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Abstract

We have investigated the origin of the S1-T1 energy levels inversion

for heptazine, and other N-doped π-conjugated hydrocarbons, leading

thus to an unusually negative singlet-triplet energy gap (∆EST < 0).

Since this inversion might rely on substantial doubly-excited config-

urations to the S1 and/or T1 wavefunctions, we have systematically

applied multi-configurational SA-CASSCF and SC-NEVPT2 methods,

SCS-corrected CC2 and ADC(2) approaches, and linear-response TD-

DFT, to analyze if the latter method could also face this challenging

issue. We have also extended the study to B-doped π-conjugated sys-

tems, to see the effect of chemical composition on the results. For all

the systems studied, an intricate interplay between the singlet-triplet

exchange interaction, the influence of doubly-excited configurations,

and the impact of dynamic correlation effects, serves to explain the

∆EST < 0 values found for most of the compounds, which is not pre-

dicted by TD-DFT.

Key words: Singlet-triplet energy gap; heptazine derivatives; electron
correlation effects; TD-DFT; SA-CASSCF; SC-NEVPT2; SCS-CC2; SCS-
ADC(2).
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1 Introduction

Heptazine (also commonly known as tri-s-triazine and composed of three

fused triazine rings) consists on a triangular core with N-substituted sites

and it was first synthesized in 1982 [1]. There is now a renewed interest in

heptazine derivatives as precursors of N-rich carbon nitrides [2, 3], building

blocks of photocatalytic porous polymer networks [4, 5], and efficient light-

emitters [6, 7] in Organic Light-Emitting Diodes (OLEDs), among other

envisioned applications. Besides, and more generally speaking, N- and B-

doped triangulene-based compounds, such as DABNA-1 or TABNA [8–10],

present unique features with high interest for optoeletronics applications,

such as narrow emission and high quantum yield, while displaying Ther-

mally Activated Delayed Fluorescence (TADF). These properties are driven

by short-range charge-transfer [11], which spatially separate the hole and the

electron densities on neighbouring atomic sites while ensuring a high polar-

izability [12]. Oligomerization of heptazine is also a promising and versatile

route towards catalysis for hydrogen production and water splitting [13–15]

and CO2 uptake [16], as well as substitution at the corners to improve the

photocatalytic performance [17]. This scenario allows to foresee a blooming

of studies for energy conversion and storage, as well as for industrial and

environmental applications of heptazine derivatives and oligomers [18, 19].

Particularly interesting from both an experimental and theoretical point

of view, e.g. in the search of more efficient photophysical applications, is

the location of the lowest singlet and triplet excited-state energy levels of

triangular shape molecules. Recent interesting works have shown a violation

of Hund’s multiplicity rule in N-doped triangulenes, namely cyclazine and

heptazine, with the lowest triplet excited-state (T1) found higher in energy
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than the lowest singlet excited-state (S1) contrarily to almost all known

closed-shell organic molecules [20, 21]. Violation of Hund’s rule has been

studied before, mostly for establishing the correct spin multiplicity of the

ground-state [22, 23], and it can occur for π-conjugated hydrocarbons with

a bipartite lattice. The triangle-shaped topology of heptazine and related

molecules could certainly play some role [24] but the importance of on-site

heterosubstitution with N atoms, and how closely related molecules could

obey or not the Hund’s rule, deserves to be further investigated to estab-

lish structure-property relationships [25]. We have thus selected a set of

N-substituted hydrocarbons with a triangle-like shape, see Figure 1, and

carefully applied state-of-the-art excited-state methods to obtain the de-

sired energy levels. We will also extend the study to other closely related

molecules, including some B-doped examples, to further discuss the effect of

chemical susbtitution.

Concerning the methods choice, Time-Dependent Density-Functional

Theory (TD-DFT) [26–29] has been shown unable before to provide for these

molecules the correct order of the states, independently of the exchange-

correlation functional selected [20, 21]. Generally speaking, the global ac-

curacy of TD-DFT is out of question, as well as its excellent trade-off be-

tween accuracy and computational cost for real-world applications, but these

are also examples for which the adiabatic approximation (i.e., frequency-

independent kernels) introduces some limits [30]. This issue is further ex-

plored here, hopefully complementing previous studies [20,21] after inspect-

ing first the corresponding theoretical expression in which the TD-DFT

singlet-triplet gap is based. Additionally, we will try to provide insights,

beyond the one-electron molecular picture [31], to understand why (highly)
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correlated methods are able to cope with the underlying electronic struc-

ture of these systems, and thus predicting the correct order and energy of

excited-states, contrarily to what happens with TD-DFT. This theoretical

understanding could pave the way towards the theoretical design of other

closed-shell organic molecules with inverted excited-states and therefore with

prospects in optoelectronic and photocatalytic applications.

2 Theoretical framework

2.1 Explicit expression from the TD-DFT method

One central aspect of the present work is to demonstrate if the inversion

of S1 and T1 states can be predicted or not accurately by TD-DFT: we thus

present first the expression used for the corresponding energy difference,

∆EST , to understand the origin of its performance. Upon a linear-response

regime, the excitation energies (Ω) between ground- and excited-states arise

from the solution of the non-Hermitian eigenvalue problem [32]:

[

A B

B
⋆

A
⋆

] [

X

Y

]

= ΩTD−DFT

[

1 0

0 −1

] [

X

Y

]

, (1)

with X (Y) the set of (de-)excitation amplitudes. Occupied (unoccupied)

orbitals are denoted in the following as i, j (a, b). We can introduce in the

expression(if needed) the weight (Cx) of the HF-like exchange term entering

into the hybrid form of the exchange-correlation hybrid functional, Exc[ρ],

chosen. A pure (semi-local) functional will have consequently Cx = 0. The

spinless matrix elements of the orbital rotation Hessians matrices A and B

are given by:

Aia,jb = δijδab(ǫa − ǫi) + (ia|jb)− Cx(ij|ab) + (1− Cx) (ia|f̂xc|jb) (2)

Bia,jb = (ia|bj)− Cx(ib|aj) + (1− Cx) (ia|f̂xc|bj), (3)
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with ǫ the energy eigenvalue, (ia|jb) the integral
∫∫

φ⋆
i (r)φa(r)

1
|r−r

′|φ
⋆
j (r

′)φb(r
′)drdr′,

which could take an exchange-type, (ia|jb) or simply K, or as a Coulomb-

type form, (ij|ab); and (ia|f̂xc|jb) the integral
∫∫

φ⋆
i (r)φa(r)f̂xc(r, r

′, ω)φ⋆
j (r

′)φb(r
′)drdr′,

with f̂xc = δ2Exc[ρ]
δρ(r)ρ(r′) the (approximate) exchange-correlation kernel. Note

that: (i) in the adiabatic approximation mostly used in practice, f̂xc is

made frequency-independent and it thus reduces to f̂xc(r, r
′); and (ii) the

term (ia|f̂xc|bj) is often negative [33] with a magnitude depending on each

system and the exchange-correlation functional chosen.

The Tamm-Dancoff approximation [34] sets B = 0 in the full TD-DFT

equations; Eq. (1) thus becomes AX = ΩTDA−DFTX, with the matrix

elements simplified (setting also Cx = 0) to:

Aia,jb = δijδab(ǫa − ǫi) + (ia|jb) + (ia|f̂xc|jb). (4)

Note that: (i) in contrast to the Configuration Interaction Singles (CIS)

formalism, any TD(A)-DFT result will also depend on the (ia|f̂xc|jb) term;

and (ii) the CIS method is recovered by replacing the last term by −(ij|ab).

Since our main interests is the singlet-triplet energy difference, and taking

into account that most excitations in conjugated systems are dominated by

the (i→ a) orbital transition, it thus becomes in its simplest form:

∆EST ≈ 2(ia|jb) + 2(ia|f̂xc|jb). (5)

Note that this result was previously emphasized on Refs. 11 and 20, for a

necessarily simplified “two-state model”. For TDA-DFT, the second term in

Eq. (5) is expected to decrease the ∆EST values. Thus, potentially, ∆EST

could be negative depending on the relative magnitude of |(ia|f̂xc|jb)| vs.

(ia|jb), since two-electron integrals (first term) are positive definite.
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2.2 Computational details

All the structures were optimized by the B97-3c method [35], unless

some exception for which the HF-3c method [36] was used instead, obtain-

ing rigid and completely planar geometries with all-real (3N − 6) vibra-

tional frequencies. Then, we calculated (vertical) relative energies between

ground- and lowest excited-state of singlet (S1) and triplet (T1) multiplic-

ity, S1 ← S0 and T1 ← S0 respectively, giving rise to the singlet-triplet

energy difference always calculated as ∆EST = E(S1 ← S0)− E(T1 ← S0).

Relaxing the geometrical structures of the S1 and T1 states is not ex-

pected to have any influence due to the rigidity of the molecular back-

bone [12]. We carried out Time-Dependent DFT calculations (TD-DFT) to-

gether with the Tamm-Dancoff approximation (TDA-DFT) [34], with PBE-

based exchange-correlation functionals [37, 38]. However, the conclusion

are not expected to differ upon employing any other approximation (e.g.

the M06-2X [39] and ωB97XD functionals [40] are also explored). The

multi-configurational Complete Active Space Self-Consistent Field (State-

Averaged) (SA-)CASSCF and N-electron Valence second-order Perturbation

Theory (Strongly-Contracted) (SC-)NEVPT2 [41–43] methods employed an

increasingly larger (N,M) active space of N electrons in M orbitals, to

discard any qualitative influence of the active space selection, and always

demanded the same number of roots of each multiplicity (Sn and Tn). Note

that for simplicity we do not include possible N 6= M active spaces. These

calculations are done in conjuction with natural orbitals obtained at a first

step at the second-order Møller-Plesset perturbation theory (MP2). To be

sure that the results remains independent of the technicalities of the methods

selected, we also performed another set of ab initio calculations: (i) Config-

uration Interaction Singles, CIS, also approximately corrected with Double
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excitations, CIS(D); (ii) Second-order approximate Coupled Cluster singles

and doubles model, CC2 [44,45]; and (iii) Second-order Algebraic Diagram-

matic Construction, ADC(2) [46]. Note that for CC2 and ADC(2) the Spin-

Component-Scaling (SCS-) correction was employed [47] to account for miss-

ing correlation effects upon scaling the same and opposite spin-components

separately. The TDA-DFT, CIS, SA-CASSCF, and SC-NEVPT2 calcula-

tions are done with the ORCA 4.0 package [48]; CIS(D), SCS-CC2, and

SCS-ADC(2) are instead done with the TURBOMOLE 7.4 package [49].

We fixed the def2-TZVP basis set [50] for all the calculations, which were

done with the Resolution-of-the-Identity (RI) approximation [51], together

with the corresponding auxiliary basis sets [52] def2/JK and def2-TZVP/C.

2.3 Previous evidences of ∆EST < 0 for heptazine and its

derivatives

Next, we will summarize the available experimental and theoretical in-

formation about these systems. Recent experimental studies on heptazine

(actually a substituted heptazine but with substituents attached to the cor-

ners weakly affecting its electronic structure and photophysics) clearly evi-

denced the inversion of S1 and T1 states [21] from the observed long lifetime

of the S1 state in presence or in absence of molecular oxygen which is ex-

pected to quench triplet excited states. Prompt and delayed fluorescence

has been also demonstrated on several heptazine derivatives [53]. Note also

that the absorption spectra of other N-doped 2T-N and 2T-4N compounds

were also measured in the past [54,55], with the energy location of the triplet

state being still challenging. Actually, it was also experimentally found a

very short lifetime of the T1 state of 2T-4N [55], compatible with a radia-

tionless intersystem crossing S1 ← T1 and thus isoenergetic energy levels.
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From a theoretical point of view, previous estimates of ∆EST at different

sophisticated theoretical levels such as RAS-SF, ADC(2), and EOM-CCSD

predicted values between –0.10 and –0.16 eV for 2T-N [20,56], while ADC(2),

CC2, EOM-CCSD, and CASPT2 methods predicted ∆EST energies between

–0.18 and –0.28 eV for 2T-7N [21].

3 Results and discussion

3.1 Understanding the performance of the TD-DFT method

To quantitatively corroborate the arguments exposed above about the

(possible) inability of CIS and TDA-DFT methods to predict a ∆EST < 0

value for these systems, a preliminary calculation of ∆EST by CIS for the

three compounds selected, see Table 1, leads to:

∆ECIS
ST (2T-N) = 0.337 eV (6)

∆ECIS
ST (2T-4N) = 0.685 eV (7)

∆ECIS
ST (2T-7N) = 0.410 eV. (8)

If the simplest “two-state” model, see Ref. 25 for details, was used that

would lead to a value of K, often referred as the “exchange energy” com-

prised between 0.17 − 0.34 eV, and thus slightly smaller than the values of

around 0.4 − 0.5 eV commonly found in π-conjugated polymers [57]. How-

ever, that is a rough approximation for K only valid for a model with singlet

and triplet states sharing the same electron configuration but different spin.

For a more robust expression, as that arising from a more extended “four-

state” model see also Ref. 25. These small values (in a simplified view) are

believed to arise from a minor overlap between the frontier occupied and

virtual orbitals and helped to explain, for instance, former strategies to de-

crease the ∆EST values by relying on the Donor-Acceptor (D-A) fragment
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strategy [58], of interest for the field or organic light-emission [59]. Actu-

ally, Figure 2 presents the disjoint nature of both the Highest Occupied and

Lowest Unoccupied Molecular Orbitals (HOMO and LUMO) for this set of

compounds, easily seen the different spatial location of the lobes and their

expected poor overlap.

If one performs a TDA-DFT calculation with just the PBE exchange

functional, thus neglecting (f̂c = 0) the corresponding correlation functional,

we obtain:

∆ETDA−PBEx
ST (2T-N) = 0.195 eV (9)

∆ETDA−PBEx
ST (2T-4N) = 0.274 eV (10)

∆ETDA−PBEx
ST (2T-7N) = 0.202 eV, (11)

while if we perform now the the corresponding TDA-DFT calculation, in-

cluding now both PBE exchange and correlation terms:

∆ETDA−PBE
ST (2T-N) = 0.187 eV (12)

∆ETDA−PBE
ST (2T-4N) = 0.260 eV (13)

∆ETDA−PBE
ST (2T-7N) = 0.199 eV, (14)

confirming these results the minor effect of the correlation potential, and

kernel, for Kohn-Sham (KS) orbital shapes and energies [60, 61], although

in the correct direction of decreasing the singlet-triplet gap. Note that for

other dyes commonly employed in the TADF field (i.e., 2CzPN, ACRXTN,

DABNA-1, and TABNA) these conclusions remain, with variations of less

than 0.1 eV for ∆EST between TDA-PBEx and TDA-PBE, showing how

this is indeed a general performance. The values for the S1 ← S0 and

T1 ← S0 excitation energies at all the TDA-DFT level can be found as Sup-
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plementary Material.

This is further corroborated by the HF-PBE calculation (i.e., within

a TDA-DFT framework adding the PBE correlation functional to the full

Hartree-Fock-like or exact-exchange term) from which we obtain rather sim-

ilar values to CIS:

∆ETDA−HF−PBE
ST (2T-N) = 0.321 eV (15)

∆ETDA−HF−PBE
ST (2T-4N) = 0.648 eV (16)

∆ETDA−HF−PBE
ST (2T-7N) = 0.390 eV. (17)

Comparing now the results from Eqs. (6)-(8) and (12)-(14), we can observe

the (negative) sign and magnitude (approximately half of the “exchange

energy”) of the (ia|f̂xc|jb) term [62], although still leading to ∆EST >

0 values. The use of a hybrid functional like PBE0 (Cx = 1/4) would

just situate the ∆EST results between both extremes (i.e., CIS and TDA-

PBE), as already found here and in previous publications too [20]: e.g.

∆ETDA−PBE0
ST (2T-N) = 0.219 eV. The use of a higher weight (i.e., Cx = 0.54

for M06-2X [39]) does not bring any significant difference: ∆ETDA−M06−2X
ST (2T-N) =

0.195 eV. Due to the disjoint nature of HOMO and LUMO, and since excited

states are mostly HOMO to LUMO excitations in the single-excitation pic-

ture, these excitations could thus be viewed as intramolecular (short-range)

charge-transfer excitations similarly as for DABNA-1 and TABNA com-

pounds. Previous failures of TD-DFT for dealing with charge-transfer exci-

tations were corrected using a long-range correction to the Exc[ρ] functional,

with the ωB97XD model [40] one of the most successfully employed versions.

However, to discard that the wrong prediction of the ∆EST < 0 values is

not a question of short- vs. long-range effects of the exchange-correlation

potential, the application of this functional to e.g. 2T-7N in previous pub-
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lications [21] also led to a positive ∆ETDA−ωB97XD
ST (2T-7N) = 0.23 eV. In

summary, it seems problematic to obtain a ∆EST < 0 value with standard

TD-DFT [63].

3.2 Single- and Multi-reference ab initio results

We first start analyzing the CIS(D) method, with double excitations

partly included through the (D) correction [64], which should allow to quan-

tify the importance of this correction if so. Actually, the trend is completely

reversed with respect to CIS, see Table 1, significantly modifying ∆ECIS
ST by

–0.62, –0.98, and –0.93 eV, for 2T-N, 2T-4N, and 2T-7N, leading respectively

to new values of:

∆E
CIS(D)
ST (2T-N) = −0.280 eV (18)

∆E
CIS(D)
ST (2T-4N) = −0.288 eV (19)

∆E
CIS(D)
ST (2T-7N) = −0.523 eV. (20)

The effect of double excitations for individual excited-state S1 and T1 ener-

gies is much more pronounced for S1, with a rough decrease (stabilization)

of –42 %, –35 %, and –38 %, for 2T-N, 2T-4N, and 2T-7N, respectively,

compared with the corresponding values for T1 of –7 %, –5 %, and –20 %,

in agreement with previous studies [65]. However, the ∆EST values at the

CIS(D) should be taken with some caution from recent benchmark studies

in organic chromophores [66].

Therefore, we systematically assess the impact of high-order excitations

by considering next some of the correlated methods applicable to excited-

states such as SCS-CC2, SCS-ADC(2), SA-CASSCF, and SC-NEVPT2 to

tackle these challenging systems. First of all, Table 1 also includes the re-
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sults of the SCS-CC2 and SCS-ADC(2) methods, from which it can be con-

sistently observe ∆EST < 0 values for all the systems. Since CCS results,

Coupled-Cluster with Single excitations, are similar to CIS, the (partial)

introduction of double excitations by CC2 is again key to have those results.

Note also that CIS(D) and SCS-corrected CC2 or ADC(2) methods rely on

rather different theories and approximations, but individual S1 ← S0 and

T1 ← S0 excitation energies are found in all cases in an excellent agreement

between them, and with respect to the available experimental information.

We also observe a close agreement between the CC2-based results and those

values previously calculated at the EOM-CCSD level for 2T-N (1.09 and 1.19

eV, respectively [20]) and for 2T-7N (2.78 and 2.96 eV, respectively [21]).

However, looking at the D1 diagnostics [67] at the CC2 level, we found val-

ues around 0.08 for the three systems, and thus slightly higher than the

threshold D1 ≤ 0.05 for which accurate results with respect to higher-order

correlation methods are expected. Therefore, for the sake of completeness,

we also apply next other family of methods.

Table 2 thus reports the results of systematically applying the SC-NEVPT2

method, with a pair of active spaces (minimal and large) to disentangle its

effect (if any) on the results. The SA-CASSCF method (see the Supple-

mentary Material) sometimes leads for these compounds to ∆EST > 0 and

sometimes to ∆EST < 0 values, indicating that the introduction of non-

dynamical correlation effects is not enough (although a first step) if one

wants to deal with the intricate electronic effects of triangle-shaped systems

due to its radicaloid nature [56]. The SC-NEVPT2 correction significantly

decreases the SA-CASSCF results for S1 ← S0 and T1 ← S0 excitation en-

ergies of 2T-4N and 2T-7N, provinding in all cases very consistent results.
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Looking at the radicaloid nature of the ground-state (S0) of these systems,

as given by the integrated number of electrons (NU ) housed on fractionally

occupied orbitals [68–70], see details as Supplementary Material, we can see

a transition from moderately (mono)radicaloid (NU = 0.75 for 2T-N) to

negligibly radicaloid (NU = 0.26 character for 2T-7N), passing through an

intermediate value of NU = 0.37 character for 2T-4N.

Interestingly, when the dynamical correlation energy is introduced by the

SC-NEVPT2 method, a value of ∆EST < 0 for the singlet-triplet energy gap

of all the systems is consistently obtained, in agreement with experimental

and theoretical findings by the other methods explored before. Note also

the quantitative agreement for individual S1 ← S0 and T1 ← S0 excita-

tion energies between SC-NEVPT2 values and experimental estimates, a

fact also corroborated before from benchmark calculations (pseudo-FCI re-

sults) of small systems [71]. This behaviour reflects the strong influence of

“dynamic” correlation effects, introduced by the SC-NEVPT2 method, for

achieving a ∆EST < 0 value for 2T-7N. Furthermore, we also comment on

the calculated S1 ← S0 oscillator strengths, for which negligible or very small

values are observed [e.g. as much as f = 4 · 10−3 at the SC-NEVPT2(12,12)

level for 2T-7N] in all cases and at all levels, leading essentially to dark states.

We investigate the weight of double- and higher-order excitations in the

final CAS wavefunction of these systems. The CAS wavefunction is ex-

pressed as a linear combination of simply-, doubly-, triply-substituted, etc.

Slater determinants, but with the excitation operator confined within the
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subset of the selected active orbitals, as:

|ΨCAS〉 =
∑

M

CM |ΨM 〉 = C0|Ψ0〉+
∑

i,a

Ca
i |Ψ

a
i 〉+

∑

ij,ab

Cab
ij |Ψ

ab
ij 〉+

∑

ijk,abc

Cabc
ijk |Ψ

abc
ijk〉+· · · ,

(21)

with Ca
i , C

ab
ij , C

abc
ijk , etc. the corresponding coefficients of the expansion.

The relative weight of the sum of Cab
ij , C

abc
ijk , etc. coefficients reflects the

importance of n-tuple excitations beyond single-particle ones. Note that for

the S0 wavefunction of all the systems, values of 6.2 %, 4.2 %, and 7.9 %,

for 2T-N, 2T-4N, and 2T-7N, are calculated, respectively. Those weights

are equal to 10.3 % (8.3 %) for the S1 (T1) excited-states of 2T-N, consider-

ably higher than for other chromophores largely exploited as light-emitters

for TADF applications [72]. For instance, for the compound 2CzPN, for

which a ∆EST > 0 value is theoretically and experimentally obtained, those

weights roughly were 1.0 % and 0.7 %, respectively, at the SA-CASSCF

level. For 2T-4N, and similarly to the case of 2T-N, we found values up to

10.1 % (8.4 %) for the S1 (T1) excited-states, and thus also slightly higher

for the singlet than for the triplet wavefunction. Doubly-excited configura-

tions are known to lead to a stabilization few times larger for singlet than

for triplet excited-states, which supports the ∆EST < 0 values obtained for

2T-N and 2T-4N essentially because Coulomb correlation primarily involves

the interaction between anti-parallel spins [73, 74]. For 2T-7N, those values

are 10.2 % (8.6 %) for the S1 (T1) excited-states, and therefore similar to

2T-N and 2T-4N.

3.3 Extension to other systems

We have also explored other systems as a proof of concept to confirm

previous findings. First, the dicarboxylate derivative of 2T-N, see Figure 3,
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namely 2T-N/COOH, for which experimental results are also available [54].

For this case, S1 ← S0 and T1 ← S0 experimental excitation energies are

1.07 and < 1.16 eV, respectively, leading again to a very small (or possibly

inverted) ∆EST value. Note that similar experimental results were found for

monocarboxylate and nitrile derivatives of 2T-N, thus we will concentrate

on the former molecule. Attaching the substituents did not significantly

decrease the NU = 0.62 value with respect to 2T-N, since the zig-zag edges

housing reactive CH sites are not completely passivated [75]. We also obtain

now ∆EST > 0 values at the CIS and at all the TD-DFT levels, e.g. 0.22

eV (0.21 eV) at the TD-PBE0/def2-TZVP (TD-M06-2X/def2-TZVP) level,

and ∆EST < 0 values when CIS(D), SCS-CC2, or SCS-ADC(2) methods

are instead employed (see Table 3). The SC-NEVPT2 method leads to very

small ∆EST values oscillating about –0.02 and 0.02 eV. Actually, the relative

weights of the double excitations for this system (5.6 %, 10.2 %, and 8.3 %

from S0, S1, and T1 CASSCF wavefunctions) are close to those obtained for

the parent 2T-N compound, and thus also the results obtained.

A tricycloquinazoline compound related to 2T-4N, dubbed as 2T-4N/Ph3

in Figure 3, is also studied to see the impact on extending the conjugated

core [76]. In this occasion, all the methods predicted a ∆EST > 0 value (see

Tables 3 and 4) while obtaining relative weights of the double excitations for

this system of the order of 14.1 % and 5.6 % from the S1 and T1 CASSCF

wavefunctions, which are higher (S1) or lower (T1) than for the 2T-4N par-

ent compounds. Perusing Table 3, one can see a considerable large ∆EST

value at the CIS level, inferring thus a pronounced exchange energy hardly

affected by any stabilization of the S1 level driven by doubly-excited config-

urations, which is thus believed to be the reason for not having an inversion
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of the S1 and T1 energy levels here. Note that for this compound a oscillator

strength value of f = 1.65 · 10−2 was obtained at the SC-NEVPT2(12,12)

level, compatible with a larger orbital overlap and thus with a ∆EST > 0

value.

Next, the extension of the study to B-doped compounds, namely 2T-4B

and 2T-7B, see Figure 3), would allow us to study the influence of the het-

erodoping. First of all, for 2T-4B a triplet ground-state (T0) is predicted

at some SC-NEVPT2 levels, which drops doubts about an excited-states

energy inversion for this system. The substitution in heptazine of N by B

atoms (at the same positions, see again Figure 3) serves to explore its B-

doped analogue. The CIS calculation gave a ∆EST value of 0.23 eV, and

thus even smaller than the one calculated for 2T-7N. Note that the S1 and

T1 excited states are here of a π → n⋆ nature, contrarily to a common

π → π⋆ transition in all the other molecules explored here, which decreases

the orbital overlap and leads to a smaller value for ∆EST . The shape of the

frontier occupied and virtual orbitals of 2T-7N and 2T-7B are compared in

the Supplementary Material, with the LUMO, LUMO+1 and LUMO+2 of

2T-7B (all n-type) being very similar to HOMO-9, HOMO-8 and HOMO-

7 of 2T-7N (all n-type). The same relative decrease going from 2T-7N to

2T-7B is observed applying TD-DFT, resulting in ∆EST > 0 values such as

0.11 eV (0.08 eV) at the TD-PBE0/def2-TZVP (TD-M06-2X/def2-TZVP)

levels. The application of CIS(D), SCS-CC2, or SCS-ADC(2) methods (see

Table 3) also provided ∆EST > 0 values of 0.08 and 0.10 eV, and thus very

close to those obtained at the TD-DFT level in this case. The SC-NEVPT2

calculations provided negative (but very small) ∆EST values, see Table 4.

For 2T-7B the contribution of the Cab
ij , C

abc
ijk , etc. coefficients of the CASSCF
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wavefunction is 0.8 %, 6.4 %, and 3.7 % for the S0, S1, and T1 states, and

thus lower than the values found for 2T-7N. Interestingly, comparing the

SCS-CC2 and SC-NEVPT2 S1 excited-state energies with respect to CIS

values, taken as a baseline, we can see how S1 is much more stabilized for

2T-7N than for 2T-7B, suggesting again a crucial role of dynamical corre-

lation effects for achieving a more negative ∆EST value for 2T-7N than for

2T-7B, being able to overcome a larger exchange energy.

4 Conclusions

We have first studied the energy order of the lowest singlet S1 and triplet

T1 excited-states of a set of N-doped (triangular shape) π-conjugated hy-

drocarbons, namely 2T-N, 2T-4N, and 2T-7N. The S1-T1 gap (referred as

∆EST ) of these systems is expected to be negative, thus promoting exoger-

nic reverse intersystem crossing processes, of interest within few fields where

spin statistics still limit the efficiencies devices. Applying the TD(A)-DFT

method, and independently of the exchange-correlation functional chosen,

the S1-T1 gap is always found positive. We have, quantitatively and step

by step, demonstrated that: (i) the correlation contribution is very small

for both terms entering into the expression for ∆EST ; and (ii) the term

(ia|f̂xc|jb) is negative compared to the positive (ia|jb) value, which still

leads to ∆EST > 0 values. Values of ∆EST < 0 are not expected to be

reached due to the adiabatic approximation employed in common applica-

tions of TD(A)-DFT.

On the other hand, all the correlated ab initio methods explored, in-

cluding CIS(D), SCS-CC2, SCS-ADC(2), SA-CASSCF, and SC-NEVPT2,
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led to ∆EST < 0 values for these systems, with the logical exception of

CIS. The systematic investigation performed could isolate double (n-tuple)

excitations, or more in general correlation effects, as key for correctly de-

scribing the S1 and T1 excited-states of 2T-N, 2T-4N, and 2T-7N. Never-

theless, this finding does not contradict the common strategy followed for

D-A compounds, e.g. in OLEDs devices, relying on S1 ← S0 and T1 ← S0

intramolecular charge-transfer excitations, to achieve small ∆EST values.

Actually, a pre-requisite for the S1-T1 inversion is to minimize the exchange

energy, since then the greater stabilization of the S1 than the T1 excited-

state by double excitations would allow to achieve the desired ∆EST < 0

values.

Exploring other substituted (and realistic) 2T-N and 2T-4N molecules

have allowed to confirm the previous conclusions for these N-doped sys-

tems. The case of 2T-7N (or heptazine is interesting, in the sense that the

S1 excited-state is also influenced by doubly-excited configurations in the

CAS wavefunction. Interestingly, we note that the percentages associated

with double and higher excitations is a necessary but not sufficient condi-

tion to observe a negative ∆EST . The effect of N vs. B substitution is also

explored, and helped to corroborate the conclusions reached after studying

the 2T-7B analogous molecule to 2T-7N, for which a smaller ∆EST value is

found at the CIS level. However, the ∆EST values calculated by the rest of

ab initio methods were not so affected by correlation effects, leading in that

case to ∆EST ≈ 0 values.

In summary, we have shown both analytically and numerically, and by a

variety of state-of-the-art methods for excited-states, the importance of elec-
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tron correlation effects to predict the S1-T1 inversion in N-doped (triangular

shape) π-conjugated hydrocarbons and some extension to other substituted

compounds. These conclusion could stimulate further studies of compounds

giving rise to negligibly small or even ∆EST < 0 values, of relevance to

photoactive materials, with carefully chosen electronic structure methods

guiding their theoretical design.
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the TD-DFT level; (ii) Description of the FT-DFT method used to obtain

the NU values; (iii) Individual S1 ← S0 and T1 ← S0 excitation energies,

and the corresponding ∆EST value, at the SA-CASSCF levels; (iv) Isocon-

tour plots (σ = 0.005 e/bohr3) of occupied and virtual orbitals of 2T-7B,

calculated at the HF/def2-TZVP level, and comparison between molecular

orbitals of 2T-7N and 2T-7B; and (v) Optimized cartesian coordinates of

the compounds.
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Table 1: Vertical excitation energies (S1 ← S0 and

T1 ← S0, in eV) and associated singlet-triplet energy gap

(∆EST ) calculated with different methods (and the def2-

TZVP basis set) for the 2T-N, 2T-4N, and 2T-7N set of

compounds.

Molecule Method S1 ← S0 T1 ← S0 ∆EST

2T-N CIS 1.797 1.460 0.337

CIS(D) 1.042 1.322 –0.280

SCS-CC2 1.110 1.334 –0.224

SCS-ADC(2) 1.080 1.308 –0.228

Exp.a 0.97 0.93 0.04

2T-4N CIS 3.211 2.526 0.685

CIS(D) 2.106 2.394 –0.288

SCS-CC2 2.258 2.342 –0.084

SCS-ADC(2) 2.125 2.303 –0.178

Exp.b <2.39 2.29 <0.10

2T-7N CIS 4.328 3.918 0.410

CIS(D) 2.627 3.150 –0.523

SCS-CC2 2.847 3.226 –0.379

SCS-ADC(2) 2.790 3.174 –0.384

Exp.c – – <0

a Taken from Ref. 54.
b Taken from Ref. 55.
c Taken from Ref. 21.
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Table 2: Vertical excitation energies (S1 ← S0 and T1 ← S0,

in eV) and associated singlet-triplet energy gap (∆EST ) cal-

culated with the SC-NEVPT2 method (and the def2-TZVP

basis set) for the 2T-N, 2T-4N, and 2T-7N set of compounds.

Molecule Method S1 ← S0 T1 ← S0 ∆EST

2T-N NEVPT2(6,6) 1.108 1.260 –0.152

NEVPT2(12,12) 1.244 1.288 –0.044

Exp.a 0.97 0.93 0.04

2T-4N NEVPT2(6,6) 2.138 2.190 –0.052

NEVPT2(12,12) 1.980 2.159 –0.179

Exp.b <2.39 2.29 <0.10

2T-7N NEVPT2(6,6) 2.718 2.985 –0.267

NEVPT2(12,12) 3.259 3.398 –0.139

Exp.c – – <0

a Taken from Ref. 54.
b Taken from Ref. 55.
c Taken from Ref. 21.
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Table 3: Vertical excitation energies (S1 ← S0 and T1 ← S0,

in eV) and associated singlet-triplet energy gap (∆EST ) calcu-

lated with different methods (and the def2-TZVP basis set) for

the 2T-N/COOH, 2T-4N/Ph3, and 2T-7B set of compounds.

Molecule Method S1 ← S0 T1 ← S0 ∆EST

2T-N/COOH CIS 2.382 1.980 0.402

CIS(D) 1.511 1.829 –0.318

SCS-CC2 1.557 1.760 –0.203

SCS-ADC(2) 1.538 1.743 –0.205

Exp.a – – < 0.1

2T-4N/Ph3 CIS 4.338 2.782 1.556

CIS(D) 3.707 3.503 0.224

SCS-CC2 3.638 n.c.b –

SCS-ADC(2) 3.587 3.133 0.454

Exp.c – – ≈ 0.4

2T-7B CIS 2.629 2.396 0.233

CIS(D) 2.125 2.044 0.081

SCS-CC2 2.187 2.089 0.098

SCS-ADC(2) 2.120 2.035 0.085

a Taken from Ref. 54.
b n.c. ≡ not converged.
c Taken from Ref. 76.
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Table 4: Vertical excitation energies (S1 ← S0 and T1 ← S0, in

eV) and associated singlet-triplet energy gap (∆EST ) calculated

with the SC-NEVPT2 method and the def2-TZVP basis set) for

the 2T-N/COOH, 2T-4N/Ph3, and 2T-7B set of compounds.

Molecule Method S1 ← S0 T1 ← S0 ∆EST

2T-N/COOH NEVPT2(6,6) 1.566 1.688 –0.122

NEVPT2(12,12) 1.793 1.817 –0.024

Exp.a – – < 0.1

2T-4N/Ph3 NEVPT2(6,6) 3.608 3.192 0.416

NEVPT2(12,12) 4.103 3.560 0.543

Exp.b – – ≈ 0.4

2T-7B NEVPT2(6,6) 3.724 4.013 –0.289

NEVPT2(12,12) 2.094 2.149 –0.055

a Taken from Ref. 54.
b Taken from Ref. 76.
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2T−N 2T−4N 2T−7N

N NN

N

N N

N

NN
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N

N

Figure 1: Chemical structure of studied molecules: 2T-N (or cyclazine),
2T-4N, and 2T-7N (or heptazine). Note that 2T refers to the number of
hexagons per side, always forming a triangular shape molecule, and xN to
the number of N atoms substituting C sites.
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Figure 2: Isocontour plots (σ = 0.005 e/bohr3) of HOMO (top) and LUMO
(bottom) orbitals of 2T-N, 2T-4N, and 2T-7N, calculated at the HF/def2-
TZVP level.
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2 T−4 N/P h 3

B

BB

B B B

B

B

B B

B

2T−4B 2T−7B

N

COOH

2T−N/COOH

HOOC

NN

N

N

Figure 3: Chemical structure of studied molecules: 2T-N/COOH, 2T-
4N/Ph3, 2T-4B, and 2T-7B. Note that 2T refers to the number of hexagons
per side, always forming a triangular shape molecule, and xN (xB) to the
number of N (B) atoms substituting C sites.
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TOC figure: Inversion of S1 and T1 excited-states is made possible for N- and
B-doped molecules, giving rise to an energy difference ∆EST < 0 and thus to
exogernic reverse intersystem crossing processes. This inversion is confirmed
at CIS(D), SCS-CC2, SCS-ADC(2), and SC-NEVPT2 levels, while TD(A)-
DFT was unable to predict it.
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