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Abstract

X-ray absorption spectra (XAS) of biradicaloid species are often thought to represent a challenge
to theoretical methods. This has led to testing of recently developed multireference techniques on
the XAS of ozone, but reproduction of the experimental spectral profile has proven difficult. We
utilize a minimal model consisting of a single configuration state function (CSF) per excited state
to model core-level excitations of ozone, with the orbitals of each CSF optimized using the
restricted open-shell Kohn-Sham (ROKS) method. This protocol leads to semiquantitative
agreement with experimental XAS. In fact, we find that low-lying core-hole excited states in
biradicaloids can be approximated with single CSFs despite ground state multireference
character. We also report that the 1s— 7™ and 1s— o transitions have quite distinct widths for
Os. This reveals the importance of sampling over a representative range of geometries from the
vibrational ground state for properly assessing the accuracy of electronic structure methods
against experiment, instead of the popular procedure of uniformly broadening stick spectra at the

equilibrium geometry.
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Introduction

X-ray radiation can excite core-level electrons into unoccupied levels, resulting in X-ray
absorption spectra (XAS) that contain information about the local chemical environment around
target atoms.! The strong element specificity and relative site specificity of XAS has contributed
to its popularity for characterizing chemical systems."? In particular, time-resolved XAS (TR-
XAS) has recently emerged as a powerful tool for pump-probe studies of chemical dynamics™*,
The increasing experimental interest in XAS has led to considerable recent efforts towards
accurate computation of core-electron excitation energies and oscillator strengths, utilizing
approaches like time-dependent density functional theory (TDDFT),>¢ orbital-optimized density
functional theory (OO-DFT),” algebraic diagrammatic construction (ADC)® and equation of
motion coupled cluster (EOM-CC) theory,’!! among others.

These methods are however typically benchmarked against experimental results for the
electronic ground state of closed-shell small molecules,>®%!2 which are not necessarily
representative of the transient species that may arise during photoinduced dynamics. For

13-16 where the

instance, homolytic bond fission in cyclic systems can lead to biradicaloid species
two highest energy electrons are neither completely paired (as in a perfectly closed-shell
molecule) nor fully unpaired (as in two infinitely separated radical centers).!” A qualitative
description of the wavefunction of such molecules requires at least two Slater determinants.'
Canonical examples of such biradicaloid species are highly reactive species like carbenes or

benzynes, whose transient nature makes it difficult to unambiguously obtain experimental XAS.

The ozone (O3) molecule is traditionally considered to have a biradicaloid electronic ground

state,?0-22

with partial unpairing of the electrons in the formally highest occupied molecular
orbital (HOMO, la,) into the lowest unoccupied molecular orbital (LUMO, 2b,). Full-valence
complete-active space self-consistent field (CASSCF)?* calculations indicate that the natural
orbitals corresponding to the HOMO and LUMO (henceforth referred to as HONO and LUNO
for simplicity, see Fig. 1) have occupations of 1.78 and 0.26, respectively (deviating significantly
from the ideal closed-shell limit of 2 and 0). The biradicaloid character of O3 can result in
challenges for quantum chemical modeling. For example, CC through quadruple excitations is

necessary to predict the total atomization energy of O; to the ‘chemical accuracy’ limit of 1

kcal/mol.?* O; however is sufficiently stable to permit experimental XAS measurement?-2® and
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therefore appears to offer a unique opportunity to assess multireference approaches for molecular

XAS computation of biradicaloid systems.

A)

1a, (m, n=1.78) 2b; (", n=0.26)
HONO LUNO

7a; (0", n=0.06) 5b, (6%, n=0.06)
LUNO+1 LUNO+2

Figure 1: Frontier natural orbitals of Os, from full-valence (18 electrons in 12 orbitals)
CASSCF/cc-pVDZ." The o/n symmetry and occupation values (n) are also shown. Only the
ground electronic state was considered for this CASSCF calculation.

O; therefore has been used to examine the performance of linear-response complete active space
self-consistent field (LR-CASSCF),?” multistate restricted active space second order perturbation
theory (MS-RASPT2),2® driven similarity renormalization group multireference perturbation
theory (DSRG-MRPT),? and multireference ADC?° in predicting XAS. Some of these

studies?7-29:30

also noted the challenges of modeling the spectrum with related single reference
methods like second order ADC or EOM-CC singles and doubles (EOM-CCSD).?! Computed
spectra in Refs 28-30 utilize uniform broadening of ‘stick’ spectra computed at the equilibrium
geometry, thereby neglecting all nuclear quantum effects. However, this ‘single-geometry’
approach makes it quite difficult to properly gauge the relative accuracy of different methods via
comparison with experiment, especially because bound and dissociative states have quite distinct
intrinsic broadening.’? Indeed, Ref 29 observed that “none of the theoretical computations
satisfactorily reproduce the intensity profile of the ozone XAS spectrum", despite apparently

acceptable performance in predicting excitation energies (after empirically shifting the first peak

to align with experiment).
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It would therefore be interesting to predict the XAS of Oz with a semiclassical treatment of
nuclear quantum effects, wherein the results from a large number of geometries sampled from
the nuclear vibrational state would be summed over in order to account for intrinsic width. As a
first attempt, computationally efficient single-reference protocols (like TDDFT or OO-DFT)
could be utilized and their performance thereby better assessed for this prototypical biradicaloid.
This would be more indicative of predictive accuracy for TR-XAS, as the associated chemical
dynamics are generally modeled with ab initio molecular dynamics (AIMD) simulations (with
potential inclusion of nonadiabatic effects with methods like surface hopping®* or ab-initio
multiple spawning?#) starting from nuclear initial conditions sampled from vibrational Wigner*
distributions.**3” The CASSCF HONO and LUNO occupations indicate that the largest Slater
determinant to contribute to the Oz ground state is by far the aufbau occupied, closed-shell
configuration. Therefore spin-restricted Hartree-Fock'® (RHF) or Kohn-Sham?® (RKS) solutions
are the simplest single-reference approximations to the ground state, while XAS can be

subsequently modeled with linear-response methods like TDDFT or EOM-CCSD, or through
state-specific OO-DFT methods.

The OO-DFT model for dipole-allowed core-level excited states of species with closed-shell
ground states is the restricted open-shell KS (ROKS) approach,!>* which attempts to access
singlet excited states with two unpaired electrons in a spin-pure manner within the KS
formalism. A singly excited Slater determinant |¥{*) corresponding to an excitation out of orbital
i to orbital a from a closed-shell reference |¥), has two unpaired electrons of different spins and
is therefore not a spin-eigenstate. Indeed, with a spin-restricted set of orbitals, this open-shell

determinant is exactly half singlet and half triplet. The minimal, spin-adapted wavefunction
%(l‘l’ia) + |’I’;d)) (where |'Pfd) corresponds to the excitation of the other spin) is necessary to

represent a pure singlet state with two unpaired electrons. ROKS models the energy Es of this
minimal, two determinant, configuration state function (CSF) by assuming that the energy of
|¥8) is precisely halfway*® between Eg and the corresponding single determinant triplet state
|P2), and optimizes orbitals to extremize Eg. We note that the optimal excited state orbitals from
ROKS are generally not identical to the ground state orbitals. Computation of transition
properties like oscillator strengths therefore have to be carried out through a nonorthogonal

configuration interaction formalism.*! Further details about ROKS can be found elsewhere.”-1242
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Results and Discussion

Analysis of Computed XAS
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Figure 2: Computed XAS for O; from both geometries obtained from vibrational sampling (VS,

solid colored line) and the single Franck-Condon (FC, dashed colored line) geometry with A)
CIS, B) EOM-CCSD, C) TDDFT with SCAN and D) ROKS with SCAN, as compared to

experiment®® (black solid line). For VS, 128 geometries were sampled from the Wigner

distribution corresponding to the vibrational ground state (within the harmonic approximation,

utilizing the equilibrium geometry and normal modes computed from CCSD(T)/aug-cc-pVTZ).

The computed peaks for each geometry were broadened by a Gaussian with ¢ = 0.2 eV and

added together. Finally, the resulting spectrum is shifted (as indicated in the legend) to align the

first local maximum with experiment. The computed peaks at the FC geometry were similarly

broadened (with ¢ = 0.5 eV) and shifted to yield a single-geometry spectrum.
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Fig. 2 compares the experimental XAS?® with predictions from configuration interaction singles
(CIS),* EOM-CCSD,’ TDDFT within the Tamm-Dancoff Approximation (TDA*!) with the
SCAN® functional, and ROKS with SCAN. The SCAN functional was chosen on account of its
good performance in predicting the XAS of closed-shell and monoradical molecules with OO-
DFT!24¢ (spectra from some other functionals like PBE,*” BLYP,**4° PBE0,>* and B3LYP®' are
provided in the supporting information). Results from both a set of 128 geometries sampled from

the vibrational wavefunction (VS) and the single Franck-Condon’%33

geometry (FC) are
presented. We focus only on the low energy regime of the spectrum, which has been previously
interpreted®® to arise from excitations out of the terminal oxygen (Or) 1s orbitals to the 2b; and
7a; levels, as well as out of the central oxygen (O¢) ls orbital to the 2b;. Specifically, the
prominent peak at 529 eV in the experimental spectrum was assigned to 1s(O1)—2b,, while the
broad feature around 535 eV was attributed to both 1s(O¢)—2b,; and 1s(Ot)—7a;. These features
will subsequently be referred to as the low- and high-energy peaks, respectively. The 1s(Or)
binding energy was determined to be 541.5 ¢V from experiment,** and a very large number of
diffuse basis functions would therefore be necessary to properly describe the Rydberg states as
this ionization edge is approached. This is computationally challenging, and is not attempted in
this work. We note that analysis of practical TR-XAS measurements also tend to focus on the
low energy region of the spectrum,3¢37-333¢ to avoid spectral congestion in the higher energy part
where signal depletion from the parent molecule overlaps considerably with the new signal
arising from products. We do however provide extensions of the Oz K-edge spectra shown in
Fig. 2 to higher energies (545 eV) in the supporting information, to show what can be achieved

19,57-59

with these electronic structure methods and standard singly augmented basis sets close to

the K-edge ionization limit.

It is apparent that the CIS spectrum from either multiple geometries from vibrational sampling
(VS) or the single FC geometry does not bear even a superficial resemblance to experiment (see
Fig. 2A), indicating that CIS is not particularly suitable for modeling XAS of species with
appreciable multireference character. The presence of correlation in the EOM-CCSD model
leads to a better signal shape relative to experiment with the VS approach (see Fig. 2B), but the
gap between the first two spectral maxima is appreciably underestimated (by ~ 1 eV), as is the
intensity of the high-energy peak. In addition, the higher energy feature predicted by EOM-
CCSD with VS appears to be greatly broadened relative to experiment, and a third peak ~ 535
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eV can almost be discerned. The EOM-CCSD spectrum from the single FC geometry in fact
shows three peaks, two corresponding to the first two VS spectral features and arising from
excitations to the 2b; level, as well as a very intense feature at ~ 535 eV corresponding to the
1s(Ot)—7a, transition. It thus appears that VS broadens the third peak considerably (thereby
reducing peak height), indicating the different intrinsic widths of excitations to m* and o*
levels.3? Nuclear quantum effects therefore cannot be neglected for proper modeling of the XAS

of O3 with EOM-CCSD (as well as related wavefunction methods).

TDDFT with the SCAN functional (see Fig. 2C) and the VS approach clearly bifurcates the
higher energy spectral feature into two separate peaks, which is a behavior also observed for
many other popular functionals (see supporting information). Interestingly, use of the FC
geometry alone yields a relatively similar spectrum to VS and the 1s(Or)—7a; transition
intensity is considerably smaller than what is predicted by EOM-CCSD. Comparison to other
functionals (shown in the supporting information) shows that the 1s(O1)—7a; transition intensity
with the FC approach increases significantly with the level of HF exchange present, though the
significant broadening of this feature with VS leads to less variation in VS spectra across
functionals. A superficial comparison of the VS and FC spectral profiles therefore indicates that
VS is crucial for properly broadening the intense 1s(Op)—7a; feature for hybrid functionals,
while being somewhat less so for local functionals. Overall, neither EOM-CCSD nor TDDFT
yields computed spectra in good qualitative agreement with experiment, despite substantial
empirical shifting to align the first peak. The high energy feature in experimental spectrum is
predicted to be two separate peaks from both FC and VS, with the latter protocol broadening the
third computed peak to a greater extent but not quite reproducing the experimental profile of a

single peak with an asymmetric skew towards higher energies.

In contrast, ROKS/SCAN with the VS approach yields a spectrum in reasonable qualitative
agreement with experiment (see Fig. 2D). A 0.4 eV redshift is necessary to align the low-energy
peak with experiment,?> which is comparable to the 0.3 eV root-mean-square error associated
with this approach for small closed-shell molecules.'? In this regard, it is worth noting that Refs
25 and 26 report experimental low-energy peak positions that differ by 0.2 eV. More
interestingly, the intensity of the higher energy feature and its position are predicted to a greater

accuracy than EOM-CCSD, despite the lower computational scaling of ROKS. The error in the
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high-energy peak position in the shifted spectrum vs experiment is 0.4 eV (but is ~ 0.0 eV if the
unshifted computed spectrum is considered instead), indicating a better separation between the
peaks than EOM-CCSD. More importantly, this feature is predicted to be a single peak with a
skew towards higher energies from the VS approach, in agreement with experiment.
ROKS/SCAN with VS therefore yields a semiquantitative description of the experimental O3
XAS profile. The single geometry FC approach with ROKS also yields a relatively similar
spectrum, though the 1s(Ot)—7a; transition is visible as a distinct shoulder instead of the
asymmetric skew observed in experiment and predicted by VS. At least to our perception, the
level of agreement surpasses what was achieved with uniform broadening at a single geometry in
prior studies utilizing explicitly multireference methods.?*° We also find that the PBE, BLYP,
PBEO and B3LYP functionals yield similar quality spectra with ROKS, albeit with some minor
differences in peak positions (as shown in the supporting information). This indicates that the
good performance of ROKS/SCAN was not fortuitous and reasonable results can likely be

expected of other well-behaved density functional approximations.

Characterizing the Higher Energy Peak
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Figure 3: Decomposition of the computed XAS into 1s(O¢/r)— 7" /0™ contributions (Oc refers
to central oxygen atom, Ot to the terminal atoms) for VS spectra from A) ROKS with SCAN and
B) EOM-CCSD.

The reasonable agreement between experiment and ROKS/SCAN with the VS approach leads us
to deconvolute the relative contributions from the 1s(O¢) and 1s(Or) levels in the high-energy
peak. Spatial symmetry breaking in the distorted geometries sampled for VS and core-hole

localization makes the precise Czy symmetry orbital designations like 2b; and 7a; somewhat
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questionable. We therefore use 7* and o* labels instead (see Fig. 1), as triatomic O3 must remain
planar. The decomposition of the computed XAS into 1s(O¢/p)— m* /0™ contributions is depicted
in Fig. 3 for both ROKS/SCAN and EOM-CCSD. The ROKS/SCAN VS spectrum indicates that
the high energy peak maximum mostly arises from the relatively spectrally narrow 1s(O¢)—
7 *transition, while the much broader 1s(O1)— o™ feature mostly contributes to the higher energy

tail. This is consistent with experimental results using polarized radiation.?¢

Method 1s(Op)—> * 1s(O¢c)—» m* 1s(Ot)— o*
E f E f E f

Experiment* 529.0 +5.6 +6.5

ROKS/SCAN 5294 0.065 +5.0 0.045 +6.2 0.026

EOM-CCSD (Q-Chem) 530.6 0.088 +4.5 0.051 +6.1 0.130

EOM-CCSD (eT) 531.9 0.081 +4.4 0.047 +6.0 0.123
EOM-CC3 (eT) 529.9 0.070 +5.5 0.039 +6.2 0.054
MS-RASPT2% 529.0 0.074 +6.8 0.031 +7.5 0.067
MR-ADC(2)-X3 527.6 0.069 +5.5 0.030 +6.2 0.081
DSRG-MRPT3? 530.2 0.077 +5.1 0.033 +6.6

Table 1: Comparison of computed excitation energies (E, in eV) and oscillator strengths (f) at
the equilibrium geometry with ROKS/SCAN, EOM-CCSD, EOM-CC3, and prior work. The
absolute 1s(O7)— m*peak energy is reported, followed by spacings between this and other
features. Experimental estimates for the band-maxima are also provided as a rough guide (the
1s(Or)— m*peak energy value is obtained from digitizing the spectrum in Ref 25 and is then
combined with the peak separations reported in Ref 26). No DSRG-MRPT3 oscillator strengths
for the 1s(O1)— o were reported in Ref 29. All calculations use slightly different parameters
(geometries, basis sets, relativistic effects etc.) and comparisons therefore should only be treated
as indicative guides. For instance, Q-Chem*® and eT>' utilize slightly different approaches for
freezing cores for EOM-CCSD core-level calculations (see the Computational Methods section),
leading to different numbers for the 1s(Or)— m* peak energy but very similar peak spacings.

EOM-CCSD yields a qualitatively similar picture, except for the relative intensities. EOM-
CCSD finds the 1s(O¢)— ©* feature to be less intense than what is predicted by ROKS/SCAN,

while the 1s(Or)— o™ peak appears to be more intense (consistent with what can be seen from

311,62

comparing VS to the corresponding FC geometry results in Fig. 2). EOM-CC calculations at
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the FC geometry indicate that the intensity of 1s(Ot)— o™ excitation is indeed likely being
significantly overestimated by EOM-CCSD (see Table 1). Both ROKS/SCAN and EOM-CCSD
VS spectra however clearly reveal that the intrinsic width of transitions to 1s— n* and 1s— ¢*
levels are quite distinct, with the latter being broader by a factor of ~ 2. Uniformly broadened
spectra from the equilibrium geometry alone therefore appear to be quite insufficient to model
XAS for species where transitions to both 7* and ¢* levels are relevant. It also potentially calls
for re-evaluation of the performance of multireference approaches for modeling XAS of O3, with
several methods*® appearing to significantly underestimate the contribution of the 1s(O¢)— 7*
component to the high-energy peak maximum and overestimate the 1s(Ot)— o™ contribution. A
comparison of the ROKS excitation energies and oscillator strengths at the equilibrium geometry
with previously reported results is provided in Table 1, which reveals that most methods
considerably overestimate the 1s(Ot)— ¢* oscillator strength relative to ROKS. The better
agreement of ROKS/SCAN with experiment suggests this approach is likely closer to the mark
than many wavefunction methods. Nonetheless, it is possible that 1s(Or)— ¢* intensity is being
underestimated by ROKS/SCAN to some extent, due to the somewhat more rapid decay in the
high energy shoulder of the computational high-energy peak as compared to experiment. It
seems reasonable to believe that the actual 1s(O1)— o* transition intensity is bounded from

below by ROKS/SCAN and from above by EOM-CC3.

General Behavior of Low Lying Core-Excitations in Biradicals

The reasonably good performance of ROKS in predicting the experimental XAS of O3 is
somewhat surprising, considering the purported multireference character of the molecule.
Computation of XAS involves modeling three quantities: the ground state energy, the excited
state energy and the transition dipole. For linear-response methods, the excited state model is
intrinsically tied to the ground state approximation, and inadequacies in the latter can lead to
significant errors in the former (as the correlation free CIS method demonstrates in Fig. 2). For
state-specific methods like OO-DFT however, the excited state modeling is decoupled from the
ground state and can potentially be done accurately even if the ground state has challenging
electronic structure. Indeed, there is no particular reason to presuppose that multireference

character of the ground state transfers to the excited state. For core-level excitations of biradicals
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in particular, transitions to the LUNO analogue result in states representable by a minimal, spin-
adapted configuration state function of two determinants. This can be shown by a minimal three-
level model involving a core level |C), and biradicaloid levels |H) and |L) (for HONO and
LUNO, respectively).

The ground state of the system within this minimal model is cosHlCZHZLO) + sinHlCZHOLZ),
where 0 < 0 < g This leads to a HONO population of 2cos?6 and LUNO population of 2sin?6.
Before accounting for orbital relaxation, the singly core-level excited singlet states can be

represented as linear combinations of the CSFs % (lCTHZLl) + |ClH2Ll)) and % (lCTHlLZ) +

|ClHlL2)). However:
cosd'|CTH2LY) + sing’ |[C"H'L?) = —|C"(H)2(L")Y) (1

where |H') = cosf’|H) —sinf’|L) and |L) = cosf’|L) + sinf’'|H) (proof provided in
supporting information). Therefore, the core to LUNO (or HONO) excitations lead to states that
are representable by minimal CSFs of the form %(lCT(H')Z(L')l) + |CL(H')2(L')T)). This

simplification largely stems from the core-level being energetically isolated from other levels,
precluding fractional occupation of this level and any resulting multireference character. It is
worth noting that localized core-orbitals interact very weakly with each other, and so there is no
reason to consider the effect of more than one core-hole site at a time. This remains true even in
highly symmetric systems where delocalized symmetry-adapted linear-combinations of core-
orbitals at the formal equilibrium geometry are trivially localized onto individual atoms by

vibronic effects.

State-specific CASSCF calculations within this minimal 3 orbital model (consisting of the
relevant core-level, HONO and LUNO) numerically confirm Eq. 1 for the lowest excited state
wavefunctions arising from O K-edge excitation of ozone. The use of ground state orbitals and
energies prevent linear-response methods from taking advantage of the single CSF form of the
excited state wavefunction, but state-specific OO in ROKS permits it to model such CSFs
properly. We note that the single CSF representability of the lowest core-excited states of pure
biradicals (completely unpaired electrons) has been noted in Ref 16. The ground state energy

poses less of a challenge, as any empirical alignment of spectra should eliminate most systematic
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error therein. Even if OO-DFT is utilized without shifting, the ~ 0.3 eV = 7 kcal/mol error
permissible for excitation energy modeling indirectly allows for some tolerance with regards to
correlation missed by a single-reference approximation. This is not the case for modeling ground

state thermochemistry where significantly greater accuracy is desired?*.

The transition dipole between a multireference ground state and a single CSF ROKS excited
state is less straightforward to model with a single-reference approximation. It appears that the
closed-shell RKS approximation to the ground state was sufficient for O3, but this may not hold
for more significantly biradical species with HONO occupations ~ 1.5 (or LUNO ~ 0.5). Very
precise spectral intensity predictions for strongly biradical species therefore may be difficult for
OO-DFT, but the relative peak positions ought to be effectively modeled to help guide
interpretation of experiment. We do however note that single KS determinant based
approximations to K-edge oscillator strengths have been found to be reasonably effective in
systems with strong electron correlation like transition metal oxides®*%4, indicating that that OO-

DFT spectral intensities may be sufficient for many practical applications.

In this regard, it is worth noting that it could be important to consider the doubly excited
configurations |CT (H')l(L')Z) (i.e. excitations out of a core-level to the fractionally unoccupied
HONO analog) in more strongly biradical cases, although these configurations do not appear to
be relevant for O;. ROKS/SCAN estimates the lowest energy state of this nature to be ~ 2.3 eV
higher in energy relative to the first spectral peak but with vanishing oscillator strength, which is
consistent with the lack of any experimental features in this regime. In nearly pure diradical
cases (i.e. HONO and LUNO occupations ~ 1), a fully open-shell ROKS solution for the ground
state ought to be a better approximation than RKS. This has been attempted for TR-XAS of

singlet excited states in one system®, but more investigation is required to characterize utility.

We note that while transitions out of the core to frontier orbitals lead to states straightforwardly
representable by single CSFs, this does not generalize to excitations to higher energy levels.
Such factors may in fact slightly limit ROKS for the 1s(O1)— o™ transition of O3. Nonetheless,
it is worth noting that the core-hole formation is likely to dramatically alter the mean-field
potential experienced by all the orbitals, and thereby break the near degeneracy between the
HOMO and LUMO that leads to biradical character. Consequently, higher energy core-level

excitations in biradicaloids may also be quite amenable to modeling with ROKS.
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Conclusion

To summarize, we examined the ability of nominally single-reference methods like TDDFT,
EOM-CCSD and OO-DFT to reproduce the experimental XAS of O;, a prototypical
biradicaloid. The spectra were computed by treating the molecule like a standard closed-shell
species, and vibrational sampling of 128 geometries from the ground state vibrational
wavefunction. OO-DFT was found to yield spectra in semiquantitative agreement with
experiment when the SCAN functional was used (reasonable results also being obtained from
other functionals, as shown in the supporting information). On the other hand, EOM-CCSD and
TDDFT bifurcated the experimental high-energy peak into two separate features. Decomposition
of computed spectra into excitations from O 1s orbitals to * and ¢* levels showed the latter to
be significantly broader, indicating the importance of geometry sampling for comparison to
experiment over utilizing uniform broadening on results from a single equilibrium structure
when excitations to g levels are relevant. For O3 in particular, the relative intensity of the o*
excitation at the FC geometry was quite sensitive to the choice of electronic structure method,
although broadening through vibrational sampling reduced the differences between different

methods somewhat.

We further found that low lying core-level excited states in biradicaloid species (i.e. excitations
to the frontier orbitals) are formally representable by single CSFs and are therefore accessible
with ROKS. As such, the challenge in modeling XAS of biradicaloids arises from the ground
state itself, but this can be mostly mitigated in practice with a purely closed-shell or purely open-
shell model, based on HONO/LUNO occupations. Strongly fractional occupation (HONO ~ 1.5,
LUNO ~ 0.5) is still expected to pose challenges for OO-DFT methods for oscillator strength
predictions, in particular. It would therefore be interesting to have experimental data for biradical
species with similar occupations, as they would be useful for stress-testing theoretical methods
and highlight where truly multireference approaches would be more important. A potential
candidate is para-benzyne, where HONO occupation of ~ 1.3 — 1.4 has been estimated®®*” and a
computational XAS prediction has already been made®®. For less fractional natural orbital
occupations, we anticipate that ROKS with reasonable functionals like SCAN would prove

adequate, similar to what has been observed for closed-shell species'?.
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Computational methods

CIS, TDDFT, CCSD, CCSD(T)® and ROKS calculations were performed with Q-Chem 5.4,
CASSCF calculations with TeraChem’’72, and CC3 with eT®'. The EOM-CCSD calculations
utilize the frozen-core core-valence separation (fc-CVS) scheme of Ref 9 (as implemented in Q-
Chem) to access core-excited states, yielding virtually identical results as an earlier projection
based CVS scheme” that is implemented in €T (see supporting information). The CIS/TDDFT
calculations utilize a reduced single excitation space approach’ to obtain core-excited states,
which only affects excitation energies by ~ 0.01 eV (compared to results utilizing the full single
excitation space). We note that the use of TDA instead of full TDDFT using the random phase

approximation (RPA) has no impact on the spectrum, as shown in the supporting information.

The FC geometry was optimized using CCSD(T)/aug-cc-pVTZ (1s core held frozen). The
ground state vibrational wavefunction was modeled with the harmonic approximation within the
same level of theory, and 128 geometries were sampled from it for XAS calculations. No finite
temperature or explicit anharmonic effects were included. The CIS, TDDFT, EOM-CCSD, and
EOM-CC3 calculations were performed with the aug-cc-pCVTZ basis!*738, while ROKS was
performed with the aug-pcX-23° basis well-suited for core-hole OO-DFT calculations. The spin-
free one-electron X2C relativistic Hamiltonian was used for ROKS calculations”7® but not in
other cases, due to the large empirical shifts always being necessary for those methods. X2C

blueshifts single O(1s) core-hole state energies by 0.3-0.4 eV relative to nonrelativistic results”.
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