaller
deviations than B3LYP-D3 (blue bars). Pronounced deviations are,
however, observed for specific cases—TXO-PHCz1 (deviation =
1.17 eV) and HAP-3MF (�0.91 eV)—under the tuned functional.
Fig. S7 shows that M06-2X generally outperforms both B3LYP-
D3(BJ) and default oB97XD, except for spiroAC-TRZ and OPDPO.
These results underscore the importance of long-range correc-
tions, such as those incorporated in M06-2X and tuned-o0B97XD,
for improved modeling of excited-state emission energies.

For singlet-state absorption energies, tuned-o0B97XD pro-
vides the most accurate description (MAD = 0.34 eV; RMSE =
0.42 eV), closely followed by B3LYP-D3(BJ) (Table 1). Here, M06-
2X performs slightly worse than the B3LYP-based functionals,
while the default-oB97XD again shows the most significant
discrepancies. Fig. S8 and S9 further visualize these trends. In
particular, although B3LYP-D3 generally surpasses M06-2X in
terms of MAD and RMSE, M06-2X delivers better performance
for selected molecules such as spiroAC-TRZ, 3DPA3ACN, TXO-
PhCz1, TXO-PhCz4, 2,3-TXO-PhCz, 2,6-Cz, and 2,3-POA. The
complete sets of gas-phase S1 absorption and emission energies
are provided in Tables S5 and S6.

Inclusion of solvent effects for a representative subset
(Tables S7 and S8) yields mixed outcomes: solvation improves
MAD values for B3LYP-D3(BJ), M06-2X, and tuned o0B97XD in
the case of emission energies but deteriorates the accuracy of
the remaining functionals; for absorption energies, solvation
improves M06-2X and default oB97XD but slightly worsens the
performance of the other three methods. These observations
highlight limited but observable solvent-induced corrections,
which are not the primary focus of this work. Overall, the vertical
photophysical properties obtained via the B3LYP//B3LYP-D3 and
B3LYP//B3LYP-D3(BJ) protocols are nearly identical across the
investigated dataset. This high degree of similarity indicates that
the choice of damping function (zero-damping vs. Becke–John-
son damping) introduces negligible structural deviations in the
optimized ground- and excited-state geometries of these TADF
emitters. Because the direct dispersion energy terms cancel out
entirely within the vertical approximation, these closely match-
ing transition energies are a direct reflection of the highly similar
underlying molecular conformations.

We now turn to the singlet–triplet energy gap DEST, which is
arguably the most critical descriptor among the excited-state
properties considered, as values near or below 0.2 eV are essential
for enabling thermally activated delayed fluorescence.11,18 Follow-
ing common practice, DEST was computed from single-point
energy differences between the optimized S1 and T1 states—a
computationally efficient and widely validated approach.8,9,19,20

As shown in Table 1, B3LYP-D3 and B3LYP-D3(BJ) again yield the
smallest deviations (MAD = 0.10–0.11 eV; RMSD = 0.13 eV). By
contrast, the default oB97XD functional performs notably worse
(MAD = 0.66 eV; RMSD = 0.67 eV). Although tuning o0B97XD
substantially reduces the error, the tuned variant still does not

Fig. 2 Comparison of deviations between experimental and computed HOMO–LUMO gaps (DEHOMO–LUMO) obtained using the B3LYP-D3 (blue) and
o0B97XD (yellow) functionals.
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surpass the B3LYP-based approaches. Fig. 3 provides molecule-
wise comparisons: deviations obtained from tuned o0B97XD
(yellow) remain larger than those from B3LYP-D3 (blue) for most
molecules, except 3DPA3ACN and 4CzIPN. Significant deviations
(40.2 eV) are observed for OPDPO with both functionals, likely
due to the presence of a phosphorus atom—the only such motif
in this dataset. PPZ-3TPT displays contrasting deviations for the
two methods, with one overestimating and the other under-
estimating the experimental value. Most B3LYP-D3 predictions
lie within 0.1 eV, except for compounds such as 3DPA3ACN, PPZ-
3TPT, OPDPO, 2,3-DPA, and pCNQ-TPA. Additional comparisons
(Fig. S10) confirm that B3LYP-D3(BJ) outperforms M06-2X and
oB97XD, both of which show larger deviations. The corres-
ponding values of DEST are provided in Table S9 in the SI.

Taken together, the excited-state results reveal a more
balanced picture than that derived from ground-state properties:
tuning the range-separation parameter in o0B97XD generally
improves performance for absorption and emission energies
and yields accuracy comparable to B3LYP-D3 for DEST. Never-
theless, the improvements relative to B3LYP-based functionals
are typically modest, not universal across properties or molecules,
and should be weighed against the additional computational
effort required to tune. When evaluated across both ground- and
excited-state properties, B3LYP-D3 and B3LYP-D3(BJ) provide
consistently reliable results with comparatively low computa-
tional cost, making them practical choices for predicting the
range of properties examined in this study. When utilizing these
dispersion corrections for excited-state geometry optimizations
(e.g., within the TD-DFT framework), a crucial theoretical caveat
must be highlighted. Standard formulations such as D3, D3(BJ),
and D2 are fundamentally ground-state corrections. Because they

are driven purely by nuclear coordinates and ground-state atomic
parameters, they do not account for the changes in dynamic
polarizabilities that accompany electronic excitation. As docu-
mented by Grimme and Hühnerbein, as well as in recent
comprehensive benchmarks on excimers and exciplexes by
Goerigk and co-workers, these terms offer only a crude approxi-
mation of dispersion effects within excited-state potential
energy surfaces.61–65 Nevertheless, their inclusion during
excited-state structural relaxation remains a common and prac-
tical protocol in contemporary photophysical simulations, ser-
ving as a vital baseline that is generally preferable to neglecting
non-covalent London dispersion forces entirely.

3.3 Radiative and non-radiative rate constants

Following the evaluation of excited-state energies, we next exam-
ined the photophysical rate constants governing fluorescence
and TADF processes. Because the computation of radiative and
non-radiative rates depends on several key descriptors---including
oscillator strengths, spin–orbit coupling elements, singlet–
triplet energy gaps, and reorganization energies within the
Marcus framework—we focused on B3LYP-D3 and tuned-
o0B97XD. These two functionals demonstrated the closest per-
formance in earlier benchmarks and thus provide a meaningful
basis for assessing whether the computationally demanding
tuning step yields significant practical improvements for rate
predictions.

Fluorescence, intersystem crossing, and reverse intersystem
crossing rate constants were computed using the expressions
detailed in the Method section. The resulting rates are listed in
Table S10, and ISC/RISC rates are reported in Table S11. Fig. 4
compares the calculated and experimental fluorescence rates.

Fig. 3 Comparison of molecule-wise deviations between experimental and computed singlet–triplet energy gaps (DEST) using B3LYP-D3 (blue) and
tuned o0B97X-D (yellow). Positive deviations indicate overestimation. The results highlight the robust performance of B3LYP-D3 and the partially
improved, though not uniformly superior, accuracy achieved through o-tuning.
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The vertical axis shows log(kexp/kcomp), where a value of zero
represents perfect agreement. Positive deviations indicate an
underestimation of the rate by theory, whereas negative devia-
tions denote overestimation. Both under- and overestimation
trends are observed across the dataset; however, B3LYP-D3
(blue symbols) consistently exhibits smaller deviations than
tuned-o0B97XD (yellow symbols), with only two notable excep-
tions (TRZ-DDMAc and pCNQ-TPA). Although tuned-o0B97XD
improves accuracy marginally in certain isolated cases, these
improvements are not systematic and do not outweigh the
substantial additional cost of performing molecule-specific
o-tuning.

A similar comparison was carried out for nonradiative
processes. Fig. S11 and S12 show the ISC and RISC rate
constants computed with both functionals. Due to the limited
experimental data available for these quantities, the compar-
ison focuses solely on theoretical predictions. The logarithmic
plots show that B3LYP-D3 and tuned-o0B97XD generally pro-
duce ISC and RISC rates of the same order of magnitude. For
many molecules, the data points from the two functionals
overlap nearly exactly, reflecting their comparable performance
in describing spin-forbidden transitions. Although variations
appear for a few specific systems, the overall consistency across
the dataset confirms that B3LYP-D3 captures the essential
trends in both radiative and nonradiative dynamics.

Taken together, these results suggest that while o-tuning
can improve excited-state properties in certain cases, its advan-
tage does not necessarily translate into a consistent improvement
in rate predictions. Considering the additional computational
effort associated with tuning and the relatively modest accuracy
gains observed, B3LYP-D3 provides a reliable and computationally

efficient option for estimating photophysical rate constants in
TADF systems.

4 Exciton characteristics

One of the defining features of donor–acceptor–donor systems is
their characteristic long-range charge-transfer (LRCT) behaviour,
which can be evaluated both qualitatively through density-
difference plots and quantitatively using charge-transfer descrip-
tors such as the charge-transfer number (QCT) and the distance
between the negative and positive barycentres (DCT) during the
S1 - S0 transition. In this study, both descriptors were employed
to assess the degree of charge separation and exciton localization
across the investigated molecules.

It is important to note that the calculated exciton charge-
transfer (CT) descriptors are entirely determined by the choice of
the underlying exchange–correlation functional, rather than by
empirical dispersion corrections. Because standard dispersion
schemes (such as Grimme’s D2 or D3) are additive, geometry-
dependent energy terms, they exert no influence on the Kohn–
Sham orbitals or the resulting electronic wavefunction. Conse-
quently, the variations observed in the CT descriptors across the
different protocols are fundamentally driven by the treatment of
electron exchange—specifically the presence of range-separation
and the fraction of exact Hartree–Fock exchange within the
functional—which dictates the spatial localization and overlap
of the transition densities. The negligible differences observed
between the B3LYP//B3LYP-D3 and B3LYP//B3LYP-D3(BJ) proto-
cols are strictly indirect consequences of the minor structural
deviations in their underlying optimized geometries.

Fig. 4 Comparison of deviations between experimental kPF values and those computed using the B3LYP-D3 functional (blue) and tuned-o0B97XD
functional (yellow).
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To obtain a qualitative picture of the charge-transfer beha-
viour, density-difference plots were generated using both
B3LYP-D3 and tuned-o functionals, presented in Fig. S13 and
S14, respectively. Two distinct types of charge-transfer pro-
cesses are typically observed in such systems: long-range charge
transfer and short-range charge transfer (SRCT). LRCT is char-
acterised by spatially well-separated electron-rich and electron-
deficient lobes located on distinct molecular fragments, while
SRCT arises when these lobes alternate between adjacent atoms
within the same moiety.

As illustrated in Fig. S13 and S14, the majority of the
investigated molecules exhibit clear LRCT features, with charge
migration occurring from the donor (blue regions) to the acceptor
(yellow regions). However, exceptions are observed. For example,
Mol-8 displays alternating lobes consistent with SRCT behaviour,
aligned with its MR-TADF nature where individual atoms—not
entire fragments—function as donors or acceptors. Mol-3 exhi-
bits mixed behavior, lying between the SRCT and LRCT regimes.
These qualitative patterns are consistent across both functionals,
underscoring the robustness of the analysis.

For quantitative evaluation, the descriptors QCT and DCT

were computed. A QCT value close to 1 (typically 40.5) indicates

an LRCT excitation, whereas smaller values imply a locally
excited (LE) or SRCT character. Similarly, DCT values greater
than 1.6 Å signify LRCT behaviour, while smaller values denote
LE-like excitations.8,19,20 The results, summarized in Fig. 5,
show that all investigated molecules possess QCT values above
0.7, confirming their LRCT character. Likewise, DCT exceeds
1.6 Å for nearly all molecules except Mol-4, which lies below
this threshold, indicating partial LE character (see Table S12).

Both functionals yield highly similarly consistent values QCT

and DCT values, demonstrating the reliability of the computa-
tional protocol. In general, tuned-o produces slightly smaller
QCT values compared to B3LYP-D3, reflecting marginally more
localised excitons, but the overall trends remain unchanged.
This close concordance highlights the reproducibility of the
electronic-structure description and validates the robustness of
the exciton analysis.

4.1 Overall assessment of method performance

Across the complete set of evaluated properties—ground-state
energetics, excitation energies, singlet–triplet gaps, photophy-
sical rates, and exciton descriptors—a broadly consistent pat-
tern can be observed regarding the relative strengths of the

Fig. 5 Charge-transfer number (QCT) and distance between positive and negative barycentres (DCT) for the investigated compounds.
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tested functionals. The B3LYP-D3 family generally provides a
stable and reliable reference point, offering balanced perfor-
mance for both ground- and excited-state quantities with
comparatively lower computational cost. Its predictions for
orbital energies, DEST, fluorescence rates, and charge-transfer
descriptors are largely consistent across the dataset, allowing it
to function as a practical first-tier approach for screening and
property evaluation.

Tuned long-range corrected functionals, exemplified by
o0B97X-D, can improve the description of specific excitation
energies and in some cases refine charge-transfer characteris-
tics. However, these benefits are molecule-dependent and come
with increased computational overhead. In most cases, the
trends produced by tuned o and B3LYP-D3 are broadly con-
sistent, and discrepancies seldom lead to different mechanistic
interpretations of TADF behaviour. As a result, tuned o calcula-
tions may be most useful when applied selectively—for molecules
with strong long-range charge-transfer character, borderline
DEST, or atypical electronic structure.

Photophysical rates show a similar overall pattern. B3LYP-
D3 yields reasonably stable fluorescence, ISC, and RISC trends
that align closely with those from tuned o, indicating that its
underlying ingredients—oscillator strengths, SOCs, and DEST—
are captured with sufficient consistency for rate modelling.
Likewise, exciton descriptors and density-difference plots exhi-
bit very similar behavior across both methods, demonstrating
that the qualitative characterization of LRCT versus SRCT is
relatively insensitive to the choice of functional.

Taken together, these observations suggest a pragmatic two-
tier strategy. B3LYP-D3 can be used as an efficient primary
approach for evaluating structural, electronic, and photophysi-
cal properties across broad molecular sets. Tuned long-range
corrected functionals remain useful for targeted refinement,
particularly when detailed excited-state energetics or charge-
transfer character must be validated. This layered approach
helps balance accuracy and efficiency, ensuring that computa-
tional resources are directed where they may provide the great-
est additional insight.

5 Conclusion

This study provides a comprehensive evaluation of how con-
ventional hybrid functionals and tuned long-range-corrected
functionals perform across key photophysical properties of
donor–acceptor molecules. Our results show that B3LYP-
based methods, particularly with dispersion corrections, deli-
ver a consistently reliable description of ground-state electronic
structure, generally outperforming the tuned-o approach in
this regime. For excited-state properties, o-tuning offers mod-
est improvements in some cases—most notably for absorption
and emission energies—but these gains are not uniform and
often yield accuracy comparable to that obtained with B3LYP-
D3. Crucially, parameters central to TADF behaviour, including
DEST, radiative and nonradiative rates, and exciton descriptors,
are predicted with similar consistency by both approaches.

Considering the additional computational effort and molecule-
specific optimization associated with o-tuning, the incremental
improvements observed here may not always justify its routine
application in large-scale computational screening. Overall, the
findings indicate that B3LYP-D3 offers a practical, efficient, and
broadly reliable choice for evaluating the ground- and excited-
state properties of donor–acceptor systems.

In a study of this type, the observed statistical trends may
reflect not only intrinsic functional performance but also the
influence of methodological choices and potential error com-
pensation. We sought to isolate, as far as practically possible,
the role of the exchange—correlation functional by employing a
strictly consistent computational protocol—using the same
geometrical framework, basis set, solvation model, and rate
formalisms across all methods. Nevertheless, we explicitly
acknowledge that error compensation is inherently difficult to
control and that our statistical metrics reflect a beneficial,
system-specific balancing of errors. Consequently, these con-
clusions must be interpreted with caution, as the performance
and trends identified here for these 26 TADF emitters may not
be transferable to other classes of optoelectronic compounds or
materials.

An expanded, more systematic benchmark that incorporates
additional hybrid and range-separated hybrid formulations and
analyzes their respective advantages and limitations in greater
depth would further benefit the field. We therefore view the
present study as a step toward such a broader assessment and
anticipate pursuing a more extensive comparative investigation
in future work.
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Supplementary information (SI): additional figures and
tables comparing calculated and experimental photophysical
properties. Fig. S1–S5 show molecule-wise comparisons of
frontier molecular orbitals, including HOMO energies (Fig. S1
and S2), LUMO energies (Fig. S3 and S4), and HOMO–LUMO
gaps (Fig. S5). Emission and absorption energy comparisons
are provided in Fig. S6 and S7, with solvent-corrected results
shown in Fig. S8 and S9. Fig. S10 compares singlet–triplet
energy gaps (DEST), while Fig. S11 and S12 present comparisons
of ISC and RISC rates, respectively. Density difference plots
obtained using the B3LYP and tuned-o functionals are shown
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in Fig. S13 and S14. Tables S1–S12 summarize the corres-
ponding numerical data, including molecular name mappings
(Table S1), HOMO, LUMO, and HOMO–LUMO gaps (Tables S2–
S4), emission and absorption energies (Tables S5 and S6),
solvent-corrected energies (Tables S7 and S8), DEST values
(Table S9), experimental fluorescence rates (Table S10), ISC
and RISC rates (Table S11), and excitonic characteristics (Table
S12). See DOI: https://doi.org/10.1039/d6cp00979d.
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