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ABSTRACT: Deep-lying core electrons carry highly localized, site-specific
information that forms the basis of X-ray photoelectron spectroscopy. Accurately
predicting their associated core ionization potentials (IPs) is a demanding
theoretical task, requiring a balanced treatment of strong orbital relaxation,
electron correlation, and relativistic effects. Over the years, a variety of approaches
have been developed, ranging from state-specific wave function methods to linear-
response formalisms and Green’s function techniques. However, their assessment
has often relied on comparisons with experiments, where multiple sources of error
(basis set incompleteness, relativistic corrections, and vibrational effects) are
entangled, making it difficult to isolate the performance of correlation treatments.
In the present work, we establish a consistent, theory-based benchmark for core
IPs by computing 84 nonrelativistic values (73 second-row and 11 third-row IPs)
at the full configuration interaction level within the core−valence separation
approximation, using large correlation-consistent basis sets augmented with tight-core and diffuse functions (aug-cc-pCVXZ). These
results define theoretical best estimates within a fixed finite basis set, providing a chemically accurate reference for method
development and validation. Importantly, our data set allows for systematic, theory-versus-theory comparisons that disentangle
correlation and relaxation effects from other physical contributions. On this basis, we assess the performance of widely used
approximate methods, including equation-of-motion coupled-cluster approaches up to the inclusion of quadruple excitations, the
one-shot G0W0 scheme, as well as state-specific methods.

I. INTRODUCTION
In molecular systems, core-ionized states arise when a deeply
bound core electron is removed, most commonly through
photoionization. These electrons are highly energetic and
spatially localized, resulting in a positively charged molecular
ion with a core vacancy. Due to the atomic specificity of core
electrons, the ionization process is inherently atom-selective. In
addition, their subtle dependence on the surrounding environ-
ment enables X-ray photoelectron spectroscopy (XPS) to
distinguish between chemically inequivalent atoms of the same
element.1−7 This makes XPS a powerful probe of local
chemical environments within complex molecules.
From a theoretical point of view, the accurate description of

core-ionized states requires a subtle balance between many
effects, which can be challenging for conventional electronic
structure methods.8,9 First, the difficulty of accounting for
significant relaxation effects is added to the usual problem of
accurately treating electronic correlation. The sudden removal
of a core electron induces a strong local perturbation in the
electronic structure, triggering a reorganization of the valence
electron density. This phenomenon must be properly
described to obtain reliable results.10−12 Such effects
necessitate the use of basis sets with increased flexibility in
the core region, typically achieved by including additional
tight-core functions.13−18 In addition, core electrons are
subject to much stronger relativistic effects than valence

electrons, which must be accounted for to achieve quantitative
prediction of core ionization potentials (IPs).19−23 For second-
row elements, scalar relativistic corrections are usually
sufficient, while for third-row atoms, higher-level corrections
such as spin−orbit coupling must be included.24

While the aforementioned effects are the primary contrib-
utors to core−electron binding energies, several additional
effects must be accounted for to faithfully describe core-ionized
states. In particular, these states are resonances, i.e., they are
embedded in the continuum,25 and are thus metastable,
capable of decaying non-radiatively via the ejection of a valence
electron. This process, known as the Auger-Meitner decay,
requires a treatment of continuum states, either through
explicit or implicit approaches.26−31 Finally, the current
resolution of XPS is such that they can be vibrationally
resolved. It thus necessitates the inclusion of vibrational effects,
and relaxation of the geometry of the core-ionized state, in any
comprehensive theoretical description of XPS.32−37 Note that
the prediction of condensed-phase XPS, in particular for
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surface characterization, introduces further complexity beyond
the challenges encountered in the gas phase.38−42

The core IPs of second-row atoms typically lie in the range
of several hundred eV, and can exceed a thousand eV for third-
row atoms. Although these absolute values are large, core-level
binding energies exhibit subtle variations depending on the
chemical environment of the ionized atom. These so-called
chemical shifts are key to interpreting experimental spectra,8

and theoretical prediction of XPS spectra and chemical shifts is
a valuable, if not mandatory, tool for experimental
interpretation. For instance, resolving different chemical
environments in carbon 1s XPS spectra requires a theoretical
accuracy of at least 0.1 eV. Given the challenges outlined
above, reaching such precision in computed core IPs hinges on
a delicate interplay of error cancellation and accumulation.
The first theoretical study of core-ionized molecules was

reported by Bagus in 1965.10 In this seminal work, the core IPs
were computed as the energy difference between two Hartree−
Fock (HF) calculations: one where the orbitals were optimized
for the neutral ground-state determinant, and the other for the
core-ionized, non-Aufbau determinant. This state-specific
approach represented a significant improvement over Koop-
mans’ theorem, which estimates IPs directly from orbital
energies without accounting for orbital relaxation.43−45 The
success of Bagus’ method lies in its explicit inclusion of
relaxation effects via separate optimization of the core-ionized
state. Since then, the state-specific formalism has been
extended to various methods such as general mean-field
approaches,14 ,44 ,46−52 Møller−Plesset perturbation
theory,48,53,54 coupled-cluster (CC) theory,24,48,54−57 symme-
try-adapted-cluster configuration interaction (SAC−CI),58

complete-active-space self-consistent field,59 and the driven
similarity renormalization group approach.36,60

The linear-response formalism offers an alternative route for
computing core IPs, wherein they are calculated on top of a
ground-state reference wave function, such as in equation-of-
motion (EOM) CC,49,56,61−66 or SAC−CI.33,35,67 In these
methods, core IPs appear as high-lying eigenvalues of the
linear-response eigenvalue problem. Such states can be
accessed either via root-homing techniques, which enable the
direct targeting of inner-spectrum eigenvalues,68−70 or, more
commonly, through the core−valence separation (CVS)
approximation introduced by Cederbaum and co-workers.71

The CVS approximation effectively decouples core-ionized
states from those with a filled core−shell, rendering the state of
interest the ground state within the truncated CVS excitation
space. This simplification allows for the use of standard
diagonalization algorithms such as Davidson’s method.72

Conceptually, CVS corresponds to considering only the
bound part of the wave function and neglecting the coupling
between the core-ionized state and the continuum.25,63,73

Alternatively, core IPs can also be computed as the poles of
the one-body Green’s function.74,75 The GW method,76−79

which has been highly successful in computing valence IPs of
both molecules and solids, has recently been extended to the
computation of core IPs.80−85 This required significant
numerical and methodological developments, but core IPs
can now be routinely computed at the GW level.81,86,87 The
performance of others Green’s function approximations, such
as the particle−particle T-matrix self-energy88,89 or the
algebraic-diagrammatic construction, has been evaluated for
core IPs.34,90−95

The previous paragraphs show that a whole zoo of methods
is now available for computing absolute core IPs and chemical
shifts. This diversity calls for systematic benchmarking to
assess the accuracy and limitations of each approach. Takahata
and Chong conducted an early benchmark comparing core IPs
obtained from a state-specific formalism using 23 exchange-
correlation functionals against 59 experimental reference
values.47 Later, Holme et al. further assessed the accuracy of
numerous exchange-correlation functionals, as well as several
wave function methods, across 77 carbon (1s) IPs.48 Pueyo-
Bellafont and co-workers have then pursued this effort of
benchmarking density-functional approximations with respect
to an experimental set of values.50,96 The CORE65 benchmark
data set, gathering 65 experimental core IPs of small to
medium-sized molecules, has been used to assess the accuracy
of various Green’s function methods.81,82,84,87,97 However,
comparisons with experimental data make it difficult to
pinpoint the precise origin of the mean absolute error as
contributions from correlation, relativistic effects, coupling
with the continuum, basis set incompleteness, and vibrational
effects are all entangled. To overcome this, Liu and co-workers
recently computed 21 core IPs at the CVS-IP-EOM-CCSDTQ
level in various basis sets, allowing for a precise assessment of
errors due to approximations in correlation and relaxation.63

The goal of the present work is to pursue this effort by
designing a benchmark of 84 non-relativistic core IPs
computed at the CVS full configuration interaction (CVS-
FCI) level.98 All values are reported in the aug-cc-pCVTZ basis
set at least, and in the aug-cc-pCVQZ basis set when
computationally feasible. To the best of our knowledge, the
present data set represents the first large-scale collection of
CVS-FCI benchmark values for core IPs. The primary
objective of this work is to establish non-relativistic reference
values in a fixed finite basis set, with the goal of assessing the
accuracy of various approximate correlation methods. Together
with ref 99., it naturally extends to charged excitations (i.e.,
excitations involving a change in the number of electrons) the
QUEST database, a project initiated in 2018 with the goal of
providing the quantum chemistry community with high-quality
theoretical best estimates (TBEs) for vertical neutral excitation
energies.100−103 In this context, a TBE refers to a vertical
excitation energy, computed with the best available ab initio
quantum chemical methods, that is believed to be chemically
accurate, that is, within 1 kcal/mol (or 0.043 eV), with respect
to the exact non-relativistic result in a given finite basis set. The
database now contains 1489 vertical (neutral) excitation
energies and has served as a reference for benchmarking a
wide range of electronic structure methods (see ref 103.). In
the spirit of the QUEST database,103 our focus is exclusively on
theory-versus-theory comparisons, relying entirely on compu-
tational data without reference to experimental measurements.
A meaningful comparison with experiment would require, at
the very least, corrections for basis set incompleteness and the
inclusion of relativistic effects, considerations that lie beyond
the scope of the present study.

II. COMPUTATIONAL DETAILS

II.I. Geometries and Basis Sets

The ground-state geometries of the present set of molecules
are taken from the QUEST database,101−103 or optimized
following the same procedure, i.e., at the CC3/aug-cc-pVTZ
level104,105 without frozen-core approximation. The geometry
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optimizations have been performed using CFOUR,56 and they
have been collected in the Supporting Information for the sake
of completeness.
The present set of core IPs has been calculated using

Dunning’s aug-cc-pCVXZ (where X = D, T, and Q)
correlation-consistent basis set augmented with tight-core
and diffuse functions.106−110 For brevity, we refer to these basis
sets as ACVXZ throughout the manuscript. Note that the basis
set description of the core-ionized state has been extensively
studied, and there are more efficient hybrid schemes to
converge to the complete basis set limit in practice. We refer
the reader to the recent work of Delgado and Matthews, and
the bibliographical review therein, on this matter.18 However,
we decided to use a more standard basis set family for
benchmarking purposes.
II.II. Selected CI Calculations

The FCI estimates reported in this study were obtained using
selected configuration interaction (SCI) calculations per-
formed with the CIPSI (Configuration Interaction using a
Perturbative Selection made Iteratively) algorithm,111−116 as
implemented in QUANTUM PACKAGE.117

These reference core IPs were obtained in a state-specific
fashion. Ground-state calculations were carried out for the
neutral molecule with all electrons correlated. The core-ionized
state was first optimized at the restricted open-shell HF
(ROHF) level using the maximum overlap method
(MOM)118−120 as described in ref 14., and a CVS-SCI
calculation was then performed in which the determinant space
was restricted to configurations containing at least one hole in
the targeted core orbital.121 Note that there are some slightly
different variants of the CVS approximation which also remove
double core hole determinants from the CI expansion or that
freeze the core electrons in the neutral ground-state
calculation. Here, a minimal CVS approximation has been
used as the aim is to provide results as close as possible to FCI
without any approximations.

Variational energies were extrapolated to the FCI limit as a
function of the second-order perturbative correction, using
weighted linear fits over the last 3−6 CIPSI iterations.99,122−125

Weights were defined as the square of the inverse second-order
correction. Among the set of extrapolated values obtained with
different point selections, the one with the smallest standard
error was retained as the FCI estimate. Reported error bars
correspond to these fitting uncertainties but do not represent
statistical confidence intervals. Extrapolations were carried out
with MATHEMATICA.126

To accelerate convergence, each CIPSI calculation was first
truncated when the wave function exceeded 2 × 106

determinants. Natural orbitals from this intermediate wave
function were then constructed, and a second CIPSI
calculation was performed in the natural orbital basis until
convergence. Note that CVS-FCI, due to its restricted space of
determinants, is not independent with respect to the
underlying set of orbitals. This will be discussed in more
detail in Sec. III.I.
II.III. Coupled-Cluster Calculations

Core IPs were computed within the IP-EOM-CC framework
using CFOUR with default convergence thresholds.56 All
electrons were correlated in the ground-state calculations,
while the CVS approximation was applied for the EOM
treatment of the core-ionized states. The IP-EOM-CC
calculations are performed using canonical RHF ground-state
orbitals. Calculations were carried out at the CC2,127,128

CCSD,129−134 CC3,104,105,135−137 CCSDT,138−143 CC4,144−147

and CCSDTQ148−153 levels of theory.
Diagonalization of the CC effective Hamiltonian in the (N−

1)-electron sector of Fock space154−157 was carried out for
CCSD, CCSDT, and CCSDTQ. At the CCSD level, the EOM
excitation manifold comprises one-hole (1h) and two-hole-
one-particle (2h1p) configurations; three-hole-two-particle
(3h2p) and four-hole-three-particle (4h3p) contributions are
additionally included at the CCSDT and CCSDTQ levels,

Table 1. Core IPs (in eV) of Small Molecules in the ACVTZ Basis Set Computed at Various Levels of Theorya

CVS-FCI composite

optimized neutral CC4 CCSDTQ CC4 CCSDTQ

HF* 694.10 694.10 694.02 693.99 694.12 694.09
H2O* 539.87 539.86 539.78 539.77 539.87 539.86
N*H3 405.63 405.62(1) 405.56 405.57 405.63 405.65
C*H4 290.85 290.85 290.81 290.82 290.86 290.88
BF* 695.43 695.41 695.31 695.31 695.40 695.41
CO* 542.47 542.44 542.44 542.34 542.53 542.43
C*O 296.26 296.22 296.29 296.29 296.31 296.31
N2* 409.88 409.85 409.87 409.91 409.90 409.95
F2* 696.41 696.40 696.35 696.33 696.46 696.44
HCN* 406.77 406.77 406.70 406.73 406.74 406.78
HC*N 293.40 293.38 293.40 293.41 293.42 293.44
MSE −0.02 −0.05 −0.06 0.01 0.02
MAE 0.02 0.06 0.07 0.03 0.04
RMSE 0.02 0.07 0.08 0.03 0.04
SDE 0.01 0.04 0.06 0.03 0.04
min −0.04 −0.12 −0.13 −0.03 −0.04
max 0.00 0.03 0.04 0.06 0.08

aCVS-FCI with optimized orbitals (“optimized”) or neutral HF orbitals (“neutral”), CVS-IP-EOM-CC4 and −CCSDTQ computed in the ACVTZ
basis set or based on a composite basis set scheme using CVS-IP-EOM-CCSDT and the ACVDZ basis set. The IP-EOM-CC calculations are
performed using canonical RHF ground-state orbitals. The extrapolation errors associated with the CVS-FCI values are reported in parentheses.
Statistical descriptors of errors with respect to “optimized” CVS-FCI are also reported.
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respectively. As usual within the CC formalism, IP and electron
affinity (EA) sectors are assumed to be decoupled.158,159

For CC2, CC3, and CC4, direct diagonalization in the (N−
1)-electron sector is not yet available. In these cases, core IPs
were instead obtained from diagonalization in the N-electron
sector133,157,160,161 augmented with a diffuse “bath” orbital of
zero energy. At the CC2 level, the EOM space then consists of
one-hole-one-particle (1h1p) and two-hole-two-particle
(2h2p) configurations, while three-hole-three-particle (3h3p)
and four-hole-four-particle (4h4p) excitations are added at the
CC3 and CC4 levels, respectively. Although both schemes
yield identical IPs, the N-electron formulation is computation-
ally more demanding because of the larger configuration space
involved.162 In each scheme, the desired states have been
obtained thanks to the overlap-based root-following Davidson
algorithm implemented in CFOUR.
II.IV. State-Specific Calculations

The state-specific ΔSCF calculations used a RHF reference for
the neutral systems, and ROHF or UHF references for the
core-ionized states. They were carried out with QUANTUM

PACKAGE
117,163 and ORCA,164 respectively. As in the SCI

calculations, the core-ionized states were optimized using
MOM.14,118−120 The state-specific ΔMP2 were computed on
top of the unrestricted ΔSCF using ORCA.164

II.V. GW Calculations

The (one-shot) G0W0 calculations have been performed with
PySCF165 using the PBE functional with 45% of exact
exchange for second-row core IPs, as recommended in ref
82. for molecular systems, and 70% of exact exchange for third-
row core IPs (see discussion below). The quasiparticle energies
are obtained by solving the frequency-dependent quasiparticle
equation (i.e., without linearization), and the broadening
parameter η was set to zero.

III. RESULTS
We employ standard statistical estimators in our analysis: mean
signed error (MSE), mean absolute error (MAE), standard
deviation of the errors (SDE), root-mean-squared error
(RMSE), as well as the maximum and minimum errors (Max
and Min).
III.I. Small Molecules

This study starts by focusing on 11 core IPs of small molecules
for which the CVS-IP-EOM-CC4 and −CCSDTQ results
could be computed in the ACVTZ basis set. For conciseness,
the CVS-IP-EOM prefix will be omitted in the following
discussion. The notation used for IPs is defined as follows:
CO* refers to the ionization of an electron from the oxygen 1s
orbital of the CO molecule. The corresponding values are
reported in Table 1 alongside two sets of CVS-FCI values
corresponding to different sets of orbitals. Indeed, once the
CVS approximation is enforced, the invariance of the FCI
energy with respect to orbital rotations is lost. The first set of
values, referred to as “optimized orbitals”, serves as the
reference in this work. These were obtained by first generating
a CVS-FCI expansion up to approximately two million
determinants, built on top of a restricted open-shell
determinant optimized to describe the core-ionized state.
Then, the natural orbitals corresponding to this CI wave
function were computed, and a new CVS-FCI calculation was
performed using these natural orbitals until convergence.

The second set of CVS-FCI results was obtained using the
canonical orbitals of the neutral HF ground state, that is, the
same orbitals as in IP-EOM-CC. Table 1 shows that the impact
of orbital choice on the core IPs is minimal, with an average
absolute deviation of only 0.02 eV. Moreover, the two CC
methods that include quadruple excitations, whether approx-
imately (CC4) or exactly (CCSDTQ), provide excellent
agreement with the reference values, yielding MAE of 0.06
and 0.07 eV, respectively.

Finally, Table 1 also reports CC4 and CCSDTQ results
obtained using a composite basis set scheme, which has been
shown to perform very well for neutral excita-
tions.100,147,166−170 In this scheme, the core IPs are
approximated as

+

E E

E E( )

CCSDTQ/ACVTZ CCSDTQ/ACVDZ

CCSDT/ACVTZ CCSDT/ACVDZ
(1)

where Emethod/basis denotes the excitation energy computed with
the specified method and basis set. The average absolute
deviations from the parent methods are 0.06 eV for CC4 and
0.07 eV for CCSDTQ. The deviations with respect to the
corresponding ACVTZ results are consistently positive,
suggesting that the composite scheme tends to systematically
overestimate the corresponding large-basis results. Moreover,
Table 1 shows that the MAE of the composite CCSDTQ with
respect to the CVS-FCI reference values is slightly improved
when using the composite scheme, due to a fortuitous
cancellation of errors. In the remainder of this work, only
the composite scheme will be considered for CC4 and
CCSDTQ, as full ACVTZ calculations for larger systems are
computationally prohibitive due to their high memory
requirements.
III.II. Reference Values

Table 2 reports 27 second-row and 7 third-row CVS-FCI core
IPs computed using the ACVDZ, ACVTZ, and ACVQZ basis
sets. Table 3 presents an additional 46 second-row and 4 third-
row core IPs for slightly larger systems, for which only CVS-
FCI calculations with the ACVDZ and ACVTZ basis sets
could be performed.

For degenerate core orbitals (N2, F2, C2H4, etc.), only a
single value is reported. They have been obtained using the
above procedure for CVS-FCI on top of a spatially symmetry-
broken determinant. These symmetry-broken determinants
have been obtained by mixing the 1σg and 1σu orbitals before
performing the MOM calculations. At the mean-field level, it is
known that breaking spatial symmetry greatly improves the
energy with respect to experiment.11,12 Upon inclusion of
correlation, one should recover the correct result even with
symmetry-preserved orbitals.9 However, because CVS-FCI is
not invariant with respect to orbital rotations, here a
symmetry-broken mean-field starting point is considered at
the correlated level. See also ref 173. for an experimental
perspective on the localization of core holes in N2.

In what follows, the CVS-FCI (with natural orbitals, see Sec.
III.I) results in the ACVTZ basis set are used as reference
values to assess the performance of approximate methods.
However, it is important to emphasize that these values are not
fully converged with respect to basis set size. As seen in Table
2, the average shift in core IPs when moving from triple- to
quadruple-ζ basis sets is still on the order of 0.1 to 0.2 eV.
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For comparison, selected experimental values are also
reported in Tables 2 and 3. The average absolute deviation
of CVS-FCI (in the ACVTZ basis) from experiment is 0.11 eV
for second-row elements. This good agreement is largely the
result of fortuitous error cancellation, since neither relativistic
effects nor basis set incompleteness corrections are accounted
for. Indeed, relativistic corrections have been estimated to
contribute approximately 0.12 eV for carbon, 0.24 eV for
nitrogen, 0.42 eV for oxygen, and 0.72 eV for fluorine, by
Golze and co-workers.82 If these corrections are added to CVS-
FCI, the MAE with respect to experiment becomes 0.28 eV
and the associated MSE is 0.26 eV. This systematic
overestimation is expected to diminish upon enlargement of
the basis set.
In contrast, the mean absolute deviation of CVS-FCI (in the

ACVTZ basis) from experiment for third-row atoms is
substantially larger, 6.43 eV, highlighting the much greater
importance of relativistic effects in this case. It is well
established that scalar relativistic corrections are insufficient

for third-row elements; spin−orbit coupling and possibly
higher-order effects must be explicitly included for reliable
comparison with experimental data.19,24

III.III. Approximate Methods

Now that the reference values have been defined, let us gauge
the performance of some approximate wave function methods.
Figure 1 shows the histogram of errors (with respect to CVS-
FCI) of six variants of CC. The corresponding raw data can be
found in the Supporting Information, while the associated
statistical descriptors are provided in Table 4. Every method
considered here uses the same ACVTZ basis set as the
reference values, except for CC4 and CCSDTQ, which use the
composite basis set scheme described in Sec. III.I. Despite the
use of a composite basis set scheme, memory limitations
restricted the CCSDTQ calculations to only 52 core IPs

First, one can observe that the systematic improvability of
CC is once again verified as the MAE decreases from 2.05 to
0.15 eV upon inclusion of triple excitations. Taking into
account quadruple excitations further improves these results
with a MAE of 0.05 eV. However, there are still a few outliers
with errors larger than 0.1 eV even at the CCSDTQ level,
highlighting the difficulty in recovering relaxation effects in a
linear-response framework. Note that the CCSDTQ MAE is of
the same order of magnitude as the error introduced by the
composite basis set scheme (see Sec. III.I). Hence, one should
be cautious about this result as the CCSDTQ MAE in the
ACVTZ basis might be slightly larger. The MSEs of CCSDT
(0.03 eV) and CCSDTQ (0.03 eV) show that the error
distributions are nicely centered around zero. On the other
hand, CCSD systematically overestimates the reference values
with a MSE of 2.05 eV.

The accuracy of the popular family of CCn approximations
can also be assessed. It can be seen in Table 4 that CC4 does
not deteriorate the performance of CCSDTQ, while CC3
seems to underestimate CCSDT on average. This leads to a
poorer MAE of 0.57 eV. The CCSD results are also
underestimated by CC2, but because CCSD systematically
overestimates the reference values, this results in an improved
MAE (1.17 eV) for CC2 with respect to CCSD.

Figure 2 presents the error distribution of three state-specific
methods: ΔROHF, ΔUHF, and ΔUMP2. The non-Aufbau
ROHF determinants correspond to the starting points of the
SCI procedure as described in Sec. II.II. The ΔROHF method
performs as well as CC3 with a MAE of 0.57 eV (see Table 4),
while being more centered around zero with its MSE of − 0.05
eV. Note that the IPs corresponding to degenerate orbitals
were obtained using spatially symmetry-broken orbitals. In
order to gauge the performance of state-specific correlated
methods, we decided to use an unrestricted reference starting
point to avoid the dependence of the MP2 correlation energy
on the choice of the ROHF Fock matrix. As shown in Table 4,
ΔUHF yields a larger MAE (0.74 eV) than ΔROHF, primarily
due to an average underestimation of core IPs, as indicated by
its MSE of −0.50 eV. While ΔUMP2 corrects this systematic
bias, it slightly overcompensates, resulting in only a modest
improvement in MAE (0.67 eV). We also observe excellent
performance for ΔUCCSD, comparable to CVS-IP-EOM-
CCSDT and significantly improved over ΔUMP2. However,
these state-specific optimizations could not be converged for
the majority of the ionized states of this set and are therefore
not included in this study. While CVS-like approximations can

Table 2. Reference Values of 34 Core IPs (in eV) in the
ACVDZ, ACVTZ, and ACVQZ Basis Sets Computed at the
CVS-FCI Levela

basis

ACVDZ ACVTZ ACVQZ Exp.

HF* 696.43 694.10 693.90 694.2363

H2O* 541.87 539.87 539.70 539.7082

N*H3 407.27 405.63 405.49 405.5282

C*H4 292.08 290.85 290.71 290.8482

BF* 697.63 695.43 695.26
CO* 544.42 542.47 542.32 542.1082

C*O 297.60 296.26 296.18 296.2382

N2* 411.60 409.88 409.77 409.9382

F2* 698.73 696.41 696.21(1) 696.7050

HCN* 408.45 406.77 406.66 406.8082

HC*N 294.80 293.40 293.30 239.5082

HNO* 543.56 541.60 541.45
HN*O 411.46 409.84 409.75
HOF* 696.47 694.17 693.96
HO*F 544.50 542.55 542.37
NH2F* 695.27 692.97 692.78
N*H2F 410.04 408.44 408.34
CH3F* 694.89 692.57 692.40(1) 692.4082

C*H3F 294.72 293.56 293.45(1) 293.5682

CH2O* 541.36 539.37 539.22 539.3382

C*H2O 295.68 294.46 294.36 294.3882

CH2N*H 407.22 405.59(1) 405.21(1)
C*H2NH 293.82 292.58(1) 292.24(1)
C2*H2 292.72 291.28 291.17 291.2582

SiO* 539.27 537.20 537.03(1)
PN* 407.43 405.74(1) 405.61(1)
C*S 294.74 293.39(1) 293.34(1)
HCl* 2823.70 2821.42 2821.43 2829.824

H2S* 2473.90 2471.69 2471.69(1) 2478.524

P*H3 2147.98 2145.73(1) 2146.40(1) 2150.924

Si*H4 1845.50 1843.30 1843.79(1) 1847.024

CS* 2475.05 2472.81 2472.88(1)
P*N 2149.76 2147.47(1) 2147.57(1)
Si*O 1847.77 1845.30 1845.56(1)

aThe extrapolation errors associated with the CVS-FCI values are
reported in parentheses. Some selected experimental values are also
reported.
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also be devised to alleviate these convergence issues, such
developments lie beyond the scope of this work.24,55

Finally, the performance of the G0W0 method is gauged. For
second-row elements, the calculations were performed starting

from orbitals and energies obtained with a customized PBE
hybrid functional containing 45% exact exchange [PBEh(45)].
This functional, which incorporates a large fraction of nonlocal
exchange, has been shown to perform particularly well for core

Table 3. Reference Values of 50 Core IPs (in eV) in the ACVDZ and ACVTZ Basis Sets Computed at the CVS-FCI Levela

basis basis

ACVDZ ACVTZ Exp. ACVDZ ACVTZ Exp.

C2*H4 292.12 290.82 290.8282 CH3CN* 407.28 405.65(1) 405.6463

CH3O*H 540.97 539.04 538.8882 CH3C*N 294.08 292.79(1) 292.4563

C*H3OH 293.62 292.50 292.3082 C*H3CN 293.87 292.77(1) 292.9863

CO2* 543.14 541.24 541.3282 CH3N*C 408.27 406.71(1) 406.6763

C*O2 299.04 297.71 297.7082 C*H3NC 294.50 293.36(1) 293.3563

NNO* 543.36 541.44 541.4263 CH3NC* 293.69 292.33(1) 292.3763

NN*O 414.22 412.60 412.5963 NH2CHO* 539.48 537.56(1) 537.7496

N*NO 410.39 408.70(1) 408.7163 N*H2CHO 408.02 406.53(2) 406.3996

F*CHO 696.17 693.94(1) 694.7171 NH2C*HO 295.63 294.48(1) 294.9596

FCHO* 542.05 540.10(1) 540.1171 CH3NO* 542.33(1) 540.42(2)
FC*HO 298.24 297.03(1) 297.1171 CH3N*O 410.65(1) 409.12(2)
HNCO* 542.06 540.14(1) 540.16172 C*H3NO 293.12 292.02(1)
HN*CO 408.01 406.40(1) 406.44172 CH2CHF* 695.37(1) 693.09(1) 693.26172

HNC*O 297.30 295.94(1) 295.89172 CH2C*HF 294.69 293.44(1) 293.48172

HCOO*H 542.52(1) 540.68(1) 540.6982 C*H2CHF 292.33(1) 291.03(1) 291.10172

HCO*OH 540.81(1) 538.87(2) 539.0282 CH3CHO* 540.52 538.48(1) 538.5050

HC*OOH 296.93(1) 295.68(2) 295.7582 CH3C*HO 295.19 293.97(1) 294.0050

H2CN*N 411.12 409.43(1) C*H3CHO 292.58 291.36(1) 291.6050

H2CNN* 408.88 407.12(1) N*2CH2 409.66 407.99(1)
H2C*NN 292.95 291.66(1) N2C*H2 294.08 292.92
H2CCO* 542.13 540.17(1) 540.25172 P*2 2147.92(1) 2145.61(1)
H2CC*O 296.10 294.74(1) 294.73172 Cl*2 2824.17(1) 2822.27(3) 2830.224

H2C*CO 292.41 291.15(1) 291.13172 CH2S* 2473.35 2471.11(1)
C*H2S 293.57 292.28 OCS* 2474.28(1) 2472.09(2) 2478.724

O*CS 542.18(1) 540.25(2) 540.3172

OC*S 296.72(1) 295.37(3) 295.2172

aThe extrapolation errors associated with the CVS-FCI values are reported in parentheses. Some selected experimental values are also reported.

Figure 1. Histogram of the errors (with respect to CVS-FCI) for 84 core IPs in the ACVTZ basis set calculated using CVS-IP-EOM-CC2, −CCSD,
−CC3, −CSDT, −CC4, and −CCSDTQ (the latter available for only 52 cases). Results for CC4 and CCSDTQ were obtained using a composite
basis set scheme involving CCSDT and the ACVDZ basis set [see eq 1]. Note the change in the horizontal-axis scale between the top and bottom
rows.
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binding energies in both solids and molecules.40,82,174 In
contrast, for third-row elements, this starting point fails to yield
well-defined quasiparticle solutions: all graphical solutions of
the quasiparticle equation exhibit spectral weights smaller than
0.5. However, following the methodology of ref 82., we have
found that employing a PBEh(70) starting point yields well-
defined quasiparticle solutions for all third-row core IPs
considered in this study. This alternative starting point yields a
MAE of 0.51 eV for the 11 third-row core IPs while G0W0@
PBEh(45) has a MAE of 0.48 eV for the 73 second-row core
IPs.
To conclude this section, the MSEs and MAEs of the ten

approximate methods considered here are computed for each
atom of the second row separately. The corresponding values
are reported in Table 5. It shows that the MSEs are decreasing
when going from carbon to fluorine for every method except

CCSD and ΔUMP2. Regarding the absolute performance, the
atom-specific MAEs show that CC3 performs much better for
carbon and nitrogen than for oxygen and fluorine. Overall,
fluorine core IPs have the largest MAE for every method
except ΔUMP2, CC4, and CCSDTQ. This is probably due to
the use of the composite basis set scheme for the latter two.
Finally, one should remember that fluorine core IPs are also
the largest in absolute value, which also partly explains this
trend for atom-specific MAEs.

IV. CONCLUSION
In this work, we have established the first large-scale
benchmark of nonrelativistic core IPs computed at the CVS-
FCI level. The data set comprises 84 values for small molecules
containing second- and third-row atoms, consistently reported
in the ACVTZ basis and extended to ACVQZ whenever

Table 4. Statistical Descriptors (in eV) Associated with the Errors (with Respect to CVS-FCI) for 84 Core IPs in the ACVTZ
Basis Set Calculated using CVS-IP-EOM-CC2, −CCSD, −CC3, −CCSDT, −CC4, −CCSDTQ, ΔROHF, ΔUHF, ΔUMP2, and
G0W0@PBEh(α)a

CC2 CCSD CC3 CCSDT CC4 CCSDTQ ΔROHF ΔUHF ΔUMP2 G0W0@PBEh(α)
MSE −0.21 2.05 −0.38 0.03 0.01 0.03 −0.05 −0.50 0.66 −0.02
MAE 1.17 2.05 0.57 0.15 0.06 0.05 0.57 0.74 0.67 0.48
RMSE 1.40 2.14 0.74 0.19 0.09 0.07 0.73 0.88 0.87 0.58
SDE 1.39 0.63 0.64 0.18 0.09 0.06 0.73 0.73 0.57 0.59
min −2.95 1.14 −2.33 −0.30 −0.41 −0.12 −1.64 −1.96 −0.29 −1.66
max 1.88 3.86 0.62 0.46 0.22 0.20 1.81 1.48 3.15 1.26

aThe results for CVS-IP-EOM-CC4 and −CCSDTQ have been obtained using a composite basis set scheme using CVS-IP-EOM-CCSDT and the
ACVDZ basis set [see eq 1]. The results for G0W0@PBEh(α) have been obtained using α = 0.45 and 0.70 for second- and third-row atoms,
respectively.

Figure 2. Histogram of the errors (with respect to CVS-FCI) for 84 core IPs in the ACVTZ basis set calculated using ΔROHF, ΔUHF, ΔUMP2,
and G0W0@PBEh(α). The results for the latter have been obtained using α = 0.45 and 0.70 for second- and third-row atoms, respectively.

Table 5. Atom-Specific MSEs and MAEs (with Respect to CVS-FCI), in eV, for Carbon, Nitrogen, Oxygen, and Fluorine in the
ACVTZ Basis Set Calculated using CVS-IP-EOM-CC2, −CCSD, −CC3, −CCSDT, −CC4, −CCSDTQ, ΔROHF, ΔUHF,
ΔUMP2, and G0W0@PBEh(α)a

MSE MAE

C N O F C N O F

CC2 1.23 −0.27 −1.74 −2.52 1.23 0.46 1.74 2.52
CCSD 1.56 1.83 2.22 2.24 1.56 1.83 2.22 2.24
CC3 0.23 −0.15 −1.07 −1.32 0.24 0.25 1.07 1.32
CCSDT 0.14 0.05 −0.12 −0.21 0.15 0.14 0.14 0.21
CC4 0.07 0.03 −0.04 −0.02 0.08 0.05 0.05 0.04
CCSDTQ 0.08 0.04 −0.03 −0.02 0.08 0.05 0.04 0.03
ΔROHF 0.47 0.02 −0.76 −1.13 0.49 0.32 0.76 1.13
ΔUHF −0.04 −0.60 −1.10 −1.45 0.52 0.68 1.10 1.45
ΔUMP2 0.74 0.90 0.46 0.42 0.75 0.90 0.46 0.42
G0W0 0.35 0.10 −0.54 −1.19 0.42 0.20 0.54 1.19

aThe results for CVS-IP-EOM-CC4 and −CCSDTQ have been obtained using a composite basis set scheme using CVS-IP-EOM-CCSDT and the
ACVDZ basis set [see eq 1]. The results for G0W0@PBEh(α) have been obtained using α = 0.45 for these second-row atoms.
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feasible. These results define chemically accurate TBEs within
fixed finite-basis sets, providing a reference that isolates
correlation and relaxation effects from other physical
contributions, such as relativistic corrections, vibrational
structure, and continuum coupling.
Using these references, we assessed the performance of

widely used approximate methods, including the hierarchy of
EOM-CC approaches, as well as some state-specific methods
and one GW variant. The results demonstrate the systematic
improvability of CC theory: errors decrease from several eV at
the CCSD level to below 0.1 eV upon inclusion of quadruple
excitations. Approximate schemes such as CC3 and CC4
already reach useful accuracy, albeit with slightly larger
deviations, while ΔSCF provides a cost-effective alternative
with errors on par with CC3. Nevertheless, even the most
advanced correlation treatments occasionally deviate by 0.1 eV,
highlighting the inherent challenges of fully capturing
relaxation within a linear-response framework that starts from
neutral ground-state orbitals. On the other hand, state-specific
methods offer a way to recover this orbital relaxation, but they
are hindered by convergence issues once correlation is
included. It was shown that the good performance of
G0W0@PBEh(45) for second-row core IPs does not extend
to third-row core IPs. Instead, a PBEh(70) starting point must
be used to achieve the same accuracy, which calls for a study of
the performance of self-consistent, either fully or partially, GW
schemes.
Beyond serving as a benchmark, the present data set lays the

groundwork for systematic development and calibration of new
electronic structure methods for core-level spectroscopy. It
extends the scope of the QUEST database103 from neutral to
charged core excitations,99 offering a unified and internally
consistent set of theory-based references for both valence and
core processes. These data should prove valuable for validating
approximate methods, guiding basis set and methodological
choices, and enabling more predictive modeling of XPS spectra
in molecules. These new accurate reference values could also
be used to train machine-learning models, as this field has
shown promising results in the prediction of core−electron
binding energies.175−180

Future work will focus on broadening this foundation. A
natural extension is the computation of transition intensities,
essential for direct comparison with experimental spectra.
While not straightforward within the present state-specific SCI
framework, intensity calculations are feasible, as shown in
recent studies,181−183 and will be explored in forthcoming
work. Another important perspective is the inclusion of
satellite features in core IPs, which encode many-body shakeup
processes and provide further insight into correlation effects
beyond principal ionizations.99,184−186 We plan to report on
this additional layer of reference data in the near future.
Altogether, we expect that this benchmark will stimulate the

development of novel approximate methods for core spectros-
copy, building on the success of high-accuracy reference data
sets in advancing quantum chemical approaches to excited and
ionized states.
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interactions important in molecular ionization? J. Chem. Phys. 2021,
154, No. 121101.
(182) Ferté, A.; Palaudoux, J.; Penent, F.; Iwayama, H.; Shigemasa,
E.; Hikosaka, Y.; Soejima, K.; Ito, K.; Lablanquie, P.; Taïeb, R.;
Carniato, S. Advanced computation method for double core hole
spectra: Insight into the nature of intense shake-up satellites. J. Phys.
Chem. Lett. 2020, 11, 4359−4366.
(183) Ferté, A.; Penent, F.; Palaudoux, J.; Iwayama, H.; Shigemasa,
E.; Hikosaka, Y.; Soejima, K.; Lablanquie, P.; Taïeb, R.; Carniato, S.
Specific chemical bond relaxation unraveled by analysis of shake-up
satellites in the oxygen single site double core hole spectrum of CO2.
Phys. Chem. Chem. Phys. 2022, 24, 1131−1146.
(184) Loos, P.-F.; Marie, A.; Ammar, A. Cumulant green’s function
methods for molecules. Faraday Discuss. 2024, 254, 240−260.
(185) Kockläuner, J.; Golze, D. GW plus cumulant approach for
predicting core-level shakeup satellites in large molecules. J. Chem.
Theory Comput. 2025, 21, 3101−3119.
(186) Kockläuner, J.; Shaker, M.; Muth, M.; Steinbach, S.; Oleszak,
C.; Lytken, O.; Steinrück, H.-P.; Golze, D. Decoding shakeup
satellites in XPS through large-scale ab initio simulations: Spectral
signatures of ring fusion in porphyrins. arXiv:2509.26057. arXiv.org e-
Print archive. https://arxiv.org/abs/2509.26057. 2025

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.6c00713
J. Chem. Theory Comput. 2026, 22, 6609−6621

6621

https://doi.org/10.1021/acs.jpclett.2c02222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04279?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c01897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c01897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c01897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2632-2153/ad871d
https://doi.org/10.1088/2632-2153/ad871d
https://doi.org/10.1088/2632-2153/ad871d
https://doi.org/10.1063/5.0272583
https://doi.org/10.1063/5.0272583
https://doi.org/10.1063/5.0272583
https://doi.org/10.1063/5.0272583
https://doi.org/10.1063/5.0272583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://arxiv.org/abs/2604.27070
https://arxiv.org/abs/2604.27070
https://doi.org/10.1063/5.0044060
https://doi.org/10.1063/5.0044060
https://doi.org/10.1021/acs.jpclett.0c01167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CP03947D
https://doi.org/10.1039/D1CP03947D
https://doi.org/10.1039/D4FD00037D
https://doi.org/10.1039/D4FD00037D
https://doi.org/10.1021/acs.jctc.4c01754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c01754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://arxiv.org/abs/2509.26057
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.6c00713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

