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Abstract

It is demonstrated that the challenging core hole-particle (CHP) orbital relaxation for core

electron spectra can be readily achieved by the mixed-reference spin-flip (MRSF)-TDDFT.

With the additional scalar relativistic effects on K-edge excitation energies of 24 second- and

17 third-row molecules, the particular ∆CHP-MRSF(R) exhibited near perfect predictions

with RMSE ∼ 0.5 eV, featuring a median value of 0.3 and an interquartile range of 0.4. Overall,

the CHP effect is 2 ∼ 4 times stronger than relativistic ones, contributing more than 20 eV in

the cases of sulfur and chlorine third-row atoms. Such high precision allows to explain the

splitting and spectral shapes of O, N and C atom K-edges in the ground state of thymine

with atom as well as orbital specific accuracy. The same protocol with a double hole particle

relaxation also produced remarkably accurate K-edge spectra of core to valence hole excitation

energies from the first (nO8π
∗) and second (ππ∗) excited states of thymine, confirming the

assignment of 1s −→ n excitation for the experimentally observed 526.4 eV peak. Regarding

both accuracy and practicality, therefore, MRSF-TDDFT provides a promising protocol for

core electron spectra both of ground and excited electronic states alike.
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Introduction

Recent experimental advances like the X-ray free-electron lasers (XFELs)1 that generate

intense, coherent and short light X–ray pulses have drawn significant attention to X–ray

spectroscopy,2 which can potentially probe chemical events with a time resolution ranging from

attoseconds to few femtoseconds. As opposed to valence states, which usually probe delocalized

states, core excitation energies are energetically well-separated, and the corresponding core

orbitals are spatially localized on a single or a few atoms, allowing highly element-specific

techniques. This is particularly useful when X-ray spectroscopy is used as a probe for ultrafast

dynamic processes, leading to the time-resolved (TR) variants of X–ray absorption (TRXAS),

photoelectron (TRXPS), etc. X-ray spectroscopy, especially when used as a probe, requires an

accurate theoretical interpretation. Correspondingly, there have been intense activities toward

accurate and computationally efficient theoretical predictions of X-ray absorption spectroscopy

(XAS). Nowadays, most quantum chemistry methods can be used to extract core excitation

states. Currently, the best accuracy is provided by many electron wave function methods, such

as complete active space self-consistent field with multi-configurational perturbation theory,3

coupled cluster,4–7 restricted active space self-consistent field,8 or linear-response methods like

the algebraic diagrammatic construction,9,10 linear-response complete-active space self-consistent

field,11 and Bethe-Salpeter equation (BSE) formalism,12 just to mention a few. Still, their

applicability is usually hindered by their computational cost.

Linear–response time–dependent density functional theory (TDDFT)13 has been the most

popular method for valence excited state studies due to its computational simplicity and efficiency.

Given a set of reference orbitals (usually obtained by Kohn-Sham DFT), TDDFT can produce

a full spectrum of excited states in one shot at a reasonable level of accuracy, giving access

to excited state energies and inter-state properties such as transition dipole-moment (TDM),

non-adiabatic coupling (NAC), spin-orbit coupling (SOC), etc. TDDFT can also be applied to

core excitations. Applying TDDFT to X-ray spectroscopy requires, in practice, to limit the

single excitation space, as recovering the high–lying core–hole excited states would otherwise
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require the full diagonalization of the TDDFT matrices. To restrict the excitations to the relevant

core states within TDDFT,14 approximations in the excitation space are frequently applied, like

the core–valence separation (CVS)15 or restricted excitation window (REW)14,16–18 schemes.

Still, the accuracy of TDDFT to predict experimental X-ray states is very crude, with errors

as large as ∼10 eV for second period elements like C,N,O and F,19 and even larger errors for

heavier elements. Alike shifts are also needed with TDDFT variants for X-ray spectroscopy,

like the recently developed hole-hole Tamm–Dancoff–approximated density functional theory

(hh–TDA)20 and orthogonality constrained density functional theory (OCDFT).21 These large

shifts are attributed to the lack of description of core-hole orbital relaxation effects in the

approximate exchange-correlation functionals used in TDDFT, which cannot account for the

drastic change in the Coulomb interaction of the remaining electrons when a core electron is

excited. A simple remedy to orbital relaxation is not available in the context of TDDFT approach,

despite some attempts on applying linear response on a set of orbitals converged for a core-hole

(CH) excited state, which improves the description of XAS.22 Alternatively, DFT approaches like

∆SCF23 or the transition potential DFT24 methods have been proposed as a remedy, with very

good accuracy.25

In recent studies, the state-specific orbital optimized (OO)–DFT methods have been actively

developed,23 featuring an unprecedented precision of DFT methods in the description of X-ray

spectroscopy.25 OO-DFT methods converge a singlet core hole state by employing the maximum

overlap method (MOM)26 to maintain the specific excited state during the self-consistent field

calculation, thus accounting for orbital relaxation by construction. Recent OO–DFT with the

spin-free exact two-component one-electron model (SF-X2C1e) for scalar relativistic effects,25

shows a promising result. However, OO-DFT requires an independent computation for each target

states, which complicates the construction of the spectrum over a broad range of spectral regions.

Without a good prior knowledge of each specific excited states, a large number of candidate states

have to be investigated, making the process considerably more computationally demanding with

inconvenient identification processes. In addition, it is typically difficult to converge the target
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core-excited state.26 To cope with core–hole relaxation issue, OO–DFT also has to resort to the

orbital optimizations with either ∆SCF or restricted open–shell Kohn–Sham (ROKS).27

In this regard, LR theories are still preferable for their practicality and generality, and could

be advantageous for an accurate description of X-ray spectroscopy if orbital relaxation effects

are included.22 In this article, we propose the use of the recently developed mixed–reference

spin–flip (MRSF)–TDDFT (MRSF for brevity in some places) as an accurate and general strategy

for X-ray spectroscopy.28–30 Unlike TDDFT formalism, the major challenges of conventional LR

theories mentioned above can be rather easily overcome by MRSF. It needs to be first clarified

that the commonly adopted CH relaxation with an ionic system by removing one electron does

not represent the lowest energy X-ray absorption states. Rather, the orbital optimization with

the core hole-particle pair (CHP) of neutral system should be performed instead, which can be

readily achieved by the high–spin restricted open-shell Hartree-Fock (ROHF) reference within

the context of MRSF formalism. In this way, orbital relaxation effects are built in the SCF like

in OO-DFT methods, but MRSF allows the construction of the full X-ray spectrum at once on

top of that reference. In addition, by virtue of orbital Hessian diagonalization with the orbitals

optimized for high energy CHP configuration, various lower energy valence states can be also

obtained as byproducts. If only specific particular state(s) are needed, one can also restrict the

excitation operators in linear response to particular core excitation(s) by such as CVS or REW as

well, simplifying XAS computations.

Conventional LR theories have to take a single reference to ensure its corresponding density

idempotent property, and hence only singly excited configurations are included. MRSF-TDDFT

overcomes this limitation by a spinor-like transformation in the context of spin-flip excitations,

which allows to combine the reduced density matrices (RDMs) of the two MS=±1 triplet-ground

references within the realm of LR theory. The expanded response space provides additional

nondynamic electron correlation – the missing piece of conventional LR theories, balancing

dynamic and nondynamic electron correlations. Especially, the one-electron (de)-excitation

and spin-flip from the restricted open-shell triplet reference Kohn-Sham determinant includes
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some two-electron correlations in the form of doubly excited configurations, which is the

main ingredient to properly account for the dark 21A−
g states of s-trans-butadiene and

s-trans-hexatriene.31 The same MRSF-TDDFT formulation also produces the ground singlet as

one of its response states, which not only eliminates the topological problem32 of CI10 (the conical

intersection between ground and excited states) by TDDFT but also allows to study open shell

ground singlet states.33 Thus, MRSF-TDDFT is equipped with balanced dynamic and nondynamic

electron correlations for both ground and excited states with the convenience of single reference

orbital optimization. This allows MRSF-TDDFT to overcome the major limitations of

conventional TDDFT without the spin-contamination pitfalls of spin flip (SF)-TDDFT,34 while

faithfully reproducing the results of the much more expensive ab initio wave function theories.31

In a series of studies,30,32,33,35–42 it has been demonstrated that the MRSF-TDDFT approach can

also yield accurate nonadiabatic coupling matrix elements (NACMEs),35,37 enabling reliable

non-adiabatic molecular dynamics (NAMD) simulations,42 a topologically correct description of

conical intersections,32,38,41 and accurate values of singlet–triplet gaps.33,36

In the current article, by combining standard techniques such as MOM for building a CHP

reference and REW for computing X-ray states, we demonstrate that the MRSF-TDDFT is

a practical, efficient and very accurate protocol in the computations of X-ray spectroscopy

without any major methodological restrictions. The effect of scalar relativistic effects on the core

excitations is also investigated for heavier elements.

Computational Details

Mixed-Reference Spin-Flip Density Functional Theory

The advantage of having two-component reference state is shown in Fig. 1, where the MS = +1

and −1 triplet components as well as their corresponding response configurations are shown with

the black and red arrows, respectively. The response configurations shown by the red arrows

represent the configurations missing in the conventional SF-TDDFT, the account of which largely
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Figure 1: Upper panel shows the two references of MRSF-TDDFT denoted by black and red
arrows. The zeroth-order MR-RDM which combines MS = +1 and −1 RDMs is used in
MRSF-TDDFT, while only the MS = +1 RDM are used in SF-TDDFT. In the lower panel, the
electronic configurations that can be generated by spin-flip linear responses from the MR-RDM
are given by blue, black, and red arrows. The blue ones are generated from both references,
which require a symmetrization procedure to eliminate the OO-type spin contamination. The black
and red ones are generated from Ms = +1 and -1 references, respectively. By contrast, those of
SF-TDDFT are only the blue and black ones. Configurations that cannot be obtained even in the
MRSF-TDDFT are denoted by gray dashed arrows.
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eliminates the spin contamination of the response states in MRSF-TDDFT. The O → O type

configurations shown in Fig. 1 by the blue arrows originate from both MS = +1 and MS = −1

components of the MR state. They cover the G, D, L and R configurations defined in Fig. 1,

which are important for proper description of the open-shell singlet and triplet states of diradicals.

As these configurations occur in both SF and MRSF methods, it might be expected that both

methods should be equally able to describe diradicals and to eliminate the spin-contamination.

However, as the contributions of L and R to the SF response states depend on the particular

spin-flip transitions, a mismatch between their contributions into the final response state may

become a main source of the spin contamination. For example, in the SF method, the α → β

O1 → O1 spin-flip transition yields the L configuration, whereas the α → β O2 → O2 spin-flip

transition yields the R configuration. As the two configurations occur due to two distinct spin-flip

transitions, their contributions into the final SF response state may become unequal, which may

yield substantial spin-contamination. The problem of the mismatch of the contributions of the

L and R configurations was solved in MRSF by externally contracting the same configurations

originating from the different spin-flip orbital transitions from the two components, MS = +1 and

MS = −1, of the MR state.28

It is noteworthy that not all of the electronic configurations shown in Fig. 1 can be recovered

using the MR-RDM. Thus, four out of six type IV configurations (i.e., those shown by the gray

arrows in Fig. 1) remain unaccounted for. Typically, these configurations represent high-lying

excited states and make insignificant contributions to the low-lying states of organic molecules.28

Thus, the effect of the missing configurations on the spin contamination is expected to be small.

Core-Hole Particle Pair Relaxation by Maximum Overlap Method

Singlet, triplet and quintet response states (MS = 0) are obtained by a single spin-flip excitation

from MS = +1 and −1 triplet-ground references, where the latter is obtained from the MS =

+1 reference without further calculations. The orbital optimizations of core-hole particle pair

configuration can be accomplished by replacing the two singly occupied open (O1 and O2) orbitals
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(a)

(b)

(c)

Figure 2: The core-hole particle pair relaxation (CHP) is accomplished by replacing the two
singly occupied open (O1 and O2) orbitals of ROHF reference with other ones. While the O1
is replaced with 1s, the O2 can be (a) the original LUMO, (b) one of virtuals or (c) one of
closed orbitals. The unwanted excitation can be restricted by the restricted excitation window
(REW) method.14,16–18 The XAS predictions with and without CHP are denoted as CHP-MRSF
and MRSF respectively in the current article, all in conjunction with REW. Since the regular orbital
optimizations without CHP can better represent the electron configuration before X-ray absorption,
a third protocol ∆CHP-MRSF is also tested, where XAS is computed by E(CHP-MRSF)–E(RHF),
where the E(RHF) can be either the singlet ground state or the singlet ground response state of
MRSF-TDDFT. See Fig. S1 for the flowchart.
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of ROHF reference with the particular core (the 1s orbital for K-edge XAS) and the virtual orbitals

with the help of MOM (See Figure 2). Typically O1 and O2 are HOMO (H) and LUMO (L) with

respect to RHF (HOMO: the highest occupied molecular orbital; LUMO: the lowest unoccupied

molecular orbital). While the HOMO (O1) is replaced with 1s, the O2 can be either the original

LUMO (2a) or one of virtuals (2b). In the special case of Figure 2c, the O2 is replaced with one of

doubly occupied closed orbitals to represent a valence hole. Subsequently, the mixed–reference

spin–flip operations of MRSF-TDDFT generates multiple states including ground singlet and

various XAS related states.

To account for both core as well as valence hole relaxations, the two singly occupied open (O1

and O2) orbitals of ROHF reference are replaced with a particular 1s core and a particular valence

hole (either n or π hole) orbitals during SCF as presented in Table S3. This particular orbital

optimization is denoted as a double hole particle orbital optimization as described in Figure 2c,

which can be utilized for the XAS of valence excited states.

Restricted Excitation Window Scheme

To simplify the excitation space, a REW is also implemented and applied to all calculations, which

restricts MRSF-TDDFT excitation space from unwanted occupied orbitals that would generate the

UV-visible spectrum first. The XAS predictions with and without CHP are denoted as CHP-MRSF

and MRSF respectively in the current article, all in conjunction with REW. Since the regular orbital

optimizations without CHP can better represent the electron configuration before X-ray absorption,

a third protocol ∆CHP-MRSF is also tested, where XAS is computed by E(CHP-MRSF)–E(RHF),

where the E(RHF) can be the singlet ground state of DFT and oscillator strengths are taken from

CHP-MRSF.

Scalar Relativistic Corrections

Core-hole states corresponding to 1s → valence excitation can be largely affected by relativistic

(R) effects due to the proximity of core electrons to the nuclei, strongly modifying the eigenvalue
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spectrum, especially for atoms beyond the second period. Scalar relativistic effects have been

approximately introduced to the non-relativistic (NR) Hamiltonian through the second-order

Douglas-Kroll-Hess (DKH2) transformation, offering a good compromise between accuracy and

computational efficiency for second and third period elements.43

The MRSF-TDDFT computations were performed with a locally modified version of the

GAMESS-US code as described in Refs. 28,29, which will be soon released officially. The

TDDFT in conjunction with REW computations were performed with NWChem.44 To ensure a

core orbital localization,45,46 a core-hole correlated mixed basis set scheme was adopted, where

the aug-pcX-247 is utilized for the atom having the core-hole, while the rest of atoms are treated

by aug-pcseg-148 for second-row compounds and cc-pVDZ49 for third-row compounds.50 The

former combination was utilized successfully by Head-Gordon and co-workers.25,51

Experimental geometries were taken from the NIST database52 whenever possible, while

geometries optimized at MP2/cc-pVTZ were used in their absence.50 Economic all electron

6-31G* basis set was also utilized for comparison. To simulate TRXAS, we used NAMD

trajectories from our recent work on thymine.42 At every 5fs of snapshots, relevant properties

were computed. For all calculations, BH&HLYP53 functional was employed. As was pointed out

by Huix-Rotllant et al.,54 within the widely used collinear (one-component) SF formalism, the

configurations obtained by different SF transitions couple through the exact exchange only. As

the current implementation of MRSF utilizes the collinear formalism, it requires a larger fraction

of the exact exchange, such as in the BH&HLYP functional. Therefore, all the calculations were

carried out using the BH&HLYP53 hybrid exchange-correlation functional. The standard orbital

rotation restriction method in GAMESS-US, which is based on MOM was adopted to obtain CHP

references.
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Results and Discussions

Benchmarks

The accuracy of various flavors of MRSF for X-ray spectroscopy (see Fig. 2) were systematically

investigated with the help of MOM and REW on the lowest dipole allowed K-edge excitation

energies of 41 small molecules and presented in Table 1, compared to the corresponding

experimental data. Previous theoretical studies with OO-DFT50 are also shown , which can be

considered as reference for the accuracy of DFT-based methods for X-ray spectroscopy. All

calculations of X-ray excitation energies were performed with and without scalar relativistic

effects, which are designated as R and NR in the table, respectively. This allows us to

comparatively estimate the contributions of scalar relativistic corrections and orbital relaxation.

The latter is often attributed to the failure of TDDFT to describe X-ray core excitations

accurately. The relativistic contribution is computed as the mean value of the excitation energy

difference between relativistic and non-relativistic calculations in the three flavors. The orbital

relaxation contribution is computed as the mean value of the state energy difference between the

CHP-MRSF and MRSF computations in the R and NR forms. The Table is separated into two

blocks, corresponding to the second- and third-row elements.

The statistical analysis in the form of boxplots for the data is shown in Fig. 3. As it can

be observed, the best performing ∆CHP-MRSF(R) exhibited near perfect predictions of

RMSE ∼ 0.5 eV, featuring a median value of 0.3 and an interquartile range (IQR) of 0.4. The

quality of ∆CHP-MRSF(R) is statistically similar as that of OO-DFT, with median errors

below 0.5 eV and a small deviation of data. As shown by Head-Gordon and coworkers, the

accuracy can be further improved by varying external parameters like the basis set and the

exchange-correlation functional.25 A similar behavior is expected for ∆CHP-MRSF(R) in that

respect. Still, ∆CHP-MRSF(R) has the obvious advantage that the full spectrum is obtained in a

single calculation (vide infra). Obviously, the ∆CHP-MRSF(NR) gives a larger distribution of

errors, mainly due to the the 3rd row elements which clearly need a relativistic treatment for a
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correct description of the core orbital energies. For the 2nd row elements on the other hand, with

tiny relativistic contributions, are represented in a similar quality as that of ∆CHP-MRSF(R).

The CHP-MRSF seem contradictory, since CHP-MRSF(NR) results are neatly better than

CHP-MRSF(R) even for 3rd row elements, with the median value of 0.4 and IQR of 5.9. We

attribute this to a cancellation of errors, since the error in the description of the ground-state

in CHP-MRSF that red-shifts the excitation energy is partially compensated by the lack of

relativistic effects which induce a blue-shift due to the core relaxation. Albeit approximately,

CHP-MRSF(NR) could be a promising cheap alternative to XAS K-edge spectroscopy, that can

be applied when only a qualitative estimate of the excitation energy is desired. Finally, the MRSF

flavors without including orbital relaxation give similar errors to TDDFT as expected, with a

median of -6 eV and an IQR between 15 and 20 eV.

Frequently in the XAS theoretical literature, the lack of orbital relaxation is attributed as the

main source of error between the theoretically predicted and the experimental excitation energies.

Here, we estimate the orbital relaxation contributions along with the relativistic correction to

decompose the sources of error of TDDFT and alike methods. As it can be seen in Table 1,

the orbital relaxation contribution is systematically larger than the relativistic contribution, which

is consistent with a previous study.50 For the second-row elements, in which the nuclei are less

heavy, there is no clear tendency on the size of that orbital relaxation, with similar values for C

and N K-edges, and slightly larger values for O and F K-edges. On the contrary, the atoms of

the 3rd row clearly show that the increase of mass of the atom implies a larger orbital relaxation

and relativistic contributions. For such cases, the orbital relaxation is 2-4 times larger than the

relativistic contribution.
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Table 1: Lowest dipole allowed K-edge excitation energies (in eV) for 41 small molecules.a)

See Table S1 for energy difference with respect to experimental values.

Exp. ∆CHP-MRSF CHP-MRSF MRSF Contribution OO (SCAN/BHHLYP)25,51

R NR R NR R NR Orb. R.
HCHO 285.655 286.5 286.4 286.1 286.0 283.5 283.4 2.4 0.1 285.8
HCN 286.456 286.7 286.6 286.4 286.3 285.0 284.9 1.1 0.1 286.4
CO 287.457 287.2 287.1 288.0 287.9 282.3 282.2 5.5 0.1 287.1
CH4 288.058 287.3 287.2 286.5 286.4 283.1 283.0 4.4 0.1 288.2
CH3OH 288.059 289.0 288.8 288.1 288.0 286.8 286.7 1.9 0.1 288.2
HCOOH 288.159 288.6 288.5 287.9 287.8 285.3 285.2 2.6 0.1 288.0
HCOF 288.260 289.1 289.0 289.3 289.1 285.4 285.3 3.0 0.1 288.2
CO2 290.861 291.2 291.0 291.5 291.4 290.8 290.7 0.6 0.1 290.4
CF2O 290.960 291.0 290.9 290.6 290.5 287.5 287.4 3.1 0.1 290.6
HCN 399.756 399.8 399.6 397.8 397.6 394.2 394.0 5.0 0.2 399.7
NH3 400.858 401.2 401.0 399.7 399.5 395.8 395.6 5.3 0.2 400.5
Glycine (N) 401.262 401.7 401.5 399.9 399.6 400.6 400.4 0.4 0.2 401.1
Pyrrole (N) 402.363 402.6 402.3 400.6 400.4 401.9 401.7 1.1 0.2 402.3
HCHO 530.855 531.0 530.6 528.1 527.7 525.0 524.6 5.3 0.4 530.9
Me2CO 531.459 531.6 531.2 528.5 528.1 525.2 524.8 5.4 0.4 531.3
HCOF 532.160 532.1 531.7 529.5 529.1 525.7 525.3 5.6 0.4 532.1
CF2O 532.760 533.3 532.9 530.7 530.3 526.4 526.0 6.1 0.4 533.1
H2O 534.058 534.6 534.2 532.9 532.5 528.2 527.8 6.1 0.4 533.9
CH3OH 534.159 534.3 534.0 532.2 531.8 528.6 528.3 5.4 0.3 534.0
CO 534.257 533.9 533.5 532.1 531.7 532.5 532.2 1.8 0.3 534.2
NNO 534.661 535.2 534.8 533.2 532.8 529.4 529.1 5.4 0.4 535.1
Furan (O) 535.264 535.4 535.0 532.6 532.2 533.6 533.2 1.4 0.4 535.2
HF 687.465 687.7 687.0 687.0 686.3 680.7 680.1 6.8 0.7 687.5
HCOF 687.760 687.9 687.3 686.2 685.5 684.6 683.9 2.6 0.7 688.0
RMSE 0.5 0.4 1.6 1.9 4.3 4.6 0.2

SiH4 1842.566 1843.4 1839.0 1851.5 1847.1 1827.0 1822.7 16.2 4.3 1843.4
SiF4 1849.066 1849.5 1845.2 1858.8 1854.4 1831.7 1827.4 17.5 4.3 1849.4
SiCl4 1846.066 1846.7 1842.4 1855.0 1850.6 1830.2 1826.0 16.3 4.3 1846.5
SiBr4 1845.066 1845.8 1841.5 1853.7 1849.3 1829.4 1825.2 16.2 4.3 1845.6
PH3 2145.867 2146.3 2140.5 2156.4 2150.5 2128.3 2122.6 18.0 5.8 2146.3
PF3 2149.367 2149.6 2143.8 2160.4 2154.5 2131.1 2125.4 18.3 5.8 2150.0
PF5 2155.067 2155.2 2149.4 2165.7 2159.8 2136.4 2130.7 18.5 5.8 2155.5
POF3 2153.367 2153.6 2147.8 2164.2 2158.3 2134.8 2139.2 18.2 5.8 2153.9
H2S 2472.768 2473.0 2465.3 2484.4 2476.6 2452.4 2444.9 20.4 7.7 2472.9
SO2 2473.268 2473.1 2465.4 2485.0 2477.1 2453.2 2445.6 19.5 7.7 2473.4
SF6 2486.068 2486.4 2479.0 2497.5 2490.7 2462.6 2455.1 23.5 7.2 2486.5
SF5Cl 2483.569 2484.1 2476.4 2495.4 2487.6 2459.8 2452.5 23.8 7.6 2483.9
SF4 2477.370 2477.8 2470.1 2489.3 2481.4 2457.3 2449.7 20.2 7.7 2478.0
HCl 2823.971 2823.7 2813.7 2836.9 2826.8 2800.6 2790.8 22.8 10.0 2823.7
CH3Cl 2823.472 2823.5 2813.5 2836.1 2826.0 2800.6 2790.9 22.5 10.0 2823.6
SF5Cl 2821.869 2821.4 2811.5 2833.9 2823.8 2798.1 2788.9 22.3 9.7 2821.6
Cl2 2821.371 2820.7 2810.8 2833.2 2823.1 2799.1 2789.3 21.4 10.0 2820.9
RMSE 0.5 7.1 11.2 4.2 20.0 26.6 0.5

Median Err. 0.3 -0.4 0.5 0.4 -6.3 -6.7 0.1
IQR 0.4 5.7 12.4 5.9 15.4 20.4 0.5

a) The site of the excitation is boldfaced or specified within parentheses. Experimental values (Exp.) are compared to
the scalar relativistic (R) and the non-relativistic (NR) computations of different flavors of MRSF-TDDFT. The
orbital (Orb.) relaxation effect is computed as the difference between average of ER(CHP-MRSF), ENR(CHP-MRSF)
and ER(MRSF), ENR(MRSF) of the given state. Similarly, the relativistic (R.) relaxation effect is approximately
estimated as the difference between average of ER(∆CHP-MRSF), ER(CHP-MRSF), ER(MRSF) and
ENR(∆CHP-MRSF), ENR(CHP-MRSF), ENR(MRSF). Orbital-optimized density functional theory from Ref. 51 is
also shown for comparison. Root mean squared error (RMSE) vs experiment is also reported. The statistical median
and interquartile range (IQR) of error difference are also reported.14
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Figure 3: Boxplots for the error difference (in eV) between experiments and the three MRSF flavors
for X-ray spectroscopy, both including scalar relativistic (R) and non-relativistic (NR) effects. In
the offset, closeup and comparison between ∆CHP-MRSF(R) and OO-DFT(R).
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Thymine

As mentioned above, although near-edge X-ray absorption fine structure (NEXAFS) spectroscopy

is one of the most powerful spectroscopic techniques to study chemical and structural effects

with the ultimate sensitivity, its efficient application requires reliable complementary theoretical

references. In this regard, the applicability of our best performing CHP-MRSF(NR) and

∆CHP-MRSF(R) protocols was examined by adopting the carbon, nitrogen and oxygen K-edge

peaks of thymine and the results are presented in Table S2 as well as Figure 4, where the basis

set effects were also investigated. Contrasting to other nucleobases, the pronounced split (531.2

and 532.8 eV) of oxygen K-edges in thymine has been either attributed to solid–state effects,

i.e., the formation of a specific H-bonded configuration involving the oxygen atoms,73 or methyl

substitution as compared to uracil.74

∆CHP-MRSF(R) yielded very accurate values as compared to experiments, which allows

precise peak assignments even distinguishing not only the particular atoms but also the two nearly

degenerated π∗ LUMO (L) and LUMO+1 (L+1) orbitals. It is noted that the oscillator strengths

for ∆CHP-MRSF(R) are taken from CHP-MRSF(R) results due to nature of subtractions. For

example, the two experimental peaks of 531.2 and 532.8 eV are readily assigned to O8 → L

and O7 → L+1 transitions, respectively, since our best predicted values are 531.9 and 533.0 eV,

respectively. Other possible assignments of O7 → L and O8 → L+1 transitions are unlikely due to

their much lower oscillator strengths (See Table S2). An excellent agreement between simulated

and experimental spectra of both solid film73 and gas phase75 in Figure 4a, further supports this

assignment. Our prediction of gas phase system safely eliminates the solid–state effect argument.

Therefore, the splitting can be attributed to the electron donating methyl substitution, which makes

the 1s orbital of O8 slightly less stable than that of O7. Excellent agreements of nitrogen and carbon

K-edge spectra are also seen in Figure 4b and c, respectively. Thus, we demonstrated that our

protocols are capable of providing reliable reference data for experimental assignments. In general,

our assignments are consistent with previous studies.75–78 Although the calculations with economic

6-31G* basis set are not as accurate as those with bigger basis sets in terms of absolute values, the
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introduction of uniform shift value of 2.48 eV produces an excellent quantitative agreements for all

O, N and C edges as shown in Figure 4. It is also practically important to note that our economic

protocol of CHP-MRSF(NR) with a light 6-31G* basis set in combination with a proper simple

shift is accurate enough in terms of relative peak orders and oscillator strengths, which can be

useful in the computationally intensive calculations of time-resolved XAS simulations. Contrasting

to these, the results by TDDFT exhibit a large absolute error requiring an uniform shift of 14.3 eV.

However, after the correction, the relative peak positions and intensities are consistent with ours.

In the recent time-resolved experiments,2 the NEXAFS spectra 2 ps after ultraviolet (UV)

excitation exhibits a unique peak at 526.4 eV, which was interpreted by the core excitation channel

to n hole of nπ∗ valence state2 on the basis of NEXAFS spectra simulations by coupled-cluster

(CC) theory.

According to the recent NAMD simulations,42 the majority of excited populations 2ps after

UV excitation reside on near S1,min (nO8π
∗) by way of the initial FC (S2 ππ∗ excitation) and

the conical intersection between S2 and S1 (CI21). The corresponding 1s core excitation spectra

either of ππ∗ (π hole) and nπ∗ (n hole) states of the three particular structures were simulated by

∆CHP-MRSF(R) and the results are presented in Figure 5 and Table S3. To account for both core

as well as valence hole relaxations, the two singly occupied open (O1 and O2) orbitals of ROHF

reference are replaced with a particular 1s core and a particular valence hole (either n or π hole)

orbitals during SCF as presented in Table S3 as described in Computational Details.

Remarkably, a near perfect 1s(O8) −→ n(O8) core to valence n hole excitation value of 526.8

eV at S1,min is predicted without any empirical shift, supporting the experimental assignment.2

An equally strong second band of 532.8 eV (1s(O7) −→ π∗+1) is also seen, which is gradually

red-shifted to 532.6 (CI21 at S1) → 532.5 (CI21 at S2) → 532.3 eV (FC at S2). This peak exactly

overlaps with the experimental 532.8 eV peak of ground state. Although the ground state bleaching

(GSB) near 531.4 eV was interpreted as a direct signature of the ground-state depopulation and

assumed largely independent of any following excited-state dynamics,2 it is not clear that why it

only appears in the first peak of the doublet. Perhaps, our peak of 532.8 eV at S1 eliminates the
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Figure 4: The (a) O, (b) N, and (c) C K-edge XAS of a ground state thymine by TDDFT/B3LYP
with 6-31G* (first row), CHP-MRSF(NR) with 6-31G* (second row) and ∆CHP-MRSF(R) with
aug-pcX-2/aug-pcseg-1 (third row) in comparison with experiments taken from Ref. 73 (forth row:
solid film) and Ref. 75 (fifth row: gas phase). Oscillator strengths for ∆CHP-MRSF(R) are taken
from CHP-MRSF(R) results. IUPAC atom numbering of thymine is given.

GSB of the second peak. A weak and red-shifted 525.2 eV peak (1s(O8) −→ π) appears at FC

geometry at S2, which is gradually blue-shifted to 526.4 eV at conical intersection (CI21 at S2).

A relatively weak but distinct secondary 527.9 eV peak (1s(O7) −→ π) also appears, which may

explain a very weak experimental band near 527 ∼ 529 eV. However, the secondary peak at the

same CI21 disappears in S1 state due to the different valence holes (n vs. π) and only produces
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Figure 5: The simulated core to valence hole spectra without an empirical shift and corresponding
orbital transition diagrams of valence excited states of thymine by ∆CHP-MRSF(R)/BH&HLYP
with aug-pcX-2/aug-pcseg-1, where the π and n holes are represented by blank circles. Oscillator
strengths for ∆CHP-MRSF(R) are taken from CHP-MRSF(R) results. The core to π, n and π∗+1
holes are represented by red, blue and green colors. The solid and dotted lines represent the
excitations from 1s(O8) and 1s(O7) core, respectively (See Fig. 4 for atom numbering). Here, we
introduces a double hole particle relaxation, which relaxes a core and a valence hole at the same
time. For example, the final configuration of 1s1n2π∗1, which is 1s −→ n core excitation of nO8π

∗

state can be accomplished by the π∗ −→ n response excitation from the reference double hole
particle CHP configuration of 1s1n1π∗2.

the 526.7 eV peak (1s(O8) −→ n(O8)). In the higher energy region, a peak near 536.7 ∼ 537.6

eV (1s(O8) −→ π∗+1) either from CI21 (S1) or S1,min overlaps with the ionization at 537 eV and

additional weak resonant transitions.75

Using the trajectories obtained in our previous study,42 theoretical TRXAS up to 200 fs was

simulated by only adopting 1s(O8) core to valence hole (1s(O8) −→ n(O8) and 1s(O8) −→ π)

excitations and the results are presented in Figure 6(c) along with the population and BLA (bond

length alternation) changes. According to the population change in Figure 6(a), the ππ∗ (S2)
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(a)

Figure 6: (a) The electronic state population changes of S2, S1 and S0 from the thymine
NAMD trajectories. (b) The averaged BLA (= 1

2
(∆RC4=O8 + ∆RC5=C6) − ∆RC4−C5) and

corresponding standard deviation during NAMD runs, where ∆R’s are displacements with respect
to the S0 equilibrium geometry. (c) The O8 oxygen K-edge TRXAS of thymine up to 200 fs
by ∆CHP-MRSF(R) with aug-pcX-2/aug-pcseg-1. See Fig. 4 for atom numbering. Oscillator
strengths for ∆CHP-MRSF(R) are taken from CHP-MRSF(R) results.20



−→ nO8π
∗ (S1) population transfer is nearly completed within 100 fs. Therefore, the TRXAS upto

200 fs represents the sequence of 525.2 (FC at S2) → 526.4 (CI21 at S2) → 526.7 (CI21 at S1) →

526.8 eV (S1,min ) peak changes. A gradual intensity increase of 526 ∼ 527 eV range is seen as a

function of time in the theoretical TRXAS, which is consistent with experiment.2 The intensities

before 100fs are coming both from S2 and S1, while they are mostly composed of S1 excitation

afterwards. Since intensities from S2 are generally weaker, the weak intensity before 100fs in

TRXAS is expected. In fact, the initial peak at 525.2 eV (FC at S2) is nearly invisible. However,

it is interesting to note that the complete population transfer to S1 at 100 fs does not immediately

enhance the intensities in Figure 6(c). The initial highly correlated BLA modes across trajectories

within ∼ 50 fs would not produce sufficient intensities. Rather, subsequently decoherent geometric

relaxation (vibrational) as represented by the major BLA mode in Figure 6(b) is needed to exhibit

its maximum XAS intensity at 200 fs. Therefore the TRXAS intensity change in the short time

region (∼ 200fs) represents a strong vibronic coupling of non-adiabatic transition and vibrational

relaxation.

Conclusions

With the help of MOM, REW and scalar relativistic effects, theoretical predictions of X-ray

absorption spectroscopy (XAS) by recently developed MRSF-TDDFT have been investigated. We

demonstrated that the preferred orbital optimization with the core hole-particle pair (CHP) of

a neutral system rather than incomplete core-hole (CH) relaxation with an ionic system, can be

readily achieved by the high–spin restricted open-shell Hartree-Fock (ROHF) reference within the

context of MRSF-TDDFT formalism.

According to our systematic investigation of the lowest dipole allowed K-edge excitation

energies of 41 small molecules, the ∆CHP-MRSF protocol with CHP orbital relaxation in

combination with relativistic corrections exhibited near prefect predictions with RMSE ∼ 0.5

eV. It makes unnecessary the problematic empirical energy shift of several tens of eVs of X-ray
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excitation energies obtained with TDDFT. As compared to OO–DFT, ∆CHP-MRSF(R) has the

obvious advantage that the full spectrum is obtained in a single calculation (vide infra). Overall,

the CHP effect is 2 ∼ 4 times stronger than relativistic ones, contributing more than 20 eV in the

cases of sulfur and chlorine third-row atoms. For the CHP-MRSF flavor, the NR version is neatly

better than when scalar relativistic effects are included, which can be attributed to a cancellation

of errors. Thus, it can be a promising economic protocol, which can be applied when only a

qualitative estimate of the excitation energy is desired.

In the applications on the thymine at its ground state, it was demonstrated that remarkably

accurate values were predicted by ∆CHP-MRSF(R), allowing specific atom as well as specific

π∗ orbital assignments, safely eliminating the solid–state effect argument for the peculiar oxygen

K-edge splitting. In order to account for the orbital relaxation effects on the core hole as well as

valence hole of electronically excited states, a double hole particle approach is introduced, where

an orbital optimization with the two holes are performed. This approach produced a remarkably

accurate prediction of the experimentally found red-shifted 526.4 eV (1s −→ n core excitation of

nπ∗ state). Thus, we demonstrated that our protocols are capable of providing absolute reference

data for experimental assignments.
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