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ABSTRACT: We have evaluated the accuracy of the Bethe-Salpeter singlet−
triplet transition energies as well as singlet−triplet and triplet−triplet splittings
for 20 organic molecules, using as reference the CC3 values determined by Thiel
and co-workers with both the TZVP and aug-cc-pVTZ atomic basis sets. Our
excitation energies are obtained on the basis of GW quasiparticle energy levels
that are self-consistently converged with respect to the starting DFT eigenvalues.
In its current form, BSE/GW is often unable to provide a balanced description of
both singlet and triplet excited-states. While the singlet−singlet and triplet−
triplet energy separations are obtained accurately, triplets are located too close in
energy from the ground-state, by typically −0.55 eV when using standard
functionals to generate the starting eigenstates. Applying the Tamm-Dancoff
approximation upshifts the BSE triplet energies and allows reducing this error to
ca. −0.40 eV, while using M06-HF eigenstates allows a further increase and
hence a reduction of the error for triplet states, but at the cost of larger errors for the singlet excited-states. At this stage, the most
accurate TD-DFT estimates therefore remain competitive for computing singlet−triplet transition energies. Indeed, with M06-
2X, irrespective of the application or not of the Tamm-Dancoff approximation and of the selected atomic basis set, the deviations
obtained with TD-DFT are rather small.

1. INTRODUCTION

Improving the electron-photon interconversion rates is the key
to many applications in organic electronics.1 To this end, the
nature of the relevant electronic excited-states (ES) and of the
related photophysical phenomena have to be rationalized and
controlled. Recently several complex photophysical processes,
e.g., thermally activated delayed fluorescence (TADF),2 singlet
fission (SF),3 and triplet−triplet annihilation (TTA),4 have
attracted considerable attention in both light-to-electricity
(solar cells) and electricity-to-light (emitting diodes) fields.
TADF derivatives take advantage of an efficient reverse
intersystem crossing from a triplet ES to a singlet ES, allowing
harvesting triplet excitons and hence increasing the conversion
rates of emitting materials.5 SF materials are attractive for solar
cells applications since they can be used to build solar cells with
external photocurrent quantum efficiencies exceeding 100%.6

Likewise, TTA compounds, which can generate one singlet ES
from two triplets located on neighboring molecules, can
provide much improved conversion efficiencies.7 In all these
processes (TADF, TTA, and SF), controlling the singlet−
triplet energy separations (typically ΔES0T1

and/or ΔES1T1
) is a

preliminary condition for efficient applications, that is, ΔES1T1

should be as small as possible for TADF and the lowest triplet

should be about halfway between the singlet ground-state (GS)

and singlet ES for SF, i.e., Δ ≃ Δ ≃ ΔE E ES T S T
1
2 S S0 1 1 1 0 1

.

To help drive the organic synthesis toward the most
promising molecules, one can rely on first-principle approaches
allowing to predict ΔEST. However, such a task remains
extremely challenging. Indeed, Time-Dependent Density Func-
tional Theory (TD-DFT), the most popular method for
evaluating ES properties, often yields an unbalanced description
of the singlet and triplet ES.8−15 Indeed, TD-DFT results are
highly dependent on the selected exchange-correlation func-
tional (XCF)9 and are often rather poor for triplet ES.10,12

Peach and Tozer have thoroughly analyzed the origin of this
problem12 and have shown that, on the one hand, the large TD-
DFT errors for singlet−triplet excitation energies are related to
the instability of the triplet and, on the other hand, that the
TD-DFT errors can be reduced by simultaneously applying the
Tamm-Dancoff approximation (TDA), that uncouples the GS
and the ES, and selecting an adequate XCF. More recently,
Bred́as and co-workers16 and Brückner and Engels17 obtained
accurate TD-DFT ΔEST for a series of TADF and SF dyes,
respectively. However, these successes came at the cost of
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tuning the parameters used in the hybrid XCF. Such
parametrization can be carried out non-empirically18 but this
implies a non-negligible computational effort. Likewise, the
alternative theoretical methods able to provide ΔEST for “real-
life” molecules have their limitations. For instance, the coupled-
cluster CC2 approach19,20 yields a rather balanced description
of singlet and triplet ES21,22 but presents a less favorable scaling
with system size than TD-DFT. Likewise, the effective
ΔSCF(DFT) approach, that was applied in various fla-
vors,20,23−26 is often limited to the lowest triplet state.
Another method for evaluating the transition energies,

namely the Bethe-Salpeter equation (BSE) approach,27−30 has
been blooming in chemistry in the past few years.31−67 In this
approach, one first determines DFT eigenvalues and
eigenvectors with a given XCF and next corrects these
eigenstates with the Green’s function based GW theory,30,68−70

before calculating the transition energies at the BSE level.
Although the GW step implies an increased computational cost
with respect to TD-DFT, BSE/GW advantageously maintains
the same N( )4 formal scaling with system size as TD-DFT.
Interestingly, one can in principle resolve self-consistently the
GW equations, leading possibly to the same results
independently of the XCF used in the initial DFT step.
However, such a procedure tends to be rather computationally
expensive, and many works are applying the so-called G0W0
approximation that is a one-shot perturbative GW scheme. This
choice is however rather unsatisfying as, for organic molecules
at the very least, it has been demonstrated that the BSE/G0W0
singlet transition energies strongly depend on the DFT starting
point.57,60 Actually the XCF dependence can even be larger for
BSE/G0W0 than for TD-DFT.60 As an intermediate between
G0W0 and fully self-consistent GW, one can apply the evGW
approach in which initial DFT quasiparticle energies are self-
consistently improved while the corresponding Kohn−Sham
orbitals are frozen. This approach is computationally effective,
and both the BSE/evGW singlet transition energies and
oscillator strengths are rather independent of the starting
point when a “standard” XCF is applied,58,60 as well as rather
accurate.58−60,63,65 While there have been a few investigations
of triplet ES with BSE/GW in periodic systems, e.g., see refs
71−74, there are to the very best of our knowledge only a very
few works that have been dedicated to the BSE/GW
estimations of triplet excitation energies in molecular
systems.34,57,62,75−78 These works either treated tiny molecules,
e.g., dihydrogen, methane, and silane,62,75 or were limited to the
BSE/G0W0 method.34,57,76−78 In the largest investigation to
date, Bruneval and co-workers used Thiel’s set of mole-
cules79−83 and the TZVP atomic basis set to evaluate the
accuracy of ΔES0Tn

transition energies obtained with BSE/
G0W0.

57 Using a diverse panel of starting XCF, they concluded
that these transition energies are significantly underestimated,
by as much as −1.3 eV (mean signed error, MSE) when starting
from G0W0@PBE eigenvalues. As expected, a strong correlation
with the error on the corresponding G0W0 HOMO−LUMO
gap was observed, but a large −0.4 eV (MSE) error was
nevertheless obtained in the limit of “perfect” HOMO−LUMO
gaps.57 Using the same set of compounds, we go further in the
present work by (i) determining BSE/evGW transition
energies, in order to decouple as much as possible the
problems associated with the BSE formalism with those
associated with the calculations of the HOMO−LUMO gap;
(ii) using both TZVP and a much larger atomic basis set,

namely aug-cc-pVTZ; and (iii) evaluating the impact of the
TDA approximation on the BSE transition energies. The
present work therefore allows answering several questions. Is
the previously noted underestimation of BSE/GW ΔES0T1

related to the use of G0W0? Is the TDA approximation useful
to improve the BSE/evGW description of triplet ES? What are
the accuracies that can be expected when ΔES0Tn

, ΔES1T1
, and

ΔET1Tn
are determined at the BSE/evGW level? Is there an

effective protocol to obtain accurate splittings with BSE/GW?
Of course, while the choice of Thiel’s set of compounds allows
relying on very accurate wave function benchmarks, it also
implies limitations on both the size of the molecules treated
and the nature of the excited-states, e.g., charge-transfer ES
important for many applications are not considered herein.

2. COMPUTATIONAL DETAILS

All GW and BSE calculations have been achieved with the
FIESTA package39,84,85 using the MP2/6-31G(d) ground-state
geometries given in the works of Thiel.79 FIESTA provides an
implementation of the GW and BSE formalisms with atom-
centered Gaussian basis functions and takes advantage of both
Coulomb-fitting (RI-V) resolution-of-identity and contour
deformation techniques for the needed correlation energy
integration.84 Both “full” BSE and the TDA-BSE calculations
were performed for all compounds. As noted in the
Introduction, we performed the GW calculation at the evGW
level, that is, we self-consistently converged the occupied/
virtual GW energy levels while keeping the input Kohn−Sham
eigenfunctions frozen. Such a computationally efficient strategy
was shown before, for the same set of molecules, to deliver
singlet−singlet transitions energies that are only weakly
dependent on the DFT starting point.58 Here, the starting
DFT orbitals were determined with NWChem86 using the four
member of Truhlar’s M06 XCF family,87 the xf ine integration
grid, as well as 10−7 au and 10−6 au convergence thresholds for
the total energies and densities, respectively. These four
functionals, M06-L, M06, M06-2X, and M06-HF, allow
consideration of XCF with very different exact exchange ratio:
0%, 27%, 54%, and 100%, respectively. We corrected, at the
evGW level, all valence KS levels and twice that number of
virtual levels.88 We applied both the TZVP and the much larger
aug-cc-pVTZ atomic basis sets (and the corresponding RI
auxiliary basis).89 These basis sets were selected to allow
meaningful comparisons with the theoretical best estimates
(TBE) provided by Thiel and co-workers,79,81,82 as they mostly
rely on these two same basis sets. These TBE were typically
obtained at the CC3 level of theory for ΔES0Tn

, and we redirect
the interested reader to refs 79, 82 and references therein for
further details. The BSE/evGW transition energies are rather
sensitive to the selected atomic basis set,60 so that the use of
diffuse orbitals are often needed to obtain values close to basis
set convergence. In contrast, in some cases, aug-cc-pVTZ yields
spurious excited-state and strong state mixing, that are generally
avoided with the diffuseless TZVP atomic basis set. For
comparison purposes, we performed TD-DFT and TDA-TD-
DFT (here after denoted TDA-DFT) calculations with the
same functional and atomic basis set using the Gaussian09
program.90 These calculations used the same XCF, improved
SCF convergence threshold (1 × 10−8 au) and the so-called
ultraf ine DFT integration grid. Discussions about the functional
and basis set dependencies of the TD-DFT singlet−triplet
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energies can already be found in the literature for this set of
molecules.9 We note that M06-2X was generally viewed as an
effective XCF for TD-DFT evaluations of singlet−triplet
transitions.9,16 To identify the states corresponding to the
TBE ones, we considered the symmetry and the oscillator
strengths (for allowed transitions of course) as well as the MO
compositions. This allowed for an unambiguous assignment in
the vast majority of the cases. Nevertheless, in some cases, e.g.,
for the 21A1 state of formaldehyde and acetone, two different
reasonable assignments could be used (we selected the state
with the largest oscillator strength in these cases). As these
cases are very limited and mainly present for singlet states, this
has no significant impact on the conclusions obtained herein.
The interested readers can find comparisons between BSE and
TD-DFT computational timings elsewhere.66 In practice, the

additional cost of BSE/evGW compared to TD-DFT is mostly
due to the evGW step and not to the BSE part of the
calculation. In this framework, we recall that the BSE/evGW
computational cost scales as TD-DFT with a N( )4 depend-

ence, that can be compared to N( )5 , N( )6 , and N( )7

formal scalings for CC2, CCSD, and CC3, respectively.

3. RESULTS AND DISCUSSION

3.1. Impact of the Selected XCF and of the GW Self-
Consistency. For five representative molecules, namely,
butadiene, octatetraene, benzene, tetrazine, and formaldehyde,
we have determined the TD-DFT, BSE/G0W0, and BSE/evGW
S0−Sn and S0−Tn transition energies starting with four different
XCF. The G0W0 notation means that no self-consistency on the

Figure 1. Influence of the selected XCF on the TD-DFT (left) and BSE/GW (right) transition energies toward low-lying singlet (circles) and triplet
(squares) excited-states of butadiene (a and b), octratetraene (c and d), and benzene (e and f). For the BSE, the closed and open symbols
correspond to BSE/evGW and BSE/G0W0 results, respectively. All data are obtained with the TZVP basis set. The colored horizontal lines
correspond to the CC3/TZVP values of ref 79. Figure S1 in the SI provides the corresponding aug-cc-pVTZ results.
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eigenvalues is performed, namely, the GW formalism is used as
a “single-shot” perturbation theory on top of Kohn−Sham
eigenstates, leaving a strong dependence on the starting DFT
XCF. Our major goal here is to analyze in detail, and for a few
systems, the evolution of the singlet and triplet excitation
energies as a function of the selected formalism, before
providing overall statistics on all molecules in the upcoming
Sections. The TZVP results are represented in Figures 1 and 2,
whereas the numerical data (including TDA values for all levels
of theories) as well as aug-cc-pVTZ results can be found in
Section S1 of the SI. We recall that for the singlet ES, a
comparison of the BSE/evGW@PBE and BSE/evGW@PBE0
transition energies led us to conclude that the impact of the
frozen eigenvectors was small, ca. 0.08 eV on average.58 Here,
we go for much more drastic XCF variations as we have in our
XCF set both M06-L (“pure” XCF, no exact exchange) and
M06-HF (full exact exchange).
For butadiene (Figures 1a and b), the evolution of the TD-

DFT energies with the selected XCF is rather similar for the
four states. The 1Bu state presents a too small energy with the
four XCF, and the 1Bu−1Ag separation is overestimated, as
expected.91,92 For the 3Bu and 3Ag triplet states, all four
functionals yield rather reasonable estimates in the TD-DFT
framework, M06-2X being the most accurate, which is
consistent with the results of ref 9. At the BSE level, let us
first notice that the use of G0W0 implies a strong dependency
from the starting XCF that is very significantly washed out
when applying the evGW approach. Obviously, using a pure
XCF, M06-L, as a starting point for BSE/G0W0 calculations
yields far too small transition energies. This outcome, already
reported before for singlet ES,58 holds for triplet ES, e.g., the

energy of 3Ag increases by 1.22 eV when going from BSE/
G0W0@M06-L to BSE/G0W0@M06-HF but only by 0.43 eV
when the corresponding evGW eigenstates are used. With BSE/
evGW, the M06 and M06-2X transition energies are extremely
similar, the M06-L values being also relatively close. With these
three XCF, the computed BSE energies of the triplet states are
significantly underestimated, in line with a previous report
presenting BSE/G0W0 results,

57 though clearly the use of evGW
improves the estimates. Nevertheless, starting with the M06-HF
eigenstates yields slightly larger singlet−triplet transition
energies, closer to the CC3 references, illustrating the impact
of the frozen eigenfunctions. As can be seen in the SI (Figure
S1), all these conclusions hold when the aug-cc-pVTZ atomic
basis set is used, though, in that case, the upshift induced by the
selection of M06-HF is larger. For instance, for the 3Bu ES, the
difference between the BSE/evGW@M06-HF and BSE/
evGW@M06-2X aug-cc-pVTZ transition energies attains
+0.94 eV (Table S6 in the SI), instead of +0.26 eV at the
TZVP level (Table S1 in the SI). This effect is related to the
presence of intruder states that induce state mixing, e.g., the KS
LUMO is an unphysical Rydberg-like orbital with M06-HF/
aug-cc-pVTZ, while a more physically sound description is
reached with the diffuseless basis set or with M06-2X (with the
two basis sets). As such, it seems that the BSE/evGW
formalism may be more sensitive to the presence of intruder
states than TD-DFT.
For octatetraene (Figures 1c and d), the separation between

the two lowest singlet ES is obviously hard to reproduce with
both TD-DFT and BSE. The BSE/G0W0@M06-L approach
provides a lucky match for this splitting, but this comes with an
underestimation of their absolute energies exceeding 1 eV. The

Figure 2. Influence of the selected XCF on the TD-DFT (left) and BSE/GW (right) TZVP transition energies of tetrazine (a and b) and
formaldehyde (c and d). See the caption of Figure 1 for more details and Figure S2 in the SI for aug-cc-pVTZ results.
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Table 1. Transition Energies from the GS (ΔES0Sn and ΔES0Tn)
a

TD-M06-2X BSE/M06-2X TD-M06-HF BSE/M06-HF

molecule state CC3 TDA full TDA full TDA full TDA full

ethene 1 1B1u 8.37 8.42 7.80 8.61 7.84 8.35 7.69 8.54 7.89
1 3B1u 4.48 4.78 4.59 4.17 3.85 4.90 4.67 4.49 4.21

butadiene 1 1Bu 6.58 6.47 5.97 6.65 6.05 6.62 6.09 6.60 6.07
2 1Ag 6.77 7.56 7.54 7.71 7.69 8.18 7.89 7.93 7.91
1 3Bu 3.32 3.51 3.28 3.12 2.76 3.75 3.49 3.33 3.02
1 3Ag 5.17 5.41 5.29 4.86 4.68 5.54 5.39 5.14 4.97

hexatriene 1 1Bu 5.58 5.38 4.95 5.54 5.04 5.59 5.15 5.51 5.08
2 1Ag 5.72 6.60 6.58 6.77 6.76 7.61 7.19 7.01 6.99
1 3Bu 2.69 2.82 2.56 2.54 2.14 3.11 2.81 2.72 2.39
1 3Ag 4.32 4.50 4.36 4.03 3.82 4.71 4.53 4.24 4.05

octratetraene 1 1Bu 4.94 4.67 4.43 4.80 4.36 4.92 4.54 4.80 4.41
2 1Ag 4.97 5.79 5.76 5.99 5.96 6.92 6.41 6.26 6.20
1 3Bu 2.30 2.40 2.12 2.16 1.72 2.71 2.39 2.35 2.00
1 3Ag 3.67 3.82 3.66 3.39 3.14 4.05 3.86 3.60 3.39

cyclopropene 1 1B1 6.90 6.43 6.39 6.76 6.74 6.29 6.17 7.00 6.98
1 1B2 7.10 6.91 6.55 7.18 6.76 7.09 6.64 7.29 6.90
1 3B2 4.34 4.51 4.36 4.16 3.90 4.73 4.57 4.42 4.20
1 3B1 6.62 6.13 6.11 6.24 6.22 6.04 5.96 6.50 6.48

cyclopentadiene 1 1B2 5.73 5.64 5.25 5.66 5.20 5.82 5.37 5.68 5.27
2 1A1 6.61 7.10 7.07 7.14 7.11 7.74 7.69 7.32 7.29
1 3B2 3.25 3.43 3.25 2.99 2.70 3.72 3.53 3.18 2.93
1 3A1 5.09 5.34 5.23 4.86 4.69 5.60 5.47 5.10 4.95

norbornadiene 1 1A2 5.64 5.36 5.15 5.56 5.30 5.54 5.24 5.58 5.35
1 1B2 6.49 6.12 6.05 6.39 6.31 6.50 6.30 6.49 6.41
2 1A2 7.64 7.62 7.23 7.86 7.34 7.86 7.46 7.82 7.42
2 1A2 7.71 7.34 7.20 7.62 7.48 7.43 7.19 7.75 7.65
1 3A2 3.72 3.80 3.66 3.45 3.22 4.05 3.90 3.72 3.54
1 3B2 4.16 4.34 4.16 3.92 3.65 4.55 4.35 4.28 4.06

benzene 1 1B2u 5.07 5.62 5.57 5.32 5.27 5.89 5.77 5.46 5.42
1 1B1u 6.68 6.65 6.40 6.43 6.15 6.93 6.62 6.46 6.23
1 1E1u 7.45 7.81 7.19 7.65 6.97 7.88 7.21 7.74 7.11
1 3B1u 4.12 4.60 4.35 3.98 3.59 4.97 4.64 4.17 3.81
1 3E1u 4.90 5.05 5.03 4.57 4.55 5.29 5.24 4.73 4.70
1 3B2u 6.04 5.37 5.30 4.94 4.88 5.60 5.45 5.07 5.00

naphthalene 1 1B3u 4.27 4.70 4.64 4.45 4.39 4.99 4.86 4.56 4.52
1 1B2u 5.03 4.97 4.73 4.80 4.51 5.40 5.08 4.84 4.61
2 1Ag 5.98 6.58 6.55 6.28 6.23 7.01 6.94 6.42 6.40
1 1B1g 6.07 6.33 6.27 6.11 6.06 6.82 6.54 6.25 6.23
2 1B3u 6.33 6.62 6.11 6.46 5.89 6.75 6.21 6.48 5.97
2 1B2u 6.57 6.83 6.45 6.59 6.17 7.19 5.08 6.65 6.27
2 1B1g 6.79 6.94 6.66 6.76 6.38 7.54 6.54 6.76 6.46
3 1Ag 6.90 7.85 7.67 7.45 7.32 8.61 8.08 7.56 7.44
1 3B2u 3.11 3.36 3.16 2.93 2.61 3.71 3.45 3.07 2.80
1 3B3u 4.18 4.28 4.25 3.90 3.85 4.52 4.47 4.00 3.97
1 3B1g 4.47 4.74 4.62 4.25 4.06 5.00 4.85 4.43 4.27
2 3B2u 4.64 4.90 4.81 4.42 4.32 5.25 5.12 4.53 4.43
2 3B3u 5.11 4.51 4.44 4.19 4.12 4.79 4.61 4.00 4.22
1 3Ag 5.52 5.73 5.70 5.23 5.18 6.01 5.94 5.43 5.39
2 3B1g 6.48 6.35 6.35 6.08 6.07 7.27 7.25 6.21 6.21
2 3Ag 6.47 6.40 6.36 5.99 5.95 6.82 6.74 6.12 6.09
3 3Ag 6.79 7.00 6.95 6.48 6.41 7.89 7.81 6.69 6.64
3 3B1g 6.76 7.20 7.16 6.68 6.61 7.74 7.66 6.97 6.92

furan 1 1B2 6.60 6.77 6.37 6.71 6.26 6.92 6.47 6.75 6.36
2 1A1 6.62 7.20 7.14 7.00 6.94 7.66 7.54 7.22 7.16
3 1A1 8.53 9.00 8.40 9.00 8.30 9.07 8.40 9.09 8.44
1 3B2 4.17 4.38 4.22 3.85 3.58 4.65 4.45 4.11 3.87
1 3A1 5.48 5.68 5.60 5.15 5.05 5.84 5.70 5.41 5.31

pyrrole 2 1A1 6.40 6.99 6.90 6.73 6.65 7.40 7.27 6.92 6.84
1 1B2 6.71 6.98 6.62 6.86 6.47 7.17 6.77 6.88 6.55
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Table 1. continued

TD-M06-2X BSE/M06-2X TD-M06-HF BSE/M06-HF

molecule state CC3 TDA full TDA full TDA full TDA full

3 1A1 8.17 8.66 8.11 8.62 8.00 8.75 8.14 8.70 8.14
1 3B2 4.48 4.72 4.58 4.17 3.93 5.05 4.87 4.43 4.23
1 3A1 5.51 5.65 5.59 5.19 5.12 5.86 5.77 5.44 5.37

imidazole 2 1A′ 6.58 7.05 6.76 6.87 6.57 7.34 6.97 6.99 6.71
1 1A″ 6.82 6.60 6.59 6.56 6.55 6.72 6.57 6.79 6.79
3 1A′ 7.10 7.56 7.39 7.32 7.12 7.91 7.72 7.45 7.31
1 3A′ 4.69 4.91 4.77 4.35 4.12 5.25 5.06 4.61 4.41
2 3A′ 5.79 6.00 5.94 5.46 5.36 6.27 5.90 5.79 5.71
1 3A″ 6.37 6.14 6.09 6.18 6.15 6.08 6.56 6.58 6.55
3 3A′ 6.55 6.43 6.31 5.99 5.87 6.76 6.18 6.29 6.18

pyridine 1 1B1 5.05 4.98 4.88 5.22 5.16 4.98 4.68 5.50 5.46
1 1B2 5.15 5.76 5.66 5.43 5.35 6.02 5.84 5.56 5.48
1 1A2 5.50 5.56 5.53 5.52 5.51 6.09 6.00 5.80 5.79
2 1A1 6.85 6.89 6.61 6.67 6.39 7.16 6.83 6.70 6.45
2 1B2 7.59 8.01 7.48 7.82 7.25 8.16 7.57 7.92 7.37
3 1A1 7.70 8.11 7.50 7.95 7.28 8.21 7.54 8.04 7.39
1 3A1 4.25 4.72 4.46 4.11 3.71 5.08 4.75 4.31 3.95
1 3B1 4.50 4.31 4.26 4.42 4.39 4.32 4.14 4.78 4.75
1 3B2 4.86 4.83 4.78 4.34 4.28 5.07 4.96 4.48 4.43
2 3A1 5.05 5.21 5.17 4.73 4.69 5.47 5.40 4.89 4.85
1 3A2 5.46 5.46 5.44 5.35 5.33 6.02 5.94 5.64 5.62
2 3B2 6.40 5.98 5.93 5.51 5.46 6.28 6.17 5.67 5.62

s-tetrazine 1 1B3u 2.53 2.45 2.28 2.51 2.41 2.63 2.20 2.70 2.62
1 1Au 3.79 3.95 3.89 3.86 3.83 4.53 4.27 4.12 4.09
1 1B1g 4.97 5.12 4.94 5.17 5.08 4.97 4.57 5.35 5.27
1 1B2u 5.12 5.96 5.75 5.47 5.27 6.24 5.94 5.60 5.40
1 1B2g 5.34 5.59 5.47 5.58 5.54 5.71 5.31 5.81 5.77
2 1Au 5.46 5.33 5.23 5.55 5.51 5.73 5.45 5.77 5.72
1 3B3u 1.89 1.72 1.66 1.67 1.60 1.90 1.69 1.90 1.90
1 3Au 3.52 3.54 3.51 3.43 3.40 3.96 3.80 3.71 3.68
1 3B1g 4.21 3.98 3.93 3.96 3.91 3.85 3.68 4.20 4.14
1 3B1u 4.33 4.79 4.37 4.11 3.64 5.21 4.73 4.31 3.87
1 3B2u 4.54 4.41 4.32 3.82 3.74 4.70 4.55 3.96 3.87
1 3B2g 4.93 4.85 4.79 4.76 4.72 4.93 4.69 5.02 4.97
2 3Au 5.03 4.88 4.82 4.92 4.88 5.48 5.28 5.17 5.13
2 3B1u 5.38 5.67 5.65 5.01 4.97 5.98 5.92 5.19 5.13

formaldehyde 1 1A2 3.95 3.68 3.59 4.07 4.03 3.31 2.98 4.49 4.45
1 1B1 9.18 8.80 8.66 9.24 9.17 8.53 8.16 9.60 9.54
2 1A1 10.45 10.96 10.81 10.98 10.71 9.95 11.38 11.08 10.96
1 3A2 3.55 3.12 3.06 3.31 3.27 2.81 2.58 3.75 3.71
2 3A1 5.83 5.82 5.46 5.35 5.02 5.80 5.37 5.75 5.47

acetone 1 1A2 4.40 4.18 4.11 4.47 4.44 3.65 3.36 4.95 4.92
2 1B1 9.17 8.70 8.59 9.44 9.40 8.45 8.11 9.88 9.84
2 1A1 9.65 10.01 8.91 10.17 9.83 9.42 8.96 10.39 10.11
1 3A2 4.05 3.69 3.63 3.81 3.78 3.23 3.00 4.29 4.27
1 3A1 6.03 5.92 5.61 5.80 5.54 5.98 5.65 6.12 5.90

benzoquinone 1 1Au 2.85 2.94 2.85 3.12 3.09 2.89 2.54 3.46 3.43
1 1B1g 2.75 2.75 2.67 3.02 2.99 2.71 2.38 3.40 3.37
1 1B3g 4.59 4.39 4.25 4.52 4.34 4.95 4.74 4.60 4.41
1 1B1u 5.62 5.60 5.24 5.74 5.29 6.01 5.60 5.73 5.31
1 1B3u 5.82 6.38 6.35 6.34 6.32 7.02 6.88 6.67 6.66
2 1B3g 7.27 7.38 7.23 7.40 7.24 8.03 7.85 7.57 7.42
2 1B1u 7.82 8.25 7.75 8.43 7.89 8.70 8.16 8.49 7.98
1 3B1g 2.51 2.32 2.26 2.47 2.44 2.30 2.06 2.87 2.84
1 3Au 2.62 2.49 2.42 2.56 2.53 2.46 2.21 2.91 2.88
1 3B1u 2.96 2.92 2.50 2.71 2.34 3.18 2.67 2.87 2.55
1 3B3g 3.41 3.29 3.16 3.04 2.85 3.66 3.50 3.13 2.94

formamide 1 1A″ 5.65 5.43 5.37 5.70 5.67 5.09 4.85 6.01 5.98
2 1A′ 8.27 8.94 8.69 8.93 8.61 9.56 7.68 9.02 8.79
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1Ag state, that presents a significant double excitation
character,79 is very sensitive to the selected XCF at both TD-
DFT (1.99 eV variation range between M06-L and M06-HF)
and BSE/G0W0 (2.41 eV range) levels. This undesirable effect
is greatly damped when evGW eigenvalues are selected (0.58
eV range). Overall, the general trends for octatetraene parallel
those of butadiene: the triplet ES energies are too small with
BSE, though the magnitude of the error is decreased when
using BSE/evGW@M06-HF. Again, the combination of the
latter method with aug-cc-pVTZ yields larger upshifts than with
TZVP (middle right panel of Figure S1).
In benzene (Figures 1e and f), the impact of the XCF

strongly depends on the considered state with both TD-DFT
and BSE/G0W0, though the variations are less dramatic than for
the 1Ag ES of butadiene and octatetraene. In contrast, the BSE/
evGW singlet and triplet energies determined with M06-L,
M06, and M06-2X are extremely close to one another and this
holds with the two atomic basis sets (Figures 1f and S1). As for
the linear oligoenes discussed above, the BSE/evGW@M06-HF
results are upshifted compared to the ones obtained with the
three other XCF, an effect again stronger with the more
extended atomic basis set. With this large basis, the lowest
singlet ES, 1B2u, is accurately predicted in three out of four cases
with BSE, whereas TD-DFT overshoots its energy with all
tested XCF (bottom right panel of Figure S1). For the lowest
triplet ES, 3B1u, TD-DFT delivers too small values with both
M06-L and M06 but too high values with M06-2X and M06-
HF, whereas BSE always undershoots the reference values, to a
small extent when using M06-HF (that even yields an
overestimation with aug-cc-pVTZ). The same trends are
found for the second triplet ES, 3E1u, whereas for the third
one, 3B2u, all tested methods undershoot the CC3 benchmark
by a significant amount.
For tetrazine (Figures 2a and b and S2), the beneficial impact

of the evGW scheme is again very clear for the lowest singlet
and triplet B3u ES: the XCF dependency is washed out and
remains basically similar to its TD-DFT counterpart, whereas
BSE/G0W0 transitions energies are very sensitive to the starting
XCF. The energies of these singlet and triplet B3u ES are too
small with all tested methods, at the exception of the BSE/
GW@M06-HF approach that provides very accurate estimates.
However, there is a cost to this success: the energies of the two
higher singlet ES are overestimated by this approach. In
contrast, M06-2X allows for better estimates of these higher-
lying ES in all tested formalisms. Again, qualitatively similar
conclusions are reached with the two atomic basis sets.

In formaldehyde (Figures 2c and d and S2), the XCF
dependency of TD-DFT and BSE are markedly different.
Indeed, the TD-DFT triplet energies significantly decrease
when the amount of exact exchange increases, whereas the BSE
values follow the opposite trend, with an amplitude of variation
that is significantly smaller when the evGW scheme is used,
even if the selection of M06-HF yields larger transition
energies. Consequently, the TD-M06-HF ΔES0Tn

are much too

small, whereas the BSE/evGW@M06-HF ΔES0Tn
are slightly

(TZVP) or significantly (aug-cc-pVTZ) exceeding the reference
values.
In short, as for singlet ES,57,60 we found that the BSE/G0W0

triplet energies tend to be more dependent on the selected
XCF than their TD-DFT counterparts, though the magnitude
of this dependency is, on average, more limited for the triplet
than for the corresponding singlet ES. BSE/evGW triplet
energies are much less XCF-dependent, and the data calculated
using M06-L, M06, and M06-2X starting eigenstates are often
close to one another but significantly too small compared to the
theoretical best estimates. This conclusion parallels the one
obtained by Bruneval and co-workers with the BSE/G0W0
approach,57 illustrating that the self-consistent evGW process is
not sufficient in itself to reach an accurate description of the
triplet ES with BSE. In addition, we found that starting with the
M06-HF XCF yields significantly larger BSE/evGW triplet
energies in the majority of cases, an effect that is particularly
large with the diffuse basis set, due to the presence of intruder
states leading state mixing. In the following, we consequently
proceed considering the full set of compounds systematically
using the evGW approach combined with the four starting M06
XCF (TZVP) or both M06-2X and M06-HF (aug-cc-pVTZ).

3.2. Analysis by Molecular Families. The TZVP singlet−
triplet transition energies obtained for all molecules with TD-
DFT and BSE/evGW applying or not the TDA and using the
M06-2X and M06-HF XCF are listed in Table 1. We have also
determined the singlet−singlet transition energies for the same
molecules because the impact on TDA on the BSE transition
energies was, to our knowledge, discussed for very specific cases
only up to now,33,78,93,94 though it is commonly used in solid-
state works.95 Notably, several authors showed that TDA-BSE
can yield poor results when simulating nanoscale materials.78,93

The M06-L and M06 results and the aug-cc-pVTZ data with
M06-2X and M06-HF are listed in Section S3 of the SI. For
each method, we have determined more than 120 ES almost
equally divided into singlet and triplet cases. We consider here

Table 1. continued

TD-M06-2X BSE/M06-2X TD-M06-HF BSE/M06-HF

molecule state CC3 TDA full TDA full TDA full TDA full

1 3A″ 5.36 5.00 4.92 5.11 5.07 4.71 4.48 5.42 5.39
1 3A′ 5.74 5.45 5.20 5.20 5.02 5.40 5.08 5.49 5.33

acetamide 1 1A″ 5.69 5.50 5.43 5.70 5.69 5.09 4.85 6.14 6.11
2 1A′ 7.67 8.14 7.64 8.15 7.90 7.97 7.66 8.34 8.11
1 3A″ 5.42 5.08 5.01 5.15 5.10 4.73 4.50 5.56 5.53
1 3A′ 5.88 5.59 5.37 5.37 5.20 5.51 5.21 5.74 5.59

propanamide 1 1A″ 5.72 5.53 5.47 5.73 5.71 5.12 4.89 6.27 6.25
2 1A′ 7.62 8.06 7.62 8.07 7.85 7.94 7.64 8.30 8.12
1 3A″ 5.45 5.12 5.05 5.17 5.14 4.77 4.54 5.70 5.67
1 3A′ 5.90 5.61 5.39 5.39 5.24 5.53 5.23 5.84 5.70

aAll values are in eV and have been obtained with the TZVP basis set. BSE stands for BSE/evGW. The CC3 values are taken from ref 79. We use the
same naming conventions for the ES as in Thiel’s original papers.
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chemically insightful families of compounds. We mainly focus
on the S0−Tn transition energies and S1−T1 splittings as
obtained by BSE/evGW and TDA-BSE/evGW using M06-2X
and M06-HF eigenstates. Indeed the S0−Sn cases have already
been treated in the literature,57,58 and the same holds for the
TDA-DFT and TD-DFT results.9,91,92 In addition, as seen
above, M06-L or M06 deliver similar results as M06-2X in the
BSE/evGW framework.
Unsaturated Aliphatic Hydrocarbons. For ethene, BSE

undershoots significantly the energy of the lowest triplet state
with M06-2X, an error similar to the one made for the lowest
singlet ES, whereas a more accurate triplet result is obtained
with M06-HF. TDA increases the BSE energies, resulting in
improvements for the two states with both M06-2X and M06-
HF. For butadiene, both the 3Bu and

3Ag ES are overstabilized
by BSE relying on M06-2X or M06-HF eigenstates and the
TZVP basis set. Again, TDA improves the description, and the
TDA-BSE/evGW@M06-HF results almost perfectly match the
CC3 values. BSE provides rather accurate ΔES1T1

in butadiene,

whereas this gap tends to be slightly underestimated by all
tested TD-DFT variants. For both hexatriene and octatetraene,
TDA-BSE and BSE deliver more accurate ΔES1T1

than the

corresponding TDA-DFT and TD-DFT methods, but this
success originates from too small singlet and triplet ES energies
when the “full” BSE scheme is used. Again, TDA upshifts the

BSE transition energies, and this effect is significantly smaller
for the Ag than for the Bu ES. In cyclopropene, the relative
energies of the two triplet ES are nicely estimated (e.g., with
M06-2X, ΔET1T2

= 2.32 and 2.09 eV with BSE and TDA-BSE,
close to the 2.28 eV reference values), and these ES are again
too close to the GS with M06-2X and rather accurate with
M06-HF. In cyclopentadiene very similar evolutions with the
selected methods are observed. It is noteworthy that applying
TDA increases the BSE 3B2 energy by 0.29 eV (0.25 eV) with
M06-2X (M06-HF), and that these shifts are slightly larger than
their TD-DFT counterparts of 0.18 eV (019 eV). Norborna-
diene follows the same trends, that is both M06-2X and M06-
HF yield too small BSE ΔES0Tn

and ΔES0Sn but quite accurate

ΔES1T1
splittings. In contrast, TD-DFT gives too small values

for the latter gap, irrespective of the selected XCF. Again, the
same trends are observed with aug-cc-pVTZ (Table S12) but
with exacerbated differences between M06-2X and M06-HF.

Aromatic Hydrocarbons and Heterocycles. Both TDA-BSE
and BSE deliver too large transition energies for the 1B2u ES of
benzene but too small transition energies for the 3B1u ES, at the
notable exception of the TDA-BSE/evGW@M06-HF ap-
proach. In all cases, the ΔES1T1

separation remains overshot
by more than 0.30 eV. In TD-DFT both singlet and triplet ES
are too high, and more accurate S1−T1 gaps are consequently
reached, especially when applying TDA. For naphthalene, many

Figure 3. Comparisons between the CC3 and TDA-DFT (a), TD-DFT (b), TDA-BSE (c), and BSE (d) transition energies. The dark- (light-)
colored symbols correspond to singlet (triplet) ES, whereas the central line indicates a perfect match with the CC3 values. All values are in eV and
have been obtained with the M06-2X XCF and the TZVP atomic basis set.
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ES have been determined. Interestingly, the mean absolute
M06-2X deviations obtained for the triplet ES are 0.25 eV, 0.21
eV, 0.44 eV, and 0.21 eV for TDA-DFT, TD-DFT, TDA-BSE,
and BSE, respectively, illustrating that TDA is not a panacea for
improving triplet estimates. In fact, the application of TDA
systematically increases the transition energies, but this effect
ranges from 0.01 eV (2 3B1g) to 0.57 eV (1 1B3u). Using M06-
HF strongly degrades the TDA-DFT (0.61 eV) and TD-DFT
(0.54 eV) mean absolute deviations for the triplet ES, whereas
the deviations remain reasonably under control with both
TDA-BSE (0.25 eV) and BSE (0.29 eV). In furan, all tested
theories (but TDA-M06-L) provide too large ΔES1S2 and quite

accurate ΔET1T2
. BSE delivers reasonably accurate ΔES1T1

splittings with both M06-2X and M06-HF (2.68 and 2.48 eV
for a CC3 reference value of 2.43 eV). The outcomes are very
similar for pyrrole. For that molecule, considering aug-cc-
pVTZ, the relative ordering of the 2 1A1 and 1 1B2 ES differs
between CC3 and the TBE (Table S12), and, as expected, all
tested TD-DFT and BSE schemes provide the same ranking as
CC3. In imidazole, the TZVP TDA-BSE and BSE ΔES1T1

splittings are systematically too large by at least 0.40 eV,
whereas BSE/evGW@M06-2X/aug-cc-pVTZ provides the
most accurate ΔES1T1

among the tested theories (1.65 eV
compared to the CC3 reference value of 1.60 eV). This clearly
illustrates the uncommon sensitivity to basis set effects of that
molecule.9 For pyridine, none of the selected approaches can

accurately predict all key gaps, e.g., BSE largely overestimates
ΔES1T1

, whereas TD-DFT overshoots the separation between
the two lowest singlet ES by at least a factor of 7 (TZVP) or
three (aug-cc-pVTZ). In tetrazine, as seen above, BSE/evGW@
M06-HF gives accurate energies for the lowest ES of the two
spin symmetries, and the ΔES1T1

gaps are accurately given by
most tested approaches. Again, TDA systematically increases
the BSE transition energies, a result holding irrespective of the
considered state, basis set, or XCF.

Aldehydes, Ketones, and Amides. In formaldehyde,
applying the TDA systematically increases the transition
energies, but this effect is only significant for the ES of A1

symmetry. All methods, but TD-M06-HF, overshoot ΔES1T1
,

and the error is large with both BSE and TDA-BSE.
Unsurprisingly, similar trends are obtained with acetone, for
which the energy of the lowest triplet ES (4.05 eV) is
underestimated with BSE/evGW@M06-2X (3.78 eV), TD-
M06-2X (3.63 eV), and TD-M06-HF (3.00 eV) but over-
estimated with BSE/evGW@M06-HF (4.27 eV). The same
conclusions are obtained with aug-cc-pVTZ but with larger
variations and absolute errors (see the SI). In benzoquinone,
the average variations of the transition energies when applying
TDA are +0.18 eV (TD-M06-2X), +0.19 eV (BSE/evGW@
M06-2X), +0.31 eV (TD-M06-HF), and +0.17 eV (BSE/
evGW@M06-HF), with particularly strong variations for the ES
of B1u symmetry. In formamide, acetamide, and propanamide,

Figure 4. Comparisons between the CC3 and TDA-DFT (a), TD-DFT (b), TDA-BSE (c), and BSE (d) transition energies. All values have been
obtained with the M06-HF XCF and the TZVP atomic basis set. See the caption of Figure 3 for more details.
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the reference values for the energies of the lowest triplet ES are
very accurately estimated by BSE/evGW@M06-HF, whereas
TDA has a relatively small impact. For these three amides, TD-
DFT tends to deliver slightly more satisfying ΔES1T1

gaps than
BSE.
3.3. Statistical Analysis. Figures 3 and 4 provide

comparisons between the TDA-DFT, TD-DFT, TDA-BSE,
and BSE transition energies with the CC3/TZVP data for the
M06-2X and M06-HF results, respectively (see Section S4 in
the SI for M06-L, M06, and aug-cc-pVTZ results). In Table 2

we give a statistical analysis for all transitions from the GS to
the triplet ES using the CC3 values as references. The
corresponding singlet data can be found in Table S13 in the SI,
whereas comparisons with TBE can be found in Table S14. The
differences between the CC3 and TBE statistics are trifling for
triplet ES, as in that case, many TBE are indeed obtained with
the CC3 method, whereas larger deviations are found for

singlet ES, for which several TBE were obtained with
multireference methods, e.g., MR-CI or CAS-PT2.79,81,82

For the transition toward the singlet ES, all BSE/evGW
models deliver MSE in the −0.03 to −0.13 eV range and MAE
in the 0.26 to 0.29 eV range, except when M06-HF eigenstates
are used (Table S13). These values are similar to those
reported in ref 58 with the BSE/evGW@PBE0/aug-cc-pVTZ
model, that is, −0.15 and 0.25 eV, for a similar panel of states,96
clearly confirming that the evGW procedure washes out the
impact of the starting functional when “standard” XCF are
used. Indeed, we note that the average differences between TD-
PBE092 and TD-M06-2X97 results are twice larger, whereas at
the BSE/G0W0 level, the quality of the results is strongly
dependent on the starting XCF.57 As the evGW results rely on
frozen eigenvectors, using M06-HF to generate the starting
solutions yields transition energies significantly differing from
their M06-2X counterparts even at the BSE/evGW level. In
addition, as can be seen by comparing Figures 4b and d, the
estimates obtained with M06-HF for the ΔES0Sn transitions are
significantly less dispersed with BSE than with TD-DFT. The
correlation coefficient, R, obtained on the basis of M06-HF
eigenstates is smaller than the corresponding M06-2X values,
but this effect is much more marked with TD-DFT.
Consequently, we do not recommend the use of BSE/
evGW@M06-HF to evaluate singlet ES energies, especially
with large basis sets, for which the presence of intruder states is
detrimental (see Figure S6 and bottom of Table S13). For the
singlet ES, applying TDA upshifts the transition energies for the
two theoretical models. Consequently, the small MSE of TD-
M06-2X becomes significantly positive with TDA-M06-2X,
whereas the negative MSE of BSE/evGW@M06 (under-
estimation) flips sign when applying TDA (overestimation).
Applying the TDA in the BSE/evGW context does not strongly
change the MAE obtained for the singlet excited-states but
when starting with M06-HF starting eigenstates.
For the triplet excited-states, Figure 3d and Table 2 clearly

demonstrate that BSE/evGW provides poor estimates when
used in conjunction with M06-2X. Indeed, the MSE is large
(−0.46 eV with TZVP, −0.58 eV with aug-ccpVTZ), and all
ΔES0Tn are smaller than their CC3 counterparts. While this
result parallels the conclusion obtained by Bruneval and co-
workers with the BSE/G0W0 approach,57 where a MSE of
(−0.4 eV) was extrapolated in the limit of the “perfect” GW
HOMO−LUMO gap, it is in sharp contrast with the findings of
Rubio’s group who studied two porphyrin derivatives and
reported an almost perfect match between their BSE/G0W0@
LDA and experimental triplet energies (deviations of ca. 0.10
eV).34 As seen above, the use of the partial self-consistent
approach in the GW step allows the computed triplet energies
to be less sensitive to the starting XCF than with G0W0.
Nevertheless, the dependency on the starting eigenfunctions
seems to be slightly larger for the triplet than for the singlet ES
(compare the BSE MSE in Tables 2 and S13). Interestingly,
using M06-HF/TZVP eigenstates in the BSE calculations
allows greatly reducing the error (Figure 4d) with a MSE of
−0.19 eV and a MAE of 0.27 eV, successes that come without
significant degradation of the correlation with the CC3 values.
With the diffuse basis set, one even obtains a positive MSE (see
Figure S6), but again, this is probably due to the fortuitous
influence of intruder states. Applying TDA slightly decreases
the BSE error irrespective of the starting eigenstates (the only
exception being M06-HF/aug-cc-pVTZ). In other words, TDA

Table 2. Statistical Analysis of the Errors of TDA-DFT, TD-
DFT, TDA-BSE/evGW, and BSE/evGW Triplet ES Using
the Four XCF for the Transition Energies Listed in Tables 1,
S11, and S12 Using CC3 Reference Valuesa

method XCF MSE MAE RMS Max(+) Max(−) R

TDA-
DFT

M06-L −0.22 0.26 0.37 0.27 −1.15 0.97

M06 −0.29 0.30 0.36 0.49 −0.88 0.98
M06-2X 0.00 0.23 0.27 0.48 −0.67 0.97

0.00 0.20 0.24 0.42 −0.79 0.98
M06-
HF

0.20 0.44 0.50 1.10 −0.82 0.93

0.16 0.37 0.42 0.81 −0.86 0.94
TD-
DFT

M06-L −0.42 0.42 0.48 −1.16 0.98

M06 −0.48 0.48 0.51 −0.91 0.99
M06-2X −0.12 0.22 0.28 0.40 −0.74 0.98

−0.13 0.20 0.27 0.24 −0.79 0.98
M06-
HF

0.01 0.41 0.48 1.02 −1.05 0.93

−0.06 0.33 0.42 0.69 −1.00 0.94
TDA-
BSE

M06-L −0.48 0.48 0.51 −1.12 0.99

M06 −0.42 0.42 0.46 −1.10 0.99
M06-2X −0.31 0.31 0.37 −1.10 0.99

−0.43 0.43 0.48 −1.00 0.98
M06-
HF

−0.06 0.17 0.27 0.36 −1.11 0.98

0.39 0.46 0.52 1.45 −0.56 0.96
BSE M06-L −0.64 0.64 0.67 −1.19 0.99

M06 −0.58 0.58 0.61 −1.17 0.99
M06-2X −0.46 0.46 0.51 −1.16 0.98

−0.58 0.58 0.63 −1.11 0.98
M06-
HF

−0.19 0.27 0.33 0.33 −1.04 0.98

0.28 0.37 0.46 1.45 −0.66 0.96
aThe values in italics correspond to the aug-cc-pVTZ data, whereas all
other results are obtained with TZVP. MSE, MAE, RMS, Max(+), and
Max(−) respectively stand for the mean signed error, mean absolute
error, root mean square error, largest positive deviation, and largest
negative deviation and are all expressed in eV. R is the linear
correlation coefficient obtained through a least-square fit. See also
Tables S13 and S14 in the SI for singlet ES and comparisons with the
TBE for the aug-cc-pVTZ values, respectively.
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does improve the BSE/evGW estimates of the ΔES0Tn
transition

(e.g., compare Figures 3c and d). Nevertheless, both TD-M06-
2X and TDA-M06-2X outperform the corresponding BSE/
evGW methods for the S0 to T1 transitions (see Figures 3a and
b) and therefore remain very valuable approaches in terms of
the cost/quality balance. As seen in Table 2, this TD-DFT
success is related to the selection of M06-2X, one of the best
performing XCF for this property. Indeed, the TD-DFT M06-
L, M06, and M06-HF errors are larger, and, for the same set of
states, most other XCF provide much larger deviations, e.g.,
CAM-B3LYP (B98) delivers a MSE of −0.41 (−0.37) eV and a
MAE of 0.42 (0.37) eV with TZVP.9 We also highlight that
TDA-M06-2X and TD-M06-2X statistical data are very similar
for both tested basis sets but for the MSE that is smaller with
the former approach. These conclusions are in line with the
analysis of Peach and Tozer who found that the improvements
brought by TDA are smaller than the one obtained by choosing
an “adequate” XCF.12

3.4. Impact of the Tamm-Dancoff Approximation. As
we have seen above, applying the TDA increases the computed
transition energies, but this effect is significantly dependent on
the considered molecule, on the spin-symmetry, and on the
chemical nature of the considered state. To provide a more
general overview of the impact of TDA, we report in Figure 5
histograms obtained by considering all M06-2X/TZVP
transitions of Table 1. The corresponding aug-cc-pVTZ

representation can be found in Figure S7 of the SI. Irrespective
of the considered case (singlets versus triplets, TD-DFT versus
BSE), one notices TDA induces an increase in the 0.00−0.20
eV range in most cases, though much larger variations are
noticed for a few transitions. In Figure 5, besides the fact that a
larger spread is found for singlet than triplet ES, there is no
crystal-clear relationship between the amplitude of the impact
of TDA and the nature of the ES, nor the selected theoretical
models. Indeed, the mean variations of the transition energy
induced by TDA for the BSE/evGW@M06-2X data (0.23 eV
for singlets and 0.15 eV for triplets) are only very slightly
exceeding their TD-M06-2X counterparts (0.22 eV for singlets
and 0.11 eV for triplets). Similar trends are obtained with the
larger basis set with variations of 0.21 eV (0.17 eV) and 0.15 eV
(0.13 eV) for respectively the singlet and triplet ES using BSE
(TD-DFT). Overall, these trends are consistent with a recent
BSE investigation of the lowest singlet and triplet ES of
sexithiophene, where it was found that TDA induces upshifts of
the transition energy by ca. 0.10−0.20 eV for these two states.77

The same group also obtained similar conclusions for
pentacene.78 There is also a high degree of correlation between
the upshifts induced by TDA on the TD-DFT and BSE
transition energies, at least at the M06-2X/TZVP level. Indeed,
we found correlation coefficients of 0.95 (singlet) and 0.90
(triplet) between these variations (see Figure S8 in the SI). In
contrast, we found no correlation between the magnitude of the

Figure 5. Histograms of the impact of the TDA approximation on the ΔES0Sn (top, a and b) and ΔES0Tn (bottom, c and d) transition energies
determined with TD-DFT (left) and BSE/evGW (right). All results are obtained using the M06-2X/TZVP approach.
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TDA correction for the triplet ES and the error of BSE nor TD-
DFT (see Figure S9 in the SI). In short, though the obtained
shifts are obviously strongly molecule dependent, the effects of
TDA are, on average, similar for the two families of states and
for the two theoretical approaches.
3.5. ES Splittings. As stated in the Introduction, it is

important for many practical applications to obtain accurate
energy splittings between the different states, besides the
transition energies from the GS. In Figure 6 we compare the
S0−T1, S1−T1, and T1−T2 gaps, determined for eight selected
levels of theory to reference CC3 values. A statistical analysis is
given in Table 3 for these three splittings. Section S7 in the SI
provides the same information for all other approaches. A first
noticeable point is that large high correlations with the
reference values (R > 0.96) are systematically obtained with

M06-2X/TZVP. This is true also for the M06-2X/aug-cc-pVTZ
results but for one exception (full BSE for ΔET1T2, see Table
S16). For the ΔES0T1, the computed average deviations are in
line with those noted in Table 2, indicating that the lowest
singlet−triplet transition is not more nor less accurately
described than the transitions to the higher lying triplet ES.
This conclusion is in line with previous works,58,65 arguing that
BSE/evGW tends to perform similarly for both low-lying
valence ES and higher-lying ES. As can be seen in Figure 6a,
BSE/evGW@M06-2X energies are too small and the
application of TDA only slightly decreases this larger error,
whereas (TDA-)BSE/evGW@M06-HF ΔES0T1 are significantly
more accurate (Figure 6b), and this approach even outperforms
TD-M06-2X if the TZVP atomic basis set is selected (see Table
3).

Figure 6. Comparisons between the TD-DFT and BSE description of ΔES0T1
(top, a and b), ΔES1T1

(center, c and d), and ΔET1T2
(bottom, e and f)

energy gaps for all considered molecules. The data obtained with M06-2X (M06-HF) are shown on the left-hand side (right-hand side). All values
are in eV, use CC3 data as references, and rely on the TZVP basis set. The corresponding aug-cc-pVTZ results can be found in Figure S9 in the SI.
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The situation significantly differs for the ΔES1T1 splittings
that are essential for TADF. In this case, the BSE/evGW@
M06-2X and BSE/evGW@M06-HF values are on average too
large with the two atomic basis sets, whereas the corresponding
TD-DFT values are too large with TZVP (Figures 6c and d)
and too small with aug-cc-pVTZ (Figure S11). This result is
due to the fact that BSE/GW presents a sensitivity to basis set
effects comparable to the one of highly correlated wave
function approaches (and hence they evolve similarly),60

whereas TD-DFT values are significantly less basis set sensitive.

The sign of the BSE ΔES1T1 errors is consistent with the
seminal work of Louie, Cohen, and co-workers who reported a
BSE splitting of 0.7 eV in silane, ca. twice the reference value of
0.4 eV.75 We note that for the ΔES1T1 splittings, the smallest
TD-DFT errors are obtained with M06-L (MAE of 0.20 eV, see
Table S15), and the smallest BSE errors are reached with M06-
2X (MAE of 0.24 eV, see Table 3), the latter approach
providing a very large correlation with the reference values
(middle left panel of Figure 6).
Finally, as illustrated in Figures 6e and f and S11, most of the

tested theoretical models provide rather accurate triplet−triplet
energy gaps with typical MAE in the 0.10−0.20 eV range, BSE/
evGW@M06-L yielding the poorest estimates (MAE of 0.33
eV). Using TDA allows reducing the BSE average absolute
deviation to 0.11 or 0.12 eV when using M06-2X and the TZVP
or aug-cc-pVTZ atomic basis sets, respectively, an accuracy
comparable to the one attained with TDA-DFT and TD-DFT
(0.10 and 0.14 eV, respectively). It is not a surprise that the
splittings between ES of the same spin symmetry are easier to
determine than those in which the spin symmetry is modified,
as the latter involve larger differential correlation effects.

4. CONCLUSIONS
We have determined more than 60 singlet and 60 triplet
transition energies on Thiel’s molecular set using a Bethe-
Salpeter method based on GW quasiparticle energies that were
self-consistently converged with respect to the starting DFT
eigenvalues. Two atomic basis sets were used. By using the four
members of the M06 family to generate the starting eigenstates,
we evaluated the impact of the partially self-consistent GW
procedure. For the singlet excited-states, the effect is
impressive: the evGW approach allows washing out the
majority of the XCF dependency, and except when M06-HF
− a XCF with 100% of exact exchange − is used, all statistical
parameters are similar for the members of the M06 family. In
addition, consistently with our previous works,58,59 the
obtained singlet ES were found to be rather accurate. For the
triplet excited-states, evGW also greatly reduces the impact of
the selected XCF compared to the perturbative G0W0 scheme,
but the improvements are less spectacular than for the singlet
ES, hinting that the form of the eigenfunctions has more
influence for the former ES. Paralleling previously obtained
BSE/G0W0 values,57 we found that the triplet ES are
significantly overstabilized by BSE/evGW, though the dramatic
underestimation of triplet energies obtained with BSE/G0W0
calculations based on XCF with none or a small amount of
exact exchange is significantly corrected. In fact, the only BSE
variant yielding a positive average deviation is BSE/evGW@
M06-HF/aug-cc-pVTZ. This is however due to the presence of
intruder eigenstates that yield state mixing. As a consequence,
this approach delivers poorer correlations with respect to the
reference values than all the other tested BSE approaches, and
one cannot recommend such a method. Our results indicate
that, at this stage, using TD-DFT with a well-chosen XCF is
probably a more effective option than BSE/evGW to estimate
ΔES0T1. Indeed, while the smallest MAE was reached with
TDA-BSE/evGW@M06-HF/TZVP (0.17 eV, Table 2), TD-
M06-2X yields only slightly larger errors (MAE of 0.22 eV) but
is much less sensitive to the selected atomic basis set.
Moreover, we found that the application of the Tamm-Dancoff
approximation tends to increase the GS to ES transition
energies by an average of ca. 0.20 eV and that the magnitude of
this effect is slightly larger for singlet than triplet ES but similar

Table 3. Statistical Analysis of the Errors Provided by TDA-
DFT, TD-DFT, TDA-BSE/evGW, and BSE/evGW for
Several Typical Splitting Energies Determined with TZVPa

ΔES0T1

method XCF MSE MAE RMS Max(+) Max(−) R

TDA-
DFT

M06-
2X

0.04 0.26 0.28 0.48 −0.43 0.96

M06-
HF

0.15 0.53 0.57 0.85 −0.82 0.85

TD-DFT M06-
2X

−0.11 0.20 0.25 0.23 −0.49 0.98

M06-
HF

−0.09 0.45 0.55 0.52 −1.05 0.86

TDA-
BSE

M06-
2X

−0.22 0.22 0.24 −0.34 1.00

M06-
HF

0.06 0.09 0.13 0.36 −0.08 0.99

BSE M06-
2X

−0.45 0.45 0.47 −0.63 0.99

M06-
HF

−0.12 0.23 0.25 0.32 −0.33 0.98

ΔES1T1

method XCF MSE MAE RMS Max(+) Max(−) R

TDA-
DFT

M06-2X 0.42 0.43 0.46 0.88 0.99

M06-HF 0.43 0.43 0.47 0.88 0.98
TD-DFT M06-2X 0.36 0.36 0.39 0.67 0.99

M06-HF 0.37 0.37 0.43 0.85 0.98
TDA-BSE M06-2X 0.31 0.31 0.35 0.64 0.99

M06-HF 0.32 0.32 0.40 0.80 0.98
BSE M06-2X 0.21 0.24 0.29 0.57 −0.19 0.99

M06-HF 0.21 0.32 0.37 0.71 −0.23 0.97

ΔET1T2

method XCF MSE MAE RMS Max(+) Max(−) R

TDA-
DFT

M06-
2X

−0.09 0.10 0.14 0.10 −0.32 0.99

M06-
HF

0.02 0.23 0.26 0.34 −0.52 0.94

TD-DFT M06-
2X

−0.08 0.10 0.12 0.08 −0.25 0.99

M06-
HF

0.01 0.19 0.23 0.31 −0.48 0.95

TDA-
BSE

M06-
2X

−0.09 0.11 0.15 0.13 −0.29 0.99

M06-
HF

−0.01 0.20 0.24 0.43 −0.53 0.94

BSE M06-
2X

−0.08 0.16 0.18 0.23 −0.31 0.97

M06-
HF

−0.02 0.21 0.27 0.56 −0.53 0.93

aThe CC3 values of Table 1 are used as reference, and the CC3
method is used to determine the lowest states of the different spin
symmetries. When reversal of two states appears with other
approaches, the absolute value is used in the comparisons.
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for TD-DFT and BSE. By considering the full set of molecules,
we noticed that TDA helps improving the (generally too small)
BSE/evGW estimates. The question whether TDA improves
the triplets (blueshift) for the same reasons that it destabilizes
the singlets or by a mechanism related to the reduction of
triplet state instability as proposed at the TD-DFT level10,11,98

remains to be determined. The errors obtained with BSE for
the S1−T1 splittings are globally of the same order of
magnitude as their TD-DFT counterparts (ca. 0.20−0.40 eV),
though the best performing XCF differ (M06-L with TD-DFT,
M06-2X with BSE). Whether this finding is valid only for the
small- and medium-sized compounds treated here or also
pertains for the large charge-transfer dyes of practical interest
for TADF applicationscannot be answered with the present set
of data. In contrast the triplet−triplet energy gaps are accurately
estimated by all approaches, e.g., TDA-BSE/evGW@M06-2X
leads to a mean absolute error of 0.11 eV, equivalent to the 0.10
eV error obtained with TDA-M06-2X.
The understanding of the origin of the significant BSE

underestimations goes certainly beyond this study. The so-
called triplet instability problem, documented within TD-HF
and TDDFT for more than five years,10−12 still remains an issue
of discussion: while a proper diagnostic of triplet under-
estimation has been proposed by comparing the TDDFT
equation to the DFT stability equations, a proper cure of the
problem remains to be found. It can be emphasized along that
line that the BSE formalism suffers from the impossibility to
“tune” the functional: in the calculations presented above,
variations in the BSE triplet excitation energies originate mainly
from changing the Kohn−Sham initial eigenstates, while the
functional form of the BSE equations remains unchanged. In
this general framework of comparison between BSE and TD-
DFT approaches, determining BSE singlet−triplet transition
energies on the basis of fully self-consistent GW quasiparticle
energies would also be useful, as the dependency from the
starting KS eigenstates would disappear.
In short, this first work comes as an important warning −

BSE/GW might be well suited for singlet ES but not for triplet
ES − and might also constitute the start of the search for the
understanding of the fundamental reasons of this problem.
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