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Abstract

The capability to determine core-electron binding energies (CEBESs) is vital in the
analysis of X-ray photoelectron spectroscopy, and the continued development of light
sources has made inner shell spectroscopy of heavier elements increasingly accessi-
ble. Density functional theory is widely used to determine CEBEs of lighter elements
(boron—fluorine). It is shown that good performance of exchange-correlation function-
als for these elements does not necessarily translate to the calculation of CEBESs for the
heavier elements from the next row of the periodic table, and in general larger errors
are observed. Two strategies are explored that improve the accuracy of the calculated
CEBEs. The first is to apply element and functional dependent energy corrections
and the second is a re-parameterisation of a short-range corrected functional. This
functional is able to reproduce experimental phosphorus and sulphur K-edge CEBEs
with an average error of 0.15 eV demonstrating the importance of reducing the self-

interaction error associated with the core electrons, and represents progress towards



density functional theory calculations that performs equally well for ionisation at the

K-edge of all elements.
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Introduction

The improved capabilities of modern synchrotron sources and free-electron lasers has led
to an increasing interest in exploiting X-ray spectroscopy to probe problems in chemistry,
physics, biology and materials science.'™ X-ray photoelectron spectroscopy (XPS) is one
of the most widely used techniques, and is capable of probing the chemical environment of
nuclei and informing on factors such as chemical bonding and electronic state. Quantum
chemical calculations can play an important role in interpreting and analysing experimental
data,” and these calculations need to be able to reliably distinguish between chemical envi-
ronments that can be quite similar. Density functional theory (DFT) is the most commonly
used method for these calculations since its relatively low computational cost allows it to be

applied to study large systems.

The key quantities in simulations of X-ray photoelectron spectra are the core-electron
binding energies (CEBESs), which correspond to the ionisation energies of electrons in core or-
bitals. There are several different approaches to computing CEBEs. The simplest approach
is based upon Koopmans’ theorem,!® wherein the CEBE is approximated as the negative
of the orbital energy. This approach is commonly used in the context of Kohn-Sham DFT,
although it has been shown that Koopmans’ theorem does not rigorously apply for Kohn-
Sham eigenvalues. ' The removal of a core-electron leads to significant changes in the valence
electronic structure owing to an increase in the effective nuclear charge. Koopmans’ theorem
does not consider any final state effects, and as a consequence this relaxation of the electron
density is not accounted for. A number of methods have been developed that incorporate

final state effects with different levels of approximation,'? such as the GW formalism. 316

In Aself-consistent field (ASCF) approaches the CEBE is evaluated directly as the energy
difference between the ground and core-ionised states.!'” In this approach, the final ionised

state is considered explicitly and the relaxation of the electron density is described fully.



However, this comes at the cost of the need to perform a separate SCF calculation for each
CEBE required. Calculation of the core-ionised state requires some method to prevent the
variational collapse during the SCF process, but different schemes exist that work well for
these states.'®2 Upon ionisation of a core electron there is generally a contraction of the
electron density, particularly around the site of the ionisation, owing to the increase in effec-
tive nuclear charge. It has been shown that small or moderately sized basis sets lack sufficient
flexibility to describe this change, and can lead to an unbalanced description of the ground
and core-ionised states resulting in significant errors in the calculated CEBEs.2122 These
errors become increasingly significant as the nuclear charge of the ionised nuclei becomes
larger, and to achieve good convergence of the calculated CEBEs with respect to basis set
completeness requires large basis sets such as cc-pVQZ or cc-pCVTZ.2? Different strategies
have emerged to design moderately sized basis sets that can reproduce the basis set limit

18,23

CEBEs, these include uncontracting the basis functions, augmenting the basis set with

basis functions from the element with one greater nuclear charge,?* basis sets optimized for

properties related to core-excitations?® and multiwavelet formalisms.®

For ASCF calculations of CEBEs with DFT, large variations in CEBE can arise de-
pending on the choice of exchange-correlation functional, and there is clearly an interest
in determining which functionals provide the closest agreement with experiment. Towards
this goal, several studies have compared CEBEs evaluated using different functionals with

26-34 Chong and co-workers examined a range of functionals for a large set

experimental data.
of experimental CEBEs at the C, N, O and F K-edges.?” It was found that the most accu-
rate values were obtained from a combination of Perdew-Wang (PW86 exchange and PW91
correlation) functionals in conjunction with empirical relativistic correction, yielding a mean
absolute deviation (MAD) of 0.16 ¢V. The good performance of the Perdew-Wang functionals

was also observed in another study.?® More recent studies have revealed good performance of

the PBEO functional for amino acids,®! the TPSS functional on a set of 68 molecules®® and



the strongly constrained and appropriately normed (SCAN) non-empirical semi-local meta-
GGA exchange-correlation functional in a study considering over 100 molecules.?? These

studies have focused on ionisation at the K-edge of lighter elements (boron to fluorine).

The development of light sources means that it is now possible to probe the deeper core-
levels of heavier nuclei more readily. The more tightly bound core electrons of heavier nuclei
leads to additional challenges for calculations of CEBESs, including the increased significance
of relativistic effects and the breaking of a more strongly correlated electron pair. Another
factor in DF'T calculations of CEBEs is the self-interaction error associated with the approx-
imate treatment of exchange. For electrons in more compact core-orbitals, the consequences
of the self-interaction error are likely to become more significant. As a result, it should not
be assumed that computational methods that are successful for CEBEs of lighter elements
will also perform well as the nuclear charge increases. There has been relatively few studies
that examine the calculation of CEBEs for heavier elements. A notable exception is the
work of Segala and Chong who studied the K-edge of sulphur and phosphorus containing
molecules.?? The best performing functionals were found to be Becke00x3® and BmTaul,?¢
which alludes to the fact that more advanced functionals may be required to treat these

systems.

In this contribution, the accuracy of different exchange-correlation functionals in DFT
ASCF calculations of CEBEs are assessed with a focus on ionisation at the K-edge of the
heavier elements aluminium to chlorine, and strategies for achieving a high level of accuracy
are explored. A range of functionals representing different classes of functional, encompass-
ing more recent developments such as meta-GGA, double hybrid, long-range corrected and
short-range corrected functionals, are considered. It is common to assess the accuracy of
the different functionals through a comparison with experimental data. This approach is

limited by the availability of high-quality experimental gas-phase data which can preclude



a broad and balanced assessment that includes ionisation of the nuclei of elements across
the periodic table. This problem becomes particularly acute for heavier elements where the
amount of experimental data is more sparse. In this study, the DFT calculations are as-
sessed relative to wavefunction based calculations. This has the additional advantage that
it is possible to directly compare non-relativistic calculations and so removing ambiguities

that are introduced through the requirement of an accurate treatment of relativistic effects.

Computational Methods

The DFT CEBEs were determined through the difference between the ground and core-
ionised state energies (Ecgpr = Ecr — Egg). For the core-ionised state, the ground state
orbitals with a vacancy introduced into the relevant core-obital form the initial orbital guess,
with the maximum overlap method®” used to maintain the core-hole in the subsequent SCF
calculation. A hybrid basis set comprising cc-pCVTZ for the element being ionised and cc-
pVTZ for the remaining elements was used, denoted cc-pCVTZ:cc-pV'TZ. Basis sets of this
quality have been shown to provide CEBEs which are close to the complete basis set limit
for DFT calculations.?? The DFT calculations are assessed relative to those from AMP2

calculations with higher quality basis sets.

The functionals used have been chosen to represent different general classes of func-
tional. B3LYP* and PBE(0* are standard hybrid functionals, the PW86(exchange) +
PWO91(correlation) combination which has previously been shown to perform well for core-
ionization energies,?” CAM-B3LYP? is a long-range corrected functional, SCAN*! is a meta-
GGA functional and B2GP-PLYP*? is a double hybrid functional. Short-range corrected
functionals are also studied. These functionals were developed for time-dependent density
functional theory (TDDFT) calculations of X-ray absorption spectra and are based upon

a reversal of the principle of long-range corrected functionals and use a high fraction of



Hartree-Fock (HF) exchange in the short range (low ri15 = |ri-rs|), and have been param-

eterised for C-F (SRC2r1) and Si-Cl (SRC2r2).434 The structures of the molecules were
optimised using BSLYP/6-311G** and all the calculations were performed with the Q-Chem

software. 4?

Results and Discussion

Before examining the DFT calculations, the quality of the reference data from the wavefunc-
tion based calculations is explored. There has been considerable progress in the calculation
of CEBEs within coupled cluster theory formalisms.%%° CEBEs can be determined using
equation-of-motion coupled cluster based formalisms.*® However, recent benchmark studies
for CEBEs (C, O and N) have shown that it is necessary to go beyond single and double
excitations (CVS-EOM-IP-CCSD) and include triple and quadrupole excitations.®® The use
of these methods for the molecules studied here for the heavier elements with the large basis
sets that are necessary to ensure convergence with respect to the basis set are too computa-
tionally expensive. Furthermore, these calculations exploit a frozen core orbital which may
become significant for heavier nuclei. In this study the DFT calculations are assessed relative
to AMP2 calculations. These calculations use a hybrid cc-pCVQZ:cc-pVQZ basis set, with
the exception of ionisation of fluorine and aluminium where a hybrid cc-pCV5Z:cc-pVQZ
basis set is used to ensure covergence. Table 1 shows a comparison of CEBEs computed
with AMP2 with experiment. In order to compare with experiment the computed values
need to be corrected to account for relativistic effects. A range of values for these correc-
tions have been suggested in the literature. In this work corrections of +0.05, +0.12, +0.24,
+0.42, +0.71, +5.28 and +7.12 eV for boron, carbon, nitrogen, oxygen, fluorine, phosphorus
and sulphur, respectively. The values for boron to fluorine are taken from the most recent
work®' and we note that these are larger than older values,?” and the energy correction for

51,52

phosphorus is an average of two values reported in other studies, while the value for



sulphur is an average from three previous studies. 53

Table 1: Comparison of CEBEs (in eV) computed with AMP2 with experiment. Experi-
mental data taken from references®3% and references therein. A hybrid cc-pCVQZ:cc-pVQZ
(ce-pCV5Z:cc-pVQZ for HF) basis set is used, and the site of the core-hole is indicated by
bold font. MAD: Mean absolute deviation.

Molecule Exp. MP2

H;BCO 195.15 | 194.91 (-0.24)
BF; 202.83 202.89 (0.06)
CHy 290.80 290.88 (0.08)
CH3;0H 292.51 292.66 (0.15)
NH;3 405.57 | 405.49 (-0.08)
CH;3CN 405.64 405.73 (0.09)
CH3OH 539.11 539.57 (0.46)
H,;0O 539.90 540.35 (0.45)
HF 694.23 694.41 (0.18)
P(CHj3)s3 2149.90 | 2149.87 (0.03)
PH; 2150.69 | 2151.06 (0.37)
PF; 2156.18 | 2156.63 (0.45)
CH3SH 2477.97 | 2478.14 (0.17)
H>S 2478.58 | 2478.85 (0.27)
SO4 2483.90 | 2483.83 (-0.07)
MAD (B-F) - 0.20

MAD (P,S) - 0.23

For the ionisation of the lighter elements (B-F) the MAD is 0.20 eV. This value can be
compared with the accuracy of ACCSD and ACCSD(T) calculations. The application of
ACCSD techniques to core-ionisation is problematic owing to the presence of a virtual core
orbital leading to difficulties in converging the calculations for the core-ionised state. This
can be circumvented by keeping the unoccupied core orbital frozen in coupled cluster calcu-
lations.*” For a set of small molecules considering ionisation of carbon-fluorine MADs of 0.17
eV and 0.18 eV where obtained for CVS-ACCSD/ce-pVTZ and CVS-ACCSD(T) /cc-pVTZ
calculations, respectively.?® However, the good performance of CVS-ACCSD(T)/cc-pVTZ
benefits from a systematic cancelation of errors arising from the basis set and corrections
to the CVS approximation. Including core-correlation functions in the basis set leads wors-
ens the agreement with experiment necessitating a correction for the CVS approximation

to be introduced. Currently, the accuracy of these approaches to the calculation of CEBEs



for heavier nuclei is unknown. The accuracy of AMP2 is only marginally worse than the
CVS-ACCSD(T) methods and is straightforward to apply to study ionisation of the heavier
nuclei, and the results in Table 1 show a small increase in the MAD for the ionisation of
heavier elements (Al-Cl). Overall, AMP2 provides a good level of accuracy for both the
lighter elements (B-F) and heavier elements (Al-Cl) and provides a reasonable reference for

the assessment of the DFT calculations.

Table 2 shows the calculated AMP2 K-edge CEBESs for a range of small molecules that
involve ionisation of boron—fluorine nuclei. These values have not been corrected for relativis-
tic effects. Also shown are the errors (a negative error corresponds to the DFT CEBE being
too low) with respect to these values for the functionals studied along with the associated
MADs. Initially we consider the BSLYP, PBEO, PW86+PW91 and SCAN functionals which
have MADs of 0.37 eV, 0.84 eV, 0.22 eV and 0.35 eV, respectively. These functionals have
been studied previously in the context of computing CEBEs, and the good performance of
the PW86+PW91 and SCAN functionals observed previously is also evident in these results.
The overall MAD for these functionals is slightly greater than reported in previous work. 2732
This may be associated with the comparison being made with calculations rather than ex-
periment. B3LYP is also shown to perform better than PBEO. An important factor for
interpreting XPS experiments is the capability to predict the energy shift between different
chemical environments accurately. This is reflected in the MAD(AE) values, which provide a
measure of the relative error in the CEBESs. For example, for boron K-edge the contribution
to MAD(AE) will comprise of the average error in the energy difference between the CEBEs
for BH3 and BHyF, BH3 and BF3, and BHyF and BF3. A similar process is applied for the
five different nuclei making MAD(AE) an average over 15 values in total. This highlights the
complex nature of assessing functionals for the calculation of CEBEs since the functionals

have similar MAD(AE) values despite very different MADs.
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Table 2: The error in CEBEs computed using different exchange-correlation functionals
compared with reference MP2 data for ionisation of lighter nuclei. A hybrid cc-pCVTZ:cc-
pVTZ basis set is used, and the site of the core-hole is indicated by bold font. MAD: Mean
absolute deviation, all values in eV.

Molecule MP2 | B3LYP | PBEO | PW86+PW91 | SCAN | SRC2r2 | CAM-B3LYP | B2GP-PLYP
BH; 197.63 0.07 -0.62 -0.03 -0.20 -1.48 -0.05 -0.02
BHyF 199.29 | -0.06 -0.80 -0.35 -0.41 -1.69 -0.14 0.12
BF; 202.84 | -0.08 -0.90 -0.70 -0.60 -1.89 -0.08 0.53
CH4 290.76 0.14 -0.51 0.22 -0.03 -1.18 0.04 0.26
CH;0H 29254 | -0.10 -0.74 -0.09 -0.22 -1.48 -0.17 0.10
COq 297.09 0.71 0.05 0.11 0.39 -0.81 0.87 1.79
CH3;NH,4 404.72 0.20 -0.33 0.52 0.19 -0.71 0.16 0.29
NH; 405.25 0.12 -0.46 0.40 0.08 -0.77 0.08 0.25
CH3CN 40549 | -0.21 -0.77 -0.03 -0.32 -1.14 -0.18 -0.05
CH3;OH 539.15 | -0.63 -1.17 -0.14 -0.49 -0.98 -0.60 -0.62
H,CO 539.70 | -0.82 -1.39 -0.27 -0.72 -1.20 -0.79 -0.99
H>,O 539.93 | -0.62 -1.22 -0.18 -0.53 -0.96 -0.57 -0.51
CH3F 692.64 | -0.76 -1.38 -0.13 -0.51 -0.57 -0.63 -0.84
BH,F 693.65 | -0.62 -1.28 0.00 -0.39 -0.44 -0.47 -0.71
HF 693.70 | -0.35 -1.03 0.19 -0.20 -0.18 -0.21 -0.27
MAD - 0.37 0.84 0.22 0.35 1.03 0.34 0.49
MAD(AE) - 0.26 0.28 0.26 0.27 0.29 0.28 0.48

The results also provide an opportunity to assess the impact of more recent develop-
ments in exchange-correlation functionals on the calculation of CEBEs. The introduction of
the long-range correction in CAM-B3LYP leads to an improvement in MAD compared with
B3LYP, and overall CAM-B3LYP is one of the best performing functionals. The relatively
high MADs for the B2GP-PLYP double hybrid functional is surprising, and reflects the rela-
tive importance of the DFT treatment of the exchange energy compared with the correlation
energy. The performance of the short-range corrected functional SRC2r2 is poor compared
with the other functionals. This functional has been parameterised to predict X-ray absorp-
tion energies for the K-edge of elements from the next row of the periodic table so accurate
CEBEs would not necessarily follow. We note that the accuracy of this functional is better

1.43 However, in the context of

than the more appropriately parameterised SRC2r1 functiona
the study of heavier nuclei, an interesting observation for this functional is that the error in
the CEBEs tends to reduce as the nuclear charge increases, while for the most of the other

functionals the error increases. Overall, for the CEBESs of these elements, the results suggest
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that PW86+PW91, SCAN and CAM-B3LYP are reliable and accurate functionals.

Table 3: The error in CEBEs computed using different exchange-correlation functionals
compared with reference MP2 values for the ionisation of heavier nuclei. A hybrid cc-
pCVTZ:cc-pVTZ basis set is used for the DFT calculations, and the site of the core-hole is
indicated by bold font. MAD: Mean absolute deviation, all values in eV.

Molecule MP2 B3LYP | PBEO | PW86+PW91 | SCAN | SRC2r2 | CAM-B3LYP | B2GP-PLYP
AlH; 1565.07 | -1.52 -2.36 -1.18 -0.34 -0.42 -1.16 -0.24
AlH,Cl 1565.83 | -1.60 -2.42 -1.36 -0.42 -0.52 -1.17 -0.16
AlH,F 1566.01 | -1.51 -2.33 -1.25 -0.33 -0.48 -1.12 -0.11
SiH, 1843.19 | -1.84 -2.72 -1.59 -0.46 -0.42 -1.44 -0.13
H3SiOH 1843.96 | -1.93 -2.81 -1.73 -0.57 -0.55 -1.49 -0.15
H3SiCl 1844.30 | -1.88 -2.72 -1.70 -0.48 -0.49 -1.42 -0.06
PH; 2145.78 | -2.50 -3.28 -2.23 -0.78 -0.68 -2.06 -0.48
HsPO 2148.33 | -2.66 -3.50 -2.66 -0.99 -0.91 -2.13 -0.40
H,POOH | 2149.06 | -2.72 -3.57 -2.75 -1.11 -1.01 -2.14 -0.34
CH3SH 2471.02 | -3.15 -3.81 -2.82 -1.08 -0.87 -2.65 -0.94
H,CS 2471.15 | -3.20 -3.86 -2.84 -1.36 -0.95 -2.72 -1.13
H,S 2471.73 | -3.10 -3.81 -2.80 -1.03 -0.79 -2.61 -0.84
CH;3Cl1 2820.31 | -3.71 -4.33 -3.37 -1.33 -0.87 -3.15 -1.30
HCOCI 2820.60 | -3.53 -4.17 -3.29 -1.17 -0.73 -2.96 -0.96
HCI 2821.44 | -3.61 -4.29 -3.33 -1.25 -0.76 -3.06 -1.11
MAD - 2.57 3.33 2.33 0.85 0.70 2.09 0.56
MAD(AE) - 0.09 0.09 0.13 0.13 0.12 0.07 0.13

The primary purpose of this study is to explore the performance of the functionals for
the calculation of the CEBESs of heavier elements. Table 3 shows an extension of this com-
parison to consider ionisation of nuclei from the next row of the periodic table. From the
results, a quite different picture of the relative accuracy of the functionals emerges. Initially,
we consider the three most traditional functionals, BSLYP, PBEO and PW86+PW91. For
all of these three functionals there is a significant increase in the MAD, and this change is
substantially greater than the error associated with the AMP2 calculations. This manifests
itself as an underestimation of the CEBE, which increases with the nuclear charge of the
ionised element. The most likely origin of this error is the self-interaction error associated
with the core electrons which are in an increasingly compact orbital as the nuclear charge in-
creases. The importance of the self-interaction error in the calculation of X-ray spectroscopy

has been highlighted previously.?* 57 In the calculation of the CEBE this error will not can-
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cel owing to their being a different number of core electrons in the ground and core-ionised
states. However, even though there is an increase in MAD, there is a significant decrease
in MAD(AE) compared with the lighter elements. This suggests that the error for these

heavier elements is more systematic in nature.

The two functionals that performed best for the lighter elements, namely CAM-B3LYP
and SCAN, also perform well for the heavier elements. CAM-B3LYP shows an improvement
compared with B3LYP, but the MAD of 2.09 eV is higher than for the value of 0.85 eV for
SCAN, while CAM-B3LYP has the lowest MAD(AE) value of 0.07 eV, compared with 0.13
eV for SCAN. The notable change in relation to the lighter elements is the two worst per-
forming functionals SRC2r2 and B2GP-PLYP have the lowest MAD for the heavier elements.
There are a lot of formal similarities between B2GP-PLYP, and MP2 so good performance
of this functional may be expected. More surprising is the performance of SRC2r2. As ob-
served earlier, this functional tended to perform better for heavier nuclei and this is reflected
here. This results in the MAD decreasing for this functional while it increases for other
functionals. The form of the SRC functionals will reduce the self-interaction error associated
with the core-electrons, and this is the most likely reason for the observed behaviour of this
functional. However, there remains a systematic underestimation of the CEBEs with this

functional.

Even for the best performing functionals, the MAD remains relative high compared with
the corresponding values for the lighter nuclei. Ideally it would be possible to achieve a
comparable or better performance for the heavier nuclei. Two strategies are explored to
improve the accuracy of the DF'T calculations. The first builds upon the observation that the
error appears to be systematic in nature and it is possible to apply an element and functional
specific energy shift. This approach has been used in calculations of X-ray absorption and

X-ray emission spectroscopies.®®% The second approach is to modify a functional so that

13



it accurately predicts the CEBEs. Both of these approaches have their drawbacks. The
first requires the appropriate energy shifts to be determined for each functional for a given
element, which can be problematic in the absence of experimental data or very reliable
calculations. The second approach increases the empirical nature of the calculations and
leads to property specific exchange-correlation functionals. Here energy shifts are derived
for each element for a given functional from the average the error observed for the three
molecules for each element studied in Table 3, for example the shift for chlorine is derived
from the average error for CH3Cl, HCOCI and HCI1. It would be possible to determine
more representative shifts through a consideration of a much wider set of molcules. The
parameterisation of the SRC2r2 functional is also revisited in order to optimise its accuracy.

In this functional the exchange-correlation term is partitioned as*?

ESY = CoprEZ" " (usr) 4 (1 — Csur) ESY M (usr) (1)

+ Cowr BN () + (1= Cour) BV P () + EXTF

which has four parameters, Csyr, CrLur, ptsg and ppr, which determine the amount of HF
exchange in the short and long range. In the parameterisation here, the parameters describ-
ing the long-range HF exchange are fixed at Cpur=0.20 and p r=1.80 ay* which means that
in the long-range the functional is similar to BSLYP. The two remaining parameters Csyp
and usgr were then varied to minimise the MAD with respect to the AMP2 data for the

molecules in Table 3.

The results of the energy-shifted calculations are shown in Table 4. As expected the
MAD is reduced significantly and all of the four functionals considered B3LYP, CAM-B3LYP,
SCAN and SRC2r2 all have MADs less than 0.1 eV. B3LYP and CAM-B3LYP give the lowest

MADs which reflects the consistently good predictions for the relative values of the CEBEs
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Table 4: The error in CEBEs computed for energy-shifted and optimised exchange-
correlation functionals compared with AMP2 for ionisation of heavier nuclei. A hybrid
cc-pCVTZ:ce-pVTZ basis set is used for the DFT calculations, and the site of the core-hole
is indicated by bold font. The energy shifts applied are (Al, Si, P, S, Cl) B3LYP: +1.54,
+1.88, +2.62, +3.15, +3.62, CAM-B3LYP: +1.15, +1.45, 4+2.11, +2.66, +3.06, SCAN:
+0.36, +0.50, +0.96, +1.16, +1.25, SRC2r2: +0.47, 40.49, 4+0.60, +0.87, +0.79. MAD:
Mean absolute deviation, all values in eV.

Molecule MP2 B3LYP | CAM-B3LYP | SCAN | SRC2r2 | SRC2xps
AlH; 1565.07 0.02 0.00 0.02 0.05 0.13
AlH,Cl 1565.83 | -0.06 0.01 -0.06 -0.05 0.04
AlH,F 1566.01 0.03 0.00 0.03 -0.01 -0.01
SiH,4 1843.19 0.04 0.02 0.04 0.07 0.16
H3SiOH 1843.96 | -0.05 -0.04 -0.07 -0.06 0.01
H3SiCl 1844.30 0.00 0.01 0.02 0.00 0.06
PH; 2145.78 0.12 0.08 0.18 -0.08 -0.05
H3PO 2148.33 | -0.04 -0.05 -0.03 -0.31 -0.34
H,POOH | 2149.06 | -0.10 -0.04 -0.15 -0.41 -0.47
CH3SH 2471.02 0.00 0.01 0.08 0.00 -0.17
H>CS 2471.15 | -0.05 -0.09 -0.20 -0.08 -0.23
HsS 2471.73 0.05 0.09 0.13 0.08 -0.09
CH3Cl1 2820.31 -0.09 -0.10 -0.08 -0.08 -0.08
HCOCI1 2820.60 0.09 0.00 0.08 0.06 0.02
HCI1 2821.44 0.01 0.11 0.00 0.03 0.03
MAD - 0.05 0.04 0.08 0.09 0.12

from these functional, as shown by their MAD(AE) values (Table 3). Also shown are the
results for the SRC2 functional with Csgr=0.99 and usr=2.21 agl (with CpLpgr=0.20 and
prr=1.80 ag') which emerged as optimal in the fitting, this functional is denoted SRC2xps.
During the fitting procedure there were many combinations of Csyr and ugg that led to a
similar MAD, however, the values chosen showed a good level of robustness with respect to
small changes in the parameter values. The accuracy of this functional is competitive with
the energy-shifted values (MAD=0.12 eV), and most of the observed error arises from HsPO
and HoPOOH. The MAD(AE) value for this functional is 0.11 eV, which is also similar to
the other functionals, as shown in Table 3. The effect of the increased fraction of HF ex-
change is shown by comparing the ground state orbital energies with those for B3LYP, which
has the same fraction of HF exchange in the mid- and long-range. There is a large effect on
the energy of the core-orbital, which is lowered by over 2 eV, while the energy change in the

highest occupied orbital is much smaller (< 0.01 eV). The premise for the re-parameterised
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short-range corrected functional is that the error in the calculated CEBEs arising from the
self-interaction error associated with the core-electrons is reduced or removed, which means
that the error in the calculated CEBESs should not be strongly dependent on nuclear charge.
However, while there is an improvement in the accuracy of the CEBEs for the lighter ele-
ments, the overall performance is not competitive with the best performing functionals in

Table 2.

Table 5: The error in calculated CEBEs compared with experiment for a set of phosphorus
and sulphur containing molecules. Experimental data from reference.?® The following energy
shifts were applied for phosphorus and sulphur, B3LYP: 4+2.22 eV and +3.01 eV, CAM-
B3LYP: +1.59 eV and +2.49 eV, SCAN: +0.62 eV and +1.00 eV, SRC2r2: 40.55 eV and
+0.79 eV. A hybrid cc-pCVTZ:cc-pVTZ basis set is used, and the site of the core-hole is
indicated by bold font. MAD: Mean absolute deviation, all values in eV.

Molecule Exp. B3LYP | CAM-B3LYP | SCAN | SRC2r2 | SRC2xps
PMes 2149.9 -0.28 -0.41 -0.12 -0.17 0.10
PH; 2150.69 0.09 -0.10 0.21 0.24 0.32
MePCl, 2152.77 | -0.16 -0.19 -0.11 -0.08 0.07
PCl; 2153.98 0.02 0.05 0.09 0.10 0.07
PSCl; 215494 | -0.11 0.02 0.02 0.00 0.07
POCl; 2155.39 0.02 0.11 0.19 0.06 0.02
PF; 2156.18 0.11 0.10 0.02 0.00 0.08
PSF3 2156.89 0.05 0.12 -0.15 0.02 0.09
POF; 2157.67 0.14 0.17 -0.03 -0.02 0.14
PF; 2159.26 0.09 0.12 -0.12 -0.13 0.27
MePSCl, | 2476.8 -0.01 -0.04 0.15 0.03 0.35
Me,S 2477.42 0.02 0.01 0.10 0.08 0.01
PSCls 247742 | -0.09 -0.12 0.08 -0.08 0.25
(MeS)2 2477.72 0.02 0.02 0.15 0.07 0.38
MeSH 2477.97 0.03 0.01 0.10 0.10 0.01
PSF; 2478.26 | -0.05 -0.06 0.03 -0.10 0.22
HsS 2478.58 0.19 0.15 0.24 0.27 0.18
Me,SO 2480.89 | -0.04 -0.34 -0.34 -0.15 0.08
SOCl, 2483.69 0.11 0.35 -0.19 0.05 0.21
SO, 2483.9 -0.20 0.09 -0.35 -0.24 0.03
MAD - 0.09 0.13 0.14 0.10 0.15

A more stringent test of the functionals is to compare the calculated CEBEs with values
from experiment. Table 5 shows the accuracy of the energy-shifted CEBEs and the values
from the newly parameterised SRC2 functional for a set of experimental values at the phos-

phorus and sulphur K-edges. In this comparison a relativistic correction has been applied
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Figure 1: MADs for the uncorrected and energy-corrected CEBEs for the molecules in Table
5. The energy corrected values are denoted by (s).

as described above. The energy shifts applied are derived to minimise the error with experi-
ment for the molecules considered in Table 5. There is some variation in the value for these
shifts compared with those applied in Table 4, suggesting that a much larger data set may be
required to determine reliable energy shifts that can be applied widely. All of the approaches
give a similar level of accuracy, with the smallest error found for the energy-corrected B3LYP.
The key result is the SRC2xps performs at a comparable level to the other functionals that
have had a functional specific energy correction applied. This is illustrated in Figure 1 which
gives the MADs for the uncorrected and energy-corrected values for the different function-
als, along with those for SRC2xps. This shows that the magnitude of the energy corrections
required decreases in the following order B3LYP>CAM-B3LYP>SCAN>SRC2r2, and no

energy correction is required for SRC2xps.
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Conclusions

Advances in light sources has made the X-ray spectroscopy of heavier elements more acces-
sible. CEBEs are important in the analysis of X-ray photoelectron spectroscopy and this
study has addressed the problem of computing accurate CEBEs for the elements Al-CI using
DFT. Comparison with experimental data for phosphorus and sulphur containing molecules
shows that AMP2 calculations in conjunction with large basis sets can reproduce experimen-
tal CEBEs accurately, and this method is used as a basis to assess the DF'T calculations.
Through an assessment of a range of exchange-correlation functionals spanning different
classes of functional it is shown that functionals that perform well for the calculation of
CEBEs for lighter elements (B-F) do not necessarily perform well for heavier elements, and
for commonly used functionals there is an increase in the size of the error. For a test set of
molecules involving ionisation from Al-CI, the best performing functionals with the lowest
MAD with respect to AMP2 calculations are SCAN (meta-GGA), SRC2r2 (short-range cor-
rected) and B2GP-PLYP (double hybrid). The functionals BLYP and CAM-B3LYP have
higher MAD but have low MAD(AE) indicating that they predict the relative values of the
CEBE:s correctly and that the error is systematic. It is demonstrated that the accuracy of the
calculations can be improved through the application of element and functional dependent
energy corrections, and the B3LYP and CAM-B3LYP functionals perform particularly well
in this regard. A re-parameterised short-range corrected functional shows a comparable level
of accuracy and is able to reproduce experimental phosphorus and sulphur K-edge CEBEs
with an average error of 0.15 eV. This demonstrates the importance of reducing the self-
interaction error associated with the core electrons in calculations of CEBE, and represents
progress towards a DFT calculations that performs equally well for the ionisation at the

K-edge of all elements.
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