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The vertical excitation energies for a comprehensive test set of about 150 singlet excited states
of 28 medium-size organic molecules computed using two variants of the completely renormal-
ized (CR) equation-of-motion (EOM) coupled-cluster (CC) method w ith singles, doubles, and
non-iterative triples, abbreviated as -CR-EOMCCSD(T), and the analogous two variants of the
newer, left-eigenstate -CR-EOMCC(2,3) approach are benchmarked against the previously pub-
lished CASPT2, CC3, and EOMCCSDT-3 results as well as the suggested theoretical best esti-
mate (TBE) values. The -CR-EOMCC approaches are also used to identify and characterize
about 50 additional excited states, including several states having substantial two-electron excita-
tion components, which have not been found in the previous work and whi ch can be used in future
benchmark studies. It is demonstrated that the non-iterative trip les corrections to the EOMCCSD
excitation energies de ning the relatively inexpensive, single -reference, black-box -CR-EOMCC
approaches provide signi cant improvements in the EOMCCSD data, wh ile closely matching the
results of the iterative and considerably more expensive CC3 and EOMCCSDT-3 calculations and
their CASPT2 and TBE counterparts. It is also shown that the ~ -CR-EOMCC methods, especially

-CR-EOMCC(2,3), are capable of bringing the results of the CC3 and EOMC CSDT-3 calculations
to a closer agreement with the CASPT2 and TBE data, demonstrating the u tility of the cost e ective

-CR-EOMCC methods in applications involving molecular electronic spectra. We show that there
may exist a relationship between the magnitude of the triples corre ctions de ning -CR-EOMCC
approaches and the reduced excitation level diagnostic resulting from EOMCCSD.

Keywords: equation-of-motion coupled-cluster methods, ¢ ompletely renormalized approaches, non-iterative
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. INTRODUCTION

Modern developments in quantum chemistry (QC) have provided versatile computatimal tools, whose application
in areas of physical and biological sciences o ers quantitative results as webs useful insights, helping to predict,
verify, and understand complicated experimental observations and measurements. @&n the plethora of QC methods,
accompanied by the emergence and development of available program suites, it is esdahto critically evaluate the
performance and accuracy of existing QC approximations as well as the formulatn of new and improved ideas. A
few examples of the databases that exist for benchmarking a broad range of groundege properties ofab initio and
density functional theory (DFT) methodologies are the Gaussian G test sets [1{6] for atomization energies, ionization
potentials, electron a nities, proton a nities, and enthalpies of formati on, the S22 [7], S26 [8], and S66 [9] training
sets for non-covalent interactions, the ATcT [10{12] benchmark set for thermobemical data, the DBH24 [13] test set
for barrier heights, the W4 [14] training set for total atomization energies, the 3dBE70 [15] benchmark set for average

bond energies of 3d transition metal containing compounds, and the \mindless" benchark (MB) set [16], which is a
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diversity-oriented collection of randomly generated molecules for main group themochemical properties.

This tremendous e ort, where the quality of QC methodologies is assessed quantitavely, has led to a growing need
for benchmarking electronic structure approaches for not only ground-state properts but excited-state features as well
[17{25]. In Ref. [17], a comprehensive test set for benchmarking vertical exdition energies and oscillator strengths of
28 organic molecules was proposed. Several QC methods, such as the complete-active-spalfecensistent eld [26, 27]
based second-order perturbation theories, including CASPT2 [28, 29] and NEVPT2 [3(3], a variety of coupled-cluster
(CC) [34{37] linear-response [38{47] and equation-of-motion (EOM) [48564] approaches, time-dependent DFT (TD-
DFT) [55, 56], and the DFT-based multi-reference con guration interaction (MRC I) [57] approximation, have been
tested using this set [17{25]. We should also mention the recent work from Rifessor Pal's group [58enchmarking
the ionized (IP) EOMCCSD approach [59{62] for the geometries and selected spectscopic properties of a variety of
doublet radicals, comparing its performance with experiment and other CC approaches

This paper focuses on using the test set introduced in Ref. [17], with additional infrmation and updates in
Refs. [19, 21, 24, 25], to examine the performance of the newer generations of the nomiiaitive triples corrections
to excitation energiesobtained in the EOMCC singles and doubles (EOMCCSD) [48{50] calculations, abbrevited as

-CR-EOMCCSD(T) [63] and -CR-EOMCC(2,3) [64]. These corrections, resulting from the excited-state extensins
[65, 66] of the method of moments of CC (MMCC) equations [67{72], are lte approximately ( -CR-EOMCCSD(T))
and strictly ( -CR-EOMCC(2,3)) size-intensive [42, 73] modi cations of the completely renormalized (CR) EOMCC
approaches called CR-EOMCCSD(T) [63, 71, 74] and CR-EOMCC(2,3) [75, 76].Herein lies our motivation for
benchmarking the -CR-EOMCCSD(T) and -CR-EOMCC(2,3) methods using the test set of Ref. [17].

It is often stated that the basic EOMCCSD [48{50] and linear-response CCSD [41, 42] approxim&ins, which
construct the excited-state information on top of the CCSD [77{80] ground state and which are characterized by the
relatively inexpensive iterative CPU steps that scale amn?n{ (n, and n, are the numbers of occupied and unoccupied
orbitals, respectively, used in the correlated calculations) o © with the system sizeN , provide an accurate description
of excited states dominated by one-electron transitions. HoweverEOMCCSD is not robust enough to obtain a
guantitative description of many of such states, especially when larger polyatomic species are examined (cf., .9
Refs. [64, 81{83]; for a thorough evaluation of a number of EOMCC methodsincluding EOMCCSD, illustrating the
same, see Refs. [17, 19, 20, 22, 24, 25]). It also fails to describates with signi cant double excitation contributions.

One can address these shortcomings kycluding triple excitations, as is done inthe EOMCC approach with singles,
doubles, and triples (EOMCCSDT) [84{86]. While the full treatment of triple ex citations substantially improves the
description of excited electronicstates (see, e.g., Refs. [70, 71, 84{91]), it is also accompanied by a steep increase
the iterative CPU time scaling characterizing the EOMCCSDT approximation ( n3n3 or N 8), limiting its applicability
to systems with up to a dozen or so correlated electrons and smaller basis sets.hds, if one is to make use of the
EOMCC methodologies in accurate calculations of molecular electronispectra, EOMCC schemes which can account

for the e ects of triples in an approximate, cost e ective, and yet reliable manner need b be employed.
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There are several ways of incorporating triple excitations in the EOMCC and Inear-response CC formalisms without
running into the prohibitive computational costs of full EOMCCSDT. For example, o ne can select the dominant triply
excited components of the cluster operatorT that de nes the underlying ground-state CC wave function and three-
body components of the linear excitation operatorR in the EOMCC wave function ansatz through the use of active
orbitals, as in the EOMCCSDt method [84, 85, 92] (see Refs. [72, 91] for reviews; cf., also, Refs3{@0] for the
related ground-state approachelr While this allows for fullEOMCCSDT-quality results at the cost of EOMCC SD
times a small prefactor, the approach is nolonger a black boxas one has to select the active orbitals.

One can also contemplate approaches for identifying the most important tripes contributions through the many-
body perturbation theory (MBPT) or MMCC analysis. Some examplesnclude the non-iterative triples corrections
de ning the EOMCC(2)PT(2) approach [100] and its size-intensive EOMCCSD(2) modi cation [101], the linear-
response CCSDR(3) method [46, 47], the EOMCCSD(T) [51], EOMCCSDT) [52], and EOMCCSD(T 9 [52] hierarchy
obtained from the perturbative analysis of the EOMCCSDT equations, the CR-EOMCC family, such as the original
CR-EOMCCSD(T) schemes [63, 71, 74], the newer CR-EOMCC(2,3) approaches [756]; and their approximately and
rigorously size-intensive -CR-EOMCC counterparts [63, 64], as well as the related N-EOMCCSD(T) scheme [@2],
the spin- ip [103{105] extensions of variants A and D of CR-EOMCC(2,3) implemented in Ref. [106] and abbreviated
as EOMCCSD(fT) and EOMCCSD(dT), respectively, and the iterative EOMCCSDT- n (n = 1;2;3) [51, 52] and
CC3 [44{47] methodologies. These various approaches account for the leading fles e ects, while replacing the
iterative n3n3 (N &) CPU steps of full EOMCCSDT by iterative (EOMCCSDT- n and CC3) or even less expensive
non-iterative (EOMCC(2)PT(2), EOMCCSD(2) t, CCSDR(3), EOMCCSD(T), EOMCCSD( T), EOMCCSD(T ), CR-
EOMCCSD(T), N-EOMCCSD(T), CR-EOMCC(2,3)) n3n# (N7) CPU costs. This, combined with their black-box
character, makesthem attractive candidates for routine use in photochemistry and other areas where accurate excited-
state information is called for. Another promising approach in this categay is the similarity-transformed EOMCC
(STEOMCC) methodology [24, 53, 54], which incorporates higher-than-double excitdons into the EOMCC framework
through the secondarytransformation of the similarity-transformed Hamiltonian of EOMC CSD.

The performance of many of the above methods is already well established. In pacular, the EOMCCSDT-3 and
CC3 approaches, their non-iterative EOMCCSD(T), EOMCCSD(T), and CCSDR(3) counterparts, and STEOMCC
have been thoroughly examined in Refs. [17, 19{22, 24, 25] using the database @éaped in Ref. [17]. Although
a number of successful applications of the CR-EOMCCSD(T), CR-EOMCC(2,3), -CR-EOMCCSD(T), and -CR-
EOMCC(2,3) methods have been published (see, e.g., Refs. [63, 64, 70, 71, 74{®l, 82, 107{147]), showing
considerable promise in applications involving singly and more multi-reference dably excited states, none of the
CR-EOMCC approaches have been subjected to a comprehensive statistical evaluatiorf the type used in Refs.
[17{25]. We address thisissue by testing the approximately size-intensive -CR-EOMCCSD(T) method and its
biorthogonal, strictly size-intensive -CR-EOMCC(2,3) counterpart against the previously published EOMCCSDT-3,
CC3, CASPT2, and theoretical best estimate (TBE) data using the database of egited states developed in Ref. [17]
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and the subsequent studies [19{22, 24, 25]. Comparisons with the EOMCCSDT-3 an@C3 results reported in Refs.
[17, 19, 21, 22, 24, 25hre usefu| since the -CR-EOMCCSD(T) and -CR-EOMCC(2,3) approaches replace the
iterative n3n4 (N7) CPU steps and N © storage requirements by the much less expensive iterativa2n? (N ©) and
non-iterative n3n4 (N7) steps and N “ storage requirements. Comparisons with the CASPT2 and TBE data are
useful too, since -CR-EOMCC methods are computational black boxes and the multi-reference CASPT2 approeh
is not, while the existing TBE data can presently be regarded as some of the best estimates thfe excitation energies

for the molecules comprising the database oRef. [17].
Il. THEORY

Inthe -CR-EOMCCSD(T) and -CR-EOMCC(2,3) methods of Refs. [63] and [64], we correct the vertical excitabn
energies obtainedwith EOMCCSD for the leading triples e ects extracted from the MMCC considerations. Thus,
if! = E Eq represents the vertical excitation energy from the ground state] i to the excited statej i, the

-CR-EOMCCSD(T) and -CR-EOMCC(2,3) values of! can be given the following general form:
I — !(CCSD) + : (1)

| (ccsp)

where is the EOMCCSD excitation energy obtained by diagonalizing the similarity-transformed Hamiltonian

HECSD) = e v TzHeT:* T2 in the space of singly and doubly excited determinants,j ?i andj Z°i, respectively,
with Ty, and T, representing the one- and two-body clusters obtained with CCSD, and s the triples correction to
 (CCSD) (as usual,i, j, ... (a, b, ...) are the spin-orbitals occupied (unoccupied) in the reference determinan} i,
which in the case of the calculations reported in this work is the restricted Hatree-Fock (RHF) determinant) . Both
-CR-EOMCC approaches use the same general expression for, namely,
N L (2)
jiik :abc

i<j<k
a<b<c

and the only di erence between -CR-EOMCCSD(T) and -CR-EOMCC(2,3) is in the formulas for “2¢ and M5, .
In the -CR-EOMCCSD(T) approximation, which is based on the more general CR-EOMCCSD(T) considerations
described in Ref. [63]M ”';‘;bc 's are the generalized moments of the EOMCCSD equations corresponding to projections

of these equations on the triply excited determinants;j ﬁ‘,‘(’ci,

M ik

;abc

=h BGHCESD (R g+ R, 1+ R, )] i 3)

whereR . o, R. 1, and R . » are the zero-, one-, and two-body components of the linear excitation operatoR de ning
the EOMCC wave function ansatzj i = R e'j i resulting from the EOMCCSD calculations, in which T = T{+ Ts
andR = R.p+R.1+R.2(R.pisdenedasr.ol, wherer. o provides the weight of the reference determinant

in the EOMCCSD wave function and 1 is the unit operator). The corresponding amplitudes‘a}iﬁ?ﬁ that multiply



ijk

moments M ", . to produce the  correction are calculated using the expression
e = hT o gci=hT j CoSD); (4)
where]j (cesb) = =(R.o+ R.1+ R.,)en"Tzj j is the EOMCCSD wave function of excited state and
j7 i = fR.g+(R. 1+ R.oT1)+[R.2+ R, 1T1 + R. o(T2 + }Tf)]
HR; 3+ R 2Ta+ Ry o(To + T1)+ R;o(TiT2 + Tl)]gJ i (5)

Here, R. 3 represents the approximate form of the three-body component oR given by

X
— ijk a,bac .

R;3= Fape a aa‘aa ai; (6)

i<j<k

a<b<c

where
ijk ijk abc

|=-;abc =M :abc =D ik (7)

are the corresponding triple excitation amplitudes andaP (ap) is the creation (annihilation) operator associated with
spin-orbital p. In the most complete -CR-EOMCCSD(T) treatment, de ning variant ID of it and abbreviated,
following Ref. [63] as -CR-EOMCCSD(T),ID, the Daﬁ’f denominator entering Eq. (7) is calculated as

x3
Daltj)ls =1 (CCsD) h i’sjlll()CjHr(]CCSD)j ﬁll()cl’ (8)
n=1
where H{°“*® is the n-body component of H(SD) |n the simplied IA version, abbreviated as -CR-

EOMCCSD(T),IA, we replace the Epstein-Nesbet form ofD"’;‘iﬁ’,E , EQ. (8), by the M ller-Plesset-style expression

DE’lﬁ)lf - | (CCSD) ("a + ||b+ IIC Ili Ilj "k); (9)

where"'s are the Hartree-Fock (in our case, RHF) spin-orbital energies.
The -CR-EOMCC(2,3) method proposed in Ref. [64], which is a rigorously size-iensive version of the CR-
EOMCC(2,3) methodology of Refs. [75, 76], relies on the same general exprasss for! and  as those used in the

-CR-EOMCCSD(T) considerations, Egs. (1) and (2), respectively, but the explicit formulas for afl’lf and M are

;abc

di erent. As shown in Refs. [64, 76], the enforcement of strict size intensivy of the triples correction (! (CCsb)

is size intensive [42, 73]) requires that we replace the complete mome ij;';bc , Eq. (3), in Eqg. (2) by its truncated

analog ignoring the ground-stater ; gh 2¢jH (°°SP) j i contribution, i.e.,

ijk
M ;abc

=h RGHESD (R, 1+ R, )] i (10)

At the same time, because of the use of the biorthogonal version of the MMCC fonalism in designing the CR-

EOMCC(2,3) schemes, we have to replace Eq. (4) foraIJk in Eq. (2) by

A = hj(L, g+ L, o) HECSD) j apei=pabe (11)
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where L., and L., are the one- and two-body components of the linear deexcitation operatol de ning the
bra counterparts of the EOMCCSD excited states, h (CCSD) j=hjlL.1+L.,e ™ Tz (the zero-body component
of L vanishes for excited states). Again, if the Da,'j’,f denominator entering Eq. (11) is given by the Epstein-
Nesbet-type expression, Eq. (8), we obtain the more complete variant D of -CR-EOMCC(2,3), abbreviated as

-CR-EOMCC(2,3),D. If we replace Eq. (8) for Da,’flf in Eq. (11) by the M ller-Plesset-type expression, Eq. (9), we
obtain the simplied -CR-EOMCC(2,3),A variant equivalent to the EOMCCSD(2) 1 approach of Ref. [101] and, if
we limit ourselves to vertical excitation energies, to the EOMCCSD(T) method of Ref. [52] (cf. Refs. [64, 76]).

As mentioned in the Introduction, one of the biggest advantages of the -CR-EOMCCSD(T) and -CR-EOMCC(2,3)
approaches, in addition to black-box character, is their relatively low computdional cost compared to EOMCCSDT.
In analogy to the EOMCCSD(T) [51], EOMCCSD( T) [52], and similar methods and their linear-response CCSDR(3)
counterpart [46, 47], the most expensive steps of-CR-EOMCCSD(T) and -CR-EOMCC(2,3) calculations scale as
n2n# in the iterative EOMCCSD part and n3n# in the determination of the non-iterative triples corrections . Clearly,
this is a lot less than the iterative n3n? steps of EOMCCSDT. Furthermore, unlike in EOMCCSDT, one does not have
to store triply excited amplitudes in -CR-EOMCCSD(T) and -CR-EOMCC(2,3) calculations, since the non-iterative
corrections  rely on one- and two-body components of thelT, R , and L operators obtained with EOMCCSD. There
are other ways of reducing prohibitive costs of EOMCCSDT calculations, including the EDMCCSDT-3 [52] and CC3
[44{47] approaches that provide reference information in this work, but we mustkeep in mind that EOMCCSDT-
3 and CC3 are considerably more expensive than-CR-EOMCCSD(T) and -CR-EOMCC(2,3). In the case of
EOMCCSDT-3 and its EOMCCSDT-1 [51] predecessor, one uses MBPT-type arguments, wiilar to those exploited
in the ground-state CCSDT-n considerations, to eliminate terms in the EOMCCSDT eigenvalue problem that causehe
n3n3 scaling, reducing the resulting CPU operation count to an3n{ level. However, then3n} steps of EOMCCSDT-3
are iterative and one still has to diagonalize the similarity-transformed Hamiltonian in the space containing triply
excited determinants to obtain the corresponding excitation energies, i.e., one haststore triply excited amplitudes
in the EOMCCSDT-3 iterations, so that computer costs of EOMCCSDT-3 calculations are much larger than in the
case of -CR-EOMCCSD(T) and -CR-EOMCC(2,3). Similar remarks apply to the CC3 model, which is a linear-
response analog of EOMCCSDT-3 using iterativen3n steps in determining excitation energies. It is, thus, interesting
to examine how accurate our -CR-EOMCCSD(T) and -CR-EOMCC(2,3) approaches are compared to their more
expensive EOMCCSDT-3 and CC3 counterparts, which are known to provide results fothe full EOMCCSDT quality

as long as the excited states of interest do not have substantial double excitatiocharacter.
I1l.  BENCHMARK MOLECULES AND COMPUTATIONAL DETAILS

The database set of 28 organic molecules proposed in Ref. [17] is composed @fem unsaturated aliphatic hydro-

carbons, eleven aromatic hydrocarbons and heterocycles, six carbonyl compounds)d four nucleobases, all shown in



Fig. 1. The main Tables | and Il of Ref. [17] contain a total of 221 electranically excited states, namely, 149 singlet
and 72 triplet excitations. The Supporting Information to Ref. [17] provides data on 22 additional singlet states, but
this study, particularly in its statistical error analysis in Section IV C , focuses on the 149 singlet excitations listed in
Table | of Ref. [17]. Our EOMCC calculations have produced 54 additional singlet exciéd states in the energy range
covered by Table | of Ref. [17], including ve states that can be found in the Supporthg Information to Ref. [17] and
49 states that have not been considered in the earlier benchmark work [17{25]. Wprovide information about these
54 additional singlet excitations in our tables as well, but we do not include them in ourstatistical error analyses,
since the EOMCCSDT-3 and CC3 reference data are not available for them.

In determining the corresponding vertical excitation energies, we considered the ground-ate equilibrium geometries
taken from Ref. [17], which were optimized at the M ller-Plesset second-order pemurbation theory (MP2) level using
the 6-31G [148] basis. In addition, to examine the e ect of geometry on the calculated verttal excitation energies,
we also re-optimized the ground-state geometries of the same set of molecules at theggher CR-CC(2,3),D level
[149, 150], consistent with the -CR-EOMCC(2,3),D approximation, using the TZVP [151] basis, which was ugd
in the vertical excitation energy calculations reported in Refs. [17{20, 22£5] and which is used in the EOMCC
computations discussed in the present study. These additional CR-CC(2,3),D geomeyroptimizations were carried
out using the parallel coarse-grain nite-di erence model available in the CIOpt program suite [152, 153], which we
interfaced with the CR-CC(2,3) routines [149, 150, 154] available in he GAMESS package [155, 156]. All of the

-CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, -CR-EOMCC(2,3),A, and -CR-EOMCC(2,3),D computations
reported in this work and the underlying EOMCCSD calculations were performed using he CC/EOMCC routines
developed in Refs. [63, 76, 149, 157], available in GAMESS as well. Il ®f the correlated calculations reported in

this work, core electrons were kept frozen and spherical components dfbasis functions were employed throughout.

IV. RESULTS AND DISCUSSION

A. Geometries and their e ect on the calculated vertical excitati on energies

Comparing the MP2/6-31G and CR-CC(2,3),D/TZVP geometries, which can be found in the supplemental datg
we see that the corresponding bond lengths and bond angles, which di er by 0.00& and 0.2 degrees, respectively, on
average, are in excellent agreement with each otherThe largest di erences in the bond lengths and angles occur in
the nucleobases, namely, cytosine (0.018) and adenine (0.6 degrees). For the dihedral angles, the largest di erence
between the MP2/6-31G and CR-CC(2,3),D/TZVP results, of 0.3 degrees, occurs for cyclopropene.

Using the above two sets of geometries, we computed the 203 vertical excitatioenergies for the 28 molecules
comprising the database of Ref. [17], which are presented in Table | for the MP/6-31G geometries and Table Il for
the CR-CC(2,3),D/ITZVP geometries. Comparing the two sets of vertical excitation energies, we can see that they are

in very good agreement for each of the EOMCC approaches employed in this work. df example, if we examine the
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correlation plot for the vertical excitation energies corresponding to the 149 mglet excited states listed in Table | of
Ref. [17] and computed at the -CR-EOMCC(2,3),D/TZVP level using the MP2/6-31G and CR-CC(2,3),D/TZVP
geometries, shown in Fig. 2, we observe that their correlation coe cient is 09994 and maximum energy di erence
(MaxE) is 0.18 eV. The corresponding mean unsigned error (MUE) and mean signed esr (MSE) values are 0.05
and 0.04 eV, respectively. This similarity of the -CR-EOMCC(2,3),D excitation energies obtained at the MP2/6-
31G and CR-CC(2,3),D/TZVP geometries remains virtually the same if we include the entire set of 203 excitations
listed in Tables | and Il in our calculations. Thus, we can safely rely on the MP2/6-31G geometries in discussing
the relative performance of various EOMCC methods in this study. For this rea®n, much of our assessment of the
-CR-EOMCC approaches examined in this work is based on the results obtained with théIP2/6-31G geometries.
The same geometries were used in the previous method assessments using the datalEdRef. [17], reported in Refs.
[17{25], which helps us in making judgments on the performance of our-CR-EOMCC methods, particularly when

compared with the previously published EOMCCSDT-3 [22, 24], CC3 [17, 19, 21,5, and CASPT2 [17, 21] data.
B. Remarks on the calculated vertical excitation spectra for molecu les in the database of Ref. [17]

As already mentioned, the 203 singlet excitation energies of the 28 molecules constiing the benchmark set of
Ref. [17] determined in the present study are collected in Tables | and Il. We comparette EOMCCSD, -CR-
EOMCCSD(T),I X, and -CR-EOMCC(2,3),X (X = A; D) results, obtained in this work using the MP2/6-31G
(Table 1) and CR-CC(2,3),D/TZVP (Table Il) geometries, with the previo usly reported CASPT2 [17, 21], CC3
[17, 19, 21, 25], EOMCCSDT-3 [22, 24], and theoretical best estimate, TBH [17] and TBE-2 [21], values. In
addition to dominant orbital excitations, the nature of each computed excited state (singly, doubly, or somewhere
in-between) is characterized using the reduced excitation level (REL) diagnostic [74]asulting from the EOMCCSD
calculations, which is de ned such that REL 1 implies a one-electron transition and REL close to 2 indicates a
doubly excited state (see Eq. (26) in Ref. [74]). Typically, states dominaéd by single excitations, for which REL is
close to 1, are characterized by smaller triples corrections. These correctionsebome larger for states having a more
substantial double excitation character, where REL is much bigger than 1. In oher words, there is a certain degree of
proportionality between REL and the magnitude of the triples corrections to EOMC CSD excitation energies. Although
not a main topic of this study, we examine this proportionality in the appendix, showing its potential usefulness in
predicting electronic excitation spectra of -CR-EOMCC quality only on the basis of EOMCCSD calculations.

The main part of the original benchmark set of Ref. [17], presented in Table | 6 this reference, contains 149

! , n! ,and ! vertical singlet excitations, the majority of which have REL values close b 1, with
only relatively few (45 or  30%) having non-negligible, though smal| doubles contributions (1:1 < REL < 1:2).
Even fewer (4 or 3%) have a more substantial two-electron transition character (REL  1:2). Only one among the

149 singlet excited states included in Table | of Ref. [17], i.e., the £B3¢(n? ! 2) state of s-tetrazine, is a truly



multi-reference-type two-electron transition with REL 2. Thus, most of the singlet excited states found in Ref. [17]
have a predominantly one-electron excitation nature. The doubly excited 1 !Bgg(n? ! 2) state of s-tetrazine is
excluded from our statistical error evaluations discussed in Section IV C, since whave no access to the corresponding
CC3 and EOMCCSDT-3 reference data, while the existing CASPT2 and TBE valuesseemunreliable (see footnoteo
to Table | and the discussion below). In other words, in our overall statisical error analyses inSection IV C, we start
with the 148 singlet excited states from Table | of Ref. [17], as described above, and then, in each comparison ofiio
-CR-EOMCC data with another method, we use as many states from this set as computedith this other method.

In addition to the 149 excited states listed in Table | of Ref. [17], we havefound 54 states which lie below the
threshold set for each molecule as the highest of the CC3, EOMCCSDT-3, and CASPT2 ekation energy values
obtained in the previous calculations [17, 21, 22, 24, 25]. Among these 54 additional states, thergea ve excitations
that can be found in the Supporting Information to Ref. [17], which include the 2 A ( ! /A ) state of
norbornadiene, 21A4(n? ! 2) state of s-tetrazine, and 11By¢(n ! ), 2 1Bog(n ! ), and 1 1By ( ! )
states of p-benzoquinone and which are designated in Tables | and Il of the present works 21A1( ! /! ),
21A4(n? ! 2), and 1 1Byg(n ! ), 2 1Bog(n ! ), and 1 1Boy( ! ), respectively (underlining the state
numbers to distinguish them from the main set of 149 states listed in Table lof Ref. [17], where the state numbers
are not underlined). The remaining 49 excitations found in the present study and not consideredn the earlier work
[17{25], which are designated in our tables using multiplicity and spatial synmetry without the state number (i.e.,
as !X rather than n X, where X is the relevant irreducible representation), consist of six ! , ten n! ,
one ! , two ! /n! , three n'! /! , thirteen ! , hine n! , three n? ! 2 and two
n; ! 2 states. While all of these additional 54 states are made up of mostly one-elean transitions, six of them
(four n?! 2andtwo n; ! 2) have REL values close to 2. Although we do not include any of these additional
54 states in the overall statistical error analyses discussed in this worksince the previous studies containing the
reference CC3, EOMCCSDT-3, and TBE data [17, 21, 22, 24, 25] have not found thenthe information about these
states, including our -CR-EOMCC data, may help future work on assessing QC methods foexcited states

Before examining the overall performance of the -CR-EOMCCSD(T),l X and -CR-EOMCC(2,3),X (X =A; D)
approaches through appropriate statistical error analyses involving the 18 singlet excitations from Table | of Ref.
[17] excluding the aforementioned 1'B3q(n? ! 2) doubly excited state of s-tetrazine, in the next few paragraphs
we highlight some of the key ndings of our -CR-EOMCC calculations for the various molecules in the database
of Ref. [17] organized in the following seven subgroups: linear polyenes, unsattea cyclic hydrocarbons, aromatic
hydrocarbons, heterocycles, aldehydes and ketones, amides, and nucleobasé®. make our comparisons with the
original [17] and subsequent [18{25] benchmark studiesansparent, we keep the original state labeling and ordering
used in Ref. [17], with updates provided in Ref. [21], as much as possible. 1Adf the additional states found in the
present study, beyond the 149 states from Table | of Ref. [17], are ordered acating to the -CR-EOMCC(2,3),D

energies, which we regard as generally most accurate among aHlCR-EOMCC approaches. In comparing our -CR-
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EOMCC excitation energies with the previously published data [17{25], we focus orthe CC3 [17, 25], EOMCCSDT-3
[22, 24], CASPT2 [17, 21], and TBE-2 [21] values. We do not discuss compaoiss with TBE-1 data, which are the
TBE values in Ref. [17], since the updated TBE-2 excitation energies from Ref. [21] are genelglmore reliable.

Linear polyenes: Ethene, E-butadiene, all-E-hexatriene, andall-E-octatetraene. Comparing the -CR-EOMCC
vertical excitation energies of the seven states of ethene, E-butadiene, all-E-hexatriene, aradl-E-octatetraene, shown
in Table I, with their CASPT2 and TBE-2 counterparts from Refs. [17] and [21], the corresponding MUE values
are relatively small, with the -CR-EOMCC(2,3) methods yielding smaller deviations from the CASPT2 and TBE-
2 data (0.19{0.20 and 0.28{0.34 eV, respectively) than the -CR-EOMCCSD(T) approaches (0.26{0.31 and 0.41{
0.49 eV, respectively). Compared to the iterative triples EOMCCSDT-3 approximation [22, 24], the non-iterative

-CR-EOMCCSD(T),l X and -CR-EOMCC(2,3),X (X = A; D) schemes have MUEs in the 0.16{0.27 eV range.
Compared to CC3 [17], the -CR-EOMCC methods show similar MUE characteristics ( 0:2 eV). The MaxE values
characterizing the -CR-EOMCC results vsthe CC3 and EOMCCSDT-3 reference data for the seven states of linear
polyenes discussed here, which range from 0.23 to 0.44 eV, are on the same ordédihus, for the linear polyene
molecules in the database of Ref. [17], all four -CR-EOMCC approaches accurately reproduce the results of the
considerably more expensive CC3 and EOMCCSDT-3 calculations. This includes the 2A4( ! ) states of E-
butadiene, all-E-hexatriene, and all-E-octatetraene, which have a partially doubly excitedcharacter (REL  1:2). The
di erences between the -CR-EOMCCSD(T),JAand -CR-EOMCCSD(T),ID excitation energies of the 2 1Ag( ! )
states of all-E-hexatriene and all-E-octatetraene and the corresponding CASPT2 and BE-2 data, of 0.61{0.77 and
0.94 eV, respectively, in the -CR-EOMCCSD(T),IA case and 0.49{0.68 and 0.82{0.85 eV, respectively, inthe -
CR-EOMCCSD(T),ID case, are larger, but the -CR-EOMCC(2,3),A and -CR-EOMCC(2,3),D approaches reduce
them to 0.37{0.47 and 0.64{0.70 eV in the -CR-EOMCC(2,3),A case and 0.25{0.37 and 0.54{0.58 eV in the -CR-
EOMCC(2,3),D case. Thus, we can conclude that the -CR-EOMCC(2,3) methods produce excitation energies which
are consistent with both the high-level single-reference CC data of the CC3 and EOMCEDT-3 type and with the
results of the multi-reference CASPT2 calculations, while improving the -CR-EOMCCSD(T) excitation energies and
being reasonably close to the TBE-2 reference values, which carry their own uncertairgs.

The authors of Ref. [17] state that the 2t Ay( ! ) states of E-butadiene, all-E-hexatriene, and all-E-octatetraene
have large contributions from two-electron transitions. As a result, they andother authors [17, 19, 20, 23{25] remove
these states from some of their statistical error evaluations, particulaly when CC vs CASPT2 comparisons are made,
but we will not do this in the present work. The REL values of about 1.2 characterzing the 2 1Aq( ! ) states of
E-butadiene, all-E-hexatriene, and all-E-octatetraene indicate that these three states arggredominantly one-electron
transitions, with relatively small contributions from double excitations , which higher and more robust EOMCC levels,
such as our -CR-EOMCC(2,3) approaches, should be able to handle quite well.

Unsaturated cyclic hydrocarbons: Cyclopropene, cyclopéadiene, and norbornadiene. For this group of molecules,

the results of our -CR-EOMCC calculations for the nine states included in Table | of Ref. [17] are of asimilar quality
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as the CASPT2 and TBE-2 data [17, 21], with MaxE and MUE values ranging fran 0.16 to 0.42 eV and 0.08 and 0.21
eV, respectively. Compared to the CC3 [17] and EOMCCSDT-3 [22, 24] calculatios, the -CR-EOMCC results for
the nine states of unsaturated cyclic hydrocarbons included in Table | of Ref. [17] 1@ characterized by MaxE values
in the 0.16{0.32 eV range and MUEs ranging from 0.09 to 0.28 eV.

Among the various excited electronic states in this group of molecules, the 1B,( ! ) state of cyclopentadiene
is of particular note, as it has been the focus of several theoretical studies where thedation of this state has
been disputed by various high-level single- and multi-reference QC approaches (see Refs. §1359] and references
therein). Our -CR-EOMCC vertical excitation energies for this state agree very well with the CASPT2 and TBE-

1 or TBE-2 (both equal to EOMCCSDT in this case [17, 159]) values of 5.51 ad 5.55 eV, respectively, with the

-CR-EOMCC(2,3),D approach yielding the experimental band maximum, which is, after correcting for vibronic
interactions, 5.43 eV [159]. Both the CC3 and EOMCCSDT-3 results place thiste 0:2{0.3 eV higher in energy
compared to our -CR-EOMCC values, suggesting that the -CR-EOMCC excitation energies, which almost perfectly
match the TBE/EOMCCSDT and experimental data for this state, may be more accurate.

The authors of Ref. [17] mention that the valence excited states of cyclopentadiene, *A1( ! )and 31A;( !

), contain signi cant contributions from double excitations. Their argument is based on the 0.3{0.4 eV lowering
when going from EOMCCSD to CC3. However, as can be seen in our tables and as showm previous studies
[64, 81{83], it is not unusual to observe errors of this magnitude in EOMCCSDcalculations for singly excited states.
Indeed, the REL values characterizing the 2'A;( ! yand 3 *A( ! ) states of cyclopentadiene, of about
1.153 and 1.055, respectively, when the MP2/6-31Ggeometry is employed, show that these states are predominantly

one-electron transitions and that double excitations do not signi cantly contribute t o their wave functions. Thus, in

analogy to the 21A4( ! ) excitations in linear polyenes, there is no reason to exclude them from the statt&cal
error analyses of various methods, as has been done smme earlierstudies [17, 19, 20, 23{25]. The 2A{( ! )
and 31A( ! ) states of cyclopentadiene are included in our statistical erroranalyses inSection IV C.

In addition to the nine excited states of unsaturated cyclic hydrocarbons included in Tble | of Ref. [17], we found
three extra states for cyclopentadiene and norbornadiene within the prescribed energyange. Two ofthem, namely,
the 1B,( ! ) state of cyclopentadiene and the'B( ! ) state of norbornadiene, have not been considered in
the prior benchmark studies [17{25]. The 2'A( ! /! ) state of norbornadiene has been considered in the
Supporting Information of Ref. [17]. All of these additional states are doninated by one-electron ! transitions,
with the 2 *A;( ! /! ) state of norbornadiene being di erent from the other two excitations in that it has
comparable contributions from ! and ! one-electron transitions. The authors of Ref. [17] characterize it
asa ! excitation, but our wave function analysis indicates a mixed ! [ ! nature.

Aromatic hydrocarbons: Benzene and naphthaleneln analogy to the unsaturated cyclic hydrocarbons, the -CR-
EOMCC results for the four excited states of benzene and ten excited states of naphthaleniacluded in Table | of

Ref. [17] are in generally good agreement with the CASPT2 and TBE-2 results foRefs. [17, 21]. This is particularly
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true for the -CR-EOMCC(2,3),D calculations, which are characterized by the MUE and MaxE values of 0.17 and
0.39 eV, respectively, when compared to CASPT2, and 0.20 and 0.40 eV, respectiyelwhen compared to TBE-2.
The remaining three -CR-EOMCC approaches have very similar MUE values relative to the CASPT2 and TBE-2
data, of 0.17{0.29 and 0.20{0.27 eV, respectively, but the corresponding Mak values are somewhat higher, especially
in the -CR-EOMCCSD(T),IA case, where MaxE relative to CASPT2 is 0.87 eV and relative to TBE-2 0.86 €eV.
Comparing to the iterative triples CC3 and EOMCCSDT-3 approaches exploited in Refs. [17, 22, 24, 25], we see
that the non-iterative -CR-EOMCCSD(T) corrections produce MUEs of 0.18 and 0.16{0.18 eV, respectively The

-CR-EOMCC(2,3) approaches give similar deviations from CC3 and EOMCCSDT-3(all in the  0:2{0.3 eV range).

The fourteen excited states of benzene and naphthalene considered in this work are predomirignone-electron
transitions. In particular, the four states of naphthalene, namely, 2 1Aq( ! ), 1 1Byg( ! ), 31Aq( ! ),
and 3Bz, ( ! ), in contrast to their characterization in Ref. [17] as having strong contributions from doubly
excited con gurations, are shown to be predominantly one-electron transitions, wih REL values ranging from 1.109
to 1.177. Therefore, unlike in the earlierab initio benchmark studies [17, 19, 20, 23{25], we do not exclude them from
the statistical error analyses in Section IV C, as there are no reasons to do so
Heterocycles: Furan, pyrrole, imidazole, pyridine, pyraine, pyrimidine, pyridazine, s-triazine, and s-tetrazine.

This group is the largest subgroup among the 28 molecules in the database of Ref. [17]. Alosvn in Tables I
and Il, our -CR-EOMCC calculations have identi ed a total of 87 excited states for the moleculesin it. Among
them are 66 states listed in Table | of Ref. [17], the 2 Ag4(n? ! 2) state of s-tetrazine that can be found in the
Supporting Information to Ref. [17], and 20 other additional states found in this work, but not considered in the
prior benchmark studies [17{25]. As already alluded to above and as further elatrated on below, one of the states
of s-tetrazine, namely, 11Bz4(n?! 2), included in Table | of Ref. [17], is an almost pure two-electron transition,
which is excluded from our statistical analyses due to the absence of su ciently mag reliable data for it. If we
compare the results of our -CR-EOMCC calculations for the remaining 65 states of the heterocycles considered here
and listed in Table | of Ref. [17], for which the CASPT2, CC3, and EOMCCSDT-3 reference data are available
[17, 22, 24, 25] and which are of predominantly single excitation nature, & can see a great deal of consistency among
the various theoretical values. Indeed, the MUEs characterizing the -CR-EOMCC calculations for these states
relative to the corresponding CASPT2, CC3, and EOMCCSDT-3 excitation energies ge 0.17{0.24, 0.14{0.27, and
0.15{0.36 eV, respectively. Unsurprisingly, the corresponding MaxE values & larger, particularly when one compares
the -CR-EOMCCSD(T),IA and CASPT2 results, where MaxE is 1.16 eV, but the -CR-EOMCC(2,3) approaches,
especially variant D, are very e ective in reducing them to an acceptable level. The lagest deviation between the
-CR-EOMCC(2,3),D and CASPT2/CC3/EOMCCSDT-3 excitation energies of the 65 states of heterocycles included
in Table | of Ref. [17], other than the 1 1B34(n?! 2) doubly excited state excluded from our statistics, is 0.58 eV.
Similar remarks apply to a comparison of our -CR-EOMCC excitation energies with the TBE-2 data reported in Ref.

[21]. The MUE and MaxE values characterizing the di erences between the -CR-EOMCC and TBE-2 excitation
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energies of the 65 states of heterocycles included in Table | of Ref. [17], other than theo-electron 11Bgq(n? ! 2)
transition in s-tetrazine, are 0.13{0.20 and 0.40{0.50 eV, respectivelyIn other words, if we limit ourselves to excited
states of heterocycles dominated by one-electron transitions, the -CR-EOMCC approaches, especially the triples
corrections de ning the -CR-EOMCC(2,3) approximations, are capable of providing the CC3/EOMCCSDT-3-quality
data, while matching the results of the multi-reference CASPT2 calculations and TBE2 values. An interesting
question arises if the above observations apply to theloubly excited 1 1Bzg(n? ! 2) state of s-tetrazine excluded
from the above error analysis and disregarded in all of the previously publishe€C/EOMCC work [17, 19{25].
According to Refs. [17, 21], the CASPT2/TZVP calculation places the 11839,(n2 ! 2) state of s-tetrazine at
5.79 or 5.86 eV. The TBE value for this state reported in Table | of Ref. [L7] (TBE-1 data in Ref. [21]) is 5.79
eV. The TBE-2 result recommended by the authors of Ref. [21], which utilizes the CASPPR/aug-cc-pVTZ data,
is 5.76 eV. None of these results agree too well with our EOMCC computations. nl the case of the EOMCCSD
calculations, which place the excitation energy of the 11839,(n2 ! 2) state of s-tetrazine at 13.19 eV, this is
not surprising, since EOMCCSD fails when strongly multi-reference doubly excited stags are considered. However,
the discrepancy between the -CR-EOMCC and CASPT2/TBE results needs additional comments, since the -CR-
EOMCC triples corrections, especially -CR-EOMCCSD(T),ID and -CR-EOMCC(2,3),D, have a successful track
record in accurately describing excited states dominated by two-electron transitions(cf. Refs. [63, 70, 71, 74{
76, 107, 110, 111, 114, 121, 127, 140, 143] for examples). Accordirg Table |, the triples corrections of the -
CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, -CR-EOMCC(2,3),A, and -CR-EOMCC(2,3),D approaches lower
the EOMCCSD excitation energy of the 1 Bgq(n? ! 2) state, of 13.19 eV, to 8.46, 7.23, 7.97, and 6.59 eV,
respectively. The fact that the -CR-EOMCCSD(T),IA and -CR-EOMCC(2,3),A values are too high compared to
the CASPT2 and TBE data is not surprising, since by relying on the M ller-Plesset rather than Epstein-Nesbet
denominators in de ning the corresponding triples corrections, as in Eq. (9), these mdiods tend to overestimate
excitation energies for doubly excited states [63, 76]. A question arises thouglthy there is a relatively large, 0:7{
0.8 eV, discrepancy between the CASPT2/TBE and -CR-EOMCC(2,3),D data, given the excellent performance of
the -CR-EOMCC(2,3),D approach, which uses the more robust Epstein-Nesbet-type denomirtar, Eq. (8), in the
past applications involving doubly excited states [75, 76, 127, 140, 143We believe that our -CR-EOMCC(2,3),D
result for the vertical excitation energy of the 1 1B3q(n? ! 2) state, of 6.59 eV, when the MP2/6-31G geometry
of s-tetrazine is employed, or 6.55 eV, when the CR-CC(2,3),D/TZVP geometry § adopted, is more reliable than the
previously reported CASPT2 and TBE values that range between 5.76 and 5.86 eV [, 21]. Indeed, as pointed out
in footnote o to Table | (cf., also, footnote n to Table 1), our -CR-EOMCC(2,3),D excitation energies, of 6.55 eV
or 6.59 eV, agree very well with thesecond-ordermulti-reference perturbation theory calculations of the NEVPT2
type, which give 6.30{6.35 eV [23]. It is also well known that CASPT2 dten underestimates excitation energies and
the 0.5 1 eV underestimation is not unheard of. For all these reasons, we do not include the B 3z¢(n? ! 2)

state in our statistical error analyses, since we do not have access to the highvel EOMCC results with an accurate
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treatment of triple excitations other than our own -CR-EOMCC(2,3),D values and we cannot rely on the CASPT2
or TBE excitation energies reported in Refs. [17, 21].It would be desirable to perform EOMCCSDT or EOMCCSDt
calculations for the 1 1Bgzg(n? ! 2) state of s-tetrazine, along with the corresponding CC3, EOMCCSDT-3, and

MRCI computations, to determine the accuracy of our -CR-EOMCC(2,3),D results for this challenging state.

Among the 21 additional states of the heterocycles considered in the work, six ! excitations in pyrrole, ve
states of pyridine representingn ! , ! ,and n! /] excitations, ve states of s-triazine of the
n! and n ! types, and onen ! excitation in s-tetrazine are predominantly one-electron transitions, as

demonstrated by their REL 1 values As a result, all triples corrections to EOMCCSD are quite small ( 0:1{0.4
eV) and all -CR-EOMCC approaches provide similar values. This is especially true when we compa the -CR-
EOMCC(2,3),A and -CR-EOMCC(2,3),D data, which agree to within 0.1 eV. Such an agreement typically implies
that the -CR-EOMCC(2,3) excitation energies are reasonably well converged. Thus, in thelsence of other high-
level CC/EOMCC data for the 21 additional states of the heterocycles considered inthis work, we can treat our
-CR-EOMCC(2,3) values for the 17 singly excited states among them as reference dafar future studies.

Among all the heterocycles listed in Tables | and Il, s-tetrazine is the only moleculehat has doubly excited states
in the prescribed energy range, which are characterized by REL close to 2. One of thers the 1 1Bg,g(n2 ! 2)
excitation, which we have already discussed above. The remaining doubly excited sta$ of s-tetrazine, which we
have found, are the 21A4(n? ! 2) state, which was also found by the authors of Ref. [17] (cf. the Supporting
Information to Ref. [17]), and the n? ! 2 excitations of the 1Bsq, 1B1q, and 1By, symmetries that have not been
considered before. As in the previously discussed*B z4(n? ! 2) state, the excitation energies for all of these doubly
excited states lie quite high in the EOMCCSD spectrum. However, when triples are poperly accounted for, using,
for example, our -CR-EOMCC(2,3),D approach, we see a signi cant lowering of the EOMCCSD excitaton energies.
For example, for the 21A4(n? ! 2) state found by the authors of Ref. [17], the more robust triples correction &

-CR-EOMCC(2,3),D lowers the EOMCCSD energy of 11.47 eV to 5.04 eV. This resulis in reasonable agreement
with the CASPT2 excitation energy of 4.55 eV reported in the Supporting Information to Ref. [17], to which our
comments above on the underestimation of excitation energies by CASPT2 stilapply. For the Bgg(n? ! 2)
two-electron transition that has not been considered before, the EOMCCSD excitationenergy of 15.10 eV is lowered
by almost 8 eV when the -CR-EOMCC(2,3),D method is employed, resulting in 7.31 eV, and for the remaining
two doubly excited states of s-tetrazine, namely,'B14(n? ! 2) and By (n? ! 2), the -CR-EOMCC(2,3),D
corrections to the EOMCCSD values of 14.31 and 15.04 eV, respectively, result ithe nal excitation energies of 7.96
and 8.07 eV, respectively. As discussed above, the CR-EOMCC(2,3),D method has been demonstrated to provide
an accurate description of the challenging electronically excited states dominated bywo-electron transitions. Thus,
we expect our -CR-EOMCC(2,3),D estimates for all ve doubly excited states of s-tetrazine consdered in this work
to be reasonable, possibly serving as reference data in future benchmark studies.

Aldehydes and ketones: Formaldehyde, acetone, and p-benziogpne. While this subgroup is much smaller than the
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previous one, with only three molecules and thirteen one-electron excitations reported ifable | of Ref. [17], it is

of interest, as we have found several additional excitecgtates in the prescribed energy range, including three states

of p-benzoquinone characterized in the Supporting Information to Ref. [17] (the_1'Bq(n ! ), 2 1Bog(n ! ),
and 11B,,( ! ) states) and eleven other states that have not been considered before. Among the otherases,
two are dominated by n; ! 2 two-electron transitions, which we elaborate on below. Comparing to theother

high-level CC/EOMCC methods, we can see thatour -CR-EOMCC results for this group of molecules are in good
agreement with the CC3 [17] and EOMCCSDT-3 [22, 24] data. The MUE values characterizing the deviationsof
the -CR-EOMCC excitation energies from the CC3 and EOMCCSDT-3 results are in the 0.1 to 0.29 eV range.
The corresponding MaxE values range from 0.32 to 0.52 eV, when the CR-EOMCC energies are compared to CC3,
and from 0.26 to 0.47 eV, when we replace CC3 by EOMCCSDT-3. Similar remarkspply to comparisons of the
-CR-EOMCC excitation energies characterizing the thirteen states of formaldehyde, eetone, and p-benzoquinone
listed in Table | of Ref. [17] with their CASPT2 and TBE-2 counterparts reported in Refs. [17, 21]. In this case,
the MUE values characterizing the di erences between the -CR-EOMCC and CASPT2 data are 0.16{0.24 eV. For
the dierences between the -CR-EOMCC and TBE-2 excitation energies, we obtain 0.14{0.18 eV. Once again,
the corresponding MaxE values are somewhat higher, but the -CR-EOMCC(2,3),D approach reduces them to an
acceptable level, especially when compared with CASPT2, where we obtain 0.34 eV. tomparing the -CR-EOMCC
and TBE-2 excitation energies for formaldehyde, acetone, and p-benzoquinone, we treat oné the twelve states for
which such comparison can be made, namely, the 2A;( ! ) state of acetone, di erently than the remaining
states. As explained in footnoter to Table | (cf., also, footnote qto Table 11), the TBE-2 value for the 2 *A;( ! )
state of acetone reported in Ref. [21] is a result of an incorrect assignmentf ethe CC3/aug-cc-pVTZ root at 8.90

eV. Based on our -CR-EOMCC results for acetone, we think that the CC3/aug-cc-pVTZ root at 8.90 eV found in

Ref. [21] corresponds to thetA;( ! /n! ) state of acetone, which has not been considered in the previous
benchmark studies [17{25], not to the 2*A;( ! ) excitation. Indeed, we observean excellentagreement between
our -CR-EOMCC excitation energies for the 1A ( ! /n! ) state of acetone, which range from 8.77 to 8.99

eV when the MP2/6-31G geometry is employed, and the CC3/aug-cc-pVTZ value of 8.90 eV reported in Ref. [1

We now move to the fourteen additional states of formaldehyde, acetone, and p-benzoquine, which are not
included in Table | of Ref. [17] and which we have found in our calculations. As akady alluded to above, three of
these additional states are the 1'B4(n ! ), 2 1Bag(n'! ), and 1 1Bo,( ! ) excitations in p-benzoquinone
described in the Supporting Information to Ref. [17], where the authors characteérzed them usingCASPT2. As shown
in Table I, our best -CR-EOMCC(2,3),D results for these three predominantly singly excited states gree with the
corresponding CASPT2 data reported in the Supporting Information to Ref. [17]to within 0:3{0.4 eV. We can
view this as a good agreement given the fact that CASPT2 tends to underestimate exdition energies.

For the remaining eleven states that have not been considered before, we have to makeetfollowing two comments.

The rst one deals with the confusion regarding the 2A;( ! y and *Aq(n ! ) states of formaldehyde (see
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footnotes p and g in Table I). The authors of Ref. [17] have interpreted the EOMCCSD and CC3 root at 10.54
and 10.45 eV, respectively, as the 2A( ! ) state, producing large discrepancies, of more than 1 eV, with the
CASPT2 and TBE values reported in Ref. [17], of 9.31 and 9.3 eV, respectivelyand the CC3/aug-cc-pVQZ value of
9.29 eV obtained in Ref. [21]. It is hard to understand such a discrepancy given the & that all excited states of
formaldehyde considered in Ref. [17] are almost pure single excitations. Adt thorough examination of the problem,
we have found another EOMCCSD root of the'A; symmetry at 9.77 eV, which results in the -CR-EOMCC values
that range from 9.37 eV in the -CR-EOMCC(2,3),D case to 9.57 eV when the -CR-EOMCCSD(T),IA approach
is employed, in very good agreement with the above CASPT2, TBE, and CC3 vales, particularly when our best

-CR-EOMCC(2,3),D result of 9.37 eV is considered. Thus, the new EOMCC root that wehave found in this work

must be the 2 1A, ( ! ) state, whereas thelA; state at 10.54 eV in the EOMCCSD calculations and at 10.45
eV in the CC3 calculations, interpreted in Ref. [17] as the 2'A;( ! ) excitation, is the next state of the *A;
symmetry, designated in our Tables | and Il as*A(n ! ).

Our second comment regarding the additional states of aldehydes and ketones found in thisonk deals with the
1Bgu(n; ! 2) and 1Bog(n; ! 2) doubly excited states of p-benzoquinone. In analogy to the previously
discussed two-electron transitions in s-tetrazine, these two challenging multi-refemce states cannot be properly
characterized by EOMCCSD. When our best -CR-EOMCC(2,3),D approach is used, we see the excitation energies
of the 1Bz, (n; ! 2)and 1Byg(n; ! 2) states of p-benzoquinone lower by about 5 eV compared to EOMCCSD,
giving 6.70 and 6.92 eV, respectively. The energy lowering provided by the remaing three -CR-EOMCC approaches,
particularly in the -CR-EOMCCSD(T),IA case, is not as large, but this is consistent with our earlier experiences
with the -CR-EOMCC methods. It would be desirable to perform the full EOMCCSDT or active space EOMCCSDt
calculations for p-benzoquinone to verify if our best -CR-EOMCC(2,3),D estimates of the vertical excitation energies
of the 1Bay(n; ! 2) and 1Byg(n; ! 2) doubly excited states of p-benzoquinone are accurate.

Amides: Formamide, acetamide, and propanamide.Unlike in the previous group of aldehydes and ketones, all of
the excited states of the three amides considered in this work, including nine states lisd in Table | of Ref. [17]
and fourteen additional states found in our calculations, but not considered in the priorbenchmark studies [17{25],
are dominated by one-electron transitions. As a result, there is a very good agement between our -CR-EOMCC
excitation energies and the previously published [17, 21, 22, 24] CASPT2, CC3,MVMCCSDT-3, and TBE-2 values
for the subsets of nine (CASPT2, CC3), eight (EOMCCSDT-3), and six (TBE-2) states of formamide, acetamide,
and propanamide, for which the latter data are available. Indeed, the MUE values chaacterizing the deviations of
the -CR-EOMCC excitation energies for the nine states of the three amides included in Table bf Ref. [17] from
the corresponding CASPT2 data, reported in Ref. [17] as well, range from 02to 0.30 eV, with the largest deviation
(MaxE) of 0.56 eV observed when the -CR-EOMCCSD(T),IA and CASPT2 results are compared with each other.
As in the case of the other molecular groups examined in this work, the -CR-EOMCC(2,3),D approach improves the

agreement with CASPT2, reducing the above MaxE value of 0.56 eV to 0.35 eV. Siitar remarks apply to a comparison
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of the -CR-EOMCC results with the available [21] TBE-2 values. In this case, the MUE values characterizing the
di erences between the -CR-EOMCC and TBE-2 data are 0.23{0.27 eV and, once again, the -CR-EOMCC(2,3),D
approach produces the smallest MaxE value of 0.42 eV. The agreement between otCR-EOMCC excitation energies
for formamide, acetamide, and propanamide and the previously published reference values jomoves even further when
the -CR-EOMCC results are compared with the CC3 and EOMCCSDT-3 data reported in Refs. [17, 22, 24]The
MUE and MaxE values characterizing the di erences between our -CR-EOMCC results and their CC3 counterparts
reported in Ref. [17] are 0.08{0.16 and 0.14{0.27 eV, respectively. Thegre 0.05{0.24 and 0.12{0.28 eV, respectively,
when the the -CR-EOMCC and EOMCCSDT-3 excitation energies are compared with each other.

As has been the case with the other subgroups of molecules examined in this work, we leaflound several additional
excited states of formamide, acetamide, and propanamide that have not been considered the previous benchmark

studies [17{25], with acetamide having the richest variation of the excitaton types. Of the fourteen additional excited

states we have found in the prescribed energy range, there are one! excitation in formamide (which we
will further comment on below), two n ! , three n ! , three ! , and one ! /n! excitations in
acetamide, and onen ! and three ! excitations in propanamide. As already mentioned, all of these additional

excited states are predominantly one-electron transitions. Thus, as in the casefdhe previously discussed nine states
of formamide, acetamide, and propanamide considered in the prior benchmark studies [{Z5], the triples corrections
to the EOMCCSD excitation energies resulting from our -CR-EOMCC calculations for the fourteen additional sates
of the three amides found in this work are rather small ( 0:1{0.3 eV). Our best -CR-EOMCC(2,3),A and -CR-
EOMCC(2,3),D values, in analogy to the aldehydes and ketones, agree almostepfectly, di ering by 0:05 eV.
Thus, in the absence of other high-level CC/EOMCC results for the fourteen additional exited states of formamide,
acetamide, and propanamide found in the present study, our -CR-EOMCC(2,3) excitation energies can be used as
accurate reference data in future benchmark calculations or applications involving hese three molecules.

The 2 1A ! ) state of formamide considered in the previous benchmark work [17{23, 25]ra the extra
A ) state of the same molecule found in the present study require an additional commen As explained in
footnote s to Table |, the authors of Ref. [17] have incorrectly assigned the EOMCCSD and C@ roots at 8.52 (8.50
in our calculations) and 8.27 eV, respectively, to the 2'AY ! ) transition, where the corresponding CASPT2,
TBE-1, and TBE-2 values are 7.39, 7.39, and 7.35 eV, respectively. The 2A9 ! ) state of formamide is an
almost pure one-electron transition (REL = 1:096 when the MP2/6-31G geometry is employed) and so di erences
between the CASPT2 and CC3 results on the order of 1 eV are unlikely. Our EOMCCSD calculions show that
there is another root of the 'A° symmetry and dominated by ! excitations, designated in Tables | and Il as
A 1 ) and located at 7.52 eV, which has the -CR-EOMCC excitation energies ranging from 7.09 to 7.31 eV,
in excellent agreement with the above CASPT2 and TBE values. We have, thus, reasgned the previously reported
[17] EOMCCSD and CC3 roots at 8.52 (in our calculations, 8.50) and 8.27 eVrespectively, to the higher energy
Ay ) state, while interpreting the EOMCCSD root at 7.52 eV as the 2 1AY ! ) state. The authors of
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Ref. [25] have found a CC3 root of formamide of A° symmetry and ! character at 7.24 eV, lending support to
the above state reassignment.

Nucleobases: Cytosine, uracil, thymine, and adenineFor this nal group of molecules included in the database of
Ref. [17], there are a total of 31 excited states listed in Table | of Ref. 7]. Our -CR-EOMCC calculations have
also found two additional states in the prescribed energy range that have not been coitered before (two !
excitations in adenine). As shown in Tables | and II, all of these states are donmated by one-electron transitions.
The 31 states included in Table | of Ref. [17] have been characterized by CASPT2 and méteen of them have been
assigned the TBE values of the corresponding excitation energies [17, 21]. Due fwohibitive computational costs
of the high-level iterative triples CC3 and EOMCCSDT-3 calculations, none of the iniial benchmark studies [17{24]
using the database of Ref. [17] have provided the CC3 and EOMCCSDT-3 data for nucléases. The CC3 reference
data for 22 of the 31 excitations of nucleobases listed in Table | of Ref. [1Have nally become available in Ref.
[25]. All of this means that in assessing performance of the-CR-EOMCC approaches in calculations for nucleobases,
we are somewhat limited, although comparisons with the available CASPT2 17], CC3 [25], and TBE [17, 21] data
allow us to make some useful observations. Compared with the CASPT2 excitain energies for all 31 states included
in Table | of Ref. [17], our -CR-EOMCC results are characterized by MUE values of 0.12{0.19 eV. As one mig
expect, the corresponding MaxE values are somewhat larger, but our best-CR-EOMCC(2,3) calculations bring
them down to a 0:4 eV level. Similar remarks apply to comparisons of -CR-EOMCC excitation energies with
the available TBE-2 values, where the corresponding MUEs range from 0.14 t0.P2 eV and MaxEs from about 0.4
eV in the case of the -CR-EOMCC(2,3) calculations to  0:7{0.8 eV in the case of the -CR-EOMCCSD(T) data.
For the 22 excitation energies of nucleobases computed at the CC3 level of theory [253he MUE and MaxE values
characterizing the di erences between the -CR-EOMCC and CC3 data are 0.10{0.24 and 0.35{0.53 eV, respectively,
with the smallest MaxE values provided by -CR-EOMCC(2,3) calculations. As in the case of the remaining 24
molecules included in the benchmark set of Ref. [17], it is encouraging to observe the yegood agreement between

our best -CR-EOMCC(2,3) calculations and the considerably more demanding CC3 computations.
C. Statistical error analysis for the entire benchmark set

We now turn to the examination of the overall quality of the -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID,

-CR-EOMCC(2,3),A, and -CR-EOMCC(2,3),D excitation energies obtained in this work, as compared to thepre-
viously published CASPT2 [17, 21], TBE-2 [21], CC3 [17, 25], and EOMCCSDT3 [22, 24] data and the underlying
EOMCCSD results, using a larger set of 148 singlet excited states of 28 moleculesnsidered in this work, taken
from Table | of Ref. [17], as a starting point for the corresponding statstical error evaluations. As explained in the
beginning of Section IV B, the list of 148 singlet excited states used to initiatethe statistical error analyses discussed

in this section has been obtained by excluding the doubly excited £B3z4(n? ! 2) state of s-tetrazine, for which
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the CC3 and EOMCCSDT-3 reference data are unavailable and the existing CASPT2 and TE excitation energies
reported in Refs. [17, 21] unreliable, from the 149 singlet excitations colleed in Table | of Ref. [17]. As a result, the
vast majority of states entering the statistical error analysis presened in this section are dominated by one-electron
transitions, with only 45 out of the above 148 states having 11 < REL < 1:2, three states having REL 1:2, and
no state having REL greater than 1.225. As pointed out in Section IV B, we hae identi ed several additional states
with signi cant contributions from double excitations, including, in addition to the above 1'Bgq(n? ! 2) state
of s-tetrazine, six other states with REL close to 2 that can be found among the & extra roots outside the set of
149 states listed in Table | of Ref. [17] obtained in our EOMCC calculations,but none of these additional states
can be considered in the overall error evaluation, since we do not have access to the appriate high-level reference
data which would allow us to assess performance of the-CR-EOMCC approaches in this case. On the basis of our
past experiences with the -CR-EOMCC calculations [63, 70, 71, 74{76, 107, 111, 127, 140, 143hc the previously
discussed comparison of the-CR-EOMCC(2,3),D and NEVPT2 [23] results for the doubly excited 1 1Bg,g(n2 ! 2)
state of s-tetrazine (cf. footnoteso and n to Tables | and Il, respectively), we may expect the results of our overall
best -CR-EOMCC(2,3),D calculations for the excited states with REL close to 2 iderti ed in this work to be accurate
to within 0:2 0:3 eV, but we would need to perform additional high-level EOMCCSDT/EOMCCSDt or MRCI
calculations, which are beyond the scope of the present study, to verify such a atement.

The results of our statistical error analyses involving variousab initio methods considered in this work and the
148 singlet excited states of 28 molecules taken from Table | of Ref. [17], akescribed above, or their appropriate
subsets for which the relevant data are available, as further elaborated on bel, are summarized in Tables II{VI.
Table 11l compares the MUE, MSE, and MaxE values characterizing the di erences between lhe excitation energies
obtained in our EOMCCSD and -CR-EOMCC calculations, the CC3 calculations reported in Refs. [17, 25], and
the EOMCCSDT-3 calculations reported in Refs. [22, 24] from the corresponding BSPT2 data given in Ref. [17],
with updates provided in Ref. [21]. Table IV does the same for comparisons ohe EOMCCSD, -CR-EOMCC, CC3,
and EOMCCSDT-3 data with their TBE-2 counterparts taken from Ref. [21]. Tables V and VI compare the MUE,
MSE, and MaxE values characterizing the di erences between the excitation energies resuitg from our EOMCCSD
and -CR-EOMCC calculations with the CC3 (Table V) and EOMCCSDT-3 (Table VI) data r eported in Refs.
[17, 22, 24, 25]. To make sure that our statistical analyses of errorare as systematic and as fair as possible, we focus
on the -CR-EOMCCSD(T),I X and -CR-EOMCC(2,3),X (X = A; D) excitation energies, and their EOMCCSD
counterparts summarized in Table |, i.e., those obtained using the TZVP basis seaind the MP2/6-31G geometries,
since the reference CASPT2, CC3, and EOMCCSDT-3 results reported in Refs. [17, 224, 25] and collected in Table
| as well have been obtained using the TZVP basis and the geometries resulting fromhe MP2/6-31G optimizations.
Clearly, our -CR-EOMCC excitation energies would change somewhat if we used basis sets largdran TZVP, but
comparing the results obtained with various methods where di erent calculations use derent basis sets would make

our comparisons less systematic. The same applies to comparisons of verticalc#tation energies using di erent
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ground-state geometries in di erent excited-state calculations, although comparingvertical excitation spectra at the
ground-state geometries obtained with the same method as used in excited-state calations for each of theab initio
approaches analyzed in this study would be interesting. As explained in Section IV Acf. Fig. 2), the e ect of ground-
state geometries on the vertical excitation spectra resulting from the -CR-EOMCC calculations is small and unlikely
to have an e ect on our main conclusions regarding performance of the -CR-EOMCC methods relative to other
approaches, but the topic of nuclear geometries used in the various computations fohe 28 molecules comprising the
benchmark set of Ref. [17] is worth further exploration. The e ect of the basis seton the -CR-EOMCC calculations
summarized in Tables | and Il is interesting too and we plan to examine it inthe future. We should also point out
that while in the original benchmark set presented in Table | of Ref. [17] there @ a total of 149 excited states,
including the aforementioned 148 excitations that provide the basis for the statstical error analyses discussed in this
section, we do not have access to all 148 vertical excitation energies for every appich providing the reference data
for judging the -CR-EOMCC methods. Thus, in making comparisons of the -CR-EOMCC and CC3 results, we
have to limit ourselves to the subset of 139 excited states, for which the CC3esults are available [17, 25]. When
comparing the -CR-EOMCC and EOMCCSDT-3 excitation energies, welimit ourselves to the subset of 115 states,
for which the EOMCCSDT-3 results are available [22, 24]. Comparisons obur -CR-EOMCC excitation energies
with the corresponding TBE-2 values are limited to the subset of 102 states, fowhich the latter values are available
[21]. The only comparison that can utilize all 148 excited states, obtained byexcluding the 11B3z4(n? ! 2) state of
s-tetrazine from the 149 states listed in Table | of Ref. [17], in determiningthe corresponding MUE, MSE, and MaxE
values is that involving the -CR-EOMCC and CASPT2 approaches, where the relevant CASPT2 data can be found
in Ref. [17], with updates in Ref. [21]. Information about the numbers of excited states included in the staistical
error analyses involving various methods considered in this work can be found ifiables I11{VI.

In addition to tables that summarize the overall MUE, MSE, and MaxE values characterizing the di erences be-
tween the results of the various calculations, we present comparisons of the EOMCED and -CR-EOMCC excitation
energies with their CASPT2, TBE-2, CC3, and EOMCCSDT-3 counterparts in the form of the correlation and error
distribution plots shown in Figs. 3{23. The correlation plots shown in Figs. 3{7 compare the vertical excitation
energies of the 148 singlet excited states of 28 molecules listed in Table | of Refl7], i.e., all excitations listed in
Table | of Ref. [17] other than the doubly excited 11B3zy(n? ! 2) state of s-tetrazine, obtained in the EOM-
CCSD, -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, -CR-EOMCC(2,3),A, and -CR-EOMCC(2,3),D calcu-
lations using the TZVP basis set and MP2/6-31G geometries with the corresponding CASPT2 values taken from
Ref. [17], with updates in Ref. [21]. The analogous plots presented in Figs. 8{12 compare the EOMCCSD/ZVP
and -CR-EOMCC/TZVP excitation energies calculated at MP2/6-31G geometries with the TBE-2 data for the
subset of 102 states reported in Ref. [21]. Figures 13{17 compare the EOMCC3I¥VP//MP2/6-31G and -CR-
EOMCC/TZVP/IMP2/6-31G excitation energies with the corresponding CC3/TZVP//IMP2/6-31G  results for the

subset of 139 states that can be found in Refs. [17, 25]. The correlation plstshown in Figs. 18{22 compare the
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EOMCCSD and -CR-EOMCC excitation energies with the results of the EOMCCSDT-3 calculations, al using the
TZVP basis set and MP2/6-31G geometries, for the subset of 115 states reported in Refs. [22, 24]. In addih to
the excitation energies and their scatter along the diagonal representing perfect agreeamt, each of the correlation
plots in Figs. 3{22 provides the MUE, MSE, and MaxE values characterizing the pair of methods under considera-
tion, the corresponding R? correlation coe cient, and the list of outlier states for which the absolute v alues of the
di erences between the excitation energies obtained in the two calculations compared in thelot exceed a particular
threshold value. For the comparisons of the EOMCCSD and -CR-EOMCC excitation energies with their CASPT2
and TBE-2 counterparts, shown in Figs. 3{12, we have chosen a cuto threshold 60.75 eV to show the corresponding
outlier states. When comparing the EOMCCSD and -CR-EOMCC excitation energies with the results of the CC3
and EOMCCSDT-3 calculations in Figs. 13{22, we have chosen a somewhat smatl cuto threshold of 0.50 eV to
display the outliers. The remaining Fig. 23 presents the error distribution curvescharacterizing the deviations of the
-CR-EOMCCSD(T),IA (Fig. 23 (a)), -CR-EOMCCSD(T),ID (Fig. 23 (b)), -CR-EOMCC(2,3),A (Fig. 23 (c)),

and -CR-EOMCC(2,3),D (Fig. 23 (d)) excitation energies, using the TZVP basis and MP2/6-31G geometries, from
the available CASPT2/TZVP, CC3/TZVP, EOMCCSDT-3/TZVP, and TBE-2  data [17, 21, 22, 24, 25]

Examining the error values in Tables I1I{VI and the correlation plots shown i n Figs. 3{22, we can immediately see
that all four -CR-EOMCC approaches considered in this work provide signi cant improvements in theEOMCCSD
excitation energies relative to the CASPT2, TBE-2, CC3, and EOMCCSDT-3 data. In the case of comparisons with
CASPT2 and TBE-2 (Tables Il and IV and Figs. 3{12), we see steady error decreass when going from EOMCCSD,
through -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A,to -CR-EOMCC(2,3),D, with
the -CR-EOMCC(2,3),D approach providing the most accurate description which seems btter than that provided
by CC3 and EOMCCSDT-3, whereas comparisons with CC3 and EOMCCSDT-3 (Tables V andvl and Figs. 13{22)
indicate a more uniform performance of all four -CR-EOMCC methods, although, as further elaborated on below,
one may also argue that the overall agreement with the CC3 and EOMCCSDT-3 datacontinues to be best in the case
of the -CR-EOMCC(2,3) triples corrections. Let us discuss these observations some morstarting with comparisons
of the various CC/EOMCC approaches with the CASPT2 and TBE-2 data.

As shown in Table Ill, the MUE, MSE, and MaxE values relative to CASPT2 decrease from 0.50, 0.49, and 1.63 eV,
respectively, when the EOMCCSD results are considered, to 0.18, 0:06, and 0.53 eV, when the EOMCCSD excita-
tion energies are corrected for triples using the -CR-EOMCC(2,3),D approach. Variant A of the -CR-EOMCC(2,3)
method, which is characterized by the MUE, MSE, and MaxE values relative to CASPT2 of 0.17, 0.00, and 0.68
eV, respectively, is essentially equally accurate from the point of view of tese three error measures, but the triples
corrections of -CR-EOMCCSD(T),IA and -CR-EOMCCSD(T),ID, although o ering signi cant improvements in
the EOMCCSD results, are not as e ective as their biorthogonal -CR-EOMCC(2,3) counterparts. This becomes
particularly evident when the MSE and MaxE values relative to CASPT2 characterizing the various -CR-EOMCC

approaches in Table Il are examined. Similar improvements in the accuracy of the daulated excitation energies
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relative to CASPT2, when going from EOMCCSD, through -CR-EOMCCSD(T),lIA, -CR-EOMCCSD(T),ID, and -
CR-EOMCC(2,3),A,to -CR-EOMCC(2,3),D, can be seen when analyzing the correlation plots in Figs. . Indeed,
we observe a systematic decrease in the number of the outlier states whose energiésr from the CASPT2 data by
more than 0.75 eV, from 21 in the EOMCCSD case, to 5 and 2 in the case of the CR-EOMCCSD(T),IA and -CR-
EOMCCSD(T),ID calculations, respectively, and to the absence of such outlier stées when the -CR-EOMCC(2,3),A
and -CR-EOMCC(2,3),D approaches are considered. At the same time, one can see a steadyciease in theR?
correlation factor when going from EOMCCSD, through -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, and -
CR-EOMCC(2,3),A, to -CR-EOMCC(2,3),D, from 0.9783 when the EOMCCSD and CASPT2 excitation energes
are compared to 0.9869 when we compare theeCR-EOMCC(2,3),D and CASPT2 data. The improvements in the
EOMCCSD results o ered by the non-iterative triples -CR-EOMCC(2,3),D correction are so substantial that one
can regard them as competitive with the considerably more expensive iterativeCC3 and EOMCCSDT-3 calcula-
tions. Indeed, as shown in Table Ill, the MUE, MSE, and MaxE values relative to CASPT2 characterizing the

-CR-EOMCC(2,3),D excitation energies are smaller than those characterizinghe CC3 and EOMCCSDT-3 compu-
tations. This is especially true in the latter case, suggesting that the linear-esponse CC3 approach is somewhat more
accurate than its EOMCC-based EOMCCSDT-3 analog, when both are compared to CASPZ, and that our -CR-
EOMCC(2,3),D calculations are even more accurate. We would not be surprised bguch a statement if our statistical
error evaluation involved doubly excited states, since the MMCC-based CR-EOMCC aproaches are generally more
robust than the perturbative CC3 and EOMCCSDT-3 approximations in applications involving quasi-degenerate ex-
cited states (cf., e.g., Refs. [63, 70, 71, 74, 75, 160]), but it is intesting to see that similar might be true when the
excited states of interest are of a predominantly single excitation character

One might, of course, argue that the CASPT2 approach itself is not accurate enougha make de nitive claims re-

garding the relative accuracy of the CC3 and EOMCCSDT-3vs -CR-EOMCC(2,3),D calculations. We can, however,
compare the CC3, EOMCCSDT-3, and -CR-EOMCC(2,3),D results, and their EOMCCSD, -CR-EOMCCSD(T),IA,

-CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A counterparts with other sources of information about the elec-
tronic spectra of the 28 molecules constituting the database of Ref. [17], suctsahe TBE-2 data reported in Ref. [21].
As shown in Table IV, the MUE, MSE, and MaxE values relative to TBE-2 characterizing the -CR-EOMCC(2,3),D
excitation energies, of 0.19, 0:07, and 0.58 eV, respectively, are once again smaller than those characterigi the
CC3 and EOMCCSDT-3 calculations, especially in the latter case. At the same tine, the MUE, MSE, and MaxE
values relative to TBE-2 characterizing the -CR-EOMCC(2,3),D results are similar to those obtained with the -CR-
EOMCC(2,3),A approach and smaller than their -CR-EOMCCSD(T),IA and -CR-EOMCCSD(T),ID counterparts,
although all four -CR-EOMCC methods considered in this work o er signi cant improvements in the EOMCC SD
results when compared to the TBE-2 data. Once again, similar improvements in the ecuracy of the calculated
excitation energies relative to their TBE-2 values reported in Ref. [21], when ging from EOMCCSD, through -CR-
EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A,to -CR-EOMCC(2,3),D, are observed when
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Figs. 8{12 are examined. In analogy to Figs. 3{7, the number of the outlierstates whose energies di er from the
TBE-2 data by more than 0.75 eV reduces from 11 in the EOMCCSD case to 5 and 3, respgtively, in the case of
the -CR-EOMCCSD(T),IA and -CR-EOMCCSD(T),ID calculations, and to none when the -CR-EOMCC(2,3),A
and -CR-EOMCC(2,3),D methods are considered. We also observe a systematic increaisethe R? correlation factor
when going from EOMCCSD, through -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A,
to -CR-EOMCC(2,3),D, from 0.9721 when one compares the EOMCCSD and TBE-2 excitabn energies to 0.9797
when the -CR-EOMCC(2,3),D and TBE-2 data are compared.

It is encouraging to observe the improvements in the overall accuracy of the EOMCCSDPCC3, and EOMCCSDT-3
calculations o ered by the -CR-EOMCC(2,3),D approach, when compared to the CASPT2 and TBE-2 excitation
energies, and the improvements in the accuracy of the EOMCCSD results by all four-CR-EOMCC methods ex-
amined in this study, but one would also like to know how accurate the various non-ierative triples -CR-EOMCC
corrections are when compared with their iterative CC3 and EOMCCSDT-3 counterparts. This is examined in Ta-
bles V and VI and Figs. 13{23. The MUE and MSE values shown in Table V and the MUE MSE, and MaxE
values shown in Tables VI may create an impression that the -CR-EOMCCSD(T),IA and -CR-EOMCCSD(T),ID
approaches are somewhat more accurate, when compared to the CC3 and EOMCCSDT-3 resylthan their biorthog-
onal -CR-EOMCC(2,3),A and -CR-EOMCC(2,3),D counterparts, but given the fact that the MUE and MSE values
characterizing the average di erences between the-CR-EOMCC and CC3/EOMCCSDT-3 excitation energies are all
very small this might be a somewhat misleading conclusion. Indeed, when we look ahe correlation plots in Figs. 13{
17 we can see a fairly systematic decrease in the number of the outlier stateshase energies di er from the CC3 data
by more than 0.50 eV when going from EOMCCSD, through the -CR-EOMCCSD(T) approximations, to the -CR-
EOMCC(2,3) approaches, from 18 in the EOMCCSD case, to 3 and 1 in the case of theCR-EOMCCSD(T),IA and

-CR-EOMCCSD(T),ID calculations, to none and 1 when the -CR-EOMCC(2,3),A and -CR-EOMCC(2,3),D exci-
tation energies are considered. From the point of view of the outlier states, gras shown in Table V, the MaxE values
obtained in the various -CR-EOMCC calculations, the -CR-EOMCC(2,3),A approach seems to reproduce the CC3
data most e ectively, with variants ID and D of -CR-EOMCCSD(T) and -CR-EOMCC(2,3), respectively, falling
slightly behind, but this is not necessarily the case when theR? correlation factors in Figs. 13{17 and the error distri-
bution curves shown in Fig. 23 are inspected. Indeed, we observe a steady increase in fRé correlation factor when
going from EOMCCSD, through -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A, to -
CR-EOMCC(2,3),D, from 0.9835 when the EOMCCSD and CC3 excitation energies g compared to 0.9866, 0.9879,
0.9902, and 0.9906 when the CC3 data are compared with their-CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID,

-CR-EOMCC(2,3),A, and -CR-EOMCC(2,3),D counterparts, respectively. We can see the same systematipattern
when examining the error distribution curves shown in Fig. 23; the error distribution relative to the CC3 data be-
comes increasingly narrower as we go from EOMCCSD, through-CR-EOMCCSD(T),lIA, -CR-EOMCCSD(T),ID,
and -CR-EOMCC(2,3),A, to -CR-EOMCC(2,3),D. One might always argue that MUE and MSE values charac-
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terizing the overall deviations of the -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A
excitation energies from their CC3 counterparts, particularly those obtained inthe -CR-EOMCCSD(T),IAand -CR-
EOMCCSD(T),ID calculations, are smaller than the MUE and MSE values characterizing the -CR-EOMCC(2,3),D
approach, but knowing that the error distribution relative to the CC3 data is nar rowest in the -CR-EOMCC(2,3),D
case and keeping in mind that the CC3 approach is not necessarily more accurate tharh¢ -CR-EOMCC(2,3),D
method, especially when the excited states in question have some contributions fno double excitations, makes us
believe that the overall best approach among the four types of triples correctins to EOMCCSD excitation energies
considered in this study is -CR-EOMCC(2,3),D, with variant A of -CR-EOMCC(2,3) o ering a similar performance
as long as the excited states of interest are not dominated by two-electron transons, which is the case here. As
already alluded to above, using the 1lBg,g(n2 ! 2) state of s-tetrazine as an example, and as shown in our past
work [75, 76], variants D of the CR-EOMCC(2,3) and -CR-EOMCC(2,3) methodologies are generally more robust
than other CR-EOMCC/ -CR-EOMCC corrections when the doubly excited states are considered.

Most of the above remarks related to statistical comparisons of the -CR-EOMCC and CC3 excitation energies
apply to the analogous comparisons of the -CR-EOMCC and EOMCCSDT-3 data. With the cuto threshold of
0.50 eV used in the examination of the EOMCCSD and -CR-EOMCC vs CC3 and EOMCCSDT-3 results, we
cannot say as much about the relative performance of the various non-iterativeriples -CR-EOMCC corrections
relative to EOMCCSDT-3 as in the case of the analogous comparisons with CG3since all four corrections work
equally well, producing no outliers, but we continue to observe a steady increase in thR? correlation factor when
going from EOMCCSD, through -CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A, to

-CR-EOMCC(2,3),D, from 0.9860 when the EOMCCSD and EOMCCSDT-3 excitation enegies are compared to
0.9885, 0.9893, 0.9904, and 0.9904 when we compare the EOMCCSDT-3 datéhwtheir -CR-EOMCCSD(T),IA, -
CR-EOMCCSD(T),ID, -CR-EOMCC(2,3),A, and -CR-EOMCC(2,3),D counterparts, respectively. This is re ected
in the error distribution curves shown in Fig. 23, where we can see that the errordistribution relative to the
EOMCCSDT-3 data becomes increasingly narrower as we go from EOMCCSD, through-CR-EOMCCSD(T),IA,
CR-EOMCCSD(T),ID, and -CR-EOMCC(2,3),A,t0 -CR-EOMCC(2,3),D. Once again, based on the MUE and MSE
values collected in Table VI, one might argue that -CR-EOMCCSD(T),IA and -CR-EOMCCSD(T),ID approaches
are more e ective in reproducing the EOMCCSDT-3 results than their biorthogonal -CR-EOMCC(2,3),A and -
CR-EOMCC(2,3),D counterparts, but knowing that the error distribution relati ve to the excitation energies obtained
in the EOMCCSDT-3 calculations is narrowest in the -CR-EOMCC(2,3),D case and keeping in mind that the
EOMCCSDT-3 method is not necessarily more accurate than the -CR-EOMCC(2,3),D approach, particularly when
the excited states in question have some contributions from double excitationsteinforces our belief that the overall
best approach among the four types of triples corrections to EOMCCSD excitationenergies investigated in this work
is -CR-EOMCC(2,3),D, with -CR-EOMCC(2,3),A o ering similar accuracies as long as the excited states ofriterest

are not dominated by two-electron transitions.
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V. CONCLUSIONS

We have used a comprehensive test set of 148 singlet excited states of 28 medium-sizgamic molecules taken from
Ref. [17] to benchmark two variants of the approximately size-intensive CREOMCC method with singles, doubles,
and non-iterative triples, abbreviated as -CR-EOMCCSD(T),IA and -CR-EOMCCSD(T),ID [63], derived from the
MMCC formalism [65{71], and the analogous two variants of the rigaously size-intensive -CR-EOMCC(2,3) ap-
proach, designated as -CR-EOMCC(2,3),A and -CR-EOMCC(2,3),D, respectively [64], based on the generalization
of the biorthogonal MMCC formalism [72, 149, 150] to excited states [Z, 75, 76], against the previously published
CASPT2 [17, 21], TBE [17, 21] (especially, TBE-2 [21]), CC3 [17, Zband EOMCCSDT-3 [22, 24] results. The list
of 148 singlet excited states used to initiate the various statistical erro analyses reported in this study has been
obtained by excluding the doubly excited 11839(n2 ! 2) state of s-tetrazine, for which the CC3 and EOMCCSDT-
3 reference data are unavailable and the existing CASPT2 and TBE excitation energieseported in Refs. [17, 21]
unreliable, from the 149 singlet excitations collected in Table | of Ref. [17]. V& have, however, determined the

-CR-EOMCCSD(T),IA, -CR-EOMCCSD(T),ID, -CR-EOMCC(2,3),A, and -CR-EOMCC(2,3),D vertical excita-
tion energies, as well as their EOMCCSD counterparts, for all 149 excited statefisted Table | of Ref. [17], along
with the 54 additional excitations further elaborated on below. All of the -CR-EOMCC calculations performed
in this work and the underlying EOMCCSD computations have been performed using the TZ\P basis set used in
the previous studies [17{20, 22{25] and two sets of the ground-state nuclear geatries, including the MP2/6-31G
geometries taken from Ref. [17] and the CR-CC(2,3),D geometries obtained ithis work, have been used to determine
the EOMCCSD, -CR-EOMCCSD(T),I X, and -CR-EOMCC(2,3),X (X = A ; D) vertical excitation spectra.

By comparing our -CR-EOMCCSD(T),|A, -CR-EOMCCSD(T),ID, -CR-EOMCC(2,3),A, and -CR-
EOMCC(2,3),D excitation energies for the 148 excited states of 28 molecules kan from Table | of Ref. [17], as de-
scribed above, or their appropriate subsets for which the relevant reference CASPTZBE-2, CC3, and EOMCCSDT-3
data are available, we have shown that the non-iterative triples corrections tathe EOMCCSD excitation energies de n-
ing the relatively inexpensive, single-reference, black-box-CR-EOMCC approaches provide signi cant improvements
in the EOMCCSD data, while closely matching the results of the iterative and congderably more expensive CC3 and
EOMCCSDT-3 calculations and their CASPT2 and TBE counterparts, typically to wit hin ~ 0:1 0:2 eV, i.e., to
within intrinsic errors of the CC3, EOMCCSDT-3, CASPT2, and TBE estimat es. We have also demonstrated that
the -CR-EOMCC methods, especially the most robust -CR-EOMCC(2,3),D approach that works well for singly
as well as doubly excited states, are capable of bringing the results of the CC3 and@CCSDT-3 calculations to
a closer agreement with the CASPT2 and TBE data, demonstrating the utility of the cost e ective -CR-EOMCC
methods in application involving molecular electronic spectra. This has allowedus to conclude that the overall best
balanced approach among the four types of triples corrections to EOMCCSD excitatio energies investigated in this

work is -CR-EOMCC(2,3),D, with -CR-EOMCC(2,3),A o ering similar accuracies as long as the excited states of
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interest are not dominated by two-electron transitions. We have reached these conations by performing a variety of
full and partial statistical error analyses and examining the suitably designedcorrelation and error distribution plots.
We have also used the four -CR-EOMCC approaches considered in this study to identify and accurately characterize
54 additional singlet excited states in the energy range covered by Table | of Ref.1[], including ve states that can
be found in the Supporting Information to Ref. [17] and 49 states that have notbeen considered in the earlier
benchmark work [17{25], which can be used in future benchmark studies. The afementioned 1'B3q4(n? ! 2)
state of s-tetrazine, listed in Table | of Ref. [17], which could not be used inour overall statistical error analyses
due to the absence of the reliable benchmark data to judge our-CR-EOMCC results, and six other states among
the 54 states outside the set of 149 states listed in Table | of Ref. [17] aralmost pure two-electron transitions,
which many QC methods have problems with, but we have provided arguments, based on thseuccessful track record
involving various CR-EOMCC or -CR-EOMCC calculations, including quasi-degenerate excited states dominated by
double excitations [63, 70, 71, 74{76, 107, 110, 111, 114, 121, 1240, 143] and the comparison of our best-CR-
EOMCC(2,3),D excitation energies for the 1lBg,g(n2 ! 2) state of s-tetrazine with the recently published NEVPT2
data [23], that our -CR-EOMCC calculations for the doubly excited states found in this work and other additional
states that have not been considered in the prior work [17{25] are accurate to whin  0:2 0:3 eV. We have suggested
full EOMCCSDT, active-space EOMCCSDt, or accurate MRCI calculations for all of the additional excited states
found in our calculations to verify if our assessment of the accuracy of the-CR-EOMCC calculations for these extra
states is correct. We have also suggested that there may exist a relationship between the REL diagstic introduced
in Ref. [74], resulting from EOMCCSD calculations, and the magnitude of -CR-EOMCC triples corrections to
EOMCCSD excitation energies, which might serve as a potentially useful toolin predicting electronic excitation

spectra of -CR-EOMCC quality only on the basis of EOMCCSD data.
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APPENDIX: EMPIRICAL CORRELATION OF TRIPLES CORRECTIONS TO EOMC CSD EXCITATION
ENERGIES WITH THE REDUCED EXCITATION LEVEL

As pointed out in Section IVB and as observed in Tables | and IlI, there is a certaindegree of proportionality
between the REL values extracted from EOMCCSD calculations and the magnitude of trples corrections obtained
with the -CR-EOMCC approaches. Encouraged by the reviewer, we have decided to examine if there isyahing
potentially useful about the correlation between the REL diagnostic obtained with EOMCCSD and triples corrections
resulting from -CR-EOMCC calculations. In order to do this, we have tted the triples corrections , obtained
in our overall best -CR-EOMCC(2,3),D computations for the 148 excited states taken from Table | of Ref. [17],
excluding the doubly excited 11B3z¢(n? ! 2 state of s-tetrazine that has not been included in our statistical error
evaluations discussed in Section IV C as well, to a simple linear functional form = aREL + b. We have then used
the resulting t to correct the excitation energies computed at the EOMCCSD level to predict t he results for the 48
states outside the above set of 148 excitations obtained by removing six doublgxcited states with REL 2 from
the 54 additional excitations calculated in this work and discussed in Sections Ill ad IV B (see the third paragraph
in Section IV B for the details). Furthermore, to test the ability of our empirica | t to represent vertical excitation
spectra of molecules outside the set of 28 molecules examined in this work, we havepéied it to the rst ten excited
states of the azulene molecule, which we have recently studied at the-CR-EOMCC(2,3),D level in the context of
multiphoton ionization experiments in Ref. [140]. Our ndings are summarized in Fig. A.1 and Tables A.l and A.ll.

By tting the 148 excited states using a least squares procedure, we obtained the folleing expression relating the

triples correction of -CR-EOMCC(2,3),D with REL:
= 42379 REL +4:0969 (A1)

where units are eV. As shown in Table A.l, the linear t for given by Eq. (A.1) reproduces the excitation energies
in the basic data set of 148 states with MSE, MUE, and MaxE values of 0.000.07, and 0.32 eV, respectively. When
applied to the 48 states outside the set of 148 excitations obtained, as explained ate, by removing six doubly excited
states with REL 2 from the 54 additional excitations discussed in Sections Il and IV B that are, in most cases,
predominantly one-electron transitions, we obtained the MSE, MUE, and MaxE resuls of 0:12, 0.12, and 0.30 eV,
respectively, which, given the extreme simplicity of Eq. (A.1), can be viewedas an encouraging result. When we
apply the same empirical formula to the entire set of 203 excited states calcul&d in this work, which includes several
doubly excited states with REL close to 2, the quality of the t represented by Eq. (A.1) worsens, but it is still not
bad given the nature of the procedure discussed here. Most likely, we would have to perin additional -CR-EOMCC
calculations to produce a considerably larger number of data points involving doub} excited states to come up with
a more accurate representation of the dependence of on REL for states dominated by two-electron transitions. It
is also possible that states with REL close to 2 have to be tted to a di erent functional representation than that

represented by Eq. (A.1). Nevertheless, in order to see if Eq. (A.1) (or sintar equations relating  to REL that we



28

may propose in the future) can be used in practice to generate the-CR-EOMCC-level information on the basis of
EOMCCSD calculations for organic species outside the set of 28 molecules examinedtis work, which may have
a mixture of singly and doubly excited states in their electronic spectra, we have uxd it to determine the vertical
excitation spectrum of azulene, examined by us in Ref. [140], where we have discoveréite previously unknown
doubly excited state in the higher-energy part of the spectrum near the ionization threshal. The results are shown
in Table A.ll. As one can see, our simple empirical formula for , added to the EOMCCSD excitation energies,
reproduces the true -CR-EOMCC(2,3),D data for azulene to within 0.06 eV on average. This includes the dably
excited § state with REL of about 1.9, which has been the main objective of the study eported in Ref. [140].

All of this is telling us that there may exist approximate relationships between the REL diagnostic obtained in the
EOMCCSD computations and the magnitude of -CR-EOMCC triples corrections to EOMCCSD excitation energies
(most likely, other similar corrections as well), which might allow us to predict -CR-EOMCC-level spectra for organic
molecules of the types included in the database of Ref. [17] and related species to it 0.1{0.2 eV on average and
which could, given the simplicity of such a procedure, become useful tools in practicapplications. We have to keep
in mind that -CR-EOMCC and similar corrections to EOMCCSD excitation energies have computer cos that scale
asn2n? in the iterative EOMCCSD part and n3n# in the non-iterative steps related to the determination of triples
corrections. If one can develop empirical formulas for the triples corrections oftie type discussed in this appendix, we
may avoid the most expensiven3n? steps and generate excitation spectra of -CR-EOMCC-quality with n2n? steps
of EOMCCSD. Given the fact that -CR-EOMCC methods, especially -CR-EOMCC(2,3), are accurate enough to
reproduce other high-level EOMCC and non-CC calculations, the procedure discussed in this appendix ag help us
develop empirical, but useful tools for determining reasonably accurate molecular electroc spectra in large molecules

that are outside the reach of -CR-EOMCC and similar approaches.
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TABLE I: Vertical excitation energies (in eV) for singlet states of all molecules in the test set of Ref. [17] using the geometries
optimized at the MP2/6-31G  level.®'®

Molecule State REL ¢ sSDY -CR(T)JA ¢ -CR(T),ID ¢ -CR(23)A ' -CR(23),D f cc39 spT-3" cASPT2 ! TBE-1' TBE-2 '
Ethene 1 'Bu( ! ) 1.034 851 8.26 8.22 8.25 8.18 837 8.40 8.54 780  7.80
E-Butadiene 1 *By( ! ) 1.056 6.73 6.44 6.39 6.37 6.31 6.58  6.61 6.47 6.18  6.18
21A4( ! ) 1.219 7.42 6.92 6.78 6.74 6.61 6.77 6.89 6.62 655  6.55
all-E-Hexatriene 1 B, ( ! ) 1.064 5.72 5.43 5.38 5.31 5.26 558 561 5.31 510  5.10
21A4( ! ) 1.225 6.61 6.03 5.91 5.79 5.67 572 588 5.42 509  5.09
all-E-Octatetraene 2 1Ag( ! ) 1.211 5.98 5.41 5.32 5.11 5.01 497 517 4.64 447 447
1B, ( ! ) 1.069 5.08 478 4.74 4.63 458 494 497 4.70 466  4.66
Cyclopropene 1 'By( ! ) 1.066 6.97 6.76 6.71 6.72 6.67 6.90 6.92 6.76 6.76  6.67
11B,y( ! ) 1.048 7.25 7.01 6.96 6.97 6.90 710 714 7.06 7.06  6.68
Cyclopentadiene 1 B,( ! ) 1.055 5.87 5.57 5.52 5.50 5.43 573 575 5.51 555 555
21AL( ! )k 1.153 7.05 6.70 6.59 6.52 6.42 6.61 6.71 6.31 631  6.28
31A.( ! )k 1.055 8.96 8.66 8.62 8.60 8.53 869 876 8.52
1B,( ! )] 1.073 8.94 8.72 8.68 8.64 8.59
Norbornadiene 1 *A( ! ) 1.063 5.80 5.53 5.49 5.41 5.36 564 568 5.34 534 537
11B,( ! ) 1.076 6.69 6.43 6.38 6.29 6.24 6.49 655 6.11 611  6.21
21By( ! ) 1.061 7.85 7.59 755 7.48 7.42 7.64 7.68 7.32
21A,( ! ) 1.067 7.86 7.63 7.58 751 7.47 771 774 7.45
Bi( ! ) 1.079 8.01 7.80 7.76 7.68 7.65
21A( ! /o )l 1.062 7.99 7.81 7.79 7.73 7.70 7.97
Benzene 1By ( ! ) 1.104 5.19 491 4.83 4.76 4.69 507 5.10 5.04 508  5.08
1By ( ! ) 1.053 6.75 6.47 6.42 6.38 6.32 6.68  6.69 6.42 654  6.54
1YE,( ! ) 1.069 7.66 7.38 7.33 7.27 7.22 745 752 7.13 713 7.3
2 Eq( ! ) 1.166 9.21 8.81 8.63 8.48 8.34 843  8.60 8.18 841 815
Naphthalene 1 Bay( ! ) 1.109 4.41 4.10 4.05 3.90 3.85 427 430 4.24 424 425
1'Bou( ! ) 1.075 5.22 491 4.86 471 4.65 503 5.09 4.77 477 482
21A4( ! ) 1.117 6.23 5.93 5.87 5.72 5.66 598  6.05 5.87 587  5.90
11Byg( ! ) 1.109 6.53 6.19 6.12 5.93 5.86 6.07 6.22 5.99 599 575
21Bgy( ! ) 1.080 6.55 6.26 6.22 6.07 6.02 6.33 6.41 6.06 6.06  6.11
21B14( ! ) 1.077 6.98 6.69 6.64 6.51 6.46 679 6.84 6.47 6.47  6.46
21Bou( ! ) 1.079 6.77 6.49 6.44 6.30 6.25 6.57 6.64 6.33 6.33  6.36
31A4( ! ) 1.154 7.77 7.35 7.25 6.98 6.89 6.90 7.14 6.67 6.67  6.49
3By, ( ! ) 1.084 8.78 8.51 8.46 8.32 8.27 8.44 856 8.17
3'Bau( ! ) 1.177 9.03 8.61 8.50 8.23 8.13 812 833 7.74
Furan 1 'By( ! ) 1.061 6.80 6.43 6.39 6.37 6.29 6.60 6.64 6.39 6.32  6.32
21AL( ! ) 1.119 6.89 6.58 6.48 6.41 6.33 6.62  6.69 6.50 6.57  6.57
31A( ! ) 1.078 8.83 8.51 8.46 8.42 8.35 853 861 8.17 813  8.13
Pyrrole TAL( ! )] 1.075 6.30 6.05 6.01 5.98 5.93
21A5( ! ) 1.108 6.61 6.33 6.24 6.17 6.10 6.40 6.46 6.31 637  6.37
11B,( ! ) 1.068 6.88 6.55 6.51 6.49 6.42 671 6.75 6.33 6.57  6.57
1By( ! )l 1.077 7.00 6.82 6.78 6.75 6.70
TAL( ! )] 1.071 7.69 7.47 7.43 7.40 7.36
1By( ! )] 1.066 7.80 7.59 7.56 7.53 7.49
TAL( ! ) 1.072 8.29 8.07 8.03 8.00 7.96
31As(n! ) 1.084 8.44 8.12 8.07 8.05 7.98 8.17 824 8.17 791 791
1By( ! )] 1.065 8.34 8.14 8.11 8.08 8.04
Imidazole 1 *A%n ! ) 1.090 7.01 6.79 6.72 6.63 6.57 6.82 6.89 6.81 6.81 6.65
2 1A% 1 ) 1.094 6.79 6.47 6.39 6.34 6.26 6.58 6.64 6.19 619  6.25
31A0C 1 ym 1.082 7.27 6.96 6.90 6.86 6.79 710 7.14 6.93 6.93  6.73
21A%n 1 ) 1.085 8.16 7.93 7.86 7.79 7.73 7.93 801 7.90

4109 1 ) 1.091 8.69 8.41 8.35 8.30 8.23 8.45 851 8.16
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Table | (Continued).

Molecule  State REL © sSDY -CR(T)JA ¢ -CR(M)JID ¢ -CR23)A " -CR(23)D " cc39 spDT-3" CASPT2 ' TBE-1 ' TBE-2 '

Pyridine 1 B,( ! ) 1.104 5.27 4.98 4.89 4.81 4.74 515 5.8 5.02 485 485
11By(n! ) 1.090 5.26 5.00 4.94 4.86 4.80 505 5.12 5.17 459 459
21A,(n ! ) 1.096 5.73 5.54 5.46 5.32 5.27 550 559 551 511 511
21A5( ! ) 1.057 6.94 6.65 6.60 6.55 6.49 6.85 6.87 6.39 6.26  6.26
31AL( ! ) 1.073 7.94 7.64 7.59 7.52 7.46 770 778 7.46 718 7.8
21By( ! ) 1.079 7.81 7.52 7.46 7.40 7.33 759  7.66 7.27 727 7.27
TAL( ! )] 1.068 8.21 7.99 7.96 7.90 7.86
TA,(n ! )i 1.079 8.49 8.23 8.17 8.10 8.05
1Byi(n! /o1 ) 1.069 8.75 8.54 8.50 8.45 8.41
1By(n'! /o ) 1.084 8.85 8.61 8.55 8.48 8.43
1Byi(n! /o Y 1.073 9.07 8.85 8.81 8.75 8.71
4 A,( ! ) 1.140 9.44 9.11 8.98 8.82 8.71 8.68 8.86 8.69
31B,( ! ) 1172 9.64 9.20 9.01 8.84 8.69 8.77 897 8.60

Pyrazine 1 B, (n! ) 1.083 4.42 4.14 4.08 4.00 3.95 424 430 412 395 413
1A, (n! ) 1.094 5.30 5.06 4.98 4.86 4.80 505 513 4.70 481  4.98
1'Bo( ! ) 1.102 5.14 4.82 4.73 4.65 457 502 5.05 4.85 464 497
11Byg(n! ) 1.096 6.03 5.75 5.68 5.59 5.52 574 583 5.68 556  5.65
1'Big(n! ) 1115 7.14 6.92 6.81 6.65 6.56 6.75  6.89 6.41 6.60  6.69
1By ( ! ) 1.054 7.18 6.87 6.81 6.77 6.70 7.07  7.09 6.89 6.58  6.83
2By ( ! ) 1.075 8.35 8.00 7.94 7.86 7.78 8.06 815 7.79 772 7.86
21Boy( ! ) 1.082 8.29 7.99 7.92 7.84 7.76 8.05 812 7.66 760  7.81
11Bgg( ! ) 1.180 9.74 9.27 9.07 8.88 8.72 877  9.00 8.47
21A4( ! ) 1.160 9.54 9.09 8.91 8.73 8.60 8.69  8.90 8.61

Pyrimidine 1 *B(n ! ) 1.092 4.70 4.46 4.38 4.28 4.23 450 457 4.44 455 443
11A,(n ! ) 1.094 5.13 4,92 4.84 4.72 4,67 493 5.00 4.80 491 485
11B,( ! ) 1.105 5.49 5.19 5.10 5.01 4,94 536 5.39 5.24 544 534
21A5( ! ) 1.062 7.17 6.86 6.81 6.75 6.69 7.06  7.09 6.63 6.95  6.82
21By( ! ) 1.078 8.23 7.96 7.90 7.81 7.75 8.01 8.08 7.64 8.01 "
3TAL( ! ) 1.086 7.97 7.66 7.60 7.52 7.45 7.74 781 7.21 7.65 "

Pyridazine 1 !Bi(n ! ) 1.087 4.12 3.85 3.78 3.68 3.63 3.92  4.00 3.78 378  3.85
11A,(n ! ) 1.100 4.76 452 4.44 431 4.25 449 459 431 431 444
21AL( ! ) 1.109 5.35 5.03 4.94 4.85 477 522 525 5.18 518  5.20
2A5(n ! ) 1.098 6.00 5.73 5.65 5.54 5.48 574 582 5.77 577  5.66
21By(n! ) 1.100 6.70 6.46 6.37 6.25 6.18 6.41 651 6.52
11B,( ! ) 1.063 7.09 6.75 6.68 6.62 6.55 6.93 6.96 6.31
21By( ! ) 1.079 7.79 7.48 7.42 7.34 7.28 755 761 7.29
31A.( ! ) 1.080 8.11 7.77 7.71 7.64 7.56 782 791 7.62

s-Triazine 1 *A%(n ! ) 1.095 4.96 478 4.68 4.54 4.49 478 485 4.60 460 470
11A%n ! ) 1.094 4.99 4.72 4.64 4.55 4.49 476  4.84 4.66 466 471
1E%n ! ) 1.094 5.02 4.79 4.70 4.59 454 481 4.89 4.70 470 475
1A ! ) 1.108 5.84 5.53 5.43 5.34 5.26 571 574 5.79 579 571
21A9( 1 ) 1.070 7.51 7.19 7.13 7.07 7.00 741 7.44 7.25
21E%n 1 ) 1.110 8.21 7.96 7.86 7.74 7.67 7.80 7.95 7.71
1YEOC 1 ) 1.084 8.28 7.98 7.91 7.82 7.76 8.04 813 7.50
TEOn ! ) 1.087 9.26 9.18 9.11 9.00 8.97
TEQn 1 )l 1.096 9.57 9.29 9.19 9.07 8.99
TAYn )l 1.081 9.52 9.26 9.20 9.13 9.07
1E®n 1 )l 1.118 10.04 9.73 9.59 9.42 9.31
2'E0 1 ) 1.155 10.28 9.85 9.67 9.49 9.35 9.44 964 8.99
TAYn )i 1.103 10.02 9.68 9.59 9.50 9.42

s-Tetrazine 1 ‘B, (n ! ) 1.086 2.72 2.40 2.32 2.22 2.15 253  2.60 2.29 229 246
1iA( ! ) 1.099 4.08 3.80 3.71 3.58 351 379  3.90 351 351  3.78
11Big(n! ) 1.100 5.33 5.01 4.92 4.81 473 497 511 473 473 487
1'Boy( ! ) 1110 5.27 4.90 4.79 4.68 4.58 512 5.16 4.93 493 508
2Ag(n? 1 2yl 1.954 11.47 6.89 5.76 6.34 5.04 455
11Bog(n! ) 1110 5.71 5.37 5.27 5.16 5.07 534 5.44 5.20 520 5.8

21A,(n! ) 1.093 5.70 5.38 5.29 5.18 511 546 554 5.50 5.50 5.39
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Table | (Continued).

Molecule State REL ¢ sDY -CR(T)JA ¢ -CR(M,D ¢ -CR(23)A " -CR@23)D " cc39 spT-3" CASPT2 ! TBE-1 ' TBE-2 '
11Bgg(n? ! 2yo 1.976 13.19 8.46 7.23 7.97 6.59 5.86 5.79 5.76
21Byg(n ! ) 1123 6.77 6.49 6.36 6.19 6.10 6.23 6.43 6.06
21Bg(n! ) 1110 7.25 6.99 6.88 6.74 6.65 6.87  7.00 6.45
31B4(n! ) 1.157 8.36 7.89 7.68 7.41 7.23 7.08 743 6.73
2'Bs,(n! ) 1.100 7.00 6.72 6.62 6.50 6.43 6.67 6.79 6.77
1B, ( ! ) 1.061 7.66 7.25 7.18 7.12 7.02 7.45  7.49 6.94
1Bag(n?! 2yl 1.986 15.10 9.67 8.15 9.06 7.31
2By ( ! ) 1.081 8.06 7.68 7.61 7.51 7.43 779 787 7.42
1Big(n?! 2yl 1.936 14.31 9.84 8.70 9.28 7.96
'Biu(n?! 2y 1.994 15.04 10.09 8.75 9.58 8.07
2By ( ! ) 1.083 8.87 8.49 8.41 8.31 8.21 851 8.62 8.14
1B3g(n ! ) 1.090 8.69 8.51 8.45 8.35 8.30 8.43
21Bgg( ! ) 1.169 9.43 8.90 8.69 8.49 8.32 8.47 872 8.34
Formaldehyde 1 1A,(n! ) 1.074 3.97 3.86 3.79 3.77 3.74 395 3.96 3.99 388  3.88
By(n! )] 1.078 8.27 8.37 8.29 8.12 8.08
11B,( ! ) 1.074 9.26 9.11 9.03 9.00 8.96 9.18 9.20 9.14 9.1 9.04
2'A (! )P 1.086 9.77 9.57 9.50 9.44 9.37 9.29 ¢ 9.32 9.3 9.29
1By(n! ) 1.066 9.80 9.86 9.79 9.70 9.68
TAL( ! )l 1.109 10.52 10.23 10.14 10.15 10.06
As(n! )P 1.077 10.54 10.59 10.52 10.36 10.32 10.45 10.49
Acetone 1 Ay(nt ) 1.076 4.44 4.29 4.24 4.18 4.15 440 441 4.44 440 438
By(n! )] 1.088 7.57 7.56 7.50 7.32 7.27
TAL( ! Int )y 1.091 9.14 8.99 8.93 8.82 8.77
1B, ( ! ) 1.073 9.26 9.08 9.02 8.97 8.93 9.17 9.9 9.27 9.1 9.04
TAL( ! )l 1.083 9.54 9.27 9.21 9.17 9.11
By(n! )] 1.085 9.59 9.57 9.51 9.34 9.29
As(n! )] 1.092 9.69 9.66 9.57 9.41 9.35
2'A,( ! ) 1.089 9.88 9.76 9.70 9.58 9.53 9.65 9.73 9.31 94 890 T
p-Benzoquinone 1 1A, (n! ) 1.100 3.19 2.94 2.88 2.71 2.65 2.85 295 2.77 277 286
11Big(n! ) 1.097 3.07 2.81 2.75 2.59 2.54 275 285 2.76 276 274
11Bag( ! ) 1.093 4.93 4.49 4.42 4.30 421 459 468 4.26 426 444
1By ( ! ) 1.094 5.90 5.52 5.45 5.30 5.23 5.62 5.69 5.28 528  5.47
11Bg(n! ) 1.120 6.55 6.34 6.25 5.96 5.88 582 6.05 5.64 564 555
11Byg(n! ) 1.128 6.78 6.58 6.48 6.13 6.03 5.66
Bay(n; ! 2y 1.932 12.36 8.30 7.47 7.64 6.70
'Bag(n; ! 2yi 1.873 12.17 8.49 7.75 7.79 6.92
2 1Byg(n! ) 1.100 7.56 7.25 7.18 6.99 6.93 6.60
2 1Bag( ! ) 1111 7.63 7.32 7.25 7.08 7.01 727 7137 6.96 6.96  7.16
1'Bau( ! ) 1.155 8.59 8.10 8.02 7.85 7.75 7.32
2By, ( ! ) 1.103 8.47 8.08 8.02 7.88 7.80 782 7.98 7.92
Formamide 1 A%t ) 1.074 5.66 5.55 5.48 5.43 5.40 565 5.66 5.63 5.63 5.55
21A0 1 )S 1.096 7.52 7.31 7.23 7.16 7.09 7.24 ¢ 7.39 7.39 7.35
TAOC 1 )S 1.092 8.50 8.45 8.36 8.21 8.16 827 835
3LA0 1 ) 1.100 11.40 11.07 10.99 10.96 10.89 1093 11.09  10.54
Acetamide 1 *A%nt ) 1.075 5.72 5.59 5.54 5.46 5.43 569 571 5.69 569  5.62
TAOC 1 ) 1.072 7.37 7.23 7.19 7.14 7.11
TASC 1 /nt )y 1.008 7.52 7.38 7.32 7.16 7.11
2 1A% 1 /nt ) 1.090 7.88 7.75 7.68 7.57 7.52 767 7.76 7.27 727 714
LA )i 1.069 8.74 8.61 8.57 8.53 8.49
TAO(n 1 ) 1.097 9.09 9.03 8.97 8.78 8.73
TA%(n 1 ) 1.099 9.48 9.41 9.34 9.14 9.09
TAOC 1 ) 1.083 9.47 9.33 9.28 9.21 9.17
TAOn ) 1.085 10.22 10.20 10.14 9.97 9.93

TA%N 1 )l 1.073 10.32 10.15 10.09 10.02 9.98
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Molecule State REL ¢ sDY -CR(T)JA ¢ -CR(M,JD ¢ -CR23)A " -CR(23)D " cc39 spT-3" CASPT2 ! TBE-1 ' TBE-2 '
TA%n 1 ) 1.092 10.50 10.45 10.37 10.20 10.16
3IA0 1 ) 1.088 10.78 10.58 10.52 10.43 10.38 10.50 10.60  10.09

Propanamide 1 1A%(n ! ) 1.075 5.74 5.62 5.58 5.48 5.45 572 573 5.72 5.72 5.65
1A% yoo1.072 7.37 7.24 7.21 7.15 7.11
2 1A 1 ) 1.090 7.87 7.76 7.71 7.56 7.51 7.62 7.74 7.20 720  7.09
TA )y 1070 8.71 8.57 8.54 8.48 8.45
1A% ) 1.083 9.17 9.04 9.00 8.91 8.87
TA%n 1 )i 1.080 10.01 9.90 9.85 9.72 9.68
31A0C 1 ) 1.089 10.35 10.18 10.12 10.01 9.96 10.06 10.15 9.94

Cytosine 2 A% ) 1.101 4.98 4.69 4.63 4.47 4.41 4.72 4.67 466  4.66
1A% 1 ) 1.095 5.45 5.22 5.17 5.00 4.95 5.16 5.12 4.87 4.87
2 1A% 1 ) 1.092 6.00 5.81 5.75 5.58 5.53 5.52 5.53 526  5.26
31A0C 1 ) 1110 5.95 5.66 5.60 5.44 5.38 5.61 5.53 562  5.62
41700 1 ) 1.094 6.81 6.55 6.49 6.37 6.32 6.61 6.40
51A0 1 ) 1.104 7.24 6.92 6.85 6.70 6.63 6.97
6 1A% 1 ) 1.107 8.67 8.45 8.40 8.18 8.12 8.23

Thymine 1 *A%n ! ) 1.090 5.14 4.97 4.93 4.75 4.71 4.94 4.95 482 482
2 1A% 1 ) 1.087 5.60 5.30 5.25 5.11 5.05 5.34 5.06 520  5.20
31A0C 1 ) 1.113 6.78 6.47 6.41 6.21 6.13 6.34 6.15 6.27 6.27
2 1A% 1 ) 1.081 6.58 6.44 6.40 6.24 6.21 6.59 6.38 6.16 6.16
4109 1 ) 1.099 7.05 6.71 6.65 6.49 6.42 6.71 6.53 6.53  6.53
3 1A% 1 ) 1.118 7.68 7.36 7.27 6.92 6.83 6.85
41A%n 1 ) 1.114 7.87 7.62 7.53 7.21 7.13 7.43
51A0C 1 ) 1.101 7.90 7.65 7.59 7.41 7.36 7.43

Uracil 1 1A%n ) 1.092 5.12 4.94 4.89 4.72 4.68 4.90 4.91 4.80 5.00
2 1A ) 1.091 5.70 5.39 5.34 5.22 5.16 5.44 5.23 535 525
3IA0 1 ) 1.118 6.76 6.43 6.36 6.16 6.08 6.29 6.15 6.26 6.26
2 1A% 1 ) 1.082 6.50 Y 6.37 6.31 6.16 6.12 6.32 6.28 6.10 6.10
31A%n 1 ) 1.118 7.69" 7.40 7.29 6.97 6.87 6.87 6.98 6.56  6.56
41700 1 ) 1.100 7.20 6.84 6.77 6.64 6.56 6.84 6.74 6.70 6.70
41A%nN 1 ) 1.114 7.74 7.48 7.38 7.07 6.99 7.12 7.28
51A0 1 ) 1.099 7.82 7.57 7.50 7.35 7.30 7.42

Adenine 2 A% 1 ) 1.101 5.37 5.06 5.00 4.84 4.78 5.18 5.20 525 525
31A0C 1 ) 1.089 5.61 5.29 5.24 5.09 5.03 5.39 5.29 525 525
11A%N 1 ) 1.094 558 5.35 5.29 5.11 5.07 5.34 5.19 5.12 5.12
2 1A% ! ) 1.091 6.19 5.95 5.89 5.72 5.68 5.96 5.96 5.75 5.75
4109 1 ) 1.096 6.84 6.52 6.47 6.31 6.25 6.53 6.34
TAOC )y 1.105 7.07 6.69 6.63 6.45 6.38
5TA0 1 ) 1.100 7.17 6.87 6.81 6.63 6.57 6.64
6 1A0(C 1 ) 1.102 7.72 7.38 7.33 7.16 7.10 6.87
A0 1 )yl 1.106 8.10 7.78 7.72 7.51 7.44
71A0C 1 ) 1.117 8.48 8.09 8.02 7.79 7.71 7.56

8 MP2/6-31G  equilibrium geometries were taken from Ref. [17].

b All excitation energies were computed in this work, unless s tated otherwise.

¢ Reduced excitation level diagnostic; for one-electron tra nsitions REL 1 and for two-electron transitions REL 2.

d EOMCCSD results (recalculated for the previously reported 149 singlet states, new for the additional 54 singlet states found in this

work).

e _CR-EOMCCSD(T),X (X = |

f _.CR-EOMCC(2,3),X (X = A

A
; D) results.

; ID) results.

9 CC3 results taken from Ref. [17], except for those for the nuc leobases which were reported in Ref. [25].
h EOMCCSDT-3 values taken from Ref. [24].

I CASPT2 and TBE-1 excitation energies taken from Ref. [17], wi

I Additional excited states not included among the 149 single t excitations listed in Table | of Ref. [17]. States in this ca
been characterized in the Supporting Information to Ref. [1 7] are designated as n X, where X is the irreducible representation and n

indicates the state number within symmetry

are labeled as n 1X). States that have not been found in Ref. [17] and other prior
without the state number in front of the term symbol. In order

X (n is underlined to distinguish from the 149 states included in

)is 1.153 and REL for 3 1A (

th updates from Ref. [21], and TBE-2 values taken from Ref. [21 ].

tegory that have

Table | of Ref. [17], which

benchmark work [18{25] are designated as X, i.e.,
-CR-EOMCC(2,3),D values.

K In Ref. [17] these states were reported as having doubly exci ted character. However, as determined in the present study, they are

predominantly one-electron transitions (REL for2 1A (
have a small e ect on these states.

ing these additional states, we use the

) is 1.055) and, thus, double excitations
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I This state is dominated by comparable single excitations fr om HOMO to LUMO+1 and from HOMO to LUMO+5. The authors of
Ref. [17] stated that it is dominated by a HOMO | LUMO single excitation, which is not what our EOMCCSD calcul  ations imply.

M This state is largely dominated by a single excitation from H OMO to LUMO+1, with two other signi cant, though slightly sm aller,
contributions from one-electron HOMO-1 ! LUMO+1and HOMO ! LUMO+5 transitions. According to Ref. [17], this stateisdo  minated
by the HOMO-1 ! LUMO and HOMO ! LUMO+1 transitions, but our EOMCC calculations do not con r m this.

" These two TBE-1 values had to be taken from Ref. [161], since Re f. [17] provided no information what the best estimates for t hem
might be.

O This state is the only almost purely doubly excited state amo ng the 149 singlet excited states included in Table | of Ref. [ 17]. Because
of the absence of the CC3 and EOMCCSDT-3 reference data and th e uncertainty about the quality of the CASPT2 and TBE values fo r
this state, we have excluded it from the statistical error an alyses discussed in Section IV C. For example, the NEVPT2 res ults for this
state are 6.30{6.35 eV [23], in excellent agreement with our best -CR-EOMCC(2,3),D value of 6.59 eV.

P The authors of Ref. [17] confused the 2 1A;( ! yand 1Ai(n! ) states for formaldehyde shown in the table. They assigned
the 2 1A( ! ) state to the EOMCCSD and CC3 roots at 10.54 and 10.45 eV, resp ectively, producing large discrepancies, of more
than 1 eV, with the CASPT2 and TBE-1 values reported in Ref. [17 ], of 9.31 and 9.3 eV, and the CC3/aug-cc-pVQZ value of 9.29 eV
obtained in Ref. [21]. We have found another EOMCCSD root of t he 1A; symmetry at 9.77 eV, which results in ~ -CR-EOMCC values in
the 9.37{9.57 eV range, in very good agreement with the above CASPT2, TBE-1, and CC3/aug-cc-pVQZ data. Thus, the new EOMCC
root that we have found must be the 2 1Ag( ! ) state, whereas the 1A state interpreted in Ref. [17] as the 2 1A;( ! ) state is
the next state of the 1A; symmetry, designated in our table as 1Aq(n ! ).

4 CC3/aug-cc-pVQZ results taken from Ref. [21].

" The CC3/aug-cc-pVTZ result reported in Ref. [21]. Our -CR-EOMCC excitation energies for the 2 1A1( ! ) state of acetone
and the corresponding CC3/TZVP, EOMCCSDT-3/TZVP, and TBE valu es reported in Refs. [17, 22, 24] suggest that the CC3/aug-
cc-pVTZ root at 8.90 eV found in Ref. [21] does not represent t he 2 TA1( ! ) excitation. Based on our -CR-EOMCC analysis,
the CC3/aug-cc-pVTZ root at 8.90 eV corresponds, most likel v, to the TA7( ! In! ) state that has not been considered in the
previous benchmark studies [17{25]. For this reason, in com parisons of our -CR-EOMCC and EOMCCSD data for the 2 1A{( ! )
state of acetone with a TBE-2 result we use the TBE-1 value taken from Ref. [17] instead.

S The authors of Ref. [17] missed the EOMCCSD root of the 'A% symmetry at 7.52 eV, which corresponds to the CC3 root at 7.24 eV
found in Ref. [25] and which matches the TBE values reported in  Refs. [17, 21] of about 7.4 eV. As a result, they incorrectly i nterpreted

the higher-energy EOMCCSD and CC3 roots at 8.52 (in our calcu lations, 8.50) and 8.27 eV, respectively, as the 2 1A% ! ) state. To
avoid relabeling of all 1A% ! ) states, we designate the state at 8.50 (EOMCCSD) and 8.27 (C C3) eV as the A9 ! ) excitation
and assign the 2 TA9( | ) state to the EOMCCSD root at 7.52 eV and CC3 root found in Ref. [25] at 7.24 eV, in perfect agreement

with the -CR-EOMCC values that range from 7.09 to 7.31 eV when the MP2/  6-31G geometry is employed.

t Taken from Ref. [25].

U The EOMCCSD excitation energies for the 2 1A%n ! yand 3 1A%n ! ) states of uracil are 6.50 and 7.69 eV, respectively, not
the other way around, as reported in Ref. [17].
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TABLE II: Vertical excitation energies (in eV) for singlet states of al | molecules in the test set of Ref. [17] using, in the case
of the EOMCCSD and -CR-EOMCC results, the geometries optimized at the CR-CC(2,3),D/T ZVP level.?

Molecule State REL P sD® -CR(M),A ¢ -CR(M),D ¢ -CR(23)A ¢ -CR(23),D ¢ cc3' spT-39 CASPT2 " TBE-1 " TBE-2 "
Ethene 1 'Bu( ! ) 1.034 8.50 8.25 8.21 8.24 8.17 8.37 8.40 8.54 7.80 7.80
E-Butadiene 1 By( ! ) 1.056 6.74 6.46 6.40 6.39 6.32 6.58 6.61 6.47 6.18 6.18
21A4( ! ) 1.218 7.42 6.93 6.79 6.75 6.62 6.77 6.89 6.62 6.55 6.55
all-E-Hexatriene 1 B, ( ! ) 1.064 5.76 5.47 5.42 5.35 5.30 558 5.61 5.31 5.10 5.10
21A4( ! ) 1.222 6.65 6.08 5.97 5.84 5.72 572 588 5.42 5.09 5.09
all-E-Octatetraene 2 *Ag( ! ) 1.207 6.07 5.50 5.42 5.21 5.11 497 517 4.64 4.47 4.47
1By ( ! ) 1.069 5.14 4.85 4.81 4.69 4.65 494 497 4.70 4.66 4.66
Cyclopropene 1 'By( ! ) 1.066 6.49 6.73 6.68 6.69 6.64 6.90 6.92 6.76 6.76 6.67
11B,y( ! ) 1.048 7.30 7.06 7.01 7.02 6.95 710 7.14 7.06 7.06 6.68
Cyclopentadiene 1 B,( ! ) 1.055 5.91 5.62 5.57 5.54 5.48 573 575 5.51 5.55 5.55
2 A1( ! )] 1.153 7.09 6.74 6.63 6.56 6.46 6.61 6.71 6.31 6.31 6.28
31A.( ! ) 1.054 8.98 8.68 8.64 8.62 8.55 869 8.76 8.52
1B,( ! ) 1.073 8.99 8.77 8.73 8.69 8.64
Norbornadiene 1 *A( ! ) 1.064 5.87 5.60 5.55 5.48 5.42 564 5.68 5.34 5.34 5.37
11B,( ! ) 1.076 6.72 6.46 6.41 6.32 6.27 6.49 6.55 6.11 6.11 6.21
21B,( ! ) 1.061 7.87 7.61 7.57 7.50 7.44 7.64 7.68 7.32
21A,( ! ) 1.067 7.85 7.62 7.57 7.50 7.46 771 7.74 7.45
1By( ! ) 1.079 7.98 7.77 7.73 7.65 7.61
21A( ! /o )" 1.062 8.02 7.85 7.82 7.76 7.73 7.97
Benzene 1B ( ! ) 1.104 5.18 4.90 4.82 4.75 4.68 507 5.10 5.04 5.08 5.08
1By ( ! ) 1.053 6.74 6.47 6.42 6.38 6.32 6.68 6.69 6.42 6.54 6.54
1YE,( ! ) 1.069 7.65 7.37 7.32 7.27 7.21 7.45 7.52 7.13 7.13 713
2 Eq( ! ) 1.166 9.20 8.79 8.62 8.46 8.33 8.43 8.60 8.18 8.41 8.15
Naphthalene 1 Bay( ! ) 1.109 4.45 4.14 4.09 3.94 3.89 427 430 4.24 4.24 4.25
1By ( ! ) 1.075 5.28 4.97 4.92 477 4.72 503 5.09 4.77 4.77 4.82
21A4( ! ) 1.117 6.20 591 5.85 5.69 5.64 598 6.05 5.87 5.87 5.90
11Big( ! ) 1.107 6.56 6.22 6.15 5.97 5.90 6.07 6.22 5.99 5.99 5.75
21Bgy( ! ) 1.079 6.57 6.27 6.23 6.09 6.04 6.33 6.41 6.06 6.06 6.11
21B4( ! ) 1.078 6.99 6.69 6.65 6.52 6.46 679 6.84 6.47 6.47 6.46
2 By ( ! ) 1.080 6.77 6.48 6.44 6.30 6.25 6.57 6.64 6.33 6.33 6.36
31A4( ! ) 1.150 7.80 7.39 7.29 7.03 6.94 6.90 7.14 6.67 6.67 6.49
3B,y ( ! ) 1.084 8.74 8.47 8.42 8.28 8.23 8.44 856 8.17
3By ( ! ) 1.176 9.04 8.62 8.52 8.24 8.14 812 833 7.74
Furan 1 'By( ! ) 1.061 6.87 6.50 6.45 6.44 6.36 6.60 6.64 6.39 6.32 6.32
21AL( ! ) 1.119 6.93 6.61 6.52 6.44 6.37 6.62 6.69 6.50 6.57 6.57
3TAL( ! ) 1.077 8.87 8.54 8.49 8.46 8.38 8.53 8.61 8.17 8.13 8.13
Pyrrole TAL( ! ) 1.075 6.37 6.12 6.08 6.05 6.00
21A5( ! ) 1.108 6.61 6.32 6.23 6.17 6.10 6.40 6.46 6.31 6.37 6.37
11B,( ! ) 1.067 6.91 6.59 6.54 6.52 6.45 671 6.75 6.33 6.57 6.57
By( ! ) 1.077 7.00 6.81 6.77 6.74 6.70
TAL( ! ) 1.070 7.74 7.51 7.48 7.44 7.40
1By( ! ) 1.066 7.84 7.63 7.60 7.57 7.53
31A(n! ) 1.084 8.46 8.14 8.09 8.06 7.99 8.17 824 8.17 7.91 7.91
TAL( ! ) 1.072 8.33 8.11 8.07 8.04 8.00
1By( ! ) 1.065 8.35 8.16 8.13 8.10 8.06
Imidazole 1 A% ) 1.090 7.04 6.82 6.75 6.66 6.60 6.82 6.89 6.81 6.81 6.65
2 1A% 1 )k 1.096 6.85 6.53 6.45 6.39 6.32 6.58  6.64 6.19 6.19 6.25
31A0 1 ! 1.081 7.31 7.00 6.94 6.90 6.84 710 714 6.93 6.93 6.73
2 1A% ) 1.085 8.18 7.95 7.88 7.81 7.75 7.93 8.01 7.90

4109 1 ) 1.091 8.69 8.41 8.35 8.30 8.23 8.45 8.51 8.16
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Table Il (Continued).

Molecule  State REL ° sSD® -CR(MJA ¢ -CR(M,D ¢ -CR(23)A ¢ -CR(23),D ® cc3f spT-39 CASPT2 " TBE-1 " TBE-2 "

Pyridine 1 B,( ! ) 1.104 5.27 4.97 4.89 481 4.74 515 5.8 5.02 4.85 4.85
11By(n! ) 1.090 5.28 5.03 4.96 4.88 4.83 505 5.12 5.17 4.59 4,59
21A,(n ! ) 1.096 5.75 5.55 5.47 5.34 5.28 550 5.59 551 5.11 5.11
21A5( ! ) 1.057 6.94 6.65 6.59 6.55 6.48 6.85 6.87 6.39 6.26 6.26
31AL( ! ) 1.073 7.94 7.64 7.59 7.52 7.46 770 7.78 7.46 7.18 7.18
21By( ! ) 1.079 7.81 7.52 7.46 7.39 7.33 759 7.66 7.27 7.27 7.27
TAL( ! )! 1.068 8.21 8.00 7.96 7.90 7.86
TA,(n ! )i 1.079 8.50 8.24 8.18 8.10 8.05
1Byi(n! /o1 ) 1.069 8.76 8.55 8.52 8.46 8.42
1By(n'! /o )' 1.084 8.86 8.62 8.55 8.49 8.44
41A,( ! ) 1.144 9.46 9.11 8.97 8.81 8.70 8.68 8.86 8.69
By(n! /o ) 1.074 9.07 8.85 8.81 8.75 8.71
31B,( ! ) 1172 9.63 9.20 9.01 8.83 8.68 877 897 8.60

Pyrazine 1 B, (n! ) 1.082 4.44 4.16 4.09 4,02 3.96 424 430 412 3.95 413
1A, (n! ) 1.094 5.29 5.06 4,97 4.86 4.80 505 5.13 4.70 481 4.98
1'Bo( ! ) 1.102 5.14 4.82 4.74 4.66 4.58 502 5.05 4.85 4.64 4.97
11Byg(n! ) 1.096 6.09 5.81 5.73 5.65 5.58 574 583 5.68 5.56 5.65
1'Big(n! ) 1.115 7.18 6.96 6.85 6.69 6.60 6.75 6.89 6.41 6.60 6.69
1By ( ! ) 1.054 7.18 6.86 6.81 6.77 6.70 7.07  7.09 6.89 6.58 6.83
2By ( ! ) 1.075 8.38 8.03 7.97 7.89 7.82 8.06 8.5 7.79 7.72 7.86
21Boy( ! ) 1.082 8.32 8.02 7.95 7.87 7.79 8.05 8.12 7.66 7.60 7.81
11Bgg( ! ) 1.181 9.75 9.27 9.06 8.88 8.72 877 9.00 8.47
21A4( ! ) 1.160 9.58 9.13 8.96 8.78 8.64 8.69 8.90 8.61

Pyrimidine 1 *B(n ! ) 1.092 4.74 4.49 4.42 4.32 4.26 450 457 4.44 4.55 4.43
11A,(n ! ) 1.093 5.15 4.95 4.86 474 4.69 493  5.00 4.80 491 4.85
11B,( ! ) 1.105 5.50 5.20 5.11 5.02 4,95 536 5.39 5.24 5.44 5.34
21A5( ! ) 1.062 7.17 6.86 6.81 6.76 6.69 7.06 7.09 6.63 6.95 6.82
21By( ! ) 1.078 8.25 7.97 7.91 7.83 7.76 801 8.08 7.64 8.01
3TAL( ! ) 1.086 7.99 7.68 7.61 7.53 7.47 7.74 781 7.21 7.65

Pyridazine 1 !Bi(n ! ) 1.088 4.14 3.87 3.80 3.71 3.65 392  4.00 3.78 3.78 3.85
11A,(n ! ) 1.099 4.75 451 4.42 4.30 4.24 449 459 431 431 4.44
21A5( ! ) 1.109 5.39 5.07 4.98 4.89 4.81 522 525 5.18 5.18 5.20
2A5(n! ) 1.098 6.03 5.76 5.68 5.57 5.51 574 582 5.77 5.77 5.66
21By(n! ) 1.099 6.69 6.46 6.37 6.24 6.18 6.41 6.51 6.52
11B,( ! ) 1.063 7.11 6.77 6.71 6.65 6.58 6.93 6.96 6.31
21By( ! ) 1.080 7.81 7.52 7.45 7.37 7.31 755 7.61 7.29
31A.( ! ) 1.080 8.13 7.79 7.73 7.66 7.58 782 7.91 7.62

s-Triazine 1 *A%(n ! ) 1.095 4.99 4.80 471 457 452 478 4.85 4.60 4.60 4.70
11A%n ! ) 1.094 5.02 4.74 4.67 4,58 452 476 4.84 4.66 4.66 4.71
1E%n ! ) 1.094 5.05 4.82 4.73 4.62 456 481 4.89 4.70 4.70 4.75
1A ! ) 1.108 5.86 5.55 5.45 5.36 5.28 571 574 5.79 5.79 5.71
21A9( 1 ) 1.070 7.53 7.20 7.14 7.09 7.02 741 7.44 7.25
21E%n 1 ) 1.110 8.23 7.98 7.88 7.76 7.69 7.80 7.95 7.71
1YEOC 1 ) 1.084 8.30 8.00 7.93 7.84 7.78 8.04 813 7.50
TEOn ! ) 1.087 9.28 9.20 9.14 9.02 8.99
TEQn 1 )i 1.094 9.59 9.31 9.21 9.10 9.02
AP )i 1.080 9.52 9.26 9.20 9.13 9.07
1E®n 1 )l 1.119 10.06 9.74 9.61 9.43 9.32
2E0 1 ) 1.154 10.31 9.88 9.70 9.53 9.39 9.44 9.64 8.99
TAYn )i 1.102 10.02 9.68 9.58 9.50 9.42

s-Tetrazine 1 ‘B, (n ! ) 1.085 2.72 2.40 2.32 2.22 2.16 253  2.60 2.29 2.29 2.46
1iA( ! ) 1.098 4.01 3.74 3.65 3.53 3.46 379 3.90 351 351 3.78
11Big(n! ) 1.099 5.34 5.03 4.93 4.83 475 497 511 4.73 473 4.87
1'Boy( ! ) 1.109 5.33 4.96 4.86 4.75 4.65 512 5.16 4.93 4.93 5.08
2Ag(n? 1 2)i 1.957 11.47 6.87 5.73 6.36 5.07 4.55
11Bog(n! ) 1.110 5.82 5.48 5.38 5.27 5.20 534 544 5.20 5.20 5.28

21A,(n! ) 1.093 5.78 5.46 5.38 5.27 5.20 546 554 5.50 5.50 5.39
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Molecule State REL P sD® -CR(TM),JA ¢ -CR(M),D ¢ -CR(23)A ¢ -CR(23),D ¢ cc3f spT-39 cAsPT2 " TBE-1 " TBE-2 "
11Bgg(n? ! 2yn 1.974 13.18 8.44 7.20 7.94 6.55 5.86 5.79 5.76
21Byg(n ! ) 1122 6.72 6.44 6.31 6.15 6.05 6.23 6.43 6.06
21Bg(n! ) 1.110 7.30 7.04 6.93 6.79 6.71 6.87  7.00 6.45
31B4(n! ) 1.156 8.38 7.92 7.70 7.44 7.26 7.08 743 6.73
2'Bs,(n! ) 1.100 7.02 6.74 6.64 6.52 6.45 6.67 6.79 6.77
1B, ( ! ) 1.059 7.70 7.31 7.23 7.18 7.09 7.45  7.49 6.94
1Bag(n?! 2)i 1.986 15.13 9.72 8.21 9.12 7.39
2By ( ! ) 1.082 8.15 7.76 7.68 7.59 7.50 779  7.87 7.42
1Big(n?! 2)i 1.937 14.35 9.88 8.74 9.32 8.01
'Biu(n?! 2yi 1.995 15.09 10.14 8.78 9.63 8.10
1B3g(n ! ) 1.089 8.64 8.46 8.40 8.30 8.26 8.43
2By ( ! ) 1.083 8.94 8.55 8.47 8.38 8.28 851 862 8.14
21Bgg( ! ) 1.164 9.56 9.06 8.86 8.66 8.50 8.47 872 8.34
Formaldehyde 1 lA,(n! ) 1.072 4.03 3.92 3.85 3.83 3.80 395 3.96 3.99 3.88 3.88
1By(n! ) 1.077 827 8.36 8.28 8.12 8.08
11B,( ! ) 1.074 9.36 9.21 9.14 9.11 9.06 9.18  9.20 9.14 9.1 9.04
2'A,( ! )° 1.085 9.86 9.70 9.63 9.54 9.48 9.29 P 9.32 9.3 9.29
1By(n! )i 1.065 9.82 9.88 9.81 9.72 9.70
TAL( ! )i 1.109 10.63 10.34 10.25 10.26 10.18
As(n! )° 1.075 10.58 10.60 10.53 10.39 10.35 10.45 10.49
Acetone 1 A,(nt ) 1.074 4.50 4.36 4.30 4.25 4.22 440 441 4.44 4.40 4.38
By(n! ) 1.087 7.54 7.53 7.47 7.30 7.25
TAL( ! Int )" 1.090 9.21 9.07 9.02 8.90 8.85
1'B4( ! ) 1.072 9.38 9.20 9.14 9.09 9.05 9.17  9.19 9.27 9.1 9.04
TAL( ! )i 1.087 9.61 9.48 9.41 9.30 9.24
By(n! ) 1.085 9.58 9.56 9.49 9.33 9.28
tAy(n! ) 1.086 9.70 9.52 9.44 9.36 9.30
2A (! ) 1.087 9.94 9.80 9.74 9.63 9.58 9.65 9.73 9.31 9.4 8.90 ¢
p-Benzoquinone 1 1A, (n ! ) 1.098 3.32 3.07 3.01 2.84 2.79 285 295 2.77 2.77 2.86
11Bg(n! ) 1.095 3.15 2.89 2.83 2.68 2.63 275 285 2.76 2.76 2.74
11Bgq( ! ) 1.091 5.04 4,61 4.54 4.42 4.34 459 468 4.26 4.26 4.44
1B, ( ! ) 1.093 6.01 5.63 5.57 5.42 5.35 562 5.69 5.28 5.28 5.47
1B, (n! ) 1117 6.54 6.33 6.24 5.97 5.90 582  6.05 5.64 5.64 5.55
11Byg(n! )i 1.127 6.84 6.64 6.54 6.20 6.11 5.66
Bay(n; ! 2y 1.930 12.54 8.52 7.70 7.86 6.93
2 1Bag(n! )! 1.097 7.74 7.44 7.37 7.19 7.13 6.60
2 1Bgg( ! ) 1.108 7.75 7.44 7.37 7.21 7.14 727  1.37 6.96 6.96 7.16
1Bog(n; ! 2! 1.861 12.30 8.71 7.99 8.01 7.16
1'Bau( ! ) 1.147 8.67 8.21 8.12 7.97 7.86 7.32
2By ( ! ) 1.086 8.55 8.19 8.13 8.02 7.94 7.82 7.98 7.92
Formamide 1 A%t ) 1.073 5.73 5.62 5.55 5.50 5.47 565 5.66 5.63 5.63 5.55
21A0 1 )" 1.095 7.58 7.38 7.30 7.22 7.16 7.24 3 7.39 7.39 7.35
TAOC 1 ) 1.090 854 8.49 8.41 8.26 8.22 827 835
3LA0 1 ) 1.100 11.49 11.17 11.09 11.06 10.99 10.93 11.09 10.54
Acetamide 1 *A%nt ) 1.074 5.79 5.66 5.61 5.54 5.51 569 571 5.69 5.69 5.62
TAOC 1 )i 1.071 7.39 7.26 7.22 7.17 7.14
TASC 1 /nt )' 1.098 7.56 7.43 7.37 7.21 7.16
2tA0C 1 /nt 1.089 7.93 7.78 7.72 7.62 7.57 767 776 7.27 7.27 7.14
LA )i 1.068 8.77 8.63 8.60 8.56 8.52
TAO(n 1 )! 1.096 9.13 9.06 9.00 8.81 8.77
TA%n 1 )i 1.098 9.52 9.45 9.38 9.18 9.13
TAOC 1 )i 1.083 9.50 9.37 9.32 9.25 9.21
LAt )i 1.084 10.24 10.21 10.15 9.97 9.94
TA%N 1 )i 1.074 10.40 10.25 10.19 10.11 10.07




40

Table Il (Continued).

Molecule State REL P sSD® -CR(M),JA ¢ -CR(M,D ¢ -CR(23)A ¢ -CR(23),D ¢ cc3f spT-39 cAspT2 " TBE-1 " TBE-2 "
TA%n 1 )" 1.090 10.51 10.45 10.37 10.22 10.17
3IA0 1 ) 1.088 10.87 10.65 10.59 10.51 10.47 10.50 10.60 10.09

Propanamide 1 *A%(n ! ) 1.075 5.81 5.69 5.65 5.56 5.53 572 573 5.72 5.72 5.65
1A% )\ 1.071 7.40 7.27 7.24 7.18 7.15
2 1A% 1 ) 1.090 7.91 7.79 7.74 7.60 7.56 762 7.74 7.20 7.20 7.09
TA0C )" 1.069 8.73 8.60 8.57 8.51 8.48
TAC )" 1.083 9.21 9.07 9.03 8.95 8.91
TA%n 1 )" 1.085 10.04 9.96 9.90 9.75 9.71
31A0 1 ) 1.089 10.44 10.24 10.19 10.10 10.05 10.06 10.15 9.94

Cytosine 2 A% 1 ) 1.100 5.04 475 4.68 453 4.47 472 4.67 4.66 4.66
1A% 1 ) 1.094 5.49 5.26 5.21 5.05 5.00 5.16 5.12 4.87 4.87
2 *A%n 1 ) 1.091 6.05 5.87 5.81 5.64 5.60 5.52 5.53 5.26 5.26
31A0C 1 ) 1.109 6.01 5.72 5.65 5.50 5.44 5.61 5.53 5.62 5.62
41A00 1 ) 1.093 6.85 6.59 6.53 6.41 6.36 6.61 6.40
51A0 1 ) 1.104 7.27 6.96 6.89 6.74 6.67 6.97
6 1A% 1 ) 1.106 8.73 8.53 8.48 8.26 8.20 8.23

Thymine 1 *A%n ) 1.089 5.23 5.06 5.02 4.84 4.80 4.94 4.95 4.82 4.82
2 1A% 1 ) 1.086 5.68 5.38 5.33 5.19 5.13 5.34 5.06 5.20 5.20
31A0 1 ) 1.112 6.86 6.56 6.50 6.30 6.23 6.34 6.15 6.27 6.27
2 TA%n 1 ) 1.081 6.65 6.52 6.48 6.32 6.29 6.59 6.38 6.16 6.16
4 1A% 1 ) 1.099 7.14 6.80 6.74 6.58 6.51 6.71 6.53 6.53 6.53
3 1A% 1 ) 1.118 7.76 7.44 7.35 7.01 6.92 6.85
41A%n 1 ) 1.112 7.95 7.70 7.61 7.31 7.23 7.43
51A0 1 ) 1.100 7.99 7.73 7.67 7.50 7.48 7.43

Uracil 1 *A%n ! ) 1.091 5.20 5.03 4.98 4.81 4.77 4.90 4.91 4.80 5.00
2 1A% 1 ) 1.090 5.76 5.45 5.40 5.28 5.22 5.44 5.23 5.35 5.25
3IA0 1 ) 1.116 6.84 6.52 6.44 6.25 6.17 6.29 6.15 6.26 6.26
2 *A%n 1 ) 1.082 6.58 6.44 6.39 6.24 6.20 6.32 6.28 6.10 6.10
31A%n 1 ) 1.117 7.76 7.47 7.36 7.06 6.96 6.87 6.98 6.56 6.56
41A00 1 ) 1.099 7.27 6.91 6.84 6.71 6.64 6.84 6.74 6.70 6.70
41A%nN 1 ) 1.113 7.82 7.56 7.46 7.17 7.08 7.12 7.28
51A0 1 ) 1.098 7.90 7.65 7.58 7.44 7.38 7.42

Adenine 2 A% 1 ) 1.101 5.39 5.08 5.03 4.87 4.81 5.18 5.20 5.25 5.25
31A0C 1 ) 1.089 5.67 5.35 5.31 5.15 5.10 5.39 5.29 5.25 5.25
1A% 1 ) 1.093 5.62 5.39 5.34 5.16 5.11 5.34 5.19 5.12 5.12
2 1A% 1 ) 1.091 6.21 5.97 5.91 5.74 5.70 5.96 5.96 5.75 5.75
4 1A 1 ) 1.097 6.85 6.54 6.48 6.32 6.26 6.53 6.34
TAOC )b 1101 713 6.80 6.74 6.56 6.50
5TA0 1 ) 1.100 7.20 6.87 6.81 6.63 6.57 6.64
6 1A0(C 1 ) 1.102 7.72 7.39 7.33 7.16 7.10 6.87
A9 1 )' 1106 8.14 7.81 7.74 7.54 7.47
71A0C 1 ) 1.116 8.49 8.11 8.04 7.82 7.73 7.56

a All excitation energies were computed in this work, unless s tated otherwise. The -CR-EOMCC vertical excitations energies were
computed using the CR-CC(2,3),D/TZVP optimized geometries , while the CC3, EOMCCSDT-3, and CASPT2 results were obtaine d
using the MP2/6-31G  geometries from Ref. [17].

b Reduced excitation level diagnostic; for one-electron tra nsitions REL 1 and for two-electron transitions REL 2.

¢ EOMCCSD results.

d _CR-EOMCCSD(T),X (X =1A ;ID) results.

¢ -CR-EOMCC(2,3),X (X=A ;D) results.

f CC3 results taken from Ref. [17], except for those for the nuc leobases which were reported in Ref. [25].

9 EOMCCSDT-3 values taken from Ref. [24].

h CASPT2 and TBE-1 excitation energies taken from Ref. [17], wi th updates from Ref. [21], and TBE-2 values taken from Ref. [21 1.

i Additional excited states not included among the 149 single t excitations listed in Table | of Ref. [17]. States in this ca tegory that have
been characterized in the Supporting Information to Ref. [1 7] are designated as n 1X, where X is the irreducible representation and n
indicates the state number within symmetry X (n is underlined to distinguish from the 149 states included in  Table | of Ref. [17], which
are labeled as n 1X). States that have not been found in Ref. [17] and other prior benchmark work [18{25] are designated as X, i.e.,
without the state number in front of the term symbol. In order  ing these additional states, we use the -CR-EOMCC(2,3),D values.

J In Ref. [17] these states were reported as having doubly exci ted character. However, as determined in the present study, they are
predominantly one-electron transitions (REL for2 ~ 1A;( ! )is 1.153 and REL for 3 *A( ! ) is 1.054) and, thus, double excitations
have a small e ect on these states.

kK This state is dominated by comparable single excitations fr om HOMO to LUMO+1 and from HOMO to LUMO+5. The authors of
Ref. [17] stated that it is dominated by a HOMO | LUMO single excitation, which is not what out EOMCC calculat ions imply.
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I This state is largely dominated by a single excitation from H OMO to LUMO+1, with two other signi cant, though slightly sm aller,
contributions from one-electron HOMO-1 ! LUMO+1and HOMO ! LUMO+5 transitions. According to Ref. [17], the state is dom  inated
by the HOMO-1 ! LUMO and HOMO ! LUMO+1 transitions, but our EOMCC calculations do not con r m this.

M These two TBE-1 values had to be taken from Ref. [161], since Re f. [17] provided no information what the best estimates for t hem
might be.

" This state is the only almost purely doubly excited state amo ng the 149 singlet excited states included in Table | of Ref. [ 17]. The large
discrepancies between our -CR-EOMCC results, including the most accurate -CR-EOMCC(2,3),D value of 6.55 eV, and the previously
reported [17, 21] CASPT2 and TBE data do not necessarily imply  that CASPT2 and TBE results are more accurate. Although we do
not know what the CC3 and EOMCCSDT-3 results for this state mi  ght be, our best -CR-EOMCC(2,3),D value of 6.55 eV is in excellent
agreement with the NEVPT2 results reported in Ref. [23], whi  ch range from 6.30 to 6.35 eV.

° As explained in footnote p to Table I, the authors of Ref. [17] confused the 2 1A1( ! ) state of formaldehyde with the higher-energy
IAL(n! ) solution. See footnote p to Table | for further information.

P CC3/aug-cc-pVQZ results taken from Ref. [21].

9 The CC3/aug-cc-pVTZ result reported in Ref. [21]. Our -CR-EOMCC excitation energies for the 2 1A1( ! ) state of acetone
and the corresponding CC3/TZVP, EOMCCSDT-3/TZVP, and TBE valu es reported in Refs. [17, 22, 24] suggest that the CC3/aug-
cc-pVTZ root at 8.90 eV found in Ref. [21] does not represent t he 2 1A ( ! ) excitation. Based on our -CR-EOMCC analysis,
the CC3/aug-cc-pVTZ root at 8.90 eV corresponds, most likel v, to the TA;( ! In! ) state that has not been considered in the
previous benchmark studies [17{25]. For this reason, in com parisons of our -CR-EOMCC and EOMCCSD data for the 2 1A;( ! )
state of acetone with a TBE-2 result we use the TBE-1 value taken  from Ref. [17] instead.

" As explained in footnote s to Table I, the previous assignment of the 2 1A% ! ) state to the higher-energy CC3 solution at 8.27 eV
(or the corresponding EOMCCSD root at 8:5 eV), presented in Ref. [17], is incorrect. See footnote s to Table | for further information.

S Taken from Ref. [25].

TABLE IlI: Statistical error analyses of the various CC/EOMCC data, incl uding EOMCCSD, -CR-EOMCCSD(T),IA (-
CR(T),lA), -CR-EOMCCSD(T),ID( -CR(T),D), -CR-EOMCC(2,3),A( -CR(2,3),A), -CR-EOMCC(2,3),D( -CR(2,3),D),
CC3, and EOMCCSDT-3, from their CASPT2 counterparts.

EOMCCSD -CR(T),IA -CR(T),ID -CR(2,3)A -CR(2,3),D ccs EOMCCSDT-3
Count 2 148 148 148 148 148 139 115
MSE ° 0.49 0.20 0.12 0.00 -0.06 0.18 0.28
MUE ° 0.50 0.24 0.21 0.17 0.18 0.20 0.29
MaxE ° 1.63 1.16 0.95 0.68 0.53 0.62 0.70

@ Total number of states considered.
b Mean signed error (MSE), mean unsigned error (MUE), and maxi mum energy di erence (MaxE) with respect to CASPT2 (in eV).

TABLE |V: Statistical error analyses of the various CC/EOMCC data, inclu ding EOMCCSD, -CR-EOMCCSD(T),IA (-
CR(T),IA), -CR-EOMCCSD(T),ID( -CR(T),D), -CR-EOMCC(2,3),A( -CR(2,3),A), -CR-EOMCC(2,3),D( -CR(2,3),D),
CC3, and EOMCCSDT-3, from their TBE-2 counterparts.

EOMCCSD -CR(T),JA -CR(T),ID -CR(2,3),A -CR(2,3),D cc3 EOMCCSDT-3
Count 2 102 102 102 102 102 102 82
MSE ° 0.45 0.18 0.11 0.00 -0.07 0.19 0.27
MUE ® 0.45 0.22 0.19 0.19 0.19 0.20 0.27
MaxE ° 1.52 0.94 0.85 0.70 0.58 0.63 0.79

@ Total number of states considered.
b Mean signed error (MSE), mean unsigned error (MUE), and maxi mum energy di erence (MaxE) with respect to TBE-2 (in eV).

TABLE V: Statistical error analyses of the EOMCCSD, -CR-EOMCCSD(T),IA ( -CR(T),IA), -CR-EOMCCSD(T),ID ( -
CR(T),ID), -CR-EOMCC(2,3),A( -CR(2,3),A), and -CR-EOMCC(2,3),D ( -CR(2,3),D) data from their CC3 counterparts.

EOMCCSD -CR(T),IA -CR(T),ID -CR(2,3),A -CR(2,3),D
Count 2 139 139 139 139 139
MSE P 0.30 0.01 -0.06 -0.17 -0.24
MUE ° 0.30 0.13 0.15 0.19 0.25
MaxE ° 1.28 0.81 0.60 0.44 0.54

@ Total number of states considered.
b Mean signed error (MSE), mean unsigned error (MUE), and maxi mum energy di erence (MaxE) with respect to CC3 (in eV).
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TABLE VI: Statistical error analyses of the EOMCCSD, -CR-EOMCCSD(T),IA ( -CR(T),lA), -CR-EOMCCSD(T),ID ( -
CR(T),ID), -CR-EOMCC(2,3),A ( -CR(2,3),A), and -CR-EOMCC(2,3),D ( -CR(2,3),D) data from their EOMCCSDT-3
counterparts.

EOMCCSD -CR(T),IA -CR(T),ID -CR(2,3),A -CR(2,3),D
Count 2 115 115 115 115 115
MSE ° 0.22 -0.08 -0.15 -0.26 -0.33
MUE 0.22 0.14 0.18 0.26 0.33
MaxE ° 0.93 0.46 0.37 0.48 0.58

@ Total number of states considered.

b Mean signed error (MSE), mean unsigned error (MUE), and maxi mum energy di erence (MaxE) with respect to EOMCCSDT-3 (in
evV).
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Unsaturated Aliphatic Hydrocarbons
/\/\/ @

Ethene E-Butadiene all-E-Hexatriene all-E-Octatetraene Cyclopropene Cyclopentadiene Norbornadiene

Aromatic Hydrocarbons and Heterocycles

Benzene Naphthalene Furan Pyrrole Imidazole Pyridine Pyrazine Pyrimidine Pyridazine
NN
k\NJ NN
s-Triazine s-Tetrazine

Aldehydes, Ketones and Amides

(0) (0] O
(0]
=0 )J\ oﬁj HN" S0 )J\NHz \/J\NHz

Formaldehyde Acetone p-Benzoquinone Formamide Acetamide Propanamide

Nucleobases
NH,
H
Ox N _NH, HN/\I O N_O  NZ>N
Y AN Y R
HN -~ H HN =~ N E
Cytosine Thymine Uracil Adenine

FIG. 1: Benchmark set of molecules considered in this work.
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FIG. 2: Correlation plot of the -CR-EOMCC(2,3),D/TZVP excitation energies (in eV) computed using the MP2/6-31G and
CR-CC(2,3),D/ITZVP geometries.
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State CASPT2 |[EOMCCSD| REL

Outliers > 0.75 eV Butadiene 2 'A(n— %) 6.62 7.42 1.22

Hexatriene 2 1A (n— %) 5.42 6.61 1.23

Octatetraene 2 'A (n— n*) 4.64 5.98 1.21

12 ] o Benzene 2 'Eyy(n— m*) 8.18 9.21 1.17

1 R?2=0.9783 o : Naphthalene 3 'A,(n— n¥) 6.67 7.77 1.15

101 s Naphthalene 3 !B, (m— %) 7.74 9.03 1.18

] Og* Pyridine 3B (m—m*) | 860 9.64 1.17

% 8 o Pyrazine 1 'Byy(m— m*) 8.47 9.74 1.18
E Pyrazine 2 lAg(T[—> ) 8.61 9.54 1.16
8 6 ] (o) > Pyrimidine 31A (n— %) 7.21 7.97 1.09
LEJ Pyridazine 1 !B(n— %) 631 7.09 1.06
@) 4 ] -9, Triazine 1 'E'(n— n*) 7.50 8.28 1.08
~ 7y Triazine 2 'E'(n— m*) 8.99 10.28 1.16
5 ¢ MaxE MSE MUE Tetrazine 2 1Blg(n—> *) 6.45 7.25 .11

-: 1.63 0.49 0.50 Tetrazine 3 'Byy(n— m*) 6.73 8.36 1.16

| Tetrazine 2 'Byy(n— m*) 8.34 9.43 1.17

0 0' o 2 o 4 o 6 o 8 o '1'0' o '12 Benzoquinone 1 'B, (n— m*) 5.64 6.55 1.12
CASPT2 (eV) Formamide 3 1A (n— 7%) 10.54 11.40 1.10

Thymine 3 1A"(n— 7¥) 6.85 7.68 1.12

Adenine 6 ! A'(n—n*) 6.87 7.72 1.10

Adenine 71A' (n— w*) 7.56 8.48 1.12

FIG. 3: Correlation plot for the calculated singlet excited states: EOM CCSD/TZVP vs CASPT2/TZVP vertical excitation
energies (in eV) at MP2/6-31G geometries. The table on the right hand side shows the list of outliers, marked with open
circles in the plot.
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12
] 5 .
1 R2=0.9830 .
10 1 Oy Y
] o)
o ] (2
% 8 1 (o) State CASPT2 |5-CR~(T),JA| REL
N’
< ] Octatetraene 2 'A,(n— n*) 4.64 5.41 1.21
e ]
- g
; 6 1 ¢ Naphthalene 3 'B; (n— %) 7.74 8.61 1.18
E 1 Pyrazine 1By ) | 847 9.27 118
Ll) 4: Triazine 2 'E'(n— %) 8.99 9.85 1.16
7 |
. Tetrazine 3 1B (n— 7*) 6.73 7.89 1.16
5 ] MaxE MSE MUE
] 1.16 0.20 0.24
0 T —r rrro . rr. . r 1 T T 1 T 17T
0 2 4 6 8 10 12
CASPT?2 (eV)
FIG. 4. Correlation plot for the calculated singlet excited states: -CR-EOMCCSD(T),IA/TZVP ( -CR-(T),IA) vs

CASPT2/TZVP vertical excitation energies (in eV) at MP2/6-31G
the list of outliers, marked with open circles in the plot.

geometries. The table on the right hand side shows
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12
1 R2=0.9842 Ry
10 A
J L 2
] N/
—~ o7 4
% 8 ] 0o State CASPT2 [6-CR~(T),ID| REL
v -’
a ] Naphthalene 3 'B; (n— %) 7.74 8.50 1.18
o ]
;; 6 1 ¢ Tetrazine 3B (n—n*) | 673 7.68 1.16
~ ] &
e
Q4]
(/=] -
5 ] MaxE MSE MUE
] 0.95 0.12 0.21
0-""I""I""I""I""I""
0 2 4 6 8 10 12
CASPT2 (eV)
FIG. 5. Correlation plot for the calculated singlet excited states: -CR-EOMCCSD(T),ID/TzVP (  -CR-(T),ID) vs

CASPT2/TZVP vertical excitation energies (in eV) at MP2/6-31G
the list of outliers, marked with open circles in the plot.

geometries. The table on the right hand side shows
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3-CR-(2,3),A (eV)

FIG. 6:

Outliers > 0.75 eV

R2=0.9863 o
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L D £4
L A
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Correlation plot for the calculated singlet excited states:

CASPT2/TZVP vertical excitation energies (in eV) at MP2/6-31G
side indicates that there are no outliers.
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-CR-EOMCC(2,3),AITZVP (
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-CR-(2,3),A) vs

geometries. The absence of the table on the right hand
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10 -

3-CR-(2,3),D (eV)

FIG. 7:

Outliers > 0.75 eV

R2=0.9869 .
L
'S L4

&,
MaxE MSE MUE
0.53 -0.06 0.18
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CASPT?2 (eV)

Correlation plot for the calculated singlet excited states:

CASPT2/TZVP vertical excitation energies (in eV) at MP2/6-31G
side indicates that there are no outliers.
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-CR-EOMCC(2,3),DITZVP (
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-CR-(2,3),D) vs

geometries. The absence of the table on the right hand
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Outliers > 0.75 eV
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EOMCCSD (eV)
N
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MaxE MSE MUE
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o
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TBE-2 (eV)
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State TBE-2 |EOMCCSD| REL
Butadiene 2 1A (n— n*) 6.55 7.42 1.22
Hexatriene 2 1A (n— 7*) 5.09 6.61 1.23
Octatetraene 2 1A (n— m*) 4.47 5.98 1.21
Cyclopentadiene 2 'A,(n— %) 6.28 7.05 1.15
Benzene 2 1B, (n— m*) 8.15 9.21 1.17
Naphthalene 1 'B, (n— n*) 5.75 6.53 1.11
Naphthalene 3 'A (n— 1*) 6.49 7.77 1.15
Pyridine 3 1A, (n— %) 7.18 7.94 1.07
Benzoquinone 1 'B; (n— %) 5.55 6.55 1.12
Propanamide 2 'A'(n— n*) 7.09 7.87 1.09
Uracil 3 1A"(n— %) 6.56 7.69 1.12

FIG. 8: Correlation plot for the calculated singlet excited states: EOM CCSD/TZVP vertical excitation energies (in eV) at

MP2/6-31G geometriesvs TBE-2 data. The table on the right hand side shows the list of outliers,

in the plot.

marked with open circles
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FIG. 9: Correlation plot for the calculated singlet excited states:

marked with open circles in the plot.

-CR-EOMCCSD(T),IA/TZVP vertical excitation energies
(in eV) at MP2/6-31G  geometries ( -CR-(T),IA) vs TBE-2 data. The table on the right hand side shows the list of outliers,
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FIG. 10: Correlation plot for the calculated singlet excited states: -CR-EOMCCSD(T),ID/TZVP vertical excitation energies
(in eV) at MP2/6-31G  geometries ( -CR-(T),ID) vs TBE-2 data. The table on the right hand side shows the list of outliers,
marked with open circles in the plot.
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FIG. 11: Correlation plot for the calculated singlet excited states: -CR-EOMCC(2,3),A/TZVP vertical excitation energies (in
eV) at MP2/6-31G geometries ( -CR-(2,3),A) vs TBE-2 data. The absence of the table on the right hand side indicates that
there are no outliers.
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Outliers > 0.75 eV
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FIG. 12: Correlation plot for the calculated singlet excited states: -CR-EOMCC(2,3),D/TZVP vertical excitation energies (in
eV) at MP2/6-31G geometries ( -CR-(2,3),D) vs TBE-2 data. The absence of the table on the right hand side indicates that
there are no outliers.
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State CC3 EOMCCSD| REL
Butadiene 2 1A (n— m*) 6.77 7.42 1.22
Hexatriene 2A (> ¥ 5.72 6.61 1.23
Octatetraene 2 1A, (n— m*) 4.97 5.98 1.21
Benzene 2 'Ey(n— )|  8.43 9.21 1.17
Naphthalene 3 1A (n— m*) 6.90 7.77 1.15
Naphthalene 3 1B, (n— 7*) 8.12 9.03 1.18
Pyridine 4 1A, (1— %) 8.68 9.44 1.14
Pyridine 31By(n— %) | 8.77 9.64 1.17
Pyrazine 1 "By (n— %) 8.77 9.74 1.18
Pyrazine 2 'A,(n— 1¥) 8.69 9.54 1.16
Triazine 2 'E'(n— w*) 9.44 10.28 1.16
Tetrazine 2 lBzg(n—> *) 6.23 6.77 1.12
Tetrazine 3 IBjy(n— 7*) 7.08 8.36 1.16
Tetrazine 2 'By,(n— m*) 8.47 9.43 1.17
Benzoquinone 1 By, (n— n¥*) 5.82 6.55 1.12
Benzoquinone 2 'B,, (n— ©*) 7.82 8.47 1.10
Uracil 3 1A "(n— 7¥) 6.87 7.69 1.12
Uracil 4 TA"(n— ©*) 7.12 7.74 1.11

FIG. 13: Correlation plot for the calculated singlet excited states: EOM CCSD/TZVP vsCC3/TZVP vertical excitation energies
(in eV) at MP2/6-31G  geometries. The table on the right hand side shows the list of outliers, marked with open circles in the

plot.
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Outliers > 0.50 eV
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FIG. 14: Correlation plot for the calculated singlet excited states: -CR-EOMCCSD(T),IAITZVP (  -CR-(T),IA) vs

CC3/TZVP vertical excitation energies (in eV) at MP2/6-31G
list of outliers, marked with open circles in the plot.

geometries. The table on the right hand side shows the
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FIG. 15: Correlation plot for the calculated singlet excited states:

CC3/TZVP vertical excitation energies (in eV) at MP2/6-31G
list of outliers, marked with open circles in the plot.

12

geometries. The table on the right hand side shows the

State CC3 |6-CR~(T),ID| REL
Tetrazine 3 B y(n— m¥) 7.08 7.68 1.16
-CR-EOMCCSD(T),ID/TZVP (  -CR~(T),ID) vs
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Outliers > 0.50 eV
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FIG. 16: Correlation plot for the calculated singlet excited states: -CR-EOMCC(2,3),A/TZVP ( -CR-(2,3),A) vs CC3/TZVP
vertical excitation energies (in eV) at MP2/6-31G  geometries. The absence of the table on the right hand side indicates that
there are no outliers.
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FIG. 17: Correlation plot for the calculated singlet excited states:
vertical excitation energies (in eV) at MP2/6-31G

marked with open circles in the plot.

12

-CR-EOMCC(2,3),D/TZVP (  -CR-(2,3),D) vs CC3/TZVP

geometries. The table on the right hand side shows the list of outliers,




60

FIG. 18: Correlation plot for the calculated singlet excited states: EOM CCSD/TZVP vs EOMCCSDT-3/TZVP vertical
excitation energies (in eV) at MP2/6-31G  geometries. The table on the right hand side shows the list of outliers, marked with
open circles in the plot.



FIG. 19: Correlation plot for the calculated singlet excited states: -CR-EOMCCSD(T),IA/ITZVP (  -CR-(T),lA) vs
EOMCCSDT-3/TZVP vertical excitation energies (in eV) at MP2/6-31G geometries. The absence of the table on the right
hand side indicates that there are no outliers.




FIG. 20: Correlation plot for the calculated singlet excited states: -CR-EOMCCSD(T),ID/TZzVvP (  -CR-(T),ID) vs
EOMCCSDT-3/TZVP vertical excitation energies (in eV) at MP2/6-31G geometries. The absence of the table on the right
hand side indicates that there are no outliers.




FIG. 21: Correlation plot for the calculated singlet excited states: -CR-EOMCC(2,3),A/ITZVP ( -CR-(2,3),A) vs
EOMCCSDT-3/TZVP vertical excitation energies (in eV) at MP2/6-31G geometries. The absence of the table on the right
hand side indicates that there are no outliers.




FIG. 22: Correlation plot for the calculated singlet excited states: -CR-EOMCC(2,3),D/TZzVP ( -CR-(2,3),D) vs
EOMCCSDT-3/TZVP vertical excitation energies (in eV) at MP2/6-31G geometries. The table on the right hand side
shows the list of outliers, marked with open circles in the plot.




FIG. 23: Normal distribution curves for the deviation of the (a) -CR-EOMCCSD(T),IA, (b) -CR-EOMCCSD(T),ID, (¢) -CR-EOMCC(2,3),A, and (d) -CR-
EOMCC(2,3),D excitation energies at MP2/6-31G  geometries from the CASPT2/TZVP (green), CC3/TZVP (black), EOMCCSDT  -3/TZVP (red) and TBE-2 (blue)
results.
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a 148 singlet excited states of 28 molecules obtained by remov ing the 1 1ng(n2 !
from the 149 excitations listed in Table | of Ref. [17].

b 48 singlet excited states obtained by removing six doubly ex cited states with REL

this work.

¢ All of the excitations described in footnotes

Table A.l: Mean signed errors (MSE), mean unsigned errors (MUE),
and maximum energy di erences (MaxE) characterizing the

extrapolated -CR-EOMCC(2,3),D excitation energies determined

using Eq. (A.1) for the triples corrections relative to their true

values.
count MSE MUE MaxE
1482 0.00 0.07 0.32
48P -0.12 0.12 0.30
196° -0.03 0.09 0.32
2034 0.05 0.16 3.47

a and b.

d All electronic excitations calculated in this work includi

Table A.ll: Vertical excitation energies (in eV) and REL values for var

ng seven doubly excited states with REL
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2) doubly excited state of s-tetrazine (REL 2)

2 from the 54 additional excitations calculated in

2 found in our calculations.

ious excited states of azulene.

State Basis set REL ® EOMCCSD ® -CR(2,3)D/calculated 2 -CR(2,3),D/extrapolated ° Experiment ©

Si1(B1)  6-31G(d)  1.105 2.290 1.691 1.704 1.77
cc-pvDZ 1.105 2.224 1.618 1.638

Sp(A1)  6-31G(d)  1.089 4.192 3.570 3.674 3.56
cc-pvDzZ 1.090 4.037 3.414 3.515

S3(By)  6-31G(d)  1.109 4.897 4.220 4.294 4.23
cc-pvDzZ 1.110 4.760 4.083 4.153

S4(A1)  6-31G(d)  1.097 5.567 4.954 5.015 4.40
cc-pvDz 1.097 5.387 4.770 4.835

Ss(B1)  6-31G(d)  1.107 6.424 5.792 5.830 4.72
cc-pvDZ 1.107 6.237 5.607 5.643

Se(A1)  6-31G(d)  1.146 6.671 5.824 5.911 5.19
cc-pvDzZ 1.143 6.509 5.674 5.762

S7(B2) 6-31G(d) 1.093 6.543 6.010 6.008 6.15
cc-pvDz 1.095 6.421 5.888 5.877

Sg(A1)  6-31G(d)  1.140 7.378 6.473 6.644 6.33
cc-pvDZ 1.138 7.187 6.298 6.461

Se(A1)  6-31G(d)  1.879 10.708 6.787 6.842
cc-pvDzZ 1.893 10.652 6.578 6.727

S10(As)  6-31G(d)  1.092 7.348 6.810 6.817
cc-pvbDz 1.094 7.186 6.648 6.647

MSE ¢ 0.064

MUE ¢ 0.066

MaxE ¢ 0.171

a8 The EOMCCSD vertical excitation energies and REL values and the -CR-EOMCC(2,3),D vertical excitation energies calculate d in

Ref. [140].
b The extrapolated

-CR-EOMCC(2,3),D excitation energies determined by addin
to the EOMCCSD excitation energies taken from Ref. [140]. As
is a result of the least-squares tting of the triples correc

tions obtained in the

excited states of 28 molecules taken from Table | of Ref. [17] , shown in Fig. A.1.
¢ Taken from Ref. [140].

d Mean signed error (MSE), mean unsigned error (MUE), and maxi

-CR-EOMCC(2,3),D data relative to their true values calcul

ated in Ref. [140].

g the triples corrections

estimated using Eq. (A.1)

explained in the text of the appendix, Eq. (A.1) used in this e
-CR-EOMCC(2,3),D/TZVP calculations for the 148 singlet

xtrapolation

mum energy di erence (MaxE) characterizing the extrapolat ed



68

Fig. A.1: Correlation plot for the triples corrections  obtained in the -CR-EOMCC(2,3),D/TZVP calculations for
the 148 singlet excited states of 28 molecules taken from Table | of Ref. [17héd discussed in the main textvs the
corresponding REL values determined at the EOMCCSD/TZVP level. The red line in the plot is a result of the
least-squares t.



