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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 (LR-TDDFT) fails to predict the correct excited state energy ordering. 

Herein, we have shown that it is possible to get inverted singlet-triplet gaps within the density 

functional theory framework by taking into account correlation contributed by double excitations 

and choosing correct exchange-correctional functional. Going beyond Kohn-Sham density 

functional theory (KS-DFT), we have demonstrated that a combined wave function and density 

functional method resulting in multiconfiguration pair-density functional theory (MC-PDFT), in 

some cases, can predict inverted singlet-triplet gaps. Consequently, we have identified that both 

the missing doubly excited configurations and the form of the exchange-correlation functionals 

are the foremost grounds for the failure of the LR-TDDFT method. We have also compared the 

accuracy of single reference correlated wave function methods for these low-lying singlet and 

triplet excited states to multireference second-order perturbation theory.  

 



 

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 happen 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).7,8,9 Both theoretical and computational modeling has contributed significantly in finding 

efficient design principles for TADF materials.10-14 Most TADF materials developed so far have 

small but positive ΔEST  gaps as Hund’s rule15 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, some N-

doped triangulate molecules have been shown to violate Hund’s rule by having inverted singlet-

triplet gaps (ΔEST < 0) .16,17 These materials benefit from the efficient reverse intersystem crossing 

process from T1 to S1 state, leading to substantial fluorescence rates, thus, in turn, suitable 

candidates for TADF materials. 

     In recent publications, computational studies have proposed several new molecules that can 

produce inverted singlet-triplet gaps (ΔEST <0).10-13 Pollice et al identified computationally a set 

of organic chromophores that showed efficient TADF processes using equation-of-motion 

coupled-cluster singles and doubles (EOM-CCSD)18 as the method of choice for large-scale 

screening.11  Sancho-Garcia and co-workers have suggested that small chemical modifications of 



 

the triangle derivatives can produce good candidates for inverted singlet-triplet gap using several 

correlated wave function methods.13,19 While many wave function-based electronic structure 

methods, such as configuration interaction singles with doubles correction (CIS(D))20, EOM-

CCSD18 and similarity transformed equation-of-motion coupled-cluster singles and doubles 

(STEOM-CCSD)21,22, have predicted inverted singlet-triplet gaps qualitatively correctly, one of 

the most widely used excited-state electronic structure method, linear response time-dependent 

density functional theory (LR-TDDFT)23 has failed to predict the inversion of singlet-triplet gaps. 

Computational studies, in the past, pointed towards the inability of LR-TDDFT to incorporate 

double excitations by going beyond adiabatic approximation24 as the source of this error.10 

However, most of the studies have been limited within the framework of conventional LR-TDDFT 

methods, and the importance of doubles excitations in predicting inverted singlet-triplet gaps have 

not been investigated yet. In this article, we have investigated if the inclusion of correlation 

obtained from double excitations to the conventional LR-TDDFT calculations can predict inverted 

singlet-triplet gaps. Going beyond conventional KS-DFT methods, we have examined the accuracy 

of a combined wave function and density functional method, known as multiconfiguration pair-

density functional theory (MC-PDFT) 25,26, developed by Li Manni et al., in predicting energetics 

of low-lying singlet and triplet excited states of seven test systems (figure 1). Finally, we have 

examined the accuracy of single reference correlated wave function methods with respect to 

multireference second-order perturbation theory (MRPT2). 



 

 

 

 

 

 

 

Figure 1. Chemical structures of molecules investigated in this work. 

   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: 

𝐴𝑖𝑎,𝑗𝑏 = 𝛿𝑖𝑗𝛿𝑎𝑏(𝜀𝑎 − 𝜀𝑏) + (𝑖𝑎|𝑗𝑏) − 𝐶𝐻𝐹(𝑖𝑗|𝑎𝑏) + (1 − 𝐶𝐻𝐹)(𝑖𝑎|𝑓𝑥𝑐|𝑗𝑏)         (2) 

𝐵𝑖𝑎,𝑗𝑏 = (𝑖𝑎|𝑏𝑗) − 𝐶𝐻𝐹(𝑖𝑏|𝑎𝑗) + (1 − 𝐶𝐻𝐹)(𝑖𝑎|𝑓𝑥𝑐|𝑏𝑗)     (3) 

where 𝐶𝐻𝐹 is the percentage of HF exchange in the exchange-correlation functional, 𝑓𝑥𝑐 is the 

exchange-correlation kernel, ε is the energy eigenvalues. In the case of RPA or TDHF, 𝐶𝐻𝐹 is equal 

to 1 and the exchange-correlation kernel is zero. Head-Gordon and coworkers developed CIS(D) 

method to account for correlation energy resulting from double excitations in a perturbative way.20 

Neese and Grimme extended this approach to LR-TDDFT for double-hybrid exchange-correlation 



 

functionals following the same approach as CIS(D).27 Excitation energies in the doubles corrected 

TDDFT method (LR-TDDFT(D)), 

𝛺𝑇𝐷𝐷𝐹𝑇(𝐷) = 𝛺𝑇𝐷𝐷𝐹𝑇 + 𝑎𝑐∆(𝐷)             (4) 

where ∆(𝐷) is the perturbative doubles correction obtained from MP2 and 𝑎𝑐 is the scaling factor 

for MP2 correlation in double-hybrid functionals. Scaling factor, 𝑎𝑐, is equal to 1 for CIS(D) and 

RPA(D) method. Within TDDFT and CIS methods, the B matrix in equation 1 can be 

approximated to zero which is called Tamm-Dancoff approximation (TDA). 

Herein, we have examined electronic structures of ground and first excited S1 and T1   states 

of seven molecules as shown in Figure 1, which are predicted to have inverted or isoenergetic S1 

and T1  states by previous theoretical and experimental studies.11,22 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 positive singlet-triplet gaps (ΔEST > 0) with the conventional LR-TDDFT 

method (see the table S1 in the SI). In Figure 2, we have shown CAM-B3LYP as a representative 

example of the performance of exchange-correlation functionals within 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 domain-based local pair natural 

orbital (DLPNO) STEOM-CCSD methods. RPA(D), CIS(D) and DLPNO-STEOM-CCSD 

successfully predicted inverted singlet-triplet gaps for all seven molecules (Figure 2).22 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 be able 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 and CIS(D) method, indicates that the failure of 

conventional LR-TDDFT to take double excitations or even correlation resulting from double 

excitations into account can be a major reason for its failure.   

 

 

 

 

 

 

Figure 2. Single-triplet gaps (ΔEST) for all seven chromophores were computed with different 

electronic structure methods using def2-TZVP basis sets. 

In the same philosophy of CIS(D) or RPA(D), 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.27 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 for Azine-7N and M19 

and isoenergtic ΔEST gap for Azine but predicted positive ΔEST gap for the remaining four 

molecules. 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 (equation 4) and also by 

the exchange-correlation kernel (𝑓𝑥𝑐) (equations 2 and 3). The nonlocal correlation part in B2PLYP 

(i.e., MP2 contribution) is scaled according to the functional form (equation 4). 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 conventional exchange-correlation functionals within 

adiabatic approximation 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). ΔEST values for seven molecules obtained using 

some of those functionals has been reported in figure 3.  Like B2PLYP, PBE-QIBH provided 

mixed success for ΔEST values.  ωB97X-228 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-

PLYP2129,30,31, SOS-PBEPP8631 and SCS-PBE-QIBH31 functionals that were optimized 

specifically for excited states by Casanova-Páez and Goerigk, provided either close to zero or 

negative ΔEST gap for all seven molecules.    



 

 

 

 

 

 

 

Figure 3. Single-triplet gaps (ΔEST) for all seven chromophores were computed with different 

double-hybrid using def2-TZVP basis sets. 

All of the single reference methods studied here, despite their success, only applicable for 

excited states that are dominated by single excitations. However, considering the important role 

that double excitations play in the singlet-triplet energetics of this set of molecules, the ideal 

method should treat both single and double excited states with equal accuracy. Figure 4 shows the 

percentage of doubly excited configuration in the first singlet excited state from restricted active 

space self-consistent field (RASSCF) calculations. Our analysis shows that S1 state for all seven 

molecules have significant double excitation contribution even though the S1 excited states are 

still predominately single excited states. 



 

 

 

 

 

 

 

Figure 4. Percentage (%) of doubly excited configurations in the RASSCF wave function the S1 

state of all the chromophores in Figure 1. 

Multireference second-order perturbation theory (MRPT2)32 can treat both singly and 

doubly excited states with similar accuracy. MC-PDFT can be another method of choice that 

properly takes into account doubly excited configurations but within the density functional theory 

framework. Both MC-PDFT and MRPT2 methods are based on wave functions obtained from the 

multiconfigurational self-consistent field (MCSCF) calculations. While MRPT2 recovers 

dynamical correlation using second-order perturbation theory, MC-PDFT recovers dynamical 

correlation using a new type of exchange-correlation functionals called on-top pair-density 

functionals.25 Total MC-PDFT energy of  𝛹𝑀𝐶𝑆𝐶𝐹  state,  

𝐸𝑀𝐶−𝑃𝐷𝐹𝑇 = 𝑉𝑛𝑛 + ⟨𝛹𝑀𝐶𝑆𝐶𝐹|𝑇 + 𝑉𝑛𝑒|𝛹𝑀𝐶𝑆𝐶𝐹⟩ + 𝑉𝐶[𝜌] + 𝐸𝑜𝑡[𝜌, 𝛱]           (5) 

where 𝑉𝑛𝑛 is 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 functional.  



 

Table 1. Vertical S0-S1, and S0-T1 excitation energies (in eV) of the studied chromophores based 

on double hybrid functionals. Def2-TZVP basis is employed for all calculations. 

 RASSCF RASPT2 tPBE 

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 

       M19  2.51 2.61 -0.10 2.56 2.62 -0.06 2.91 2.96 -0.05 

M20  2.35 2.59 -0.24 2.52 2.58 -0.06 2.97 2.83 0.14 

M21  2.71 2.86 -0.15 2.76 2.92 -0.16 3.08 3.22 -0.14 

Azine  0.65 0.93 -0.28 0.86 0.89 -0.03 1.37 1.2 0.17 

Azine-4N  2.24 2.22 0.02 1.89 1.84 0.05 2.03 1.94 0.09 

Azine-7N  2.56 2.95 -0.39 2.54 2.67 -0.13 2.8 2.69 0.11 

 

In our calculations, we have used a variation of the MCSCF method, restricted active space 

self-consistent field (RASSCF)33 method and the corresponding PT2 method, RASPT234, for 

studying the excited state of these systems. RASPT2 predicted singlet-triplet gaps of all molecules 

to be either negative or close to zero which is qualitatively similar to correlated wave function 

methods like CIS(D) and STEOM-CCSD. Interestingly, the on-top density functionals only 

predicted negative singlet-triplet gaps for M19 and M21 (see table 1 and table S3), even though 

MC-PDFT uses the same reference wave function as RASPT2. First two terms in the MC-PDFT 

energy expression is same as MCSCF and the classical electron-electron repulsion term is exact. 

So, the failure of MC-PDFT can be traced back to the form of pair-density functionals (tPBE, 

ftPBE, tBLYP and ftBLYP). Similar to KS-DFT, better functional form needs to be developed in 

the framework of MC-PDFT for accurate treatment of this type of excited state energetics. 

Interestingly, even though the successes of both LR-TDDFT(D) and MC-PDFT seem to depend 



 

strongly on the choice of density functionals, these two methods treat double excitations in two 

very different ways. While LR-TDDFT(D) takes into account only the correlation contributions 

coming from double excitations, it does not include doubly excited configurations in the excited 

state wave functions. On the other hand, MC-PDFT uses MCSCF wave function that includes 

doubly excited configurations. In spite of this fundamental difference, both these approaches have 

shown promising results for this type of problems in this study.  

In this article, we have shown that the inability of conventional LR-TDDFT to take double 

excitation contributions into account as one of the major reasons for the failure of KS-DFT in 

predicting singlet-triple inversion. As a remedy we have recommended use of the LR-TDDFT(D) 

method with double-hybrid exchange-correlation functionals. Using LR-TDDFT(D) method, in 

our study, we have identified double-hybrid functionals that can provide reliable accuracy for 

calculating ΔEST gap of TADF molecules. Like some of the double-hybrid functionals, MC-PDFT 

has also provided mixed success for our test set. Even though both MC-PDFT and RASPT2 used 

same RASSCF wave functions, occasional failure of MC-PDFT clearly due to the form of pair-

density functionals. New pair-density functionals need to be developed that will be able to model 

negative ΔEST or singlet-triplet energetics in TADF materials in general. We have established that 

within KS-DFT and MC-PDFT framework, it is important to choose a proper functional form and 

excited-state methods for studying excited state energetics of this type of systems. We have also 

pointed out that MRPT2 and single reference wave function methods that account for correlations 

originating from double excitations produce qualitatively similar results. 

 

COMPUTATIONAL DETAILS: 



 

All KS-DFT, LR-TDDFT, CIS, CIS(D) and DLPNO-STEOM-CCSD calculations were performed 

using a development version of the ORCA suits of programs based on version 5.0.35 All RASSCF, 

RASPT2 and MC-PDFT calculations were performed using OpenMolcas software package36 

(v19.11, tag 1689-g1367d6fd9). All RASPT2 calculations used an imaginary shift of 5.44 eV to 

alleviate intruder states.37 All calculations used Alrich’s def2 triple zeta with polarization basis 

functions, def2-TZVP38. RASSCF calculation are performed for all seven molecule using full π-

valence active spaces. For RASSCF calculations on Azine, Azine-4N and Azine-7N, RAS2 only 

includes HOMO and LUMO, RAS1 includes 6 occupied orbitals, RAS3 includes 6 unoccupied 

orbitals and maximum 2 holes and 2 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 6 occupied orbitals, RAS3 includes 6 unoccupied orbitals and 

maximum 2 holes and 2 electrons are allowed in RAS1 and RAS3, respectively. Geometries of 

molecules in the test set were optimized in the gas-phase at B3LYP39/def2-TZVP level of theory, 

including Grimme’s D3 dispersion correction40 and Becke-Johnson damping function41.   
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