THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Ultrafast Near-Edge X-ray Absorption Fine Structure Calculations
with the Exact Integral Simplified Time-Dependent Density
Functional Theory (XsTD-DFT) for Large Systems

Marc de Wergifosse™

Cite This: J. Phys. Chem. Lett. 2025, 16, 13132-13138

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations @ Supporting Information

ABSTRACT: Computing a near-edge X-ray absorption fine structure
(NEXAFS) is a real challenge for quantum chemistry (QC), as for medium
to large systems, it involves a high density of core—valence excited states.
With the boundaries of QC pushed at its maximum with the exact integral
simplified time-dependent density functional theory (XsTD-DFT) frame-
work, an ultrafast method is proposed to compute such excitations with
short-range corrected exchange—correlation functionals using the Tamm—
Dancoff approximation. For small to medium size systems, computations
were performed in less than a minute, providing striking comparisons with
respect to the experiment. To showcase the performance of the method, the
computed oxygen K-edge NEXAFS spectrum for a collagen model of 600
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atoms was compared to the experimental spectrum of collagen. Computing 85 672 1s core—valence excited states was necessary to
reproduce the experimental spectrum. The calculation took only 11 days on a desktop computer. With knowledge of the simplicity
of this “small” static model of collagen, the comparison to the experiment remains excellent.

I n 1913, Louis de Broglie observed for the first time the X-ray
K-edge absorption spectra of bromide and silver in
photographic plates, giving birth to X-ray spectroscopies.'
With the development of synchrotron light sources,” the near-
edge X-ray absorption fine structure (NEXAFS)®*~ also known
as the X-ray absorption fine structure (XANES) emerged as a
widely used spectroscopy to characterize core—valence
electronic excitations of molecules occurring below and up to
50 eV above the absorption edge’ (e.g., K-edge). Note that, for
large systems, NEXAFS spectral features are generally linked to a
high density of core—valence excited states because a large
number of atoms contributes to the core orbitals (e.g., 1s at C K-
edge). It results that state assignments could be difficult.’
NEXAFS measurements are now even possible with tabletop
laser sources.’ Because of these recent developments, the
quantum chemistry community is under pressure to develop
new theoretical tools to reproduce such experiments.”” '’ The
task is not simple, as large amounts of excited states need to be
computed to reach the core—valence energy window, especially
for large systems. Usual methodologies employ core/valence
separation (CVS),”"' 1% also known as a restricted excitation
window (REW)®'” in its implementation with the time-
dependent density functional theory (TD-DFT).>'*™*' The
CVS approximation simply freezes most occupied orbitals that
are energetically well-separated from the considered core
occupied orbitals, giving rise to a small active space of occupied
orbitals. For example, with the application of such an
approximation to compute the carbon K-edge NEXAFS
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spectrum of benzene, only the six occupied 1s carbon orbitals
are selected in the occupied active space. The CVS
approximation is very beneficial for quantum chemistry methods
to compute core—valence excitations and was applied at a
plethora of levels of theory, including coupled cluster,'>'>**~*°
algebraic diagrammatic construction,**™*® multiconfiguration-
al,””?" Bethe—Salpeter equations,”’ ** and TD-DFT meth-
0ds.*~'** For medium-sized systems, TD-DFT is one of the
main possible routes for which the CVS approximation
introduces element-specific errors smaller than 1 eV for K-
edge excitation energies.35’36 Nonetheless, a large number of
states might be needed to reproduce experimental energy
windows, and if the system has a large density of states, the TD-
DEFT calculation could soon become computationally prohib-
itive.'® For the interested reader, Norman and Dreuw’ provided
an excellent review on computing core excited states of
molecules and Besley” provided another excellent one using
DEFT.

As discussed by Besley et al.”* in 2009, generalized gradient
approximation and hybrid exchange—correlation functionals
(XCFs) usually compute strongly underestimated core—valence
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excitation energies. Long-range corrected hybrid XCFs do not
improve such underestimations because they do not correct the
self-interaction error at the short to middle range, which is
important to correctly describe core orbitals. They argued that
increasing the HF exchange at a short distance is particularly
important to better treat core—valence excitations. On this basis,
they introduced short-range corrected (SRC) XCFs called
SRCI1-R1, SRC2-R1, SRCI1-R2, and SRC2-R2, specially
designed to compute core—valence excitations. The SRCI
XCFs are defined as

SRC1 SR-HF SR-Beck LR-HF
Exc = a.L, (a)SR) - axEx o wSR) + bex (a)LR)
_ beilR-Becke(wLR) + Efecke + Ec (1)
while SRC2 ones adopt a different formulation

ESRCZ —a ESR—HF(wSR) + (1 _ ax)EjR—Becke(wSR)

+ B ES () + (1= b)ES () +E,
2)
These functionals are based on the splitting of the electron

repulsion operator into short-range (SR) and long-range (LR)
parts

1 _1- erf(wr,) N erf(wr,)
v " "2
short range long range (3)

In the SRC2 XCFs that I used in this letter, a Hartree—Fock
(HF) SR part scaled by a, is included into the XCFs as well as a
LR part of the HF exchange scaled by a parameter b,. Note that,
in these XCFs, the splitting parameter w is different for the SR
and LR parts. Becke exchange functional®” at short range is
scaled by (1 — a,) and at long range is scaled by (1 — b,). The
correlation functional is a combination of 81% LYP*® and 19%
VWN.* Table 1 provides SRC2 parameters for core excitations

Table 1. Parameters Used in Both SRC2-1 and SRC2-2 XCFs

SRC2-R1 SRC2-R2
s 0.69 2.20
wr 1.02 1.80
a, 0.55 091
b, 0.08 0.28

that involve core orbitals of atoms from the first or second rows:
SRC2-R1 and SRC2-R2, respectively. Note that, with SRC2-R2,
higher errors on core excitation energies involving elements
from the second row are expected because of missing relativistic
effects.*

With the recent introduction of the exact integral simplified
TD-DFT (XsTD-DFT) method**~* and its native implemen-
tation of range-separated hybrid (RSH) XCFs,"” I adapted the
method to treat core excitations of large systems and
implemented SRC2 XCFs into the std2 program.”* In the
following, i, j, k, and I refer to occupied and g, b, ¢, and d refer to
unoccupied molecular orbitals (MOs) and a, f3, 7, and § refer to
atomic orbitals (AOs). Casida’s equations*” in the XsTD-DFT
formalism read

(g i)_“{; —()1)]@):0 )

where X and Y are excitation and de-excitation vectors,
respectively. Using SRC2 XCFs, XsTD-DFT A and B super-
matrix elements are

Aiu,jh = 5ij6ub(ga - 81‘) + Z(ialjb)/ T Oy
(ijll — erf(wegry)lab) — b, (ijlerf(w;zr,)lab)
(8)
and
By, = 2(ialbj) — a (ibll — erf(wggr,)laj) — b,

(iblerf(wigry)laj) (6)

To obtain these expressions, two simplifications were applied to
TD-DFT equations. First, responses of the exchange—
correlation functionals (ialfxclib) and (ialfxclbj) were ne-
glected. Second, two-electron integrals were approximated as

(ialib) = 37 G GG Cyp” (atlfp)
ap (7)

(iflerf(yrz)lab) = Y QIQ (aalerf(w 1) |58) o
ap 8

and
(ifll — erf(wggry)lab)

= z Q:zQ;b(aall — erf(wgn,)BB)
b )

where Léwdin-orthogonalized coefficients Ci% for each basis
function « are used to determine the transition charges
ia low* ~lo

Q(l = Caiw Cauw (10)
and (aalfff) are AO two-electron integrals in the Mulliken
notation.

In the regular XsTD-DFT method,"*~* the CI space is
truncated as a function of a single energy threshold, Ey, ., that
represents the spectral energy range. Active molecular orbitals
(MOs) are selected between

€min = €LUMO — 2(1 + O'Sax)Ethresh (11)
and
€max = €HOMO + 2(1 + 0'8ax)Ethresh (12)

Configuration state functions (CSFs) are sorted out if A,,;, <
Ejesh o1 in the case that Ay, j, > Eg,g, if

P-CSFs A, _b|2
EP =) = > 107,
i Ajb,jh — A (13)

The linear-response TD-DFT formalism uses a form of CVS
approximation to compute core excitations, freezin% all occupied
orbitals except the core orbitals of interest,®'®~> e.g., lsc to
compute the carbon K-edge. In the selection of CSFs, the MO
space is then truncated differently. The space of occupied MOs
is restricted to those of interest, e.g., 1s¢, and the space of virtual
MOs is selected based on the Ey, ., value. In other words, among
occupied orbitals, only core orbitals of interest are picked up
because they are uncoupled from others and virtual MOs are
selected up to

€max = €HOSCO + 2(1 + O'8ax)Ethresh (14)
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where HOSCO stands for the highest occupied selected core
orbital. Ey, g, still represents the maximum spectral range for
which we would like to compute core—valence excitations. Note
that, to efficiently compute A and B supermatrix elements in the
truncation of the CI space for core—valence excitations using the
SRC2 XCFs, CSFs are sorted out using simplified TD-DFT
integrals parametrized for B3LYP (using SRC2MOs) instead of
XsTD-DFT ones. Notwithstanding the fact that the B3ALYP XCF
underestimates core—valence excitation energies, the shape of
computed NEXAFS spectra remains reasonable with respect to
the experiment, showing the adequacy of the selected CSF
space. The method is implemented in the std2 program.**

In this letter, direct comparisons to experimental K-edge
NEXAFS spectra were performed to test the XsTD-DFT
implementation and assess the performance of the method to
compute core—valence excitations. For this, SRC XCFs (SRC2-
R1 and SRC2-R2) specially designed to compute core—valence
excitations as well as the core—valence cc-pCVDZ*® basis set
were used. Coronene, Cq, C,(, merocyanine, and chlorophyll A
were selected as test cases from Besley”® because of the
availability of their experimental NEXAFS spectra.*’ ™" To
showcase the performance of the method to compute the
NEXAFS spectrum of an extremely challenging system, I
selected the [(Pro-Pro-Gly)o]; (PPGy,) collagen model from
de Wergifosse et al.’> and compared it to the experimental
oxygen K-edge spectrum of rat tail tendon collagen.>” Note that
PPG,is composed of 600 atoms and that 15 144 primitives for a
total of 2568 electrons were used for the calculations. Natural
transition orbital (NTO) analysis is provided for each test cases.
Computational details are provided in the Supporting
Information. The Tamm—Dancoff approximation (TDA),”
which neglects the B supermatrix, was used all along. All XsTDA
calculations and Q-CHEM?®® SCFs were performed on a desktop
computer (18 CPUs Intel Core i9-10980XE CPU at 3.00 GHz).
Figure 1 depicts the optimized structures for these systems.

?

Figure 1. Optimized structures of coronene, merocyanine, Cgy, Cy,
chlorophyll A, and PPG,,,.

Figure 2 presents the comparison between the experimental
carbon K-edge spectrum of coronene and the computed
XsSRC2/TDA and SRC2/TDA/cc-pCVDZ ones. The exper-
imental spectrum is composed of one main absorption band
with a maximum at 284.6 eV. Above 285 eV, resonant transitions
are superimposed to a step-like function due to ionization
processes. At higher energy, excited states have too short of a
lifetime to be observed, drastically dimming down spectral
features. (Xs)TDA calculations can only reproduce resonant
spectral features considering an infinite lifetime for excited
states. With respect to SRC2/TDA, the three first transitions

computed at the XsSRC2/TDA level describing the main
absorption band are shifted by —0.15, —0.17, and —0.21 eV.
Both TDA and XsTDA spectra are very similar, except for higher
energy core—valence excitations (>288.5 eV). Note that these
electronic transitions are nonetheless badly described by such
schemes due to their experimental short lifetimes. The
experimental absorption maximum is 1.1 €V away from the
XSsTDA one located at 285.7 €V for the calculation in vacuum.
With respect to the energy window, the energy shift remains
small. Note that the experiment was done on a film of 300 nm
deposited on copper. Thin-layer effects are totally neglected
from the single static molecule calculation. Globally, the
experimental spectral shape is rather well-reproduced by the
XsTDA method. The most intense absorption band is split in
two peaks for which three visible transitions are contributing.
Figure S1 presents leading NTOs for these transitions at the
XsSRC2/TDA level. The lowest visible transition located at
285.36 eV involves 1sc orbitals at the edges of coronene, while
the two other transitions at 285.72 and 285.80 eV involve 1s¢
orbitals on edge carbons between C—H and the six central
carbons, respectively. The SCF calculation took 112 s on 18
CPUs, while the calculation of 180 core—valence excited states
took 5273 s for the TDA calculation and only 4 s for the XsTDA
one. The XsTDA calculation was 1318 times faster than the
TDA calculation, highlighting the extreme efficiency of the
method.

Figure 2 also presents the sulfur K-edge experimental
spectrum of a merocyanine dye in comparison to the
XsSRC2/TDA one. While shifted by +1.2 eV with respect to
the experiment, the computed XsSRC2/TDA spectrum
compares very well to the experimental one. The first absorption
band is composed of a unique transition at 2472.1 eV. Figure S2
illustrates the particle NTO for this transition, showing a mix of
n and 7* contributions. The second computed absorption band
is dominated by one transition at 2475.0 eV for which particle
NTO has a d character. Note that the XsSRC2/TDA calculation
took only 4 s to compute 73 1sg core—valence excitations.

Figure 3 depicts the experimental carbon K-edge NEXAFS
spectra of Cg and C, in comparison to the XsSRC2/TDA/cc-
pCVDZ ones. These two very similar compounds present very
distinctive NEXAFS spectra, for which the theory is able to
reproduce the main differences. To illustrate these, Figures S3
and S4 present 1sc — 7% NTOs for the transitions dominating
the two first absorption band of Cy, and C,, respectively. For
these systems, the density of core—valence states increases
drastically and includes a large number of degenerate states. The
1200 states of C¢y were computed in 43 s at the XsSRC2/TDA
level, while the calculation of the 1570 states of C-, took 35 s.

Figure 4 presents the experimental carbon K-edge NEXAFS
spectrum of chlorophyll A in comparison to the XsSRC2/TDA/
cc-pCVDZ one computed for its lowest energy conformer
determined with the CREST procedure™® at the GEN2-xTB*’
level of theory (see Figure 1 for its optimized structure). To
compute the XsSRC2/TDA spectrum, 632 excited states were
calculated in 25 s considering 3095 basis functions for 137
atoms. Here again, while the calculated spectrum is slightly
shifted with respect to the experiment, the experimental shape is
well-reproduced by the XsSRC2/TDA calculation. The main
absorption band features two peaks composed of large numbers
of transitions. This band is dominated by a transition located at
284.8 eV with an oscillator strength of 0.243 and another one at
285.6 eV with an oscillator strength of 0.546, not far from the
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Figure 2. Experimental NEXAFS spectra of coronene (carbon K-edge, left panel)*” and a merocyanine dye (sulfur K-edge, right panel)® in
comparison to the XsSRC2/TDA/cc-pCVDZ ones. The SRC2/TDA/cc-pCVDZ spectrum is also included for coronene. An energy shift of Ag(S) =
7.4 eV was applied to merocyanine excitation energies to account for relativistic effects in the 1s core orbital of sulfur as proposed by Besley.”’

Broadening factors of 0.2 and 0.5 eV were applied, respectively.
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Figure 3. Experimental carbon K-edge NEXAFS spectra of Cg, (left panel)*® and C, (right panel)*” in comparison to the XsSRC2/TDA/cc-pCVDZ
ones. A broadening factor of 0.2 eV was employed for both convoluted spectra.
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Figure 4. Experimental carbon K-edge NEXAFS spectrum of
chlorophyll A in comparison to the XsSRC2/TDA/cc-pCVDZ one
for its lowest energy conformer. A broadening factor of 0.5 eV was
employed for the convoluted spectrum.

experimental maximum of the band at 2852 eV. Figure S5
presents NTOs related to these transitions.

13135

Finally, to showcase the performance of the XsTDA scheme
to compute 1sy core—valence excitations, I selected the PPG,,
collagen model composed of 600 atoms and computed the
oxygen K-edge NEXAFS spectrum at the XsSRC2/TDA/cc-
pCVDZ level of theory. A total of 85 672 excited states were
computed in a little less than 11 days on my desktop computer
(18 CPUs Intel Core i9-10980XE CPU at 3.00 GHz)
considering an energy threshold of 550 eV. Figure 5 compares
this spectrum to the experimental oxygen K-edge NEXAFS one
of a collagen sample from a rat tail tendon. The experimental
spectrum was recorded for a huge energy window of ~50 eV, for
which I only report the first ~30 eV. The first absorption band is
~§ eV wide with a maximum at 532.5 eV. Theoretically, this
band is composed of 91 excitations from 530.8 to 532.3 eV. The
core—valence excitation with the largest oscillator strength of
0.072 is located at 531.9 eV, only 0.6 eV away from the
experimental maximum. Figure S6 depicts both leading pairs of
NTOs describing this transition. In both cases, the transition
occurs from 1sg to a mix of n and 7* particle NTOs located on
the same peptide bond. Other transitions from this absorption
band are of a similar nature, for which excitation energies and
strengths are modulated by their environment and positions in
the chains. This “rather” sharp transition is present in all proteins
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Figure S. Experimental oxygen K-edge NEXAFS spectrum of collagen
(rat tail tendon)*? in comparison to the XsSRC2/TDA/cc-pCVDZ one
for the PPG,, model system. A broadening factor of 1.2 eV was
employed for the convoluted spectrum.

(see Figure 4 of ref 53). The second absorption band with a
maximum at 538.8 eV is ~10 eV wide. This band is more
dependent on the protein®® but is almost featureless due to
short-lived excitations above the ionization threshold. A large
damping parameter of 1.2 eV was used to convolute the stick
spectrum and reproduce the general shape of the experimental
band. The large number of transitions necessary to describe this
band precludes any further analysis. The state with the largest
oscillator strength is located at 537.1 eV, only 0.7 eV from the
experimental maximum. All in all, with knowledge of the
simplicity of this “small” static model of collagen, the
comparison with respect to the experiment is excellent and
pushes the boundaries of what quantum chemistry is able to do
nowadays.

This letter has introduced the theoretical background to
compute core—valence excitations within the XsTD-DFT
framework. SRC2 XCFs were implemented as well thanks to
the recent inclusion of range-separated hybrid (RSH) XCFs**
into the std2 program.** Direct comparisons with respect to the
experiment were performed for coronene, Cg4, C,,, merocya-
nine, and chlorophyll A. The longest calculation took only 43 s
for computing the 1200 excited states of C,. While comparisons
with respect to the experiment are striking, NTO analysis was
also performed to characterize the nature of the excited states
involved. The computed oxygen K-edge NEXAFS spectrum of
the PPG, collagen model was compared to the experimental
one for a collagen sample to showcase the performance of the
XsTDA scheme to compute core—valence excitations for a large
and extremely challenging system. The calculation of 85672
excited states took 11 days on a desktop computer. Here again,
the comparison with respect to the experiment is striking. The
nature of the first absorption band was analyzed with NTOs
showing 1sg to a mix of n and #* characters for each peptide
bonds. This new and ultrafast implementation of the XsTD-
DEFT scheme to compute core—valence excitations really pushes
the boundaries of quantum chemistry for application to realistic
systems. The next step will be to use this method in all-atom
quantum mechanics (AQM) schemes™ to account for the
impact of the surroundings and dynamic structural effects to
model NEXAFS spectra as it was recently proposed in my group.
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