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Benchmarking CASPT3 Vertical Excitation Energies
Martial Boggio-Pasqua,1, a) Denis Jacquemin,2, b) and Pierre-François Loos1, c)

1)Laboratoire de Chimie et Physique Quantiques (UMR 5626), Université de Toulouse, CNRS, UPS, France
2)Nantes Université, CNRS, CEISAM UMR 6230, F-44000 Nantes, France

Based on 280 reference vertical transition energies of various natures (singlet, triplet, valence, Rydberg, n→ π∗, π→ π∗,
and double excitations) extracted from the QUEST database, we assess the accuracy of third-order multireference
perturbation theory, CASPT3, in the context of molecular excited states. When one applies the disputable ionization-
potential-electron-affinity (IPEA) shift, we show that CASPT3 provides a similar accuracy as its second-order counterpart,
CASPT2, with the same mean absolute error of 0.11 eV. However, as already reported, we also observe that the accuracy
of CASPT3 is almost insensitive to the IPEA shift, irrespective of the transition type and system size, with a small
reduction of the mean absolute error to 0.09 eV when the IPEA shift is switched off.

I. INTRODUCTION

Perturbation theory is a relatively inexpensive route towards
the exact solution of the Schrödinger equation. However, it
rarely works this way in practice as the perturbative series
may exhibit quite a large spectrum of behaviors.1–12 For ex-
ample, in single-reference Møller-Plesset (MP) perturbation
theory,13 erratic, slowly convergent, and divergent behaviors
have been observed.14–25 Systematic improvement is thus dif-
ficult to achieve and it is extremely challenging to predict, a
priori, the evolution of the series when ramping up the per-
turbation order.26 This has led, in certain specific contexts, to
the development of empirical strategy like MP2.5 where one
averages the second-order (MP2) and third-order (MP3) total
energies, to obtain more accurate values.27

Extension of single-reference perturbation theory to elec-
tronic excited states is far from being trivial, and the algebraic
diagrammatic construction (ADC) approximation of the polar-
ization propagator is probably the most natural.28–39 However,
the ADC series naturally inherits some of the drawbacks of its
MP parent and it has been shown to be rather slowly conver-
gent in the context of vertical excitation energies.40–42 This has
led some of us to recently propose the ADC(2.5) composite
approach, where, in the same spirit as MP2.5, one averages
the second-order [ADC(2)] and third-order [ADC(3)] vertical
transition energies.43

Multi-reference perturbation theory is somewhat easier to
generalize to excited states as one has the freedom to select
the states of interest to include in the reference (zeroth-order)
space via the so-called complete-active-space self-consistent
field (CASSCF) formalism, hence effectively catching static
correlation in the zeroth-order model space. The missing dy-
namical correlation can then be recovered in the (first-order)
outer space via low-order perturbation theory, as performed
in the complete-active-space second-order perturbation theory
(CASPT2) of Roos and coworkers,44–46 the multireference
MP2 approach of Hirao,47 or the N-electron valence state
second-order perturbation theory (NEVPT2) developed by
Angeli, Malrieu, and coworkers.48–51 However, these multi-
reference formalisms and their implementation are much more
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b)Electronic mail: Denis.Jacquemin@univ-nantes.fr
c)Electronic mail: loos@irsamc.ups-tlse.fr

involved and costly than their single-reference counterparts.
Although it has well-documented weaknesses, CASPT2 is in-
disputably the most popular of the three approaches mentioned
above. As such, it has been employed in countless computa-
tional studies involving electronic excited states.

In the context of excited states, its most severe drawback is
certainly the intruder state problem (which is, by construction,
absent in NEVPT2) that describes a situation where one or
several determinants of the outer (first-order) space, known as
perturbers, have an energy close to the zeroth-order CASSCF
wave function, hence producing divergences in the denomina-
tors of the second-order perturbative energy. One can introduce
a shift in the denominators to avoid such situations, and cor-
recting afterwards the second-order energy for the use of this
shift. The use of real-valued52,53 or imaginary54 level shifts
has been successfully tested and is now routine in excited-state
calculations.55–57

A second pitfall was brought to light by Andersson et al.58,59

and explained by the unbalanced treatment in the zeroth-order
Hamiltonian of the open- and closed-shell electronic configu-
rations. A cure was quickly proposed via the introduction of
an additional parameter in the zeroth-order Hamiltonian, the
ionization-potential-electron-affinity (IPEA) shift.60 Although
the introduction of an IPEA shift can provide a better agree-
ment between experiment and theory,61–68 it has been shown
that its application is not systematically justified and that its
impact is significantly basis set dependent.56

Very recently, based on the highly accurate vertical exci-
tation energies of the QUEST database,40–42,69–73 we have re-
ported an exhaustive benchmark of CASPT2 and NEVPT2
for 280 excited states of diverse natures (singlet, triplet, va-
lence, Rydberg, n → π∗, π → π∗, and double excitations)
computed with a large basis set (aug-cc-pVTZ) in 35 small-
and medium-sized organic molecules containing from three to
six non-hydrogen atoms.57 Our main take-home message was
that both CASPT2 with IPEA shift and the partially-contracted
version of NEVPT2 provide fairly reliable vertical transition
energy estimates, with slight overestimations and mean abso-
lute errors of 0.11 and 0.13 eV, respectively. Importantly, the
introduction of the IPEA shift in CASPT2 was found to be
crucial as neglecting it increases the mean absolute error to
0.27 eV.

In the electronic structure community, third-order pertur-
bation theory has a fairly bad reputation especially within
MP perturbation theory where it is rarely worth its extra

ar
X

iv
:2

20
4.

06
48

0v
1 

 [
ph

ys
ic

s.
ch

em
-p

h]
  1

3 
A

pr
 2

02
2

mailto:martial.boggio@irsamc.ups-tlse.fr
mailto:Denis.Jacquemin@univ-nantes.fr
mailto:loos@irsamc.ups-tlse.fr


2

FIG. 1. Various molecular systems considered in this study.

computational cost.74 Nonetheless, going against popular
beliefs and one step further in the perturbative expansion, we
propose here to assess the performance of the complete-active-
space third-order perturbation theory (CASPT3) method
developed by Werner75 and implemented in MOLPRO76 for
the same set of electronic transitions as the one used in Ref. 57
Although CASPT3 calculations have been reported in the
literature,51,77–102 the present study provides, to the best of our
knowledge, the first comprehensive benchmark of CASPT3
and allows assessing its accuracy in the framework of electron-
ically excited states. We underline that, although a third-order
version of NEVPT has been developed51 and has been used in
some applications103–109 by Angeli and coworkers, as far as we
are aware of, no NEVPT3 implementation is publicly available.

II. COMPUTATIONAL DETAILS

For each compound represented in Fig. 1, we have computed
the CASPT2 and CASPT3 vertical excitation energies with
Dunning’s aug-cc-pVTZ basis set.110 Geometries and reference
theoretical best estimates (TBEs) for the vertical excitation en-
ergies have been extracted from the QUEST database42 and can
be downloaded at https://lcpq.github.io/QUESTDB website.

All the CASPT2 and CASPT3 calculations have been carried
out in the frozen-core approximation and within the RS2 and
RS3 contraction schemes as implemented in MOLPRO and
described in Refs. 75 and 76. Both methods have been tested
with and without IPEA (labeled as NOIPEA). When an IPEA
shift is applied, it is set to the default value of 0.25 Eh, as dis-
cussed in Ref. 60. The MOLPRO implementation of CASPT3
is based on a modification of the multi-reference configuration
interaction (MRCI) module.111,112 For the sake of computa-
tional efficiency, the doubly-excited external configurations
are internally contracted while the singly-excited internal and
semi-internal configurations are left uncontracted.75 These per-
turbative calculations have been performed by considering a
state-averaged (SA) CASSCF wave function where we have
included the ground state and (at least) the excited states of
interest. In several occasions, we have added additional excited
states to avoid convergence and/or root-flipping issues.

For each system and transition, we report in the supplemen-
tary material the exhaustive description of the active spaces for
each symmetry representation. Additionally, for the challeng-
ing transitions, we have steadily increased the size of the active
space to carefully assess the convergence of the vertical excita-
tion energies of interest. Note that, compared to our previous
CASPT2 benchmark study,57 the active spaces of acrolein,
pyrimidine, and pyridazine have been slightly reduced in order
to make the CASPT3 calculations technically achievable. In
these cases, for the sake of consistency, we have recomputed
the CASPT2 values for the same active space. Although these
active space reductions are overall statistically negligible, this
explains the small deviations that one may observe between
the data reported here and in Ref. 57. Finally, to alleviate the
intruder state problem, a level shift of 0.3 Eh has been sys-
tematically applied.52,53 This value has been slightly increased
in particularly difficult cases, and such cases are detailed in
supplementary material.

III. RESULTS AND DISCUSSION

A detailed discussion of each individual molecule can be
found in Ref. 57 and in earlier works,40,70 where theoretical
and experimental literature values are discussed. We therefore
decided to focus on global trends here. The exhaustive list of
CASPT2 and CASPT3 transitions can be found in Table I and
the distribution of the errors are represented in Fig. 2. The
usual statistical indicators are used in the following, namely,
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 the largest positive and negative
deviations [Max(+) and Max(−), respectively]. These are given
in Table II considering the 265 “safe” TBEs (out of 280) for
which chemical accuracy is assumed (absolute error below
0.043 eV). The MAEs determined for subsets of transitions
(singlet, triplet, valence, Rydberg, n→ π∗, π→ π∗, and double
excitations) and system sizes (3 non-H atoms, 4 non-H atoms,
and 5-6 non-H atoms) can be found in Table III. Error patterns
for selected subsets are reported in supplementary material.

https://lcpq.github.io/QUESTDB_website
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TABLE I: Vertical excitation energies (in eV) computed with various multi-
reference methods and the aug-cc-pVTZ basis. The reference TBEs of the QUEST
database, their percentage of single excitations %T1 involved in the transition
(computed at the CC3 level), their nature (V and R stand for valence and Rydberg,
respectively) are also reported. TBEs listed as “safe” are assumed to be chemically
accurate (i.e., absolute error below 0.043 eV). [F] indicates a fluorescence transi-
tion, i.e., a vertical transition energy computed from an excited-state equilibrium
geometry.

# Molecule Excitation Nature %T1 TBE Safe? CASSCF CASPT2 CASPT2 CASPT3 CASPT3
(IPEA) (NOIPEA) (IPEA) (NOIPEA)

1 Acetaldehyde 1A′′(n, π∗) V 91.3 4.31 3 4.62 4.35 4.13 4.44 4.41
2 3A′′(n, π∗) V 97.9 3.97 3 4.28 3.94 3.71 4.06 4.03
3 Acetone 1A2(n, π∗) V 91.1 4.47 3 4.77 4.44 4.19 4.57 4.55
4 1B2(n, 3s) R 90.5 6.46 3 5.50 6.46 6.35 6.64 6.67
5 1A2(n, 3p) R 90.9 7.47 3 7.46 7.80 7.55 7.76 7.68
6 1A1(n, 3p) R 90.6 7.51 3 7.03 7.67 7.46 7.76 7.75
7 1B2(n, 3p) R 91.2 7.62 3 6.44 7.56 7.47 7.73 7.76
8 3A2(n, π∗) V 97.8 4.13 3 4.47 4.13 3.89 4.27 4.24
9 3A1(π, π∗) V 98.7 6.25 3 6.22 6.24 6.07 6.26 6.22
10 Acrolein 1A′′(n, π∗) V 87.6 3.78 3 3.48 3.58 3.46 3.66 3.66
11 1A′(π, π∗) V 91.2 6.69 3 8.84 6.93 6.28 7.18 7.05
12 1A′′(n, π∗) V 79.4 6.72 7 6.76 6.79 6.34 6.88 6.80
13 1A′(n, 3s) R 89.4 7.08 3 7.20 7.21 6.98 7.20 7.16
14 1A′(π, π∗) V 75.0 7.87 3 7.91 8.10 7.75 8.02 7.95
15 3A′′(n, π∗) V 97.0 3.51 3 3.25 3.28 3.15 3.39 3.40
16 3A′(π, π∗) V 98.6 3.94 3 3.89 4.01 3.78 3.96 3.91
17 3A′(π, π∗) V 98.4 6.18 3 5.89 6.20 5.93 6.10 6.02
18 3A′′(n, π∗) V 92.7 6.54 7 6.67 6.65 6.21 6.74 6.66
19 Benzene 1B2u(π, π∗) V 86.3 5.06 3 4.98 5.14 4.66 5.09 5.01
20 1B1u(π, π∗) V 92.9 6.45 3 7.27 6.65 6.23 6.67 6.58
21 1E1g(π, 3s) R 92.8 6.52 3 5.90 6.70 6.57 6.56 6.51
22 1A2u(π, 3p) R 93.4 7.08 3 6.14 7.21 7.07 7.07 7.02
23 1E2u(π, 3p) R 92.8 7.15 3 6.21 7.26 7.12 7.13 7.08
24 1E2g(π, π∗) V 73.0 8.28 3 8.10 8.31 7.82 8.26 8.16
25 3B1u(π, π∗) V 98.6 4.16 3 3.85 4.22 3.92 4.14 4.08
26 3E1u(π, π∗) V 97.1 4.85 3 4.85 4.89 4.51 4.87 4.80
27 3B2u(π, π∗) V 98.1 5.81 3 6.75 5.85 5.40 5.90 5.81
28 Butadiene 1Bu(π, π∗) V 93.3 6.22 3 6.65 6.76 6.52 6.72 6.65
29 1Bg(π, 3s) R 94.1 6.33 3 5.94 6.49 6.32 6.43 6.38
30 1Ag(π, π∗) V 75.1 6.50 3 6.99 6.74 6.30 6.73 6.66
31 1Au(π, 3p) R 94.1 6.64 3 5.95 6.74 6.64 6.70 6.67
32 1Au(π, 3p) R 94.1 6.80 3 6.12 6.95 6.84 6.90 6.86
33 1Bu(π, 3p) R 93.8 7.68 3 7.93 7.60 7.30 7.62 7.54
34 3Bu(π, π∗) V 98.4 3.36 3 3.55 3.40 3.19 3.40 3.35
35 3Ag(π, π∗) V 98.7 5.20 3 5.52 5.32 4.93 5.29 5.19
36 3Bg(π, 3s) R 97.9 6.29 3 5.89 6.44 6.27 6.38 6.33
37 Carbon trimer 1∆g(double) V 1.0 5.22 3 4.98 5.08 4.85 5.20 5.19
38 1Σ+

g (double) V 1.0 5.91 3 5.84 5.82 5.58 5.92 5.89
39 Cyanoacetylene 1Σ−(π, π∗) V 94.3 5.80 3 6.54 5.85 5.47 5.89 5.81
40 1∆(π, π∗) V 94.0 6.07 3 6.80 6.13 5.78 6.17 6.09
41 3Σ+(π, π∗) V 98.5 4.44 3 4.86 4.45 4.04 4.52 4.45
42 3∆(π, π∗) V 98.2 5.21 3 5.64 5.21 4.86 5.26 5.19
43 1A′′[F](π, π∗) V 93.6 3.54 3 4.30 3.67 3.47 3.64 3.58
44 Cyanoformaldehyde 1A′′(n, π∗) V 89.8 3.81 3 4.02 3.98 3.67 3.94 3.89
45 1A′′(π, π∗) V 91.9 6.46 3 7.61 6.79 6.43 6.77 6.67
46 3A′′(n, π∗) V 97.6 3.44 3 3.52 3.46 3.25 3.51 3.50
47 3A′(π, π∗) V 98.4 5.01 3 4.98 5.25 5.03 5.16 5.12
48 Cyanogen 1Σ−u (π, π∗) V 94.1 6.39 3 7.14 6.40 6.03 6.46 6.39
49 1∆u(π, π∗) V 93.4 6.66 3 7.46 6.70 6.35 6.75 6.68
50 3Σ+

u (π, π∗) V 98.5 4.91 3 5.28 4.85 4.46 4.95 4.89
51 1Σ−u [F](π, π∗) V 93.4 5.05 3 5.68 5.07 4.75 5.11 5.04
52 Cyclopentadiene 1B2(π, π∗) V 93.8 5.56 3 6.71 5.96 5.62 6.06 5.99

Continued on next page
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# Molecule Excitation Nature %T1 TBE Safe? CASSCF CASPT2 CASPT2 CASPT3 CASPT3
(IPEA) (NOIPEA) (IPEA) (NOIPEA)

53 1A2(π, 3s) R 94.0 5.78 3 5.21 5.88 5.78 5.81 5.77
54 1B1(π, 3p) R 94.2 6.41 3 6.08 6.59 6.44 6.47 6.41
55 1A2(π, 3p) R 93.8 6.46 3 5.78 6.55 6.46 6.45 6.41
56 1B2(π, 3p) R 94.2 6.56 3 6.16 6.72 6.56 6.61 6.54
57 1A1(π, π∗) V 78.9 6.52 7 6.49 6.63 6.13 6.59 6.50
58 3B2(π, π∗) V 98.4 3.31 3 3.26 3.34 3.09 3.31 3.26
59 3A1(π, π∗) V 98.6 5.11 3 4.92 5.14 4.78 5.10 5.03
60 3A2(π, 3s) R 97.9 5.73 3 5.53 5.91 5.74 5.81 5.75
61 3B1(π, 3p) R 97.9 6.36 3 6.05 6.56 6.40 6.43 6.37
62 Cyclopropene 1B1(σ, π∗) V 92.8 6.68 3 7.48 6.86 6.58 6.85 6.77
63 1B2(π, π∗) V 95.1 6.79 3 7.47 6.89 6.47 6.96 6.87
64 3B2(π, π∗) V 98.0 4.38 3 4.60 4.47 4.27 4.46 4.40
65 3B1(σ, π∗) V 98.9 6.45 3 7.08 6.56 6.32 6.55 6.47
66 Cyclopropenethione 1A2(n, π∗) V 89.6 3.41 3 3.44 3.43 3.14 3.46 3.40
67 1B1(n, π∗) V 84.8 3.45 3 3.57 3.45 3.17 3.52 3.46
68 1B2(π, π∗) V 83.0 4.60 3 4.51 4.64 4.35 4.66 4.61
69 1B2(n, 3s) R 91.8 5.34 3 4.59 5.25 5.15 5.25 5.22
70 1A1(π, π∗) V 89.0 5.46 3 6.46 5.84 5.32 5.88 5.75
71 1B2(n, 3p) R 91.3 5.92 3 5.27 5.93 5.86 5.92 5.90
72 3A2(n, π∗) V 97.2 3.28 3 3.26 3.28 3.00 3.33 3.28
73 3B1(n, π∗) V 94.5 3.32 3 3.51 3.35 3.07 3.42 3.36
74 3B2(π, π∗) V 96.5 4.01 3 3.80 3.97 3.75 3.99 3.95
75 3A1(π, π∗) V 98.2 4.01 3 3.83 4.01 3.77 4.00 3.95
76 Cyclopropenone 1B1(n, π∗) V 87.7 4.26 3 4.92 4.12 3.75 4.40 4.38
77 1A2(n, π∗) V 91.0 5.55 3 5.64 5.62 5.31 5.67 5.64
78 1B2(n, 3s) R 90.8 6.34 3 5.68 6.28 6.21 6.41 6.44
79 1B2(π, π∗) V 86.5 6.54 3 6.40 6.54 6.20 6.63 6.62
80 1B2(n, 3p) R 91.1 6.98 3 6.35 6.84 6.70 6.99 7.01
81 1A1(n, 3p) R 91.2 7.02 3 6.84 7.27 7.03 7.26 7.24
82 1A1(π, π∗) V 90.8 8.28 3 10.42 8.96 8.11 9.21 9.07
83 3B1(n, π∗) V 96.0 3.93 3 4.72 3.65 3.28 4.00 3.98
84 3B2(π, π∗) V 97.9 4.88 3 4.39 4.76 4.60 4.76 4.74
85 3A2(n, π∗) V 97.5 5.35 3 5.40 5.36 5.06 5.44 5.42
86 3A1(π, π∗) V 98.1 6.79 3 6.59 6.93 6.61 6.86 6.82
87 Diacetylene 1Σ−u (π, π∗) V 94.4 5.33 3 6.13 5.42 5.01 5.45 5.36
88 1∆u(π, π∗) V 94.1 5.61 3 6.39 5.68 5.30 5.72 5.63
89 3Σ+

u (π, π∗) V 98.5 4.10 3 4.54 4.11 3.67 4.17 4.09
90 3∆u(π, π∗) V 98.2 4.78 3 5.28 4.82 4.45 4.86 4.78
91 Diazomethane 1A2(π, π∗) V 90.1 3.14 3 3.27 3.13 2.92 3.09 3.04
92 1B1(π, 3s) R 93.8 5.54 3 4.59 5.50 5.30 5.48 5.45
93 1A1(π, π∗) V 91.4 5.90 3 5.65 6.21 5.92 6.18 6.13
94 3A2(π, π∗) V 97.7 2.79 3 3.02 2.87 2.67 2.84 2.79
95 3A1(π, π∗) V 98.6 4.05 3 4.27 4.10 3.88 4.06 4.01
96 3B1(π, 3s) R 98.0 5.35 3 4.45 5.34 5.15 5.33 5.30
97 3A1(π, 3p) R 98.5 6.82 3 6.34 7.00 6.76 6.96 6.91
98 1A′′[F](π, π∗) V 87.4 0.71 3 0.72 0.69 0.52 0.66 0.62
99 Formamide 1A′′(n, π∗) V 90.8 5.65 3 5.95 5.66 5.45 5.71 5.67

100 1A′(n, 3s) R 88.6 6.77 3 6.17 6.80 6.64 6.82 6.81
101 1A′(n, 3p) R 89.6 7.38 7 6.74 7.45 7.32 7.46 7.46
102 1A′(π, π∗) V 89.3 7.63 7 8.80 7.88 7.13 7.95 7.78
103 3A′′(n, π∗) V 97.7 5.38 3 5.89 5.36 5.16 5.41 5.37
104 3A′(π, π∗) V 98.2 5.81 3 6.10 5.88 5.62 5.91 5.87
105 Furan 1A2(π, 3s) R 93.8 6.09 3 5.26 6.16 6.04 6.06 6.02
106 1B2(π, π∗) V 93.0 6.37 3 7.78 6.59 6.02 6.80 6.71
107 1A1(π, π∗) V 92.4 6.56 3 6.73 6.66 6.10 6.69 6.62
108 1B1(π, 3p) R 93.9 6.64 3 6.07 6.79 6.63 6.65 6.60
109 1A2(π, 3p) R 93.6 6.81 3 5.87 6.87 6.77 6.76 6.72
110 1B2(π, 3p) R 93.5 7.24 3 6.54 7.11 6.84 6.96 6.88
111 3B2(π, π∗) V 98.4 4.20 3 3.94 4.26 4.01 4.17 4.12
112 3A1(π, π∗) V 98.1 5.46 3 5.41 5.50 5.09 5.47 5.40

Continued on next page
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# Molecule Excitation Nature %T1 TBE Safe? CASSCF CASPT2 CASPT2 CASPT3 CASPT3
(IPEA) (NOIPEA) (IPEA) (NOIPEA)

113 3A2(π, 3s) R 97.9 6.02 3 5.57 6.16 5.99 6.05 5.99
114 3B1(π, 3p) R 97.9 6.59 3 6.04 6.76 6.60 6.62 6.56
115 Glyoxal 1Au(n, π∗) V 91.0 2.88 3 3.42 2.82 2.51 2.97 2.94
116 1Bg(n, π∗) V 88.3 4.24 3 4.68 4.21 3.89 4.36 4.31
117 1Ag(double) V 0.5 5.61 3 5.92 5.37 5.21 5.53 5.55
118 1Bg(n, π∗) V 83.9 6.57 3 7.35 6.52 5.98 6.76 6.72
119 1Bu(n, 3p) R 91.7 7.71 3 7.04 7.61 7.34 7.78 7.81
120 3Au(n, π∗) V 97.6 2.49 3 3.06 2.41 2.12 2.57 2.55
121 3Bg(n, π∗) V 97.4 3.89 3 4.61 3.90 3.53 4.04 4.01
122 3Bu(π, π∗) V 98.5 5.15 3 5.46 5.14 4.91 5.17 5.14
123 3Ag(π, π∗) V 98.8 6.30 3 6.69 6.32 6.02 6.33 6.27
124 Imidazole 1A′′(π, 3s) R 93.0 5.70 3 5.04 5.88 5.66 5.74 5.68
125 1A′(π, 3p) R 90.0 6.41 3 6.18 6.69 6.45 6.61 6.56
126 1A′′(π, 3p) R 93.6 6.50 3 5.43 6.57 6.47 6.47 6.44
127 1A′′(n, π∗) V 89.0 6.71 3 7.13 6.94 6.57 6.92 6.85
128 1A′(π, π∗) V 88.9 6.86 3 6.73 6.88 6.46 6.89 6.83
129 1A′(n, 3s) R 89.0 7.00 3 6.36 7.10 6.91 7.09 7.07
130 3A′(π, π∗) V 98.3 4.73 3 4.55 4.78 4.53 4.73 4.68
131 3A′′(π, 3s) R 97.6 5.66 3 5.03 5.86 5.63 5.72 5.66
132 3A′(π, π∗) V 97.9 5.74 3 5.69 5.85 5.48 5.80 5.72
133 3A′′(n, π∗) V 97.3 6.31 3 6.58 6.44 6.10 6.43 6.37
134 Isobutene 1B1(π, 3s) R 94.1 6.46 3 6.21 6.74 6.59 6.64 6.57
135 1A1(π, 3p) R 94.2 7.01 3 6.90 7.32 7.14 7.24 7.18
136 3A1(π, π∗) V 98.9 4.53 3 4.66 4.59 4.41 4.58 4.53
137 Ketene 1A2(π, π∗) V 91.0 3.86 3 3.98 3.92 3.70 3.90 3.85
138 1B1(π, 3s) R 93.9 6.01 3 5.22 5.99 5.79 6.00 5.97
139 1A2(π, 3p) R 94.4 7.18 3 6.38 7.25 7.05 7.19 7.15
140 3A2(π, π∗) V 91.0 3.77 3 3.92 3.81 3.59 3.79 3.74
141 3A1(π, π∗) V 98.6 5.61 3 5.79 5.65 5.43 5.63 5.59
142 3B1(π, 3s) R 98.1 5.79 3 5.05 5.79 5.60 5.80 5.77
143 3A2(π, 3p) R 94.4 7.12 3 6.35 7.22 7.01 7.15 7.11
144 1A′′[F](π, π∗) V 87.9 1.00 3 0.95 1.05 0.88 1.00 0.95
145 Methylenecyclopropene 1B2(π, π∗) V 85.4 4.28 3 4.47 4.40 4.12 4.39 4.33
146 1B1(π, 3s) R 93.6 5.44 3 4.92 5.57 5.44 5.46 5.41
147 1A2(π, 3p) R 93.3 5.96 3 5.37 6.09 5.97 5.97 5.92
148 1A1(π, π∗) V 92.8 6.12 7 5.37 6.26 6.16 6.17 6.13
149 3B2(π, π∗) V 97.2 3.49 3 3.44 3.57 3.34 3.55 3.49
150 3A1(π, π∗) V 98.6 4.74 3 4.60 4.82 4.58 4.77 4.72
151 Nitrosomethane 1A′′(n, π∗) V 93.0 1.96 3 2.12 1.84 1.60 1.94 1.91
152 1A′(double) V 2.5 4.76 3 4.74 4.69 4.67 4.71 4.71
153 1A′(n, 3s) R 90.8 6.29 3 5.87 6.32 6.07 6.34 6.31
154 3A′′(n, π∗) V 98.4 1.16 3 1.31 1.00 0.75 1.12 1.09
155 3A′(π, π∗) V 98.9 5.60 3 5.52 5.52 5.37 5.54 5.50
156 1A′′[F](n, π∗) V 92.7 1.67 3 1.83 1.55 1.32 1.66 1.62
157 Propynal 1A′′(n, π∗) V 89.0 3.80 3 4.00 3.92 3.64 3.90 3.86
158 1A′′(π, π∗) V 92.9 5.54 3 6.62 5.82 5.49 5.81 5.72
159 3A′′(n, π∗) V 97.4 3.47 3 3.52 3.48 3.26 3.52 3.50
160 3A′(π, π∗) V 98.3 4.47 3 4.69 4.59 4.30 4.59 4.54
161 Pyrazine 1B3u(n, π∗) V 90.1 4.15 3 4.76 4.09 3.66 4.31 4.30
162 1Au(n, π∗) V 88.6 4.98 3 5.90 4.76 4.26 5.10 5.10
163 1B2u(π, π∗) V 86.9 5.02 3 4.97 5.13 4.65 5.09 5.03
164 1B2g(n, π∗) V 85.6 5.71 3 5.80 5.68 5.27 5.73 5.70
165 1Ag(n, 3s) R 91.1 6.65 3 6.69 6.66 6.27 6.81 6.80
166 1B1g(n, π∗) V 84.2 6.74 3 7.16 6.61 6.07 6.78 6.76
167 1B1u(π, π∗) V 92.8 6.88 3 8.04 7.14 6.72 7.20 7.12
168 1B1g(π, 3s) R 93.8 7.21 3 6.73 7.41 7.27 7.24 7.18
169 1B2u(n, 3p) R 90.8 7.24 3 7.49 7.34 6.93 7.43 7.40
170 1B1u(n, 3p) R 91.4 7.44 3 7.83 7.55 7.08 7.64 7.59
171 1B1u(π, π∗) V 90.5 7.98 7 9.65 8.59 7.96 8.68 8.57
172 3B3u(n, π∗) V 97.3 3.59 3 4.16 3.49 3.08 3.72 3.71

Continued on next page
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# Molecule Excitation Nature %T1 TBE Safe? CASSCF CASPT2 CASPT2 CASPT3 CASPT3
(IPEA) (NOIPEA) (IPEA) (NOIPEA)

173 3B1u(π, π∗) V 98.5 4.35 3 3.98 4.44 4.15 4.34 4.28
174 3B2u(π, π∗) V 97.6 4.39 3 4.62 4.44 4.09 4.47 4.41
175 3Au(n, π∗) V 96.1 4.93 3 5.85 4.73 4.21 5.07 5.07
176 3B2g(n, π∗) V 97.0 5.08 3 5.25 5.04 4.66 5.14 5.11
177 3B1u(π, π∗) V 97.0 5.28 3 5.15 5.29 4.92 5.25 5.19
178 Pyridazine 1B1(n, π∗) V 89.0 3.83 3 4.29 3.74 3.36 3.94 3.92
179 1A2(n, π∗) V 86.9 4.37 3 4.83 4.29 3.87 4.49 4.48
180 1A1(π, π∗) V 85.8 5.26 3 5.12 5.34 4.87 5.30 5.25
181 1A2(n, π∗) V 86.2 5.72 3 6.26 5.73 5.19 5.93 5.89
182 1B2(n, 3s) R 88.5 6.17 3 5.99 6.18 5.90 6.28 6.27
183 1B1(n, π∗) V 87.0 6.37 3 7.16 6.50 5.94 6.72 6.67
184 1B2(π, π∗) V 90.6 6.75 3 7.54 7.26 6.82 7.25 7.17
185 3B1(n, π∗) V 97.1 3.19 3 3.60 3.08 2.72 3.29 3.28
186 3A2(n, π∗) V 96.1 4.11 3 4.49 4.01 3.59 4.20 4.18
187 3B2(π, π∗) V 98.5 4.34 7 3.93 4.44 4.13 4.30 4.24
188 3A1(π, π∗) V 97.3 4.82 3 4.93 4.87 4.48 4.89 4.83
189 Pyridine 1B1(n, π∗) V 88.4 4.95 3 5.43 5.15 4.81 5.18 5.13
190 1B2(π, π∗) V 86.5 5.14 3 5.03 5.18 4.76 5.15 5.09
191 1A2(n, π∗) V 87.9 5.40 3 6.30 5.46 5.03 5.63 5.59
192 1A1(π, π∗) V 92.1 6.62 3 7.90 6.92 6.27 7.04 6.93
193 1A1(n, 3s) R 89.7 6.76 3 6.40 6.90 6.67 6.97 6.96
194 1A2(π, 3s) R 93.2 6.82 3 6.60 7.08 6.87 6.88 6.80
195 1B1(π, 3p) R 93.6 7.38 3 7.12 7.70 7.51 7.48 7.40
196 1A1(π, π∗) V 90.5 7.39 3 9.49 7.66 6.63 7.87 7.70
197 1B2(π, π∗) V 90.0 7.40 7 7.45 7.92 7.67 7.80 7.73
198 3A1(π, π∗) V 98.5 4.30 3 3.98 4.40 4.06 4.29 4.22
199 3B1(n, π∗) V 97.0 4.46 3 4.65 4.48 4.21 4.57 4.55
200 3B2(π, π∗) V 97.3 4.79 3 4.83 4.86 4.53 4.81 4.74
201 3A1(π, π∗) V 97.1 5.04 3 5.11 5.09 4.63 5.09 5.02
202 3A2(n, π∗) V 95.8 5.36 3 5.94 5.33 4.96 5.53 5.51
203 3B2(π, π∗) V 97.7 6.24 3 6.93 6.40 5.99 6.43 6.35
204 Pyrimidine 1B1(n, π∗) V 88.6 4.44 3 4.85 4.44 4.07 4.58 4.55
205 1A2(n, π∗) V 88.5 4.85 3 5.52 4.80 4.36 5.02 5.00
206 1B2(π, π∗) V 86.3 5.38 3 5.28 5.42 4.98 5.41 5.36
207 1A2(n, π∗) V 86.7 5.92 3 6.70 5.92 5.32 6.16 6.10
208 1B1(n, π∗) V 86.7 6.26 3 7.20 6.31 5.65 6.58 6.53
209 1B2(n, 3s) R 90.3 6.70 3 6.86 6.85 6.50 6.89 6.86
210 1A1(π, π∗) V 91.5 6.88 3 7.69 7.31 6.94 7.29 7.22
211 3B1(n, π∗) V 96.8 4.09 3 4.45 4.05 3.67 4.20 4.18
212 3A1(π, π∗) V 98.3 4.51 7 4.22 4.57 4.25 4.51 4.44
213 3A2(n, π∗) V 96.5 4.66 3 5.20 4.63 4.16 4.81 4.78
214 3B2(π, π∗) V 97.4 4.96 3 5.10 5.01 4.60 5.03 4.97
215 Pyrrole 1A2(π, 3s) R 92.9 5.24 3 4.49 5.44 5.23 5.28 5.23
216 1B1(π, 3p) R 92.4 6.00 3 5.22 6.26 6.07 6.08 6.02
217 1A2(π, 3p) R 93.0 6.00 3 4.89 6.16 6.02 6.01 5.97
218 1B2(π, π∗) V 92.5 6.26 3 7.73 6.62 6.36 6.45 6.38
219 1A1(π, π∗) V 86.3 6.30 3 6.47 6.41 5.84 6.43 6.34
220 1B2(π, 3p) R 92.6 6.83 3 5.82 6.75 6.11 6.92 6.82
221 3B2(π, π∗) V 98.3 4.51 3 4.24 4.57 4.30 4.49 4.44
222 3A2(π, 3s) R 97.6 5.21 3 4.47 5.41 5.21 5.26 5.20
223 3A1(π, π∗) V 97.8 5.45 3 5.52 5.50 5.04 5.49 5.40
224 3B1(π, 3p) R 97.4 5.91 3 5.18 6.22 6.03 6.04 5.98
225 Streptocyanine-C1 1B2(π, π∗) V 88.7 7.13 3 7.82 7.17 6.76 7.28 7.21
226 3B2(π, π∗) V 98.3 5.52 3 5.86 5.49 5.22 5.54 5.49
227 Tetrazine 1B3u(n, π∗) V 89.8 2.47 3 2.99 2.31 1.91 2.54 2.53
228 1Au(n, π∗) V 87.9 3.69 3 4.37 3.49 3.00 3.77 3.78
229 1Ag(double) V 0.7 4.61 7 5.42 4.69 4.48 4.85 4.87
230 1B1g(n, π∗) V 83.1 4.93 3 5.41 4.83 4.33 5.02 5.00
231 1B2u(π, π∗) V 85.4 5.21 3 5.04 5.31 4.84 5.26 5.23
232 1B2g(n, π∗) V 81.7 5.45 3 5.43 5.38 4.90 5.42 5.38

Continued on next page
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# Molecule Excitation Nature %T1 TBE Safe? CASSCF CASPT2 CASPT2 CASPT3 CASPT3
(IPEA) (NOIPEA) (IPEA) (NOIPEA)

233 1Au(n, π∗) V 87.7 5.53 3 6.37 5.51 4.92 5.80 5.80
234 1B3g(double) V 0.7 6.15 7 6.59 5.85 5.22 6.20 6.22
235 1B2g(n, π∗) V 80.2 6.12 3 6.79 5.96 5.18 6.27 6.28
236 1B1g(n, π∗) V 85.1 6.91 3 7.18 6.59 5.89 6.79 6.72
237 3B3u(n, π∗) V 97.1 1.85 3 2.38 1.70 1.31 1.94 1.93
238 3Au(n, π∗) V 96.3 3.45 3 4.06 3.26 2.78 3.52 3.52
239 3B1g(n, π∗) V 97.0 4.20 3 4.66 4.10 3.62 4.32 4.30
240 1B1u(π, π∗) V 98.5 4.49 7 3.90 4.55 4.29 4.39 4.34
241 3B2u(π, π∗) V 97.5 4.52 3 4.68 4.55 4.20 4.60 4.55
242 3B2g(n, π∗) V 96.4 5.04 3 5.17 5.02 4.53 5.10 5.07
243 3Au(n, π∗) V 96.6 5.11 3 6.12 5.07 4.44 5.41 5.41
244 3B3g(double) V 5.7 5.51 7 6.56 5.39 4.86 5.83 5.85
245 3B1u(π, π∗) V 96.6 5.42 3 5.32 5.46 5.08 5.44 5.39
246 Thioacetone 1A2(n, π∗) V 88.9 2.53 3 2.72 2.58 2.33 2.60 2.53
247 1B2(n, 3s) R 91.3 5.56 3 4.80 5.60 5.48 5.64 5.61
248 1A1(π, π∗) V 90.6 5.88 3 6.94 6.42 5.98 6.40 6.26
249 1B2(n, 3p) R 92.4 6.51 3 5.57 6.51 6.40 6.53 6.49
250 1A1(n, 3p) R 91.6 6.61 3 6.24 6.66 6.41 6.59 6.50
251 3A2(n, π∗) V 97.4 2.33 3 2.52 2.34 2.09 2.38 2.31
252 3A1(π, π∗) V 98.7 3.45 3 3.52 3.48 3.29 3.48 3.43
253 Thiophene 1A1(π, π∗) V 87.6 5.64 3 6.11 5.84 5.21 5.89 5.79
254 1B2(π, π∗) V 91.5 5.98 3 6.94 6.35 5.89 6.44 6.35
255 1A2(π, 3s) R 92.6 6.14 3 5.70 6.28 6.07 6.16 6.10
256 1B1(π, 3p) R 90.1 6.14 3 6.02 6.21 5.90 6.16 6.10
257 1A2(π, 3p) R 91.8 6.21 3 6.05 6.32 5.98 6.28 6.21
258 1B1(π, 3s) R 92.8 6.49 3 5.78 6.57 6.28 6.51 6.44
259 1B2(π, 3p) R 92.4 7.29 3 6.80 7.29 7.03 7.20 7.13
260 1A1(π, π∗) V 86.5 7.31 7 8.29 7.62 6.85 7.71 7.56
261 3B2(π, π∗) V 98.2 3.92 3 3.68 3.98 3.71 3.90 3.84
262 3A1(π, π∗) V 97.7 4.76 3 4.97 4.85 4.39 4.87 4.79
263 3B1(π, 3p) R 96.6 5.93 3 5.86 5.97 5.64 5.94 5.88
264 3A2(π, 3s) R 97.5 6.08 3 5.65 6.22 6.01 6.11 6.04
265 Thiopropynal 1A′′(n, π∗) V 87.5 2.03 3 2.06 2.05 1.84 2.05 2.00
266 3A′′(n, π∗) V 97.2 1.80 3 1.85 1.81 1.60 1.84 1.79
267 Triazine 1A′′1 (n, π∗) V 88.3 4.72 3 5.88 4.62 3.90 5.00 4.99
268 1A′′2 (n, π∗) V 88.3 4.75 3 5.14 4.77 4.39 4.90 4.87
269 1E′′(n, π∗) V 88.3 4.78 3 5.51 4.76 4.14 5.01 4.98
270 1A′2(π, π∗) V 85.7 5.75 3 5.55 5.76 5.32 5.75 5.72
271 1A′1(π, π∗) V 90.4 7.24 3 8.20 7.43 6.89 7.50 7.41
272 1E′(n, 3s) R 90.9 7.32 3 7.40 7.48 7.15 7.53 7.49
273 1E′′(n, π∗) V 82.6 7.78 3 8.26 7.75 7.04 7.92 7.90
274 1E′(π, π∗) V 90.0 7.94 3 10.03 8.65 7.70 8.83 8.72
275 3A′′2 (n, π∗) V 96.7 4.33 3 4.74 4.37 3.99 4.51 4.49
276 3E′′(n, π∗) V 96.6 4.51 3 5.14 4.47 3.88 4.71 4.68
277 3A′′1 (n, π∗) V 96.2 4.73 3 5.88 4.70 3.94 5.06 5.04
278 3A′1(π, π∗) V 98.2 4.85 3 4.46 4.88 4.55 4.81 4.75
279 3E′(π, π∗) V 96.9 5.59 3 5.57 5.62 5.20 5.62 5.57
280 3A′2(π, π∗) V 97.6 6.62 3 7.70 6.62 6.12 6.76 6.68

From the different statistical quantities reported in Ta-
ble II, one can highlight the following trends. First, as
previously reported,75,78 CASPT3 vertical excitation ener-
gies are much less sensitive to the IPEA shift, which
drastically alters the accuracy of CASPT2: the mean
absolute deviation between the CASPT2(NOIPEA) and
CASPT2(IPEA) data is 0.329 eV while it is only 0.051 eV
between CASPT3(NOIPEA) and CASPT3(IPEA). Conse-
quently, the MAEs of CASPT3(IPEA) and CASPT3(NOIPEA)
are amazingly close (0.11 and 0.09 eV), while the MAEs
of CASPT2(IPEA) and CASPT2(NOIPEA) are remarkably

different (0.11 and 0.27 eV). Likewise, the MSEs of
CASPT2(IPEA) and CASPT2(NOIPEA), 0.06 and −0.26 eV,
clearly evidence the well-known global underestimation of
the CASPT2(NOIPEA) excitation energies in molecular sys-
tems when large basis sets are used. For CASPT3, the MSE
with IPEA shift is only slightly larger without IPEA (0.10 and
0.05 eV, respectively). Importantly, CASPT3 performs slightly
better without IPEA shift, which is a nice outcome that holds
for each group of transitions and system size (see the MAEs in
Table III).

Second, CASPT3 (with or without IPEA) has a similar ac-
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TABLE II. Statistical quantities (in eV), considering the 265 “safe” TBEs (out of 280) as reference, for various multi-reference methods. Raw
data are given in Table I.

CASSCFa CASPT2a CASPT2a CASPT3a CASPT3a SC-NEVPT2b PC-NEVPT2b

(IPEA) (NOIPEA) (IPEA) (NOIPEA)
MSE 0.12 0.06 −0.26 0.10 0.05 0.13 0.09
SDE 0.58 0.14 0.21 0.14 0.13 0.14 0.14
RMSE 0.61 0.16 0.33 0.17 0.14 0.19 0.17
MAE 0.47 0.11 0.27 0.11 0.09 0.15 0.13
Max(+) 2.15 0.71 0.30 0.93 0.79 0.65 0.46
Max(−) −1.18 −0.32 −1.02 −0.28 −0.36 −0.38 −0.57

a Values from the present study.
b Values taken from Ref. 57.

TABLE III. MAEs determined for several subsets of transitions and system sizes computed with various multi-reference methods. Count is the
number of excited states considered in each subset. Raw data are given in Table I.

Transitions Count CASSCFa CASPT2a CASPT2a CASPT3a CASPT3a SC-NEVPT2b PC-NEVPT2b

(IPEA) (NOIPEA) (IPEA) (NOIPEA)
Singlet 174 0.56 0.14 0.27 0.14 0.12 0.16 0.14
Triplet 110 0.34 0.07 0.29 0.07 0.06 0.13 0.11
Valence 208 0.44 0.11 0.33 0.13 0.10 0.15 0.12
Rydberg 76 0.55 0.13 0.13 0.08 0.07 0.15 0.15
n→ π∗ 78 0.44 0.08 0.44 0.13 0.10 0.12 0.10
π→ π∗ 119 0.45 0.12 0.27 0.13 0.10 0.18 0.14
Double 9 0.46 0.11 0.22 0.12 0.09 0.14 0.13
3 non-H atoms 39 0.38 0.07 0.21 0.06 0.05 0.10 0.08
4 non-H atoms 94 0.45 0.11 0.22 0.12 0.09 0.14 0.13
5-6 non-H atoms 151 0.51 0.12 0.33 0.13 0.11 0.17 0.15

a Values from the present study.
b Values taken from Ref. 57.
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FIG. 2. Histograms of the errors (in eV) obtained for CASPT2 and
CASPT3 with and without IPEA shift. Raw data are given in Table I.

curacy as CASPT2(IPEA). Again, this observation stands for
each subset of excitations and irrespectively of the system size
(see Table III). Because the relative size of the active space

naturally decreases as the number of electrons and orbitals
get larger, we observe that the MAEs of each subset increase
with the size of the molecules. Note that combining CASPT2
and CASPT3 via an hybrid protocol such as CASPT2.5, as
proposed by Zhang and Truhlar in the context of spin splitting
energies in transition metals,98 is not beneficial in the present
situation.

It is worth mentioning that CASPT3(NOIPEA) yields MAEs
for each subset that is almost systematically below 0.1 eV,
except for the singlet subset which contains some states
showing large (positive) deviations at both the CASPT2 and
CASPT3 levels. This is most notably the case for the 1Bu(π, π∗)
state of butadiene, the 1B2(π, π∗) state of cyclopentadiene,
the 1A1(π, π∗) state of cyclopropenone, the second 1B1u(π, π∗)
state of pyrazine, the 1B2(π, π∗) state of pyridazine, and the
1E′(π, π∗) state of triazine, for which both CASPT2(IPEA)
and CASPT3(NOIPEA) overestimate the corresponding ver-
tical transition energies by at least 0.4 eV with respect to the
TBEs. This can be tracked down to the relatively small ac-
tive spaces that we have considered here and, more precisely,
to the lack of direct σ-π coupling in the active space that is
known to be important in ionic states, for example.113–119 For
this family of states, it is particularly important to describe
the dynamic response of the σ-electron framework to the field
of the π-electron system, a phenomenon known as dynamic
σ polarization. Because the dynamic σ polarization is gen-
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erally more important for the ionic excited state than for the
ground state, its contribution is expected to lower the vertical
transition energy. Furthermore, this part of the dynamic σ-π
correlation needs to be included at the orbital optimization
stage, otherwise the orbitals become too diffuse, resulting in ar-
tificial valence-Rydberg mixing which cannot be disentangled
using non-degenerate perturbation theory such as the version
of CASPT2 and CASPT3 considered here.116

As an illustration of this problematic, we have chosen to
address the specific case of the second 1B1u(π, π∗) state of
pyrazine, which is known to exhibit a strong ionic character.120

As shown in Table I (#171), the TBE for the vertical tran-
sition energy to this state is 7.98 eV. CASPT2(IPEA) and
CASPT3(NOIPEA) locate this state at 8.59 and 8.57 eV, re-
spectively, providing a large overestimation of 0.6 eV. This
state was computed using a reference CASSCF wave func-
tion averaged over four states [the ground state, two valence
B1u(π, π∗) states and one Rydberg B1u(π, 3px) state] with an
active space comprising the π valence and three 3px orbitals.
(The 3px orbitals were included to recover part of the radial
correlation.) However, this strategy leads to a valence-Rydberg
mixing due to the fact that the dynamic correlation is not suf-
ficiently described at the CASSCF level. The ionic B1u(π, π∗)
state lies 9.65 eV vertically above the ground state, while the
Rydberg B1u(π, 3px) state is 0.2 eV below at the CASSCF level.
For this reason, the two states are mixed and both CASPT2 and
CASPT3 fails to predict accurate transition energies for the
ionic state. The Rydberg character of the ionic B1u(π, π∗) state
is evident from the inspection of the CASSCF wave function
and also from its value of 〈x2〉, which measures the spatial
extent of the wave function out of the molecular plane (hence
characteristic of the size of the π orbitals in the considered
state). The 〈x2〉 value is 31.9 a0

2 for the ionic B1u(π, π∗) state
and 51.1 a0

2 for the B1u(π, 3px) Rydberg state, while it is only
26.6 a0

2 for the ground state.
To remove the artificial valence-Rydberg mixing in the ref-

erence CASSCF wave function, we included the dynamic σ
polarization at the orbital optimization stage using a restricted
active space self-consistent field (RASSCF) approach.121 We
selected the bonding σCC and σCN orbitals in the RAS1 parti-
tion and the corresponding anti-bonding σ∗CC and σ∗CN orbitals
in RAS3 allowing a single hole in RAS1 and a single electron
in RAS3. The six valence π orbitals were kept in RAS2 (full
CI space). In this way, the contraction of the π orbitals as a
result of the dynamic σ polarization is ensured and the inter-
ference of the Rydberg state is removed allowing to compute
the two valence B1u(π, π∗) states without including the Ryd-
berg B1u(π, 3px) state in the state-averaging procedure. The
〈x2〉 value associated with the ionic B1u(π, π∗) state is reduced
to 26.9 a0

2, providing a spatial extent similar to that of the
ground state ( 〈x2〉 = 27.0 a0

2 at the RASSCF level). Us-
ing the RASSCF orbitals to perform the CASPT2(IPEA) and
CASPT3(NOIPEA) calculations using a CAS-CI(6,6) refer-
ence, we obtain vertical transition energies of 7.92 and 8.10 eV,
respectively. The agreement with the TBE is now within the ex-
pected accuracy of the method with an error of about 0.1 eV. To
be complete the vertical transition energy to the first B1u(π, π∗)
state, which also possesses a significant ionic character, is

TABLE IV. Wall times (in seconds) for the computation of the (ground-
state) second-order (PT2) and third-order (PT3) energies of benzene.
Calculations have been performed in the frozen-core approximation
and with the aug-cc-pVTZ basis set on an Intel Xeon node (see main
text).

Active # CAS # contracted # uncontracted tPT2 tPT3

space det. config. config.
(6e,6o) 104 4.50 × 106 2.29 × 108 11 60
(6e,7o) 165 7.27 × 106 3.69 × 108 39 249
(6e,8o) 412 1.59 × 107 8.98 × 108 159 1333
(6e,9o) 1800 3.96 × 107 3.53 × 109 578 6332

improved too with respect to the TBE at 6.88 eV with transi-
tion energies of 6.83 eV and 6.87 eV at the CASPT2(IPEA)
and CASPT3(NOIPEA) levels, respectively. This represents a
significant improvement compared to the 7.14 and 7.12 eV val-
ues obtained at the same level of theory but using a reference
SA4-CASSCF wave function. We thus believe that the difficult
cases listed above can be handled more rigorously provided that
more suitable active spaces are used to describe the reference
(zeroth-order) wave function prior to the CASPT2/CASPT3
calculations.

Comparatively, Liang et al. have recently shown, for a
larger set of transitions, that time-dependent density-functional
theory with the best exchange-correlation functionals yield
RMSEs of the order of 0.3 eV,122 outperforming (more expen-
sive) wave function methods like CIS(D).123,124 The accuracy
of CASPT2(IPEA) and CASPT3 is clearly a step beyond but at
a much larger computational cost. Although, these two meth-
ods do not beat the approximate third-order coupled-cluster
method, CC3,125,126 for transitions with a dominant single ex-
citation character (for which CC3 returns a MAEs below the
chemical accuracy threshold of 0.043 eV)42 it has the undis-
putable advantage to describe with the same accuracy both
single and double excitations. This feature is crucial in the
description of some photochemistry mechanisms.127

Table IV reports the evolution of the wall times associated
with the computation of the second- and third-order energies
in benzene with the aug-cc-pVTZ basis and the frozen-core
approximation (42 electrons and 414 basis functions) for in-
creasingly large active spaces. All these calculations have been
performed on a single core of an Intel Xeon E5-2670 2.6 Ghz.
It is particularly instructive to study the wall time ratio as the
number of (contracted and uncontracted) external configura-
tions grows (see Fig. 3). Overall, the PT3 step takes between 5
and 10 times longer than the PT2 step for the active spaces that
we have considered here, and remains thus typically affordable
for these kinds of calculations.

IV. CONCLUSION

In the present study, we have benchmarked, using 280
highly-accurate electronic transitions extracted from the
QUEST database,42 the third-order multi-reference perturba-
tion theory method, CASPT3, by computing vertical excita-
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FIG. 3. Ratio of the wall times associated with the computation of
the third- and second-order energies as a function of the total number
of contracted and uncontracted external configurations for benzene
(see Table IV for raw data). Calculations have been performed in the
frozen-core approximation and with the aug-cc-pVTZ basis set on an
Intel Xeon node (see main text).

tion energies with and without IPEA shift. The two principal
take-home messages of this study are that: (i) CASPT3 tran-
sition energies are almost independent of the IPEA shift; (ii)
CASPT2(IPEA) and CASPT3 have a very similar accuracy.
These global trends are also true for specific sets of excita-
tions and various system sizes. Therefore, if one can afford
the extra computation cost associated with the third-order en-
ergy (which is only several times more than its second-order
counterpart), one can eschew the delicate choice of the IPEA
value in CASPT2, and rely solely on the CASPT3(NOIPEA)
excitation energies.

SUPPLEMENTARY MATERIAL

Included in the supplementary material are the error dis-
tributions obtained for CASPT2 and CASPT3 with and with-
out IPEA shift for various subsets of transitions, as well as
the description and specification of the active space for each
molecule.
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