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Abstract

Amongst the available theories for accurately modeling electronic excited states, methods able to simul-
taneously account for both static and dynamic electron correlations have been considered, not only to model
photochemical events, but also to provide reference values for vertical transition energies, hence allowing to
benchmark lower-order models. In this category, both the complete-active-space second-order perturbation
theory (CASPT2) and the N-electron valence state second-order perturbation theory (NEVPT2) are certainly
popular, the latter presenting the advantage of not requiring the application of the empirical ionization-potential-
electron-affinity (IPEA) and level shifts. However, the actual accuracy of these multiconfigurational approaches
is not settled yet. In this context, the present work relies on highly-accurate aug-cc-pVTZ vertical transition
energies for 284 excited states of diverse character (174 singlet, 110 triplet, 206 valence, 78 Rydberg, 78 n — 7*,
119 7 — n*, and 8 double excitations) determined in 35 small- to medium-sized organic molecules containing
from three to six non-hydrogen atoms to assess the performances of these approaches. The CASPT2 calculations
are performed with and without IPEA shift and compared to the partially-contracted (PC) and strongly-contracted
(SC) variants of NEVPT2. We find that both CASPT2 with IPEA shift and PC-NEVPT2 provide fairly reliable
vertical transition energy estimates, with slight overestimations and mean absolute errors of 0.11 and 0.13 €V,
respectively. These values are found to be rather uniform for the various subgroups of transitions. The present
work completes our previous benchmarks focussed on single-reference wave function methods (J. Chem. Theory
Comput. 14, 4360 (2018); ibid., 16, 1711 (2020)), hence allowing for a fair comparison between various fami-
lies of electronic structure methods. In particular, we show that ADC(2), CCSD, and CASPT?2 deliver similar

accuracies for excited states with a dominant single-excitation character.

1. INTRODUCTION

In the early 90’s, it was certainly challenging to systemati-
cally introduce dynamical electron correlation effects in the
description of molecular systems, so as to access accurate
geometries, dissociation energies, vibrational frequencies,
spectroscopic constants, as well as vertical transition energies
(VTEs). In this framework, the development and efficient
implementation of single-reference many-body perturbation
theory (SR-MBPT) based on a Hartree-Fock (HF) reference
wave function were certainly major steps forward for the elec-
tronic structure community. At that time, most applications
using SR-MBPT were based on the acclaimed second-order
Mgller-Plesset perturbative correction, I"and while the relia-
bility of such approach was found to be quite satisfactory for
closed-shell systems, it obviously suffers from major draw-
backs when the HF reference wave function is not a valid
starting point, i.e., when the targeted electronic state is not
properly described by a single Slater determinant. This sit-
uation is ubiquitous, for example, in transition metal com-
plexes, bond-breaking reactions, transition states, and, more
importantly in the present context, electronic excited states

(ESs). This severe limitation has led to the development of
multireference extensions of MBPT (MR-MBPT) in which
the reference wave function is multiconfigurational, i.e., con-
tains more than one Slater determinant. These powerful
approaches allow to account for both static electron correla-
tion encapsulated in the reference multiconfigurational wave
function — most often described within the complete-active-
space self-consistent field (CASSCF) formalism — and dy-
namic electron correlation treated very efficiently at low order
of perturbation theory.

Various flavors and implementations of MR-MBPT have
emerged over the years. Among the most well-known
variants, one can cite the complete-active-space second-
order perturbation theory (CASPT2) developed by Roos and
coworkers, 2 the multireference second-order Mgllet-Plesset
(MRMP?2) approach proposed by Hirao,* and the N-electron
valence state second-order perturbation theory (NEVPT2)
designed by Angeli, Malrieu, and coworkers.>~’ All these
methods have proven to be efficient and accurate when one
deals with ESs, in particular for the computation of VTEs.
[lustratively, three decades after its original formulation,
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CASPT?2 has clearly become the most popular multiconfigu-
rational approach of molecular quantum chemistry in order
to tackle ground states and ESs of multiconfigurational char-
acter on an equal footing.

Nevertheless, it is noteworthy that several limitations of
CASPT2 were rapidly disclosed and circumvented. The first
recognized drawback of CASPT2 in the context of ESs was
the appearance of intruder states, i.e., perturbers that have
nearly equal energies to the zeroth-order CASSCF wave func-
tion. 310 The best remedy to this severe issue is to move the
intruder states in the active space but this strategy is obvi-
ously intrinsically limited by the dreadful computational cost
associated with the expansion of the active space. An effi-
cient alternative was formulated by Roos and Andersson '
who proposed to introduce a real-valued shift in the energy
denominators of the second-order energy (thus avoiding sin-
gularities) and correcting accordingly the resulting energy.
This approach, known as level-shift correction, is almost
systematically applied nowadays. Note that, in the case of
“weak” intruder states, an imaginary shift can be also intro-
duced. ?

The second bottleneck of the single-state (also called state-
specific) CASPT2 (SS-CASPT2) method, as implemented
originally by Roos and coworkers, is the difficulty to deal
with electronic state mixing (e.g., valence/Rydberg and co-
valent/ionic mixing). A solution consists in allowing the
states to mix within the MR-MBPT treatment, giving rise
to the multistate formulation of CASPT2 denoted as MS-
CASPT2, '3 and later refined in an extended multistate version
called XMS-CASPT2.!'% Very recently, a further extension
known as extended dynamically weighted CASPT2 (XDW-
CASPT?2) was proposed in order to combine the most attrac-
tive features of both MS-CASPT2 and XMS-CASPT2."°

The third bottleneck was found in evaluating a large num-
ber of chemical problems for which systematic errors were
noticed '®!7 and ascribed to the unbalanced description of
the zeroth-order Hamiltonian for the open- and closed-shell
electronic configurations. This systematic error can be at-
tenuated by introducing an additional parameter, the so-
called ionization-potential-electron-affinity (IPEA) shift, in
the zeroth-order Hamiltonian. '3

Whilst these three “fixes” improve the overall accuracy of
CASPT?2, all of them remain rather empirical, which can be
viewed as a drawback compared to other ab initio approaches.
In this context, NEVPT?2 has the advantage of being practi-
cally free of intruder states and enjoys the valuable property
of being size-consistent (which is not the case of CASPT2).
NEVPT?2 mainly differs from CASPT2 in the choice of (i) the
zeroth-order Hamiltonian, and (ii) the definition of the per-
turbers and their corresponding energies. NEVPT2 exists in
two different contraction schemes: strongly-contracted (SC)
and partially-contracted (PC), the latter being supposedly
more accurate thanks to its larger number of perturbers and its
greater flexibility. Note that a multistate version of NEVPT2
known as quasi-degenerate NEVPT2 (QD-NEVPT2) has also
been developed. !

Both the parent and stepwisely improved versions of
CASPT2 have been applied to tackle a wide variety of
chemical problems: heavy element chemistry,? biochem-

ical systems,?"?? transition metal complexes>*~2° (such as
bimetallic complexes 30), and, of course, ESs. The latter
were intensively investigated by Roos, Serrano-Andrés, and
their collaborators from the start,>™*3 in works where ex-
periment was typically used to appraise the quality of the
CASPT?2 estimates. These estimates were themselves used
later as references in benchmark studies assessing the perfor-
mances of “lower-level” ES methods.**7 Starting in 2008,
very comprehensive benchmarks of valence VTEs in small
and medium CNOH compounds were performed by Thiel’s
group. 833 Besides literature data, these authors first relied
on CASPT2/TZVP to define a list of 104 theoretically best
estimates (TBEs) for the singlet vertical transitions in 28 or-
ganic molecules optimized at the MP2/6-31G(d) level. In
their original study,*® the TBEs associated with 63 triplet
ESs were obtained at the third-order coupled-cluster (CC3) >4
level with the same TZVP basis set. These different choices
of reference methods for the two ES families were justified by
the almost pure single-excitation character of the triplet tran-
sitions, whereas the singlet transitions showed a less clear-cut
nature. In 2010, Thiel’s group upgraded their TBEs using the
aug-cc-pVTZ basis set>>>* and found that using this larger
basis set containing additional diffuse functions downshifted
the singlet VTEs by an average of 0.11 eV as compared to
TZVP, with a high degree of consistency between the two sets
of data (correlation coefficient larger than 0.996).°? Interest-
ingly, in their studies employing the aug-cc-pVTZ basis set,
Thiel and coworkers also shifted to CC3 as the default refer-
ence approach for defining the TBEs associated with singlet
transitions. Yet, no error bar was defined, nor estimated for
CASPT2.

Both the original TZVP and the improved aug-cc-pVTZ
TBEs of Thiel and coworkers were later employed in count-
less benchmarks of ES models. 49-51:55-78 1p particular, we
wish to pinpoint valuable studies of NEVPT2/CASPT2%
and CASSCF® using Thiel’s TZVP reference values. These
works are clearly in the same philosophy as the present effort,
though these were obviously limited to valence transitions of
single-excitation nature. At the same time, the number of
ES studies employing CASPT?2 steadily increased during the
last two decades, with investigations of many photophysical
and photochemical processes: photosensitization, photoiso-
merization, charge transfer, nonradiative deactivation, as well
as photodynamics studies of small to medium size organic
molecules. 7718

Given such extensive use of CASPT2 by both the elec-
tronic structure and dynamics communities, Gonzdlez and
co-workers proposed an excellent reassessment of this ap-
proach in 2017.'% In this key work, they showed that, for
di- and tri-atomic molecules for which full configuration in-
teraction (FCI) energies could be computed (albeit with a
small basis set), standard CASPT2? slightly underestimates
the VTEs, while the application of the IPEA shift '® partially
corrects this underestimation. The same work also reports
that applying an IPEA shift can lead to overestimations of
the VTEs for medium-sized molecules, and even quite sig-
nificant exaggerations for larger molecules (of the same order
of magnitude as the underestimation obtained without IPEA
for the smallest derivatives). As a result, the authors of Ref.



109 concluded that the application of the IPEA shift is not
systematically justified for organic chromophores. However,
and importantly, this work also shows that the relevance of
applying IPEA is basis set dependent: for double-{ basis
sets, smaller errors are obtained when setting the IPEA shift
to zero, whereas for more extended basis set, of triple- or
quadruple-{ quality, applying an IPEA shift improves the
accuracy. In such context, one can find several other exam-
ples in the literature showing the importance of introducing
an IPEA shift to reach a better agreement between experi-
ment and theory, as for, e.g., the excitation energies in iron
complexes,24’27’29’1 10-113 1 in BODIPY derivatives. 14

Of course, besides CASPT?2 and related MR-MBPT, there
exist many alternative ab initio methods for tackling ESs. In
this regard, one should certainly cite several efficient single-
reference approaches for modeling VTEs in large systems: (i)
time-dependent density-functional theory (TD-DFT),!!5-116
(ii) the Bethe-Salpeter equation (BSE) formalism,'!”-!18
(iii) the second-order algebraic-diagrammatic construction
[ADC(2)],'" and (iv) the second-order coupled-cluster
(CC2) model. 1?12 However, the overall accuracy provided
by these four methodologies is typically insufficient to be con-
sidered as a safe reference for assessing other methods. !> We
underline here that in contrast to TD-DFT and BSE, both the
ADC and CC advantageously offer a path for systematic im-
provement through the increase of the expansion order, with,
e.g., third-order approaches like ADC(3)7° and CC3.%* In
this context, some of us, inspired by Thiel’s works, have re-
cently proposed a new set of highly-accurate TBEs for VTEs
of a large variety of ESs in small- and medium-sized organic
molecules and radicals. >3 These TBEs were obtained
directly from FCI using a selected CI approach, 131132 CCS-
DTQ, 133-136 and CCSDT, 37141 for compounds containing
1-to-3, 4, and 5-to-10 non-hydrogen atoms, respectively. Tak-
ing advantages of these highly trustworthy values, we were
able to resolve some unanswered questions about the rela-
tive accuracies of ADC(3),7° CCSDT-3, 142143 and CC3.%*
In particular, we evidenced that the accuracy of the VTEs ob-
tained with CCSDTQ is comparable to that of FCI, whereas
both CC3 and CCSDT-3 can be viewed as highly reliable,
at least for transitions with a predominant single-excitation
character, 123-129

In the present study, considering the ESs studied in Refs.
123 and 125 which constitutes a set of 284 ESs (174 sin-
glet, 110 triplet, 206 valence, 78 Rydberg, 78 n — n*, 119
m — n*, and 8 double excitations) in 35 organic molecules
containing from three to six non-hydrogen atoms (see Figure
1), we perform a comprehensive benchmark of both CASPT2
and NEVPT?2, the former being considered with and without
IPEA shift. Because we rely on very high-quality refer-
ence values, we believe that the present study can provide
definite answers to the question of the relative accuracy of
these multireference approaches for VTEs dominated by a
single-excitation character, as well as reliable and trustwor-
thy comparisons with single-reference ES methods.

2. COMPUTATIONAL DETAILS
We have computed VTEs for ESs of each compound
displayed in Figure 1 using both CASPT223!L13 and

3 (non-H) atom molecules

H\
C=0 H,C=C=0

H
c=0 C=C=¢C > HoC=N=N
/ HoN
Acetaldehyde Carbon trimer Cyclopropene Diazomethane  Formamide Ketene
N=0 2
/ HoN""“NH,
Nitrosomethane  Streptocyanine-1
4 (non-H) atom molecules (3
\
/C:o ==\=0 =N\= =—=N N///C\H N=—=N

Acetone  Acrolein Butadiene Cyanoacetylene Cyanoformaldehyde Cyanogen

D: o D: s == 0\ =0 )]\
Cyclopropenone  Cyclopropenethione  Diacetylene Glyoxal Isobutene
o S
1] \ I
D— C. C=8 C.
// H / / H

Methylenecyclopropene  Propynal  Thioacetone
5 (non-H) atom molecules

i B
S R
Thiophene

Thiopropynal

Cyclopentadiene Furan Imidazole Pyrrole
6 (non-H) atom molecules
OO 00 C oW
Y
I S W G R
Benzene Pyrazine  Pyridazine  Pyridine Pyrimidine Tetrazine Triazine

Figure 1: Various families of compounds considered in this study.

NEVPT2,%>~7 with Dunning’s aug-cc-pVTZ basis set. !
Note that while all CASPT2 calculations are new, several
(but not all) PC-NEVPT2 data were taken from a previous
work. !> The cartesian coordinates of the ground-state ge-
ometries of all considered molecules are taken from our pre-
vious studies.'?3-1?> These high-quality ground-state equi-
librium geometries have been computed at the CC3°* level,
several of them being extracted from earlier works. 143-147

All perturbative calculations reported herein were per-
formed on top of state-averaged (SA) CASSCF wave func-
tions, which were produced by considering the ground state
and (at least) the ES of interest. Sometimes, more ESs were
included in the state-averaging procedure to guarantee con-
vergence and avoid root-flipping problems. The relevant
information concerning the construction of the SA-CASSCF
wave functions can be found in the Supporting Information
(SD) of the present article for all electronic states not reported
in Refs. 124 and 125, whereas the corresponding informa-
tion for all other electronic states can be found in the SI of
these references.

We tackled the intruder state problem both by increasing
the size of active spaces as well as by introducing a level shift
(0.3 a.u. unless otherwise stated) as discussed in Ref. 11. One
set of CASPT2 calculations was performed by introducing
the standard IPEA parameter (0.25 a.u.) [defined below as
CASPT2(IPEA)] as discussed in Ref. 18 and another set of
calculations was performed without IPEA correction [defined
below as CASPT2(NOIPEA)]. We have performed both SC-
NEVPT2 and PC-NEVPT?2 calculations, and report only the
latter in the main text below. The interested reader can find
SC-NEVPT?2 results in the SI. All the SA-CASSCF, CASPT2
(RS2 contraction level) '*® and NEVPT2 calculations were
performed using the MOLPRO program. 4

In the statistical analysis presented below, we report the
usual statistical indicators: the mean signed error (MSE),



the mean absolute error (MAE), the root-mean-square error
(RMSE), the standard deviation of the errors (SDE), as well as
largest positive and negative deviations [Max(+) and Max(-),
respectively].

3. RESULT AND DISCUSSION

Below, we first discuss individual molecules, trying to pin-
point relevant examples, before moving to statistical analyses.
We note here that, as general trends will emerge during the
discussion, we have particularly detailed the discussion on the
first compounds and tried not to repeat general statements for
each of the molecules regarding, e.g., relative accuracies for
Rydberg and valence transitions, or the impact of IPEA. The
full list of results can be found in Tables 1, 2 and 3 whereas
SA-CASSCF and SC-NEVPT?2 results can be found in Sec-
tion S3 of the SI. Except when specifically discussed below,
all the ESs considered in these Tables present a strongly dom-
inant single-excitation character.

3.1 Molecules with three non-hydrogen atoms

We have estimated VTEs in eight molecules containing three
non-H atoms, namely, acetaldehyde, carbon trimer, cyclo-
propene, diazomethane, formamide, ketene, nitrosomethane,
and streptocyanine-C1. Reference FCI (or high-level CC)
values with various basis sets, as well as literature data can
be found in our previous works. '>!12* The choice of active
spaces and state-averaging procedure are detailed in Tables
S1-S7 in the SI, except for carbon trimer where it was de-
scribed elsewhere. !2*

Acetaldehyde. The VTEs computed for the lowest n — 7*
singlet and triplet transitions of acetaldehyde obtained with
NEVPT?2 at 4.39 and 4.00 eV, respectively, slightly exceed
older estimates obtained at the same level of theory (4.29 and
3.97 eV), ' and both are fitting the TBEs of 4.31 and 3.97
eV, obtained on the basis of FCI calculations.'?? Likewise
CASPT2(IPEA) estimates are also accurate at 4.35 and 3.94
eV, whereas the absence of IPEA shift produces underesti-
mated values (4.13 and 3.71 eV).

Carbon trimer. This original linear molecule is of interest
because it presents two “pure’” doubly-excited states for which
FCI-quality TBEs are available. As one can be see from the
data listed of Table 1, NEVPT2 provides values extremely
close to FCI, whereas the absence of IPEA shift yields very
large underestimations.

Cyclopropene. The lowest two singlet o0 — #* and
7 — 7* transitions of cyclopropene, of respective B; and B,
symmetries, are very close in energy,*®!?* an effect repro-
duced by all second-order perturbation theories considered
here. While both CASPT2(IPEA) and NEVPT2 deliver the
same ordering as CCSDT, !> CASPT2(NOIPEA) swaps the
two states and it significantly underestimates the VTE asso-
ciated with the 1 — 7* excitation. All VTEs obtained with
CASPT2(IPEA) are within 0.1 eV of the TBEs, except for the
singlet o — 7* transition for which the error is slightly larger
(i.e., within 0.2 eV). Switching off the IPEA shift downshifts
all CASPT?2 estimates from 0.2 eV up to 0.4 eV, leading to
larger errors.

Diazomethane. The m — m* transition energies of both
singlet and triplet symmetries of diazomethane obtained from
CASPT2(IPEA) are very close to the TBEs, except for the

valence 'A;(mr — #*) transition for which an error of 0.3
eV is obtained. A similar observation can be made for
NEVPT2. VTEs for Rydberg excitations are also nicely re-
produced by both methods with errors around 0.1 eV except
for the 3A; (R;m — 3p) transition for which the error in-
creases to 0.2 eV. CASPT2(NOIPEA) underestimates all the
TBEs, apart from the valence ' A; (7 — 7*) transition which
is overestimated upon inclusion of the IPEA correction. For
the eight transitions considered the MAEs are 0.09, 0.15,
and 0.11 eV for CASPT2(IPEA), CASPT2(NOIPEA), and
NEVPT2, respectively.

Formamide. The lowest singlet and triplet n — 7* transi-
tions of formamide obtained with CASPT2(IPEA) are within
0.02 eV of our TBEs, whereas the CASPT2(NOIPEA) values
are too small. NEVPT?2 is also very accurate for these two
transitions. For the three higher singlet states of A" symme-
try, the presence of a strong state mixing between the valence
and Rydberg transitions was observed in previous CC stud-
ies by us'?? and the Szalay’s group.'>' This mixing led to
a problematic assignment of these states, as the lowest Ry-
dberg state had a larger oscillator strength than the valence
(m — #*) state, which is counterintuitive. Our SA-CASSCF
reference wave function shows that such a mixing is weak
and the assignment of the states is straightforward, highlight-
ing a clear advantage of multi-reference methods in this case.
The oscillator strengths are also consistent with the electronic
nature of the states, the valence (r — #*) state having the
largest transition dipole moment (3.2 D) compared to the
Rydberg states (0.9 and 1.6 D). Overall, the results obtained
with CASPT2(IPEA) are consistent with previous TBEs, 123
although we do not consider these transitions in the statistics
below due to the state-mixing issue.

Ketene. For the eight ESs of ketene listed in Table 2,
the MAE:s are 0.05, 0.16, and 0.07 eV for CASPT2(IPEA),
CASPT2(NOIPEA), and NEVPT2, respectively. As in the
previous systems, CASPT2(NOIPEA) underestimates sys-
tematically all the TBEs. Ketene was previously investi-
gated at the MS-CASPT2/6-31+G(d) level by the Morokuma
group, 152 who reported VTEs of 3.72, 5.97, 3.62, 5.42, and
5.69 eV for the 'A,, !By, 3A,, 3A,, and 3B, excitations,
respectively, all values being slightly below the TBEs. De-
spite the different basis sets used, one also notes a reasonable
match between these previous MS-CASPT?2 values and the
present results that rely on rather comparable active spaces.

Nitrosomethane. Both the lowest-lying singlet and triplet
transitions of nitrosomethane are of n — 7* character and
the NEVPT2 VTEs are in very good agreement with the
TBEs, whereas CASPT?2 provides too small values. More
interestingly, the second singlet ES has a pure double elec-
tronic excitation of n,n — ©*, 7* nature, and a FCI value of
4.76 €V could be obtained. '>* In contrast to single-reference
methods that miserably fail for this transition except when
quadruples are included, '>* all three second-order multiref-
erence perturbative methods tested here deliver very accurate
results with a slight underestimation by less than 0.1 eV.

Streptocyanine-C1. The shortest cyanine is an interesting
case as its transition cannot be accurately described by TD-
DFT. 153154 At the CASPT? level, our values are comparable
to the ones obtained by Send et la., 153 poth with and with-



Table 1: Comparisons between TBEs taken from Table 6 of Ref. 123, Table 1 of Ref. 124, and Table 11 of Ref. 125 and VTEs computed at
the CASPT2(IPEA), CASPT2(NOIPEA), and (PC-)NEVPT2 levels. All values are given in eV and computed with the aug-cc-pVTZ basis.

Compound State TBE CASPT2  NEVPT2|Compound State TBE CASPT2 NEVPT2
IPEA NOIPEA IPEA NOIPEA
Acetaldehyde 1A”(V;n — ) 431 435 413 4.39  |Cyclopropenone 'Bi(V;n — %) 426 4.12 3.5 4.04
3A" (Von — 7n%) 3.97 394 3.71 4.00 YAy (Vin — %) 555 562 531 5.85
Acetone YAy (Vin — %) 447 444 419 4.48 'By(R;n — 3s) 634 628 621 6.51
1B (R;n — 3s) 6.46 646 635 6.81 1By (V; m — 7n*) 6.54 684 6.70 6.82
TA>(R;n — 3p) 747 780 7.55 7.65 B, (R;n — 3p) 6.98 6.54 6.20 7.07
TA|(R;n — 3p) 751 7.67 7.46 7.75 'A|(R;n — 3p) 7.02 727 7.03 7.28
'B,(R;n — 3p) 7.62 7.56  71.47 791 TA|(V;m = 7%) 8.28 890 8.71 8.19
342(Vin — %) 413 4.13 3.89 420 3Bi(Vin — 7*) 3.93 365 3.28 3.51
3A1 (Vs > %) 6.25 624  6.07 6.28 3By (V; m — %) 488 476  4.60 5.10
Acrolein TA”(Vin — %) 378 370 348 3.76 3A5(Vin — %) 535 536  5.06 5.60
LA (Vym — %) 6.69 693 637 6.67 3A (Vs m = %) 6.79 693  6.61 7.16
TA”(Vin - %) 6.72 7.12 597 7.16  |Cyclopropenethione ' A, (V;n — 7*) 341 343 3.14 3.52
TA"(R;n — 3s) 7.08 7.12  6.90 7.05 1B (V;n — n*) 345 345 317 3.50
YA (V; 1 — a%)@ 7.87 8.18 7.84 8.05 'B>(V; m — %) 4.60 4.64 435 477
3A"(Vin — %) 351 342 3.9 3.46 1By (R;n — 3s) 534 525 515 5.35
SA (Vs — %) 3.94 403 3.78 3.95 LA (V1 > 7%) 546 5.84 532 5.54
3A(V > 7n%) 6.18 629 593 6.23 IBy(R;n — 3p) 592 593 586 5.99
3A7(Vin — %) 6.54 681 547 6.83 3A5(Vin — 7n%) 328 328  3.00 3.38
Benzene 1B (Vs m — 7n*%) 5.06 5.14 4.66 5.32 3Bi(Vin — 7*) 332 335  3.07 3.40
Bl (Vi m — %) 6.45 6.65 623 6.43 3By (V; m — %) 401 397 3.5 4.17
LE|g(R;t — 3s) 6.52 6.70  6.57 6.75 3A1(V;m — %) 401 401 3.77 4.13
'Ay, Ryt — 3p) 7.08 721 7.06 7.40 |Diacetylene 1Y (Vi = %) 533 542 5.0l 5.33
1B (R;m — 3p) 715 726 7.11 7.45 "N (Vs m = %) 561 568 530 5.61
VEre (Vi — %)@ 8.28 831 7.82° 8.51 3E (Vi — n¥) 4.10 4.11 3.67 4.08
3Biu (Vi — %) 416 422 392 432 3Au(Vi = %) 478 482 445 478
3E (Vi — %) 485 489 451 492 |Diazomethane YAy (Vs m — 7n%) 3.14 3.13 292 3.09
3Bou (Vit — %) 581 585 5.40 5.51 1B (R; © — 3s) 554 550 530 5.63
Butadiene 1B, (V; m — %) 622 6.76  6.52 6.68 TA{(V; m = %) 590 621 592 6.23
'Bg (R; 1 — 3s) 633 6.49 631 6.44 3A,(Vor — %) 279 287 267 2.83
TAg (Vs t — n*)¢ 6.50 6.74 6.29 6.70 AL (V= %) 405 410 3.88 4.07
'Au(R; m — 3p) 6.64 674 6.64 6.84 3BI(R; w — 3s) 535 534 515 5.48
'A,(R; m — 3p) 6.80 695 6.84 7.01 3A1(R; 7 > 3p) 6.82 700 6.76 7.01
'Bu(R; w — 3p) 7.68 7.60 7.30 7.45 A"[FI(Vimr > n%) 071 069 0.52 0.66
3B (Vi — %) 336 340 3.19 3.40 |Formamide A" (Vin = 7%) 5.65 5.66 545 571
3A(Vim — %) 520 532 493 5.30 TA’(R;n — 3s) 6.77 6.80 6.64 6.98
3By (R — 3s) 6.29 6.44 626 6.38 TA(R;n — 3p) 738 745 132 7.64
Carbon trimer 'Ag(Vsn,n — n*, n*) 522 508 4.85% 525 A" (Vs - %) 763 7.88 7.13 7.64
IS8 (Vin,n > n*, 7*) 591 582 558 599 347 (Vin = %) 538 536 5.16 5.38
Cyanoacetylene Is= (Vi — %) 580 585 547 5.78 3A (Vo> %) 581 588 5.62 5.90
A(V; m — 7n*%) 6.07 6.13 5.78 6.10 |Furan TA>(R; m — 3s) 6.09 6.16 6.04 6.28
3SH(Vi > %) 444 445 404 445 'B,(V;r — %) 6.37 659  6.02 6.20
3A(V; T — %) 521 521 486 5.19 TAL(V; r - %) 6.56 6.66 6.10 6.77
TA”[FI(V;m — %) 3.54 3.67 347 3.50 IB|(R;m — 3p) 6.64 679 6.63 6.71
Cyanoformaldehyde 'A” (V;n — 7*) 3.81 398 3.67 3.98 TA>(R; 7 — 3p) 6.81 6.87 6.77 6.99
A" (Vy t = 7n%) 6.46 679 6.43 6.44 'B,(R; © — 3p) 724 711  6.84 7.01
3A"(Vin — 7n%) 344 346 325 3.58 3By (Vi — %) 420 426 401 4.42
3A (Vo> %) 501 525 5.03 5.35 3A1(Vit > %) 546 550 5.09 5.60
Cyanogen Iso (Vi — %) 6.39 640 6.03 6.32 3A5(R; m — 3s) 6.02 6.16 5.99 6.08
A (Vi t = %) 6.66 6.70  6.35 6.66 3B (R; m — 3p) 6.59 6.76  6.60 6.68
35 (Vi — %) 491 485 446 4.88 |Glyoxal A, (Vin = %) 2.88 2.82 251 2.90
ISZ[FI(V;m — %) 505 507 474 4.97 "B (Vin — %) 424 421 385 4.30
Cyclopentadiene !B, (V; 7 — *) 556 596 5.62 5.65 "Ag(Vin,n — n*, %) 561 537 521 5.52
"A>y(R; 7w — 3s) 578 5.88 5.78 5.92 'Be (Vin — n*) 6.57 6.52 5.54 6.64
'BI(R; 7w — 3p) 6.41 659 644 6.42 'B,(R;n — 3p) 771 7.61 134 7.84
'Ay(R; m — 3p) 6.46 6.55 6.46 6.59 3AL(Vin — %) 249 241 212 2.49
IB,(R; 7w — 3p) 6.56 6.72  6.56 6.60 3Bg(Vin — n%) 3.89 390 3.53 3.99
TA|(Vim = 7%) 6.52 6.63 6.13 6.75 3Bu(V; m — %) 515 5.14 491 5.17
3By(Vit — %) 331 334 3.09 3.41 3Ag(Vim — %) 630 632 6.02 6.33
3AI(Vit — %) 5.11 514 4.78 5.30 |Imidazole TA”(R; © — 35) 570 588  5.66 5.93
3A5(R;  — 3s) 573 591 574 5.73 TA'(R; 7 — 3p) 6.41 6.69 645 6.73
3B (R; — 3p) 636 6.59  6.42 6.40 TA"(R; & - 3p) 6.50 6.57 6.47 6.83
Cyclopropene IB1(V; o - 7%) 6.68 6.86 6.58 6.80 A" (Vin — 7n*) 6.71 694 6.57 6.96
1By (V7 — 7*) 6.79 6.89 647 6.83 LA (V= %) 6.86 6.88  6.46 7.00
3By (Vi — %) 438 447 427 4.51 TA"(R;n — 3s) 7.00 7.10 6.91 7.20
3Bi(V; o — 7n%) 645 656 632 6.52 3A (Vs m > %) 473 478 452 4.86
3A”(R; - 3s) 5.66 586 5.63 591
3A (V> %) 574 585 548 5.91
3A”(Vin — %) 6.31 644 6.10 6.48

4 Significant double excitation character; b evel shift=0.4; € Level shift=0.5. 5



Table 2: Comparisons between TBEs taken from Table 6 of Ref. 123 and Table 11 of Ref. 125 and VTEs computed at the CASPT2(IPEA),

CASPT2(NOIPEA), and (PC-)NEVPT2 values. All values are given in eV and computed with the aug-cc-pVTZ basis.

Compound State TBE  CASPT2  NEVPT2|Compound State TBE CASPT2 NEVPT2
IPEA NOIPEA IPEA NOIPEA
Isobutene TBI(R; 7 — 3s) 6.46 6.74 6.58 6.63 |Pyridine TBi(Vin — %) 495 515 481 5.15
TA1(R; © = 3p) 7.01 732 714 7.20 IBy(V; m — 7*) 5.14 518 476 5.31
3A1(Vim — %) 453 459 441 461 YAy (Vin = %) 540 546 5.03 5.29
Ketene LA, (Vs — %) 3.86 3.92 3.70 3.93 TA (Vs m — %) 6.62 682 6.17 6.69
IBI(R; 7 — 3s) 6.01 599 579 6.09 YA (R;n — 3s) 6.76 690  6.67 6.99
'A»,(R;  — 3p) 7.18 725 17.05 7.28 YA, (R; © — 3s) 6.82 7.08 6.86 6.86
3A,(Vim — %) 377 381 3.9 3.80 1By (Vi m — 7n*%) 740 792  7.67 7.83
3A1(V; = %) 561 565 543 5.65 'Bi(R; m — 3p) 738 770 751 7.45
3B (R;n — 3s) 579 579 5.60 5.89 LA (V> 7n%) 739 7.66 6.63 6.97
3A(R; m — 3p) 712 721 7.01 7.24 3A1(V; T — %) 430 439  4.06 4.60
A" [F1(V;mr > %) 1.00 1.05 0.88 1.02 3B (Vin — n%) 446 448 421 458
Methylenecyclopropene ' B> (V; & — n*) 428 440 4.12 4.37 3By (Vy m — %) 479 486 453 4.88
IBI(R; 1 — 3s) 544 557 544 5.49 3A(V; = %) 5.04 509 4.63 5.19
TA>(R;m — 3p) 596 6.09 5.97 6.00 34,(Vin — %) 536 533  4.96 5.33
TA (V- %) 6.12 626 6.15 6.36 3By(Vim — 7n%) 624 640 599 6.29
3B, (Vim — %) 349 357 334 3.66 |Pyrimidine IBi(V;n — %) 444 444 407 4.55
A1Vt — %) 474 482 458 4.87 YA (Vin — 7n%) 485 480 436 4.84
Nitrosomethane TA”(Vin — %) 1.96 1.84 1.60 1.91 1B, (Vi m — %) 538 540 501 5.53
VA" (Vin,n — on*, %) 476 4.69  4.67 473 LAy (Vin — %) 592 592 532 6.02
TA'(R;n — 3s) 6.29 632 6.07 6.38 'Bi(Vin — %) 6.26 631 5.65 6.40
3A”(Von — nn*) 1.16 1.00 0.75 1.08 B (R;n — 3s) 6.70 6.85 6.50 6.77
A (Vs — %) 560 552 537 5.54 TA (Vi > 7n%) 6.88 7.23  6.88 7.11
LA"[F](Vin > n*) 167 155 1.32 1.62 3BI(V;n — 7%) 409 4.05 3.67 4.17
Propynal TA”(Vin — %) 3.80 3.92 3.64 3.95 3A1(Vsm — %) 451 456 425 4.67
TA” (Vs 1 — 7n*%) 554 582 549 5.50 34,(Vin — 7n%) 466 463 4.16 4.72
3A”(Vin — %) 347 348 326 3.59 3By (Vi — %) 496 498 4.67 5.01
A/ (V= %) 447 459 430 4.63 |Pyrrole 'A,(R; 1 — 3s) 524 538 523 551
Pyrazine 1By, (Vin > %) 415 4.09 3.66 4.17 'Bi(R; m — 3p) 6.00 626 6.07 6.32
1A, (Vin — %) 498 476 4.6 477 TAy(R;m — 3p) 6.00 6.16 6.02 6.44
1By (Vi — 7*%) 502 513  4.65 5.32 IBy(V; (= n*) 6.26 6.62 6.36 6.48
'Bog (Vin — 7*) 571 568 527 5.88 LA (Vi = 7%) 630 641 584 6.53
'Ag(R;n — 3s) 6.65 6.66 627 6.70 'B,(R; — 3p) 6.83 675 6.11 6.62
'Big(Vin — 7*) 6.74 6.61 6.07 6.75 3By (Vi — %) 451 457 430 4.74
1Bl (Vim — %) 6.88 7.14  6.72 6.81 3A5(R;  — 3s) 521 541 521 5.49
'Big(R; m — 3s) 721 741 727 7.33 3A1(Vsm — %) 545 550 5.03 5.56
1By, (R;n — 3p) 724 734 693 7.25 3BI(R; m — 3p) 591 622 6.03 6.28
1B (R;n — 3p) 744 755 7.08 7.42 |Streptocyanine-C1 !By (V; 7 — 7*) 7.13 717 6.76 7.13
'Biu (Vi m = %) 7.98 859 7.96 8.25 3By (Vi — %) 552 549 522 5.52
3B3, (Vin — 7%) 3.59 349  3.08 3.56 |Tetrazine By (Vin — %) 247 231 191 235
3Bl (Vs — 1) 435 444 415 457 YA, (Vin - 7%) 3.69 349  3.00 3.58
3Bo (Vi (> *) 439 444  4.09 442 "Ag (Vin,n — 7%, %) 4.61 457 432 4.61
3A,(Vin — %) 493 473 421 475 'Big(Vin — n*) 493 483 433 4.95
3Bog (Vin — 7*) 5.08 5.04 4.66 5.21 1B (Vi m — 7n*%) 521 531 4.84 5.56
3Bl (Vi — 7*) 528 529  4.92 5.35 IByg (Vin — 7%) 545 538 490 5.63
Pyridazine IB1(V;n — %) 383 3.74 3.36 3.80 YA, (Vin — 7%) 553 551 492 5.62
YAy (Vin — 7n%) 437 429 387 4.40 'Big (Vin,n — n*, n*) 6.15 585 522 6.15
TA (Vi — %) 526 534 487 5.58 'Brg(Vin — %) 6.12 596 5.18 6.13
LA, (Vin — %) 572 573  5.19 5.88 'Big(Vin — n¥) 691 6.57 5.40 6.76
1By (R;n — 3s) 6.17 6.18 5.90 6.21 3B3. (Vin — %) 1.85 1.70 131 1.73
'B|(Vin — 7%) 6.37 650 5.94 6.64 3Au(Vin — %) 345 326 278 3.36
1By (Vi — 7n*%) 675 721 6.74 7.10 3Big(Vin — %) 420 410 3.62 4.24
3Bi(Vin — ®) 3.19 3.08 272 3.13 3Biu (Vi > %) 449 455 429 470
3A5(Vin — %) 4.11 401 3.59 4.14 3B (Vi — ™) 452 455 420 4.58
3B, (Vim — %) 434 440 412 4.49 3Brg (Vin — %) 5.04 502 453 5.27
AVt —> %) 482 487 447 4.94 34, (Vin — %) 5.11 507 443 5.13
3B3g (Vin,n — n*, %) 551 539 486 5.51
3Biu (Vi — %) 542 546 5.08 5.56




Table 3: Comparisons between TBEs taken from Table 6 of Ref. 123 and Table 11 of Ref. 125 and VTEs computed at the CASPT2(IPEA),
CASPT2(NOIPEA), and (PC-)NEVPT2 values. All values are given in eV and computed with the aug-cc-pVTZ basis.

Compound State TBE  CASPT2

IPEA NOIPEA

NEVPT2

Compound ~ State TBE

CASPT2
IPEA NOIPEA

NEVPT2

Thioacetone 1Ay (V;n — %) 2.53 2.58 2.33 2.55
IBy(R;n — 4s) 5.56 5.60 5.48 5.72
TA|(Vim — %) 588 6.66 641 6.24
IBy(R;n — 4p) 651 651 640 6.62
TA|(R;n — 4p) 661 642 598 6.52
345(Von — on*) 233 234 2.09 2.32
3A1(V;m— n*) 345 348 329 3.48
TA|(Vim — %) 564 584 521 5.84
1B, (Vi — %) 598 635 5.89 6.10
TAy(R;m — 3s) 6.14 628  6.07 6.20
IBI(R;m — 3p) 6.14 621 5.90 6.19
TAy(Rym — 3p) 621 632 598 6.40
IBI(R;m — 3s) 649 654 6.22 6.71
IBy(R;m —3p) 729 729 7.03 7.25
TA|(Vim — %) 731 762 6.85 7.39
3By(Vimm — mn*) 3.92 398 3.71 4.13
3A (Vo > %) 476 4.85 439 4.84
3Bi(R;m — 3p) 593 597 5.64 5.98
34,(R;m — 3s) 6.08 622 601 6.14

Thiophene

Triazine

Thiopropynal 'A” (V;n — 7n*) 2.03 205 1.84 2.05

3A7(Vin— n*) 1.80 1.81  1.59 1.81
YAY(Vin - %) 472 462 3.90 4.61
YA (Vin — %) 475 477 439 4.89
VE"(Vin — n*) 478 476  4.14 4.88
VAL (Vim — %) 575 576  5.32 5.95
YA\ (Vim - %) 724 743 6.89 7.30
'E"(Rjn — 3s) 732 748 715 7.45
YE"(Vin— n*) 778 7.75 17.04 7.98
VE'(V;m — %) 794 865 7.69 8.34
SA(Vin—> %) 433 437 399 451
3E”(Vin — nn*) 451 447 3.88 4.61
SAT(Vin > %) 473 470 394 471
SA\(Vim > n*) 485 4838 454 5.05
3E'(V;m— %) 559 562 5.20 5.73
SAL(Vi(m > 7*) 6.62 662 6.12 6.36

out IPEA shift. The VTEs of the valence singlet and triplet
m — * obtained from CASPT2(IPEA) and NEVPT?2 levels
of theory are also close from one another, with the NEVPT2
values being in perfect agreement with the TBEs.!?> The
absence of IPEA correction again yields significantly under-
estimated values.

3.2 Molecules with four non-hydrogen atoms

For these 15 systems, as well as for the larger systems treated
below, the description of the corresponding active spaces can
be found in our earlier contribution. >

Acetone and thioacetone. Previous works re-
porting CASPT2 and NEVPT2 VTEs exist for ace-
tone. 3>:48.53,125.150.155 Tpe present CASPT2(IPEA) results
are in excellent agreement with both their counterparts of
Ref. 155 and the TBEs, except for the 'A>(n — 3p) tran-
sition that appears significantly too high. Interestingly, the
VTE associated with this transition is nicely reproduced
by CASPT2(NOIPEA). For the lowest n — 7* excitations
of both spin symmetries, CASPT2(IPEA) provides VTEs
in very close agreement with the ones reported by Roos
and co-workers.?> The NEVPT2 estimates are accurate for
the valence ESs, but too large for the Rydberg ESs. In
thioacetone, the valence 'A;(mr — n*) transitions is con-
siderably overshot by all three models, NEVPT2 being the
most accurate with an error of 0.36 eV. For all other ESs,
both CASPT2(IPEA) and NEVPT2 deliver very satisfying
accuracy, with no absolute error exceeding 0.2 eV. Again,
turning off the IPEA shift is detrimental for most transitions,
especially the valence ones.

Acrolein. The comprehensive previous CASPT2 study of
acrolein is likely the work of Aquilante, Barone, and Roos, 156
which reports many transitions. For the nine ESs listed in
Table 1, the lack of IPEA shift clearly yields significant un-
derestimations (except for the ES having a significant share
of double excitation character) whereas both CASPT2(IPEA)
and NEVPT?2 values are trustworthy, the latter leading a small
average deviations as compared to the TBEs. However, one
specific challenging ES is the second 'A” (n — 7*) valence

excitation, for which the VTEs produced by all approaches
seem inconsistent. One should note, however, that this tran-
sition has a significant contribution from the doubly-excited
configurations, !> making its CCSDT-based TBE likely less
accurate.

Butadiene. The relative VTEs of the optically bright
1'B, and dark 2'A, ESs have certainly been the topic of
many theoretical studies, given both the experimental in-
terest and the mixed single/double excitation character of
the latter ES.31:125157-167 The first very reliable estimates
are likely due to Watson and Chan, 159 who showed that the
bright ESs should be slightly lower in energy. Our 6.22
and 6.50 eV TBEs, based on CCSDTQ and FCI results, re-
spectively, 124123 follow this trend and can likely be consid-
ered as reliable. As can be seen, none of the three tested
multiconfigurational approaches accurately reproduced the
gap between these two ESs, CASPT2(NOIPEA) being very
poor, confirming that butadiene remains a particularly strin-
gent test. For the other ESs, the trends noted above are
conserved, i.e., both NEVPT2 and CASPT2(IPEA) pro-
vide reliable valence/overestimated Rydberg VTEs, whereas
CASPT2(NOIPEA) tends to be more reliable for the Rydberg
ES:s.

Cyanoacetylene, cyanogen, and diacetylene. For these
three closely related linear molecules, the TBEs are based
on CCSDTQ, and the difference between CC3, CCSDT, and
CCSDTQ values are totally negligible, !> strongly hinting
that the TBEs are highly trustworthy. On average, both
CASPT2(IPEA) and NEVPT2 are rather competitive with
deviations no larger than +0.10 eV except for the fluores-
cence of cyanoacetylene with CASPT2(IPEA). In contrast,
CASPT2(NOIPEA) systematically produces underestimated
VTE:s for all 13 ESs of this series.

Cyanoformaldehyde, propynal, and thiopropynal. These
three molecules possess a conjugated carbonyl group and
are of Cy symmetry. All the considered ESs have a strong
single-excitation character. '>> The VTEs of the lowest singlet
transitions, of n — m* nature, are almost identical between



NEVPT2 and CASPT2(IPEA), with absolute values slightly
exceeding the TBEs. Surprisingly, the differences are larger
for the corresponding triplet ES in both cyanoformaldehyde
and propynal, for which CASPT2(IPEA) is extremely accu-
rate. Incontrast, for the A’(m — 7*) transitions, not applying
an IPEA shift seems beneficial in the case of cyanoformalde-
hyde.

Cyclopropenone, cyclopropenethione, and methylenecy-
clopropene. These three molecules are characterized by a
three-membered sp? carbon cycle conjugated to an external
7 bond. There are previous multiconfigurational studies for
these three compounds. #%12%:143:168.169 Eor cyclopropenone,
the VTEs of the singlet and triplet valence n — 7* tran-
sitions of A, symmetry, singlet n — 3s Rydberg transi-
tion of B, symmetry, and triplet 7 — 7* transition of Aj
symmetry obtained with CASPT2(IPEA) nicely fit the ref-
erence CCSDTQ-based values. 125 In contrast, the VTEs of
the singlet and triplet n — #* transitions of B; symme-
try (singlet # — x* transition of B, symmetry) are un-
derestimated (overestimated) by all second-oder approaches
assessed here. For cyclopropenethione, the CASPT2 val-
ues reported by Serrano-Andrés et al.*? are typically in be-
tween the CASPT2(IPEA) and CASPT2(NOIPEA) values
listed in Table 1. CASPT2(IPEA) outperforms the two other
methods reported in this Table, except for the !B, (n — 3s)
and 'A; (7 — 7*) transitions. For methylenecyclopropene,
the current CASPT2(NOIPEA) results fit well with those
reported by Roos and co-workers. '%® Pinpointing the most
suitable level of theory is challenging from the data of Ta-
ble 2 as the MAEs are similar: 0.11, 0.09, and 0.12 eV for
CASPT2(IPEA), CASPT2(NOIPEA), and NEVPT2, respec-
tively.

Glyoxal. In glyoxal, one needs to separate the lowest lAg
ES, of pure double (n,n — n*,n*) nature, from all other
considered ESs that are strongly dominated by single excita-
tions. For the latter set of transitions, both CASPT2(IPEA)
and NEVPT2 typically provide accurate estimates, whereas
the lack of IPEA correction gives significant underestima-
tions, even for the Rydberg transition considered herein. For
the specific ' A; ES, our TBE is based on FCI, '**!%5 and the
NEVPT2 VTE is compatible with this estimate, whereas both
CASPT?2 approaches deliver too small transition energies. In-
terestingly the SAC-CI method in its so-called general-R form
provides a VTE of 5.66 eV for this state, '*® actually outper-
forming the three multiconfigurational methods considered
in the present study.

Isobutene. Similarly to other cases, both CASPT2(IPEA)
and NEVPT2 significantly overshoot the singlet TBEs of
the Rydberg ESs, whereas for the lowest triplet of valence
nature, these two approaches yield results within 0.1 eV of
the reference value.

3.3 Five-membered cycles

Cyclopentadiene. There are several previous CASPT232:48.33,145

and NEVPT2'? studies of VTEs in cyclopentadiene. None
of the ES treated here, except the 'A; (7 — 7*) transition,
has a significant contribution from the doubly-excited de-
terminants. However, even for this transition, one notes in
Table 1 areasonable agreement between the CASPT2(IPEA),
NEVPT2, and the CCSDT-based TBEs (that all slightly ex-

ceed earlier estimates32*%°3) as well as the most recent
experimental value we are aware of.'’® For all other singlet
transitions, including the lowest 1Bz(ﬁ — ™) excitation,
CASPT2(NOIPEA) provides VTEs closer to the TBEs than
CASPT2(IPEA). For the triplet ESs considered here, one
finds again the usual pattern with valence (Rydberg) VTEs
more accurate when the IPEA shift is turned on (off). Con-
sidering the 10 ESs, one gets MAEs of 0.15, 0.11, and 0.10
eV for CASPT2(IPEA), CASPT2(NOIPEA), and NEVPT2,
respectively.

Furan. Unsurprisingly, furan was also investigated with
several multireference methods, 3>483:143.17L172 WwWe  con-
sider only ESs possessing a highly-dominant single exci-
tation character. For both the singlet and triplet valence
m — x* transitions of By and A; symmetries, the present
CASPT2(NOIPEA) values are reasonably close to those de-
termined by Roos’ group,’? whereas blueshifts are found
when including the IPEA shift.*3% An interesting case is the
'B,(n — 3p) excitation for which our CCSDT-based TBE
of 7.24 eV is larger than the estimates given in most pre-
vious theoretical studies (ca. 6.5-6.9 eV),3248:33.171-173 Eqp
this particular ES, the present NEVPT2 and CASPT2(IPEA)
estimates are also above 7 eV, indicating that this ES is very
sensitive to the employed methodological details. For the
10 transitions reported in Table 1, the MAEs are 0.11, 0.19,
and 0.16 eV for CASPT2(IPEA), CASPT2(NOIPEA), and
NEVPT?2, respectively, that is, the relative ranking of the
methods differs from the one obtained for cyclopentadiene.

Imidazole. The most detailed previous CASPT?2 investi-
gation is due to Serrano-Andrés and co-workers,?” and the
VTEs we report here with CASPT2(NOIPEA) for the Ry-
dberg transitions, as well as the singlet and triplet valence
m — m* transitions of A" symmetry are quite close to these
previous values. The quality of these VTEs, as compared to
the TBEs, !2° are rather contrasted.

Pyrrole. The VTEs of pyrrole were extensively studied us-
ing second-order perturbation theory, 3241:48,33,106,125,173 yye
underline that our TBEs > are in very nice agreement with
XMS-CASPT2 results obtained by the Gonzélez group, %
while the present CASPT2(NOIPEA) values are larger than
the 1993 VTEs proposed by Serrano-Andrés et al.*> For the
singlet transitions, it is difficult to highlight clear trends for
both CASPT2 approaches, whereas for the triplet ESs the
usual tendencies are found. Interestingly NEVPT2 systemat-
ically overestimates the VTEs for all considered ESs, except
for the highest-lying Rydberg state.

Thiophene. The optical properties of the most pop-
ular sulfur-bearing cycle have been investigated both
experimentally, ’#!7> and with multiconfigurational ap-
proaches. 33123176 Again, all ESs listed in Table 3 are of
dominant single-excitation character though the two singlet
A transitions have non-negligible contributions from higher
excitations. CASPT2(NOIPEA) systematically yields too
small VTEs, with an average deviation of —0.25 eV. Turning
on the IPEA shift somehow overcorrects, as CASPT2(IPEA)
produces systematic overestimations by an average of +0.13
eV. NEVPT2 delivers a more balanced treatment, with no
deviation exceeding a quarter of an eV and a MAE of 0.11
ev.



3.4 Six-membered cycles

Benzene. Previous multiconfigurational studies,
as well as refined experimental measurements !7%180 are again
available for benzene. We find that our CASPT2(NOIPEA)
data for the singlet Rydberg transitions are systematically
higher in energy than the previous CASPT?2 results of Roos
and co-workers,!”’ whereas our TBEs reasonably fit pub-
lished RASPT2 data. !”® The trends obtained by analyzing the
results of Table 1 are rather clear: (i) CASPT2(IPEA) outper-
forms both CASPT2(NOIPEA) and NEVPT?2 for estimating
the valence m — nm* transitions; (ii) CASPT2(NOIPEA) is
accurate for Rydberg transitions but leads to small values for
the valence ESs.

Pyrazine. There are previous multireference estimates of
the VTEs of pyrazine, *833:124125.181-184 4 a]] ESs consid-
ered can be described as single excitations. Indeed, the ES
with the largest contribution from higher excitations, the B, g
n — m* transition, has a single character of 84.2% accord-
ing to CC3. 125 From the data listed in Table 2, it is clear
that CASPT2(NOIPEA) is not very accurate, but it is not
straightforward to determine if CASPT2(IPEA) is superior
to NEVPT2 (or the opposite). An interesting specificity is
that the lowest 'A,, ES seems rather challenging for both
methods.

Pyridazine. As for previous systems, the present VTEs
are consistent with previous CASPT2 studies including or
not IPEA shifts. *>318L185 Tt s also noteworthy that our
CASPT2(NOIPEA) data are in close proximity with the very
recent electron energy-loss experiments, '8¢ but, as always,
such comparison can only be viewed as qualitative. Consider-
ing all pyridazine ESs of Table 2, one obtains MAEs of 0.07,
0.44, and 0.12 eV, for CASPT2(IPEA), CASPT2(NOIPEA),
and NEVPT?2, respectively. The absence of IPEA shift being
systematically detrimental, even for the Rydberg ! B, transi-
tion.

Pyridine. The ESs of pyridine were the subject of mul-
ticonfigurational 433123 18L.I8%187 anq refined experimen-

48,53,124,125,177,178

highly symmetric compound, one can clearly distinguish ESs
of single-excitation character to those that are pure double ex-
citations, namely, ! Ag, ! B3¢, and 3 B3,. %125 For these three
particular states, our TBEs were previously classified as “un-
safe”,'> as FCI estimates are beyond computational reach,
so that indisputable TBEs are not available. For the lAg
transition, the CASPT2(IPEA) and NEVPT?2 values are very
close from another, but differences of 0.30 and 0.12 €V are ob-
tained for the singlet and triplet B3, transitions, respectively,
justifying their “unsafe” status. Focussing on the single-
excitation transitions, one notes very good performances of
both CASPT2(IPEA) and NEVPT?2 with respective MAEs of
0.11 and 0.12 eV.

Triazine. Finally, for the D3, azabenzene, the present
CASPT2(NOIPEA) results are in line with the early investi-
gations of Roos and co-workers '8! and Serrano-Andrés and
co-workers 1% whereas the CASPT2(IPEA) data fit reason-
ably well the CASPT2 values determined later by Thiel’s
group.*®3 When comparing to the TBEs, it is pretty obvi-
ous that CASPT2(IPEA) is the most adequate approach for
most ESs, the absence of IPEA shift leading to systematic
underestimations of the VTEs, whereas NEVPT?2 produces
slightly too large transition energies.

3.5 Statistical analysis

To perform our statistical analysis, we only take into account
the VTEs qualified as “safe” in our previous studies. '>>128
Therefore, we removed, for example, transitions of double
excitation character for which FCI energies could not be com-
puted, the strongly mixed ESs in formamide, and the other
troublemakers. The corresponding statistical indicators are
gathered in Table 4 and the histogram representation of the
spread of the errors can also be found in Figure 2.

Table 4: Statistical analysis, taking the TBEs as reference, for the
four multiconfigurational approaches. At the bottom of the Table, we
provide similar data extracted from the QUEST database for single-
reference methods. 28 All values are in eV.

tal 188189 studies. We found a good correlation between the Method Count MSE MAE RMSE SDE Max(+) Max(—)
current CASPT2(NOIPEA) data and the early estimates of the SA-CASSCF 265 0.2 047 059 056 2.14 -1.18
Roos group. '87 Again, the VTEs of the Rydberg transitions CASPT2IPEA) 2650.06 0.11°0.16 10.15 0.78 = -0.44
. ’ " ’ CASPT2(NOIPEA)| 265 —0.26 0.28 0.35 0.24 0.53 -1.51

e.g., the singlet 7/n — 3s transitions of A; and A, symme- SC.NEVPT2 265 0.13 015 019 0.3 065 -038
try, obtained with CASPT2(NOIPEA) are in good agreement PC-NEVPT2 265 009 013 016 0.13 046 —0.42
with the TBEs, whereas for the valence transitions, both CIS(D) 757 0.16 022 028 023 096 —0.69
CASPT2(IPEA) and NEVPT?2 provide mode accurate VTEs. ADC(2) 252 0.00 0.14 0.19 0.18 064 -0.73
Those two latter methods provide similar MAEs (ca. 0.15 CcC2 258 0.03 0.15 0.20 0.19 0.59 -0.68
eV) for pyridine. SCS-CC2 258 0.15 0.17 021 0.15 0.76 -0.92
Pyrimidine. Earlier CASPT2 and NEVPT2 estimates are CCSD 259 0.10 0.12 0.16 0.05 0.62 -0.17
available for this azabenzene.*83:125181.184.190.191 The re. cc3 262 0.00 0.02 0.03 0.03 0.21 -0.09

sults of Table 2 reveal the excellent accuracy obtained with

CASPT2(IPEA). There is only one ES, namely, 'A; (7 — In line with the analysis performed for individual

7*), for which a deviation larger than 0.15 eV could be de-
tected. For thit state, of strong single-excitation character, >
not applying an IPEA shift is beneficial. NEVPT2 also pro-
vides very reasonable estimates except for a small overes-
timation trend. Nevertheless, NEVPT2 outperforms both
CASPT2 schemes for the Rydberg !B, (n — 3s) transition,
which is the unusual outcome for the panel of compounds
treated here.

Tetrazine. 48,53,124,125,192-194

In this intensively studied,

molecules, it turns out that CASPT2 delivers slightly too large
VTEs when the IPEA shift is turned on (+0.06 V) but large
underestimations when the IPEA shift is set to zero (—0.26
eV). The MAE obtained with CASPT2(IPEA) is 0.11 eV,
which can certainly be viewed as acceptable for many practi-
cal applications. It, nevertheless, remains far from chemical
accuracy (1 kcal.mol™! or 0.04 V). The dispersion of the
errors, as measured by the SDE, is also much larger when
the IPEA shift is not applied (0.24 eV vs 0.15 eV), which
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Figure 2: Histograms of the errors obtained for the four multiconfigurational second-order perturbation theory methods and comparisons with

a selection of single-reference methods.

clearly shows that the IPEA shift must be applied in practical
CASPT?2 calculations of VTEs in organic molecules. This
observation is consistent with the findings of the Gonzélez
group, who concluded that, for triple-{ basis sets, the IPEA
shift was beneficial. 1% Interestingly, PC-NEVPT?2, which is
free of the IPEA dilemma, delivers almost the same perfor-
mance as CASPT2(IPEA), with slightly larger overestima-
tions of the VTEs, but slightly smaller spread of the errors
and maximal deviations. In other words, the present bench-
mark does not reveal any significant difference in terms of ac-
curacy between these two multiconfigurational approaches.
SC-NEVPT2 is found to be only slightly worse than PC-
NEVPT2. In contrast (and as expected), SA-CASSCEF is
unsatisfying with a MAE as large as 0.47 eV and a large
dispersion as well.

At the bottom of Table 4, we provide the results obtained
for the same set of compounds and ESs with a selection
of popular single-reference methods. For the sake of con-
sistency, these values have been straightforwardly extracted
from the QUEST database, '?® but are in line with many other
benchmarks, 4870-151.196-198 A can be seen ADC(2), CC2,
and CCSD do deliver average deviations of the same order
of magnitude as both CASPT2(IPEA) and PC-NEVPT2, but
with a slightly larger dispersion of the errors for ADC(2) and
CC2. The latter effect can be attenuated by using the spin-
scaled variant (SCS) of CC2, but at the cost of inducing a
nearly systematic overestimation, as evidenced by the large
positive MSE. This means that one should be very cautious
in using CASPT2 data as reference to benchmark the quality
of ADC(2)’s or CC2’s VTEs in well-behaved transitions. In-
deed, the superiority of the former model over the two others
is not perfectly clear.

In Table 5, we provide the MAEs determined for various
subsets of transitions, whereas Figure 3 provides a graphi-
cal comparison for selected families of transitions. Clearly
CASPT2(NOIPEA) delivers reasonable estimates for the Ry-
dberg transitions only, which is fully consistent with the
analyses made for individual systems above. SA-CASSCF
appears more accurate for the triplet, valence, and n — 7*
transitions than for the singlet, Rydberg, and 7 — 7* coun-
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terparts, but the deviations remain very large in all cases.
Although one can notice small differences for various sub-
sets, i.e., slightly improved performances for triplet, va-
lence, and n — #* ESs as compared to the singlet, Ryd-
berg, and m — n* subsets, it is a pleasant outcome that
both CASPT2(IPEA) and the two NEVPT?2 variants deliver
rather equivalent and satisfactory levels of accuracy for all
single-excitation subsets. For the systems considered here,
rather similar trends were observed for ADC(2) and CC2,
though these two models are more effective for the n — 7*
than the 7 — n* excitations. Finally, the transitions with
a dominant contribution from the doubly-excited states are
more accurately modeled by NEVPT2 than CASPT2, while
single-reference approaches are simply unable to describe
these transitions.

Besides, by looking into the evolution of the errors as the
size of the compounds increases, one notes a deterioration of
the MAEs for CASPT2(IPEA) and both NEVPT2 schemes
when modeling larger molecules, with, e.g., MAEs of 0.08,
0.12, and 0.15 eV for the 3, 4, and 5-6 non-hydrogen atom
molecules for PC-NEVPT2. The CASPT2(NOIPEA) devia-
tions follow a similar pattern, but with larger errors, with a
MAE of 0.20 eV for the 3 non-hydrogen atom molecules, but
0.33 eV for the 5-6 non-hydrogen atom compounds.

We can compare the deviations obtained here to the ones
reported in Ref. 68 using Thiel’s CC3/TZVP values as refer-
ence. For 121 singlet (72 triplets) valence ESs, Schapiro et al.
obtained MAEs of 0.23 (0.23), 0.28 (0.25), and 0.21 (0.14)
eV for SC-NEVPT2, PC-NEVPT2, and SS-CASPT2(IPEA),
respectively, that is, deviations significantly larger than the
present ones. However, we note that their key conclusions
stating that the three approaches deliver similar results, and
that CASPT?2 is slightly more accurate for the triplet ESs are
fully consistent with the present findings. Analyzing the data
of this earlier work, it appears that differences with the cur-
rent results can be mostly ascribed to the 7 — 7* transitions
(that are more accurate here quite possibly due to the use of
a larger diffuse-containing basis set), and likely to the total
absence of Rydberg and doubly-excited transitions in Thiel’s
set. In Ref. 68, the absence of IPEA correction produced



Table 5: MAE determined for several subsets computed at various levels of theory. All values are in eV.

Method Singlet Triplet Valence Rydberg n — 7* m — n* Double
SA-CASSCF 0.55 034 044 0.53 0.44 044  0.16
CASPT2(IPEA) 0.14 0.07 0.11 0.13 0.08 0.13 0.14
CASPT2(NOIPEA)| 0.28 0.29 0.34 0.15 0.45 0.27 0.30
SC-NEVPT2 0.16 0.13 0.15 0.15 0.12 0.17 0.04
PC-NEVPT2 0.14 0.11 0.12 0.15 0.10 0.13 0.06

CIS(D) 021 024 025 0.16 0.21 0.27

ADC(2) 0.15 0.13 0.13 0.16 0.09 0.16

CC2 0.16 0.14 0.14 0.17 0.07 0.19

SCS-CC2 0.16 0.19 0.20 0.10 0.22 0.19

CCSD 0.15 0.09 0.14 0.09 0.18 0.11

CC3 0.02 0.01 0.02 0.01 0.01 0.02

Singlet transitions: Singlet transitions: Singlet transitions: Singlet transitions:
CASPT2(IPEA) MAE: 0.14 eV CASPT2(NOIPEA) MAE: 0.28 eV SC-NEVPT2 MAE: 0.16 eV PC-NEVPT2 MAE: 0.14 eV
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Figure 3: Histograms of the errors for various subsets obtained with the four multiconfigurational second-order perturbation theory methods.
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very large underestimations of the CASPT2 VTEs (MSE of
—0.48 eV for singlet transitions). This is again consistent
with the trend reported here, but with a more dramatic error
likely due to the particular focus on valence transitions. Fi-
nally, we note that for SA-CASSCF, much larger errors have
been reported when using the 122 Thiel CC3/TZVP reference
values,”® with a MAE of 0.98 eV. Nonetheless, the fact that
SA-CASSCF is more trustworthy for n — 7* than 7 — 7*
transitions is consistent with this study.”®

4. CONCLUSIONS

‘We have computed VTEs of more than 250 ESs in 35 small to
medium size organic molecules containing three to six non-
hydrogen atoms using four different perturbative approaches
and compared these VTEs with previous TBEs established
with highly-accurate methods. '>>-128

Besides containing a wealth of data for individual
molecules and specific transitions, this study allows to extract
general trends. In this regard, the global statistical analyses
reveal that the overall performance of CASPT2(NOIPEA) is
not up to the mark, except maybe for Rydberg transitions.
Indeed, not applying an IPEA shift typically leads to strong
underestimations of the transition energies together with a
significant spread of the errors. The same statistical analyses
indicate that both CASPT2(IPEA) and PC-NEVPT2 do yield
small overestimations of the VTEs and provide more accurate
estimates for the different subsets of ESs, with global MAEs
of 0.11 and 0.13 eV, and SDEs of 0.15 and 0.13 eV, respec-
tively. Neglecting dynamic correlation, as in SA-CASSCEF,
is clearly very detrimental, whereas using the SC instead of
the PC variant of NEVPT?2 only slightly deteriorates the re-
sults. As compared to single-reference models, one notes that
CASPT2(IPEA) and PC-NEVPT?2 deliver similar accuracies
as ADC(2), CC2, and CCSD, but with smaller dispersion than
the first two methods. As a consequence, one should likely
be very cautious when comparing ADC(2) and CASPT2 to
attribute the error mainly to one of the two methods. It is also
noteworthy that the CC3 VTEs remain much more accurate
than the multiconfigurational ones.

Of course, the present study has some limitations. First,
for each of the ESs treated herein, one can certainly define
a larger active space leading to a more accurate VTE. Yet,
we trust that our active spaces are very reasonable, that is,
they would be aligned with typical choices made by CASSCF
experts. Second, though we tested the use of IPEA (0.25 au)
or its complete neglect (as typically done in the literature),
one could also consider searching for an optimal value. This
aspect was previously treated by others % and it was demon-
strated to be fairly challenging to define a general value ap-
plicable across various basis sets and systems. Third (and we
wish to particularly stress this point), the present investiga-
tion was focussed on ESs with a dominant single-excitation
character, meaning that the present conclusions regarding the
relative performances of CASSCF, CASPT2, NEVPT2, and
the various other single-reference approaches are obviously
limited to this specific class of ESs.
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