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ABSTRACT: Recent experimental and theoretical studies have
shown several new organic molecules that violate Hund’s rule and
have the first singlet excited state lower in energy than the first
triplet excited state. While many correlated single reference wave
function methods have successfully predicted excited-state
energetics of these low-lying states, conventional linear-response
time-dependent density functional theory (TDDFT) fails to
predict the correct excited-state energy ordering. In this article,
we have explored the performance of combined DFT and wave
function methods like doubles-corrected TDDFT and multi-
configuration pair-density functional theory for the calculation of
inverted singlet−triplet gaps. We have also tested the performance
of the excited-state DFT (eDFT) method for this problem. Our
results have shown that it is possible to obtain inverted singlet−triplet gaps both by using doubles-corrected TDDFT with a proper
choice of double-hybrid functionals or by using eDFT.

1. INTRODUCTION
Ground-state electronic structures and low-lying singlet and
triplet excited states play important roles in organic electronic
materials.1−6 In organic light-emitting diodes (OLEDs), charge
recombination is an important step that produces singlet or
triplet excitons from spatially separated holes and electrons.
Generation of photons from singlet excitons happens through a
spin-allowed de-excitation process. However, due to the spin
forbidden nature of the de-excitation process of triplet
excitons, these often contribute to energy loss. Several
strategies have been developed for transforming triplet excitons
produced during the recombination process to singlet excitons.
In many OLEDs, triplet state (T1) to singlet state (S1) reverse
intersystem crossing (RISC) is achieved by tuning the energy
gap (ΔEST) between energetically close S1 and T1 excited
states. The process of RISC followed by de-excitation is
referred to as thermally activated delayed fluorescence
(TADF).7−9 Both experiments and computational modeling
have contributed significantly in finding efficient design
principles for TADF materials.10−17 Most TADF materials
developed so far have small but positive ΔEST gaps as Hund’s
rule18 predicts that the first excited state of a closed-shell
molecule is a T1 state, and the S1 excited state will always be
higher in energy. However, in the past, some N-doped triangle-
shaped molecules have been suspected to have near degenerate
or even inverted singlet−triplet gaps (ΔEST < 0).19,20 These
types of molecules can benefit from the efficient RISC process
from T1 to S1 state, leading to substantial fluorescence rates;
thus, in turn, they are suitable candidates for TADF materials.

In recent years, Domcke and co-workers first identified
heptazine derivatives to have inverted singlet−triplet gap using
high-level electronic structure methods.13 Later, Domcke and
co-workers studied electronic structure and optical properties
of different azine and heptazine derivatives.15,16 de Silva also
theoretically established existence of molecules with inverted
singlet−triplet gaps using wave function methods like doubles-
corrected configuration interaction singles [CIS(D)],21

algebraic diagrammatic construction (ADC), and equation of
motion coupled cluster singles and doubles (EOM-CCSD)33

and also identified inability of linear-response time-dependent
density functional theory (LR-TDDFT)22 to compute inverted
singlet−triplet gaps.14 Dinkelbach et al. studied the effect of
negative singlet−triplet gap and vibronic coupling in heptazine
derivatives using the DFT/multireference configuration
interaction (DFT/MRCI) approach.23 Sancho-Garcia and co-
workers suggested that small chemical modifications of the
triangle derivatives can produce good candidates for inverted
singlet−triplet gap using several single reference correlated
methods like spin-component scaled second-order coupled
cluster (SCS-CC2),24 second-order ADC [ADC(2)],25 and
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multireference methods like complete active space self-
consistent field (CASSCF) and N-electron valence second-
order perturbation theory (NEVPT2).26−28 Domain-based
local pair natural orbital (DLPNO) similarity transformed
EOM-CCSD (STEOM-CCSD)29 have accurately predicated
inverted singlet−triplet gaps as well.30 Recently, Miyajima et al.
experimentally confirmed inverted singlet−triplet gaps in
heptazine derivatives.31 While many correlated wave func-
tion-based electronic structure methods have predicted
inverted singlet−triplet gaps qualitatively correctly, one of
the most widely used excited-state electronic structure method,
LR-TDDFT, has failed to predict the inversion of singlet−
triplet gaps. Computational studies, in the past, pointed toward
the inability of LR-TDDFT to incorporate double excitations
by going beyond adiabatic approximation32 as the source of
this error.14 Pollice et al. identified computationally a set of
organic chromophores that showed efficient TADF processes
using the doubles-corrected TDDFT [TDDFT(D)) method
with ωB2PLYP double-hybrid functionals.15 While TDDFT-
(D) with ωB2PLYP did not always provide proper inverted
singlet−triplet gaps, Pollice et al. benchmarked the method
using the coupled-cluster single and double (EOM-CCSD)33

method to get an estimation of the systematic error. However,
effect of the choice of different double-hybrid functionals on
the performance of the TDDFT(D) method has not been
investigated yet. Like the TDDFT(D) method, there are other
combined wave function and density functional methods that
have potential to be successful for inverted singlet−triplet
systems.34 In this regard, we have examined the accuracy of a
combined wave function and density functional method,
known as multiconfiguration pair-density functional theory
(MC-PDFT)34,35 in predicting energetics of low-lying singlet
and triplet excited states of seven test systems (Figure 1). We
have also examined the accuracy of single reference correlated
wave function methods with respect to multireference second-
order perturbation theory (MRPT2).

It is also possible to calculate excitation energies within the
KS-DFT framework using time-independent approaches.36 It
has been shown previously that variational optimization of the
excited state within unrestricted DFT framework can provide
accurate inverted singlet−triplet gaps,13 but such an approach
can only be applied if ground and first singlet excited states are
of different symmetry. More general approach is needed for
variational optimization of arbitrary excited-state densities

within DFT framework without any symmetry constrain. The
ΔSCF method is one of the earliest time-independent DFT
methods for excited states and also referred to as the excited-
state DFT (eDFT) method.37,38 In the eDFT method, a non-
Aufbau occupation of KS orbitals is imposed during self-
consistent field procedure to converge the KS solution to an
excited state. In the past, eDFT has been used as an alternative
to TDDFT in many cases.39−42 In this article, we have tested
the performance of the eDFT method for calculating inverted
singlet−triplet gaps.

2. COMPUTATIONAL DETAILS
All LR-TDDFT, LR-TDDFT(D), CIS, random-phase approx-
imation (RPA), CIS(D), doubles-corrected RPA [RPA(D)],
and DLPNO−STEOM−CCSD calculations were performed
using a development version of ORCA 5.043 software. All
restricted active space self-consistent field (RASSCF),44

RASPT2,45 and MC-PDFT calculations were performed
using OpenMolcas software package46 (v19.11, tag 1689-
g1367d6fd9). All RASPT2 calculations used an imaginary shift
of 5.44 eV to alleviate intruder states.47 All calculations used
Alrich’s def2 triple zeta with polarization basis functions, def2-
TZVP.48 Multireference calculations on azine-4N, azine-7N,
M-20, and M-21 were performed using Cs symmetry.
Multireference calculations on azine and M-18 were performed
using C1 and C2v symmetry, respectively. Geometries of
molecules in the test set were optimized in the gas phase at
the B3LYP49/def2-TZVP level of theory, including Grimme’s
D3 dispersion correction37 and the Becke-Johnson damping
function38 using ORCA software. Vibrational frequency
analyses were performed on all optimized geometries to
confirm their nature as local minima. The eDFT calculations
are performed using NWChem software package.50 For the
eDFT calculation in NWChem, a modified SCF procedure is
used where lowest (N − 1) orbitals and (N + 1)th orbital were
occupied at each density matrix update step (N = number of
occupied orbitals in the ground state). In cases where
variational collapse to the ground state has occurred, the
maximum overlap approach is used along with the eDFT
approach to converge the SCF solutions to correct excited
states.

2.1. Choice of Active Spaces. RASSCF calculations were
performed for all seven molecules using full π-valence active
spaces. In the RASSCF formalism, active space of a system can
be divided into three subspacesRAS1, RAS2, and RAS3. A
full-CI calculation is performed within the RAS1 subspace.
RAS2 always contains doubly occupied orbitals, and RAS3
contains unoccupied orbitals. Excitation allowed from the
RAS1 subspace to other subspaces can be controlled by
mentioning maximum number of holes allowed in the RAS1
subspace. Similarly, maximum number excitations into the
RAS3 subspace can be controlled by mentioning maximum
number of electrons allowed in the RAS3 subspace. For all the
molecules in our test case, minimal active space is chosen for
RAS2. That means when HOMO and HOMO-1 are
degenerate for a molecule, four electrons and four orbitals
are included in the RAS2 subspace, and in other case, two
electrons and two orbitals are included in the RAS2 subspace.
Rest of the occupied π orbitals are included in the RAS1
subspace, and unoccupied π* orbitals are included in the RAS3
space. For azine, azine-4N, and azine-7N, RAS2 only includes
HOMO and LUMO, RAS1 includes six occupied orbitals,
RAS3 includes six unoccupied orbitals, and maximum two

Figure 1. Chemical structures of molecules investigated in this work.
Hydrogen atoms are not drawn here for clarity.
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holes and two electrons are allowed in RAS1 and RAS3,
respectively. For RASSCF calculations on M-18, M-19, M-20,
and M-21, RAS2 includes HOMO, HOMO-1, LUMO, and
LUMO+1, RAS1 includes six occupied orbitals, RAS3 includes
six unoccupied orbitals, and maximum two holes and two
electrons are allowed in RAS1 and RAS3, respectively.

3. RESULTS AND DISCUSSION
Herein, we have examined electronic structures of ground, S1
and T1 states of seven molecules, as shown in Figure 1. Among
the seven molecules, azine and azine-4N are among the earliest
discovered molecules that showed inverted singlet−triplet
gaps. Singlet−triplet gaps for azine and azine-4N were
measured to be ∼−0.08 and −0.16 eV, respectively, from the
experiment.19,20 Recent theoretical studies have confirmed that
these two molecules indeed have inverted singlet−triplet
gaps.14,17,30 Azine-7N or heptazine have been well explored in
recent years for its inverted singlet−triplet gap property.
Previous theoretical calculations have predicted that azine-7N
has an inverted singlet−triplet gap of ∼−0.25 eV.12 M-18, M-
19, M-20, and M-21 molecules were identified as inverted
singlet−triplet gap systems after a massive computational
screening performed by Pollice et al.17 Pollice et al. predicted
these four molecules to have promising blue emitting
properties.17

3.1. Performance of TDDFT and TDDFT(D). Within the
LR-TDDFT regime, excitation energies can be calculated from
the solution of the non-Hermitian eigenvalue problem
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where X and Y are excitation and de-excitation amplitudes,
respectively, and ΩTDDFT is the excitation energy matrix. Matrix
elements corresponding to A and B matrices for a general
hybrid exchange−correlation functional can be expressed as

δ δ ε ε= − + | − |

+ − | ̂ |

A ia jb C ij ab

C ia f jb

( ) ( ) ( )

(1 )( )

ia jb ij ab a b, HF

HF xc (2)

= | − | + − | ̂ |B ia bj C ib aj C ia f bj( ) ( ) (1 )( )ia jb, HF HF xc (3)

where CHF is the percentage of Hartree-Fock (HF) exchange in
the exchange−correlation functional, (ia|jb) represents the
exchange integral ∬ φi*φa1/|r − r′|φj*φb, (ij|ab) represents a
Coulombic integral, fx̂c is the exchange−correlation kernel, and
ε is the energy eigenvalues. In the case of RPA or time-
dependent HF, CHF is equal to 1, and the exchange−
correlation kernel is zero. Head-Gordon and co-workers
developed the CIS(D) method to account for correlation
energy resulting from double excitations in a perturbative
way.21 Neese and Grimme extended this approach to LR-
TDDFT for double-hybrid exchange−correlation functionals
following the same approach as CIS(D).51 Ottochian et al. also
reported an implementation of TDDFT(D) method.52 In the
case of double-hybrid functional, exchange−correlation energy
is given by

= − + + +−E a E a E bE a E(1 )xc
DH DF

x x
DFA

x x
HF

c
DFA

c c
MP2

(4)

where ax is the HF exchange scaling parameter, b and ac scale
the density functional correlation and perturbative correlation
contributions, respectively, Ex

DFA and Ex
HF are the local density

functional and HF exchange, respectively, Ec
DFA is the local

density functional correlation, and Ec
MP2 is the nonlocal

correlation. In case of hybrid functionals, ac is equal to zero.
Development of the CIS(D) and TDDFT(D) method is

based on the assumption that SCF and PT2 contributions to
the excitation energy are additive in nature. Excitation energies
in the LR-TDDFT(D) method is as follows

Ω = Ω + ΔaTDDFT(D) TDDFT c (D) (5)

where ΩTDDFT is the excitation energy obtained from TDDFT,
Δ(D) is the perturbative doubles correction obtained from PT2,
and ac is the scaling factor for PT2 correlation in double-hybrid
functionals (eq 4). Scaling factor, ac, is equal to 1 for CIS(D)
and RPA(D) methods. Within TDDFT and CIS methods, the
B matrix in eq 1 can be approximated to zero, which is called
Tamm-Dancoff approximation (TDA).
As shown in Figure 2, both CIS and LR-TDDFT methods

that only consider the single excitation space predict positive

singlet−triplet gaps for all seven molecules. Interestingly, all
types of exchange−correlation functionals demonstrate pos-
itive singlet−triplet gaps (ΔEST > 0) with the conventional LR-
TDDFT method (see Table S1 in Supporting Information). In
Figure 2, we have shown CAM-B3LYP as a representative
example of the performance of exchange−correlation func-
tionals within the LR-TDDFT regime.
Within a single reference framework, previous studies have

shown that, unlike KS-DFT, correlated wave function methods
have successfully predicted the inversion of singlet−triplet gaps
for these types of molecules. In Figure 2, we have shown
singlet−triplet gaps of all seven molecules with four wave
function-based methods CIS, RPA(D), CIS(D), and
DLPNO−STEOM−CCSD methods. RPA(D), CIS(D), and
DLPNO−STEOM−CCSD successfully predicted inverted
singlet−triplet gaps for all seven molecules (Figure 2).30 The
difference between CIS and CIS(D) results clearly shows that
correlation due to the double excitations needs to be
accounted for during the calculation to get inverted singlet−
triplet gaps. The success of the higher-level correlated methods
like DLPNO−STEOM−CCSD in predicting this property can
be attributed to correlation originating from higher-order
excitations. The discrepancy between the performance of CIS

Figure 2. Single-triplet gaps (ΔEST) for all seven chromophores were
computed with different electronic structure methods using def2-
TZVP basis sets.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c10492
J. Phys. Chem. A 2022, 126, 1378−1385

1380

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c10492/suppl_file/jp1c10492_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10492?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10492?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10492?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10492?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c10492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and CIS(D) methods indicates that the failure of conventional
LR-TDDFT to take double excitations or even the correlation
resulting from double excitations into account can be a major
reason for its failure.
In the same philosophy of CIS(D) or RPA(D), the LR-

TDDFT(D) method can introduce the correlation originating
from double excitation but such a method is only consistent
with the concept of double-hybrid functionals, as introduced
by Neese and Grimme.51 As shown in Figure 2, one of the
most widely used double-hybrid functional, B2PLYP when
applied with LR-TDDFT(D) produced mixed results as it has
predicted negative ΔEST gaps only for azine-7N and M-19,
isoenergetic ΔEST gap for azine but predicted positive ΔEST
gaps for the remaining four molecules. Apart from different
ground-state reference orbitals, RPA(D) and LR-TDDFT(D)
used for double-hybrid functionals differ by the scaling factor
for the exact exchange integral introduced by the functional
form (eq 5) and also by the exchange−correlation kernel ( fx̂c)
(eqs 2 and 3). The nonlocal correlation part in B2PLYP (i.e.,
MP2 contribution) is scaled according to the functional form
(eqs 4 and 5). RPA(D) predicts negative singlet−triplet gaps
for all of the test cases, while B2PLYP only predicts negative
singlet−triplet gaps for two systems. Clearly, it indicates that
the origin of this difference lies in the functional form of
B2PLYP. However, these results are truly encouraging as many
previous studies concluded that it is not possible for KS-DFT
exchange−correlation functionals to predict negative singlet−
triplet gaps for such systems, but our study has shown
otherwise. These results have shown that it is possible to get
inverted ΔEST if proper functional form is chosen. With that in
mind, we have tested a series of double-hybrid functionals for
the seven molecules in our test set (Table S4). ωB2PLYP
functional previously used by Pollice et al. provides negative
ΔEST value only for one of the seven molecules (Table S4).
ΔEST values for seven molecules obtained using some of the
functionals have been reported in Figure 3. Like B2PLYP,
PBE-QIDH53 provided mixed success for ΔEST values.
ωB97X-254 is the only functional that has predicted negative
ΔEST gap for all seven molecules, but it has overestimated the
ΔEST values for all of them. SOS-B2GP-PLYP21,55−57 SOS-
ωPBEPP86,57 and SCS-PBE-QIDH57 functionals that were

optimized specifically for excited states by Casanova-Paéz and
Goerigk provided either close to zero or negative ΔEST gap for
all seven molecules. Looking at the results presented in Figure
3 and Table S5, it is safe to say that functionals like B2PLYP
and ωB2PLYP only show mixed success for inverted singlet−
triplet gaps because of the low value of ac parameter. From our
analysis, it is clear that for successful prediction of inverted
singlet−triplet gap, a double-hybrid functional should have ac
≥ 0.45, while they should also have ax ≥ 0.50.

3.2. Multireference Wave Function Methods. All of the
single reference methods studied here, despite their success,
are only applicable for excited states that are dominated by
single excitations. However, considering the important role
that the doubles correlation plays in the singlet−triplet
energetics of this set of molecules, the ideal method should
treat both single and double excited states with equal accuracy.
Multiconfiguration self-consistent field (MCSCF) methods
likeCASSCF and RASSCFare such theories that can treat
both single and doubly excited states with similar accuracies. It
is possible to calculate the percentage of doubly excited
configurations in the first singlet excited state from MCSCF
calculations. However, multireference character of the ground
state has to be taken into account while estimating double
excitation character of the S1 state.32,58 The HF configuration
contributes ∼80% to the ground-state RASSCF wave function
for all seven molecules. The S1 excited state is predominately
single reference in nature with singly excited configuration
contributing ∼73−80% to the first excited state. However, in
all seven molecules, doubly excited configurations contribute
∼5% to the RASSCF wave function of the S1 excited states.
Our analysis of the MCSCF wave function shows that even
though doubly excited configurations have significant con-
tribution to the S1 excited states of these molecules, the S1
excited state is still predominately single reference in nature.
MRPT259 can treat both singly and doubly excited states

with similar accuracy. To examine the performance of density
functional theory for inverted singlet−triplet gaps when
multireference wave function is used, we have studied the
performance of MC-PDFT. Unlike the TDDFT(D) approach,
in multireference wave function, doubly excited configurations
are explicitly added in the excited-state wave function. Both
MC-PDFT and MRPT2 methods are based on the wave
functions obtained from the MCSCF calculations. While
MRPT2 recovers dynamical correlation using PT2, MC-PDFT
recovers dynamical correlation using a new type of exchange−
correlation functionals called on-top pair-density functionals.35

Total MC-PDFT energy of ΨMCSCF state

ρ

ρ

= + ⟨Ψ | + |Ψ ⟩ + [ ]

+ [ Π]

−E V T V V

E ,

MC PDFT
nn MCSCF ne MCSCF C

ot (6)

where Vnn is the nuclear repulsion energy, ⟨ΨMCSCF|T +
Vne|ΨMCSCF⟩ is the summation of kinetic and nuclear-electron
attraction energies obtained from MCSCF calculations, VC[ρ]
is the classical electron−electron repulsion energy, and
Eot[ρ,Π] is the on-top pair-density energy.
In our calculations, we have used a variation of the MCSCF

method, RASSCF method, and the corresponding PT2
method, RASPT2, for studying the excited states of the
systems in the test set (Figure 1). RASPT2 predicted singlet−
triplet gaps of all molecules to be either negative or close to
zero, which is qualitatively similar to correlated single reference
wave function methods like CIS(D) and STEOM-CCSD.

Figure 3. Single−triplet gaps (ΔEST) for all seven chromophores were
computed with different double-hybrid functionals using def2-TZVP
basis sets.
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Interestingly, the on-top density functionals only predicted
negative singlet−triplet gaps for M19 and M21 (see Tables 1
and S3), even though MC-PDFT uses the same reference wave
function as RASPT2. We examined contributions of individual
component to singlet−triplet gaps of all seven molecules in
Table 2. First two terms in the MC-PDFT energy expression is

the same as MCSCF, and the classical electron−electron
repulsion term is exact. In Table 2, we see that contributions of
one electron energy and classical electron−electron repulsion
energy to the singlet−triplet gaps are opposite in sign in all
cases. Correlation energy contributes very little to the singlet−
triplet energy gaps. However, exchange energy has a very
significant contribution to the singlet−triplet energy gaps and
possibly the reason behind the mixed success of MC-PDFT.
This aspect will be discussed later in the context of eDFT
results.
3.3. Excited-State DFT. Within the framework of KS-

DFT, here, we have further tested the singlet−triplet gaps
using a variational excited-state method called eDFT. In this
approach, we have a variationally optimized ground (S0) and

first triplet excited state (T1) using regular SCF procedure in
the ground-state KS-DFT framework. For the S1 state, we have
modified the SCF procedure at every density matrix update
step by keeping the occupation number of beta HOMO and
beta LUMO 0 and 1, respectively. We have obtained the
energy of the S1 state for all seven molecules in our test set
based on this approach.
We have calculated singlet−triplet gaps for all seven

molecules in our test set using B3LYP, PBE,60 and PBE061

functional within eDFT method (Table 3). We have also
computed the singlet−triplet gaps using the eDFT approach
for HF theory. Interestingly, all three density functionals
predict near zero or negative singlet−triplet gaps, but HF
theory overestimates the singlet−triplet gaps. Computed
singlet−triplet gaps increase with the amount of HF exchange
in the exchange−correlation functional. Among all three
functionals tested here, PBE0 predicts singlet−triplet gap
closest to the DLPNO−STEOM−CCSD results.
These results are particularly encouraging because LR-

TDDFT fails to get correct singlet−triplet gaps for these seven
molecules using the same functionals. This points to the lack of
orbital optimization at the excited-state as the origin of the
failure of LR-TDDFT for inverted singlet−triplet gaps.
As tPBE pair-density functional was developed from PBE

KS-DFT exchange−correlation functional, we explore the
results obtained using PBE in more details. In Table 4, we
have reported the decomposition of singlet−triplet energy gaps
for different components of KS-DFT energy equation.
Interestingly, exchange energy contributions to the singlet−
triplet gaps computed from eDFT are always negative.
However, in the case of tPBE, the contribution from the
exchange energy does not always go in the same direction. We
have seen that in the case of tPBE, for M-19, M-21, azine-4N,
and azine-7N, the exchange energy contributions are positive,
whereas exchange energy turns negative for M-18, M-20, and
azine (Table 2). It is possible that new pair-density functionals
need to be developed to get accurate results for these

Table 1. Vertical S0−S1 and S0−T1 Excitation Energies (in eV) of the Studied Chromophores Based on Multireference
Calculations

RASSCF RASPT2 tPBE DLPNO−STEOM−CCSD

S1 T1 ΔEST S1 T1 ΔEST S1 T1 ΔEST S1 T1 ΔEST

M18 2.03 2.27 −0.24 1.98 1.92 0.06 2.29 2.12 0.17 1.83 2.05 −0.22
M19 2.51 2.61 −0.10 2.56 2.62 −0.06 2.91 2.96 −0.05 2.31 2.64 −0.33
M20 2.35 2.59 −0.24 2.52 2.58 −0.06 2.97 2.83 0.14 2.28 2.53 −0.25
M21 2.71 2.86 −0.15 2.76 2.92 −0.16 3.08 3.22 −0.14 2.47 2.75 −0.28
azine 0.65 0.93 −0.28 0.86 0.89 −0.03 1.37 1.2 0.17 0.61 1.04 −0.43
azine-4N 2.24 2.22 0.02 1.89 1.84 0.05 2.03 1.94 0.09 1.92 2.11 −0.19
azine-7N 2.56 2.95 −0.39 2.54 2.67 −0.13 2.8 2.69 0.11 2.35 3.01 −0.66

Table 2. Contributions of Different Components of MC-
PDFT Energy to the Vertical Singlet−Triplet Gaps (in eV)
of the Studied Chromophores Calculated with tPBE
Functional

one-electron
energy

classical
e−e

repulsion
energy

exchange
energy

correlation
energy ΔEST

M-18 0.59 −0.09 −0.35 0.02 0.17
M-19 −0.42 0.31 0.07 −0.01 0.05
M-20 −0.64 0.90 −0.13 0.01 0.13
M-21 −0.56 0.20 0.24 −0.02 −0.13
azine −0.96 1.50 −0.38 0.01 0.17
azine-4N −0.89 0.68 0.31 −0.01 0.09
azine-7N −1.10 0.95 0.27 0.00 0.11

Table 3. Vertical S0−S1 and S0−T1 Excitation Energies (in eV) of the Studied Chromophores Based on eDFT Calculations

PBE B3LYP PBE0 HF DLPNO−STEOM−CCSD

S1 T1 ΔEST S1 T1 ΔEST S1 T1 ΔEST S1 T1 ΔEST S1 T1 ΔEST

M18 2.05 2.03 0.02 2.02 2.06 −0.04 1.99 2.22 −0.23 0.53 1.51 −0.97 1.83 2.05 −0.22
M19 2.57 2.53 0.04 2.59 2.60 −0.01 2.58 2.62 −0.03 3.26 2.23 1.03 2.31 2.64 −0.33
M20 2.54 2.53 0.01 2.56 2.53 0.03 2.55 2.53 0.02 3.02 2.09 0.93 2.28 2.53 −0.25
M21 2.76 2.75 0.01 2.79 2.88 −0.08 2.79 2.93 −0.13 1.48 2.15 −0.67 2.47 2.75 −0.28
azine 1.06 1.07 −0.01 0.96 1.07 −0.11 0.89 1.06 −0.17 0.78 1.74 −0.95 0.61 1.04 −0.43
azine-4N 1.91 1.89 0.03 1.94 2.00 −0.07 1.92 2.04 −0.11 1.32 2.52 −1.20 1.92 2.11 −0.19
azine-7N 2.52 2.54 −0.02 2.59 2.75 −0.15 2.59 2.82 −0.22 1.43 3.75 −2.32 2.35 3.01 −0.66
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systems.62,63 It is also important to note that MC-PDFT is a
post-SCF process like LR-TDDFT. Hence, the lack of orbital
optimization may also be a reason for the failure of MC-PDFT
for inverted singlet−triplet gaps.

4. CONCLUSIONS
In this article, we have tested different density functional and
combined density functional and wave function theories to
determine the origin of the failure of density functionals for
inverted singlet−triplet gaps. We have found that the LR-
TDDFT(D) method with proper choice of double-hybrid
density functionals can obtain singlet−triplet inversion. These
results indicate that the inclusion of correlation resulting from
double excitations is essential to get inverted singlet−triplet
gaps. Our MCSCF calculations, however, have shown that
even though first excited states of all seven molecules studied
here have non-zero contributions of doubly excited config-
urations, these excited states are dominated mainly by a singly
excited configuration. These results show that the inclusion of
doubly excited configurations to the excited state wave
function is not always important for accurate energetics of
the singlet and triplet states. Although RASSCF and RASPT2
provided correct energetics for inverted singlet−triplet gaps,
MC-PDFT with the same RASSCF wave function provided
mixed success for the same set of molecules.
To see the effect of orbital optimization on the excited-state

energetics, we have calculated singlet−triplet energies of our
test set using the eDFT method. We found that eDFT with
conventional local and hybrid functionals produced correct
energetics for the studied molecules. These results indicate
toward the importance of orbital optimization for obtaining
correct singlet−triplet gaps in these molecules, which is
missing in the LR-TDDFT.
Finally, we conclude that it is possible to obtain inverted

singlet−triplet gaps using the DFT framework either by using
the LR-TDDFT(D) method with proper choice of double-
hybrid functionals or by using the eDFT method as a final nail
in the coffin about the computation of inverted singlet−triplet
gaps.
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■ NOTE ADDED AFTER ASAP PUBLICATION
Due to a production error, this paper was published ASAP on
February 11, 2022, with an error in Equation 6. The corrected
version was reposted on February 11, 2022.
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