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Abstract. A predictive understanding of soft x-ray near-edge absorption
spectra of small molecules is an enduring theoretical challenge and of current
interest for x-ray probes of molecular dynamics. We report the experimental
absorption spectrum for the ESCA molecule (ethyl trifluoroacetate) near the
carbon 1s absorption edge between 285-300 eV. The ESCA molecule with four
chemically distinct carbon sites has previously served as a theoretical benchmark
for photoelectron spectra and now for photoabsorption spectra. We report a
simple edge-specific approach for systematically expanding standard basis sets to
properly describe diffuse Rydberg orbitals and the importance of triple excitations
in equation-of-motion coupled-cluster calculations of the energy interval between
valence and Rydberg excitations.

1. Introduction

X-ray free-electron lasers (XFELs) [1, 2, 3, 4, 5, 6] and table-top sources of x-rays
based upon high harmonic generation (HHG)[7, 8] have over the past decade energized
the field of ultrafast atomic and molecular dynamics [9]. For XFELs, the intense
tunable x-ray pulses that span wavelengths from ∼ 40 to 0.5 Å with sub-femtosecond
pulse durations [10, 11, 12] and multi-pulse, multi-color options [13, 14, 15] allow one
to investigate electronic and nuclear dynamics on their natural timescales. Using
pump-probe schemes, one can not only study valence-excited dynamics, e.g. the
mechanism of photoprotection of DNA bases via intersystem crossing [16], but also
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inner-shell dynamics where competition between localized Auger decay and charge-
transfer mediates dissociation in small molecules [17].

With the enormous versatility of pump and probe x-ray pulses, it is natural
to contemplate the optimal observable for nuclear and electronic orbital dynamics
[18] and even consider nonlinear multi-dimensional spectroscopy techniques [19,
20]. Two straightforward single-photon methods, photoelectron spectroscopy and
photoabsorption spectroscopy are universally applicable. X-ray photoelectron
spectroscopy (XPS) will yield binding energies of core and valence orbitals and has
been widely used for chemical analysis, as exemplified by the iconic studies by Siegbahn
[21, 22]. This method, Electron Spectroscopy for Chemical Analysis (ESCA), was
showcased by the XPS spectrum of ethyl trifluoroacetate, now commonly known as
the ESCA molecule, where the dramatic shifts of the C 1s binding energies illustrate
the connection between the local chemical environment and the binding energy. The
site-specificity of the four non-identical carbons is encoded in their binding energies
which differ by ∼ 8 eV from the electronegative CF3 end to the CH3 end, as shown in
Fig. 1. A more recent combined experimental and theoretical study shows that the
high-resolution C 1s photoelectron spectrum also possesses some limited sensitivity to
the conformational state and nuclear dynamics associated with photoionization [23].
However, it was the intrinsic site-specific nature of the binding energies that motivated
our search for chemical site-specificity in bond-breakage in the ESCA molecule using
the photoelectron-photoion-photoion coincidence method [24]. We found limited site
specificity. For all four carbon ionization sites, Auger decay weakens the same bonds
and transfers the two charges to opposite ends of the molecule, which leads to a rapid
dissociation into three fragments, followed by further fragmentation steps.

So the general question naturally arises, what is the mechanism by which an
initially localized 1s hole delocalizes across the molecule? Can we probe the evolution
of the valence hole density across the molecule via snapshots of its near-edge x-ray
absorption fine structure (NEXAFS) spectrum? Of course, NEXAFS has long been a
powerful technique for chemical analysis [25] and has been more recently applied for
time-resolved studies of evolving valence electronic structure using both HHG [26, 27]
and XFEL sources [16, 28]. Somewhat surprisingly, to date there is no published soft-
x-ray absorption spectrum for the iconic ESCA molecule, ethyl trifluoroacetate. As
our results show, the photoabsorption spectrum near the carbon K-edge is much more
complicated than its photoelectron spectrum - with no one-to-one correspondence
between the carbon site and the absorption spectrum (see Fig. 1). The ability to
theoretically assign complex NEXAFS spectra, obtained reliably from synchrotron
studies, is of utmost importance for current studies of electronic and structural
dynamics with XFELs [28, 29, 30]. Here we systematically tackle this challenge for
the ESCA molecule.

Despite the complexity associated with near-edge absorption spectroscopy, there
has been considerable progress in theoretical descriptions driven largely by advances
in light source technology [31, 32]. Of particular relevance to the present work is
the application of equation-of-motion coupled-cluster (EOM-CC) techniques [33, 34],
which can be systematically converged towards the right answer, to calculations of
core-level spectroscopy. The earlier work [35, 36, 37, 38, 39] shows promise of the
EOM-CC methods for obtaining accurate core excitation energies, but was hampered
by the difficulty of converging EOM-CC equations for core-excited states. With an
elegant approach of introducing the core-valence separation (CVS) scheme [40] into
the EOM-CC formulation [41], the CVS-EOM-CC methods have recently evolved into
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powerful tools for calculations of core ionization and excitation energies, photoelectron
spectra, NEXAFS spectra, and resonant inelastic x-ray scattering (RIXS) spectra
[42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. A unique appealing feature of CVS-EOM-
CC is the capability of providing systematically improved results using the hierarchy of
EOM-CC methods. Namely, while the popular EOM-CC singles and doubles (EOM-
CCSD) method is capable of providing useful results [53, 46, 54, 55, 56], the inclusion
of higher excitations in the CC hierarchy further enables systematic improvement of
computational results, which has the desired potential of paving the way to calculations
that are essentially quantitative [45, 52, 48, 57, 58]. This has been exploited in
the present study to assess the reliability of computational simulation for the fairly
complicated NEXAFS spectrum of the ESCA molecule.

In this paper we report the experimental near-edge absorption spectrum of ethyl
trifluoroacetate (the ”ESCA” molecule) and theoretically describe the origin of its
features using CVS-EOM-CC methods. Our theoretical developments include 1) a
simple edge-specific approach for systematically converging basis set effects to properly
describe Rydberg orbitals, and, 2) the demonstration of importance of including
triple excitations to obtain accurate valence-to-Rydberg energy spacings in carbonyl
containing compounds. These developments, which appear to be generally applicable,
are benchmarked with calculations of simple small molecules, NH3, CO2, and CH2O,
and then used for the calculations of the NEXAFS spectrum for the ESCA molecule
to facilitate the assignment of the experimental spectrum.

2. Experimental considerations

Synchrotron measurements of absorption spectra of atoms and molecules have long
contributed to the advances in theoretical methods to describe photoabsorption to
bound and continuum states [59, 60, 61]. Relative to FELs the photon-molecule
interactions are simpler, being constrained to single-photon interactions. The
probability of photon absorption by an isolated single molecule is given by the product
of the pulse fluence and its absorption cross section. For monochromatic synchrotron
radiation, with a typical 106 photons per pulse focused to 1 µm2 and a cross section
of 1 Mb, the probability of one photon being absorbed within a photon pulse is 10−4

and the probability for two-photon absorption 10−8. The situation is vastly different
at XFELs where one routinely obtains 1012 photons per pulse to easily saturate
single-photon absorption and create multiphoton absorption [62, 63]. Detection
of the single-photon x-ray absorption spectra in the gas phase at synchrotrons
can be done either directly in transmission or by detection of secondary emitted
particles, i.e. photons, electrons or ions. For the non-transmission measurements
of photoabsorption, the observed spectral features are affected by molecular dynamics
that control the branching ratios to the secondary products [25, 64]. The spectra
reported here have been obtained via total-ion-yield spectroscopy which is closely
related to photoabsorption [64].

The bottom panel of Fig. 1 shows the total-ion-yield spectrum of ethyl
trifluoroacetate measured on the PLEIADES beam line at the SOLEIL synchrotron
radiation facility. Ions were collected in a time-of-flight spectrometer with an
extraction field of about 130 V/cm (200 V between the repeller and extractor plates,
which are separated by 15.5 mm) [65, 66]. The photon-energy resolution in the
measurement was 25 meV, considerably less than the lifetime width of a carbon 1s
hole ∼ 100 meV [67]. The photon energy was simultaneously calibrated using carbon
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Figure 1: Comparison of photoelectron and photoabsorption spectra for the ESCA
molecule. Top panel: the C 1s binding energy of ethyl trifluoroacetate recorded at a
photon energy of 340 eV, extracted from [23]. There is a one-to-one correspondence
between the photoelectron peaks and the four distinct carbon atoms (grey), which

are bonded to hydrogen (white), oxygen (red) and fluorine (green).
The 1s binding energy of CCH3 is 291.47 eV. Bottom panel: photoabsorption via

total ion yield of ethyl trifluoroacetate obtained by scanning the photon energy from
285 to 300 eV (This work. See text for details).

dioxide in a separate ionization chamber and calibrated to the study by Adachi [68]
with a precision of ∼ 50 meV. The measurement was carried out using an effusive gas
jet resulting in a background pressure of 5× 10−7 mbar.

The C 1s total-ion-yield spectrum exhibits features corresponding to core electron
excitation from each of the four chemically-shifted carbon sites. No previous
absorption spectra have been reported in the region near the C 1s ionization thresholds.
Several narrow absorption features are seen below the lowest carbon 1s ionization
threshold, but the identification of these features and the character of the occupied
valence orbitals, requires the detailed analysis described in Section 3.

3. Computational methods

The computational simulation of the NEXAFS spectra presented here has used core-
valence separated equation-of-motion coupled-cluster (CVS-EOM-CC) [41] calcula-
tions for core excited states. The computational approaches are discussed in detail
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here and their accuracy demonstrated for C, N, and O edges using ammonia (NH3)
and formaldehyde (CH2O) as two benchmark molecules. Specifically, in subsection
3.1, using NH3 as a model system, we demonstrate the evolution of NEXAFS spec-
trum as a function of the basis set using an edge-specific approach to saturate basis set
effects. Contributions from triple excitations are important for accurate calculations
of NEXAFS for molecules containing a carbonyl group. Their effects are systemati-
cally studied for CH2O at both C 1s and O 1s edges, and taken into account in the
calculations of ESCA molecule, as detailed in subsection 3.2. We have correlated the
targeted core orbital and have kept the other core orbitals frozen in ground-state CC
calculations. This is also intrinsically an edge-specific scheme, consistent with the
present edge-specific approach for treating basis-set effects on Rydberg states. It has
been reported that the frozen core version of CVS-EOM-CCSD (fc-CVS-EOM-CCSD)
method [44] often yield accurate core excitation energies, benefiting from cancellation
between errors of the frozen-core approximation and the neglect of triple excitations.
However, since it is essential to include triple excitations to obtain accurate results for
the ESCA molecule, it is necessary to correlate the 1s electrons of the targeted carbon
in ground-state CC calculations. In all calculations presented here, scalar-relativistic
effects have been taken into account using the spin-free exact two-component theory
in its one-electron variant (SFX2C-1e) [69, 70] and the correlation-consistent basis
sets [71] with SFX2C-1e recontraction. All calculations have been carried out using
the CFOUR program package [72, 73, 33, 74, 75, 76]. The calculations presented here
for the ESCA molecule have used the structure of the Cs conformer computed in Ref.
[77]. We mention that similar results have been obtained for the C1 conformer with
details documented in Table 4 of the supplementary material.

EOM-CCSD density difference natural orbitals (DDNOs) have been used to
enable intuitive understanding of the excitations in these core excited states. DDNOs
are obtained by diagonalizing the one-electron density difference matrix, i.e., the
difference between the excited state and ground state EOM-CCSD one-electron density
matrices. For each core-excited state obtained in the present work, one obtains a set
of DDNOs with one of them having an occupation number close to -1 (the 1s orbital
excited from) and one having an occupation number close to 1 (the natural virtual
orbital excited to). The latter has been plotted for twelve core excited states with the
highest intensities in the NEXAFS spectrum of the ESCA molecule. For a first study
using EOM-CCSD DDNOs to facilitate the analysis of NEXAFS spectra, we refer the
reader to Ref. [43]. We also refer the reader to Ref. [78] as a recent perspective review
on related concepts about transition natural orbitals for further discussions of orbital
analysis in x-ray spectroscopy as well as Ref. [79] for DDNOs in other context.

3.1. An edge-specific approach for treating basis set effects on core-excited Rydberg
states

Core-excited Rydberg states are inadequately accounted for in calculations without us-
ing sufficient diffuse basis functions to capture the diffuse character of these states [46].
As shown in Fig. 2 for ammonia, the use of the standard cc-pVTZ basis [71] overesti-
mates excitation energies for the 1s→ 3p states and misses all other Rydberg states.
To solve this problem, we augment the standard correlation-consistent basis sets for the
targeted atom systematically with diffuse s-, p-, and d-type functions. In the following
we use ”+xspd” to refer to the addition of x sets of s-, p-, and d-type diffuse functions.
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The exponents of diffuse functions are obtained by multiplying those of the most dif-
fuse functions in the set by a geometric factor of 1/3. Interestingly, a convergence
pattern has been observed. The addition of two sets of diffuse functions is required
to saturate the description for the first set of Rydberg states, while each additional
set of diffuse functions then serve to converge another set of Rydberg states. Namely,
as demonstrated in Fig. 2, cc-pVTZ+2spd, cc-pVTZ+3spd, and cc-pVTZ+4spd sets
provide converged results for 1s→ 3p, 1s→ 4p, and 1s→ 5p transitions, respectively.
Therefore, in calculations of the ESCA molecule, the cc-pVTZ+4spd set has been
adopted for the targeted carbon atom together with cc-pVTZ basis sets for all other
atoms to ensure an accurate description of valence transitions and the first three sets
of core excited Rydberg states.

The present scheme is edge specific in that a separate EOM-CC calculation is
carried out for core excited states of each atom with additional diffuse functions lo-
cated on this atom, e.g., in the case of the carbon NEXAFS of the ESCA molecule,
each of the four carbon edges requires one separate EOM-CC calculation. It appears
to be a useful alternative to the use of molecular Rydberg functions in Refs. [46]. The
latter can be combined with the frozen core version of CVS-EOM-CC methods [44]
to enable calculations of core excited states of all edges with only a single ground-
state CC calculation, being an edge-universal approach. On the other hand, for larger
molecules, the present edge-specific approach for adding diffuse functions appears to
be physically better motivated than using the center of charge as the center for molec-
ular Rydberg functions, as the localized core hole serves as a well-defined center for
core-excited Rydberg states.

3.2. Importance and treatment of triples contributions

The CVS-EOM-CC core ionization and excitation energies can be improved in a sys-
tematic way by increasing the rank of excitation operators [45]. The CVS-EOM
coupled-cluster singles and doubles (CCSD) method has been shown to provide useful
results for NEXAFS spectra [46, 54, 55]. Although EOM-CCSD calculations typically
overestimate core ionization and excitation energies by 0.5-3 eV, the errors are often
partially offset by the neglect of scalar-relativistic effects and correlation contributions
of core electrons. Further, these errors tend not to contribute to relative shifts and,
thus, do not affect the overall shape of the simulated spectra. For example, as already
shown in Fig. 2, EOM-CCSD calculations describe the NEXAFS of ammonia quite
well. However, a notable exception is that CVS-EOM-CCSD calculations have been
reported to significantly overestimate the separation between the carbon (or oxygen)
1s → π∗ transition and the corresponding Rydberg transitions in the formaldehyde
(CH2O) molecule [46]. Here we show that the inclusion of triple excitations enables
accurate calculations of these relative shifts. The carbon and oxygen 1s core excita-
tion energies of CH2O obtained from CVS-EOM-CCSD [33] and CC single doubles
and triples (CCSDT) [81, 82] calculations are summarized in Table 1. Triples correc-
tions (the difference between CCSDT and CCSD results) to the relative shifts between
1s→ π∗ and the first Rydberg transitions amount to 0.44 eV for the carbon edge and
as large as 0.84 eV for the oxygen edge. The inclusion of triples corrections reduces
the separation between the 1s→ π∗ transition and the first Rydberg transition from
4.68 eV to 4.24 eV for the carbon edge and from 5.28 eV to 4.44 eV for the oxy-
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Figure 2: EOM-CCSD NEXAFS spectra for the nitrogen edge in ammonia obtained
by convolution of the computed energies and oscillator strengths with a Lorentzian
function with a FWHM value of 0.4 eV. Scalar-relativistic effects were taken into

account using the spin-free exact two-component theory in its one-electron variant.
”cc-pVTZ+xspd” (x=1, 2, 3, 4) refers to augmentation of nitrogen cc-pVTZ basis
sets with x sets of additional diffuse s-, p-, and d-type functions. In the last figure,

the red solid line represents experimental spectrum [80] and the computed spectrum
has been red-shifted by 1.30 eV to align the computed 1s → σ∗ transition with the

experiment.

gen edge. These are to be compared with the experiment values of 4.15 eV and 4.66
eV. As the ESCA molecule also contains a carbonyl group, it is therefore necessary
to include triples corrections to obtain accurate results for its NEXAFS spectrum.
The computational cost of CCSDT scales as the eighth power of the system size, and
CVS-EOM-CCSDT calculations of the ESCA molecule are beyond our current com-
putational resources. Therefore, we have adopted the EOM-CCSD(T)(a)∗ method



From synchrotrons for XFELs: the soft x-ray near-edge spectrum of the ESCA molecule8

[83] with a noniterative triples correction to EOM-CCSD, which has been shown to
provide reasonable estimates for triples corrections to core excitation energies [52].
As shown in Table 1, the EOM-CCSD(T)(a)∗ values for relative shifts between the
1s→ π∗ transition and the first Rydberg transition compare favorably with the EOM-
CCSDT values, although EOM-CCSD(T)(a)∗ underestimates the triples corrections
to the absolute values of these core excitation energies by around 0.4 eV.

Table 1: Carbon and oxygen K-edge excitation energies (eV) of formaldehyde. The
relative shifts between the first Rydberg excitation 1s→ 3p(a1) and the valence

1s→ π∗ transition (eV) are enclosed in the parentheses. The cc-pVTZ+5spd basis
set was used for the targeted atom and cc-pVTZ basis sets for the other atoms.

Scalar-relativistic effects were taken into account using the spin-free exact
two-component theory in its one-electron variant.

carbon edge oxygen edge

1s→ π∗ 1s→ 3p(a1) 1s→ π∗ 1s→ 3p(a1)

EOM-CCSD 286.59 291.27 (4.68) 532.49 537.77 (5.28)

EOM-CCSD(T)(a)∗ 286.28 290.59 (4.31) 531.56 536.10 (4.54)

EOM-CCSDT 285.90 290.14 (4.24) 531.03 535.47 (4.44)

Experiment [84] 285.97 290.12 (4.15) 530.88 535.54 (4.66)

Finally, computational NEXAFS spectra for the carbon edge of formaldehyde
obtained using the EOM-CCSD(T)(a)∗ and CCSDT level positions and EOM-CCSD
oscillator strength are presented in Figure 3. With basis-set effects on Rydberg core-
excited states taken into account using cc-pVTZ+5spd basis and the inclusion of
triples contributions, these computational NEXAFS spectra agree very well with
corresponding experimental spectrum. Based on these benchmark calculations, the
use of the EOM-CCSD(T)(a)∗ method together with cc-pVTZ basis systematically
extended with diffuse functions is expected to provide useful results for our present
study of the ESCA molecule.
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Figure 3: Experimental NEXAFS spectrum [84] for the carbon edge of formaldehyde
together with computational spectra obtained using EOM-CCSDT and

EOM-CCSD(T)(a)∗ level positions and EOM-CCSD oscillator strength. Lorentzian
functions with a FWHM value of 0.2 eV have been used in the convolution of

computational spectra. The CCSD(T)(a)∗ level positions have been red-shifted by
0.38 eV. cc-pVTZ+5spd basis sets have been used. Scalar-relativistic effects have

been taken into account using the spin-free exact two-component theory in its
one-electron variant. Note that the finer structures of the experimental spectrum

centered around 286 eV originate from vibrational progression and hence are absent
in the present simulation. [46]

4. Results and discussion

4.1. Assignment of experimental NEXAFS spectrum using computational results

Fig. 4 shows the computed NEXAFS spectrum for the four carbon edges of the
ESCA molecule. The calculations have used the SFX2C-1e EOM-CCSD(T)(a)∗

method for transition energies, EOM-CCSD method for transition dipole moments,
cc-pVTZ+4spd basis set for the targeted carbon, and cc-pVTZ basis sets for all other
atoms. The density difference natural virtual orbital as plotted in Fig. 5-(A) shows
that the first intense peak located at 288.80 eV in the calculation corresponds to the
carbonyl carbon 1s → π∗ transition. Here this excitation into the valence π∗ or-
bital leads to a transition energy around 8 eV lower than the 1s ionization energy of
the carbonyl carbon, which lies in the middle of pre-edge transitions of the methyl
carbon edge. Computed transition energies for 1s → π∗ excitations in CO2, CH2O,
and the ESCA molecule are summarized in Table 2. The transition energies obtained
from EOM-CCSD(T)(a)∗/cc-pVTZ+4spd calculations are consistently around 0.5 eV
higher than the corresponding experimental values, perhaps mainly due to the approx-
imation in the treatment of triple excitations. The intense feature peaked at 288.31 eV
in the experimental spectrum can thus be confidently assigned to this carbonyl carbon
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Figure 4: Experimental and computed NEXAFS spectra for the four carbon edges of
the ethyl trifluoroacetate molecule. The black solid line shows the variation of

measured ion yield with respect to photon energies. Blue, red, green, and black sticks
represent computed absorption lines for the CF3, COO, CH2, and CH3 carbon edges,

respectively, with the height being the values of the computed oscillator strength.
Energy level positions were computed using the EOM-CCSD(T)(a)∗ method, while

transition dipole moments were obtained from EOM-CCSD calculations. The
computed spectrum has been red-shifted by 0.50 eV to align the computed 1s→ π∗

transition with the experiment. The corresponding unshifted spectrum is enclosed as
Fig. 1 of the supplementary material. Scalar-relativistic effects were taken into

account using the spin-free exact two-component theory in its one-electron variant.

1s → π∗ transition. Further, in Fig. 4 we red-shifted all computed lines by 0.50 eV
to align the computed and experimental peaks for this transition. In the following
discussions we will also use the red-shifted computed energies.

Table 2: Carbon 1s→ π∗ transition energies (eV). Scalar-relativistic effects were
taken into account using the spin-free exact two-component theory in its

one-electron variant.

CO2 CH2O ESCA

EOM-CCSD/cc-pVTZ+4spd 291.60 286.59 289.11

EOM-CCSD(T)(a)∗/cc-pVTZ+4spd 291.33 286.28 288.80

EOM-CCSDT/cc-pVTZ+4spd 290.95 285.90 /

Experiment [84, 85] 290.76 285.97 288.31
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The first visible feature in the experimental spectrum, albeit a weak one, appears
at round 287.02 eV and is assigned to the methyl carbon 1s→ σ∗ transition [the cor-
responding DDNO is plotted in Fig. 5-(B)]. The computed transition energies for the
1s → 3p transitions of the methyl carbon edge are very close to that of the carbonyl
carbon 1s → π∗ transition [Fig. 5-(C,D)]. The 1s → 4p transitions are around 1 eV
higher and have much lower intensities. The transitions from 1s electron of the CH2

carbon to a C-H σ∗ orbital [Fig. 5-(E)], a C-O σ∗ orbital [Fig. 5-(F)], and the 3p
orbitals [Fig. 5-(G)] are located at 289.0 eV, 289.46 eV, and 289.73 eV, respectively.
They also contribute to the intense feature centered around 288.3 eV. Interestingly,
the most intense features from the CH3, CH2, and COO carbon edges all pile up in the
pre-methyl carbon edge region ranging from 287 eV to 291 eV. As mentioned in the
introduction, this renders the NEXAFS spectrum of the ESCA molecule substantially
more complicated than the corresponding photoelectron spectrum.

Figure 5: Density-difference natural virtual orbitals for core-excited states of COO,
CH3, and CH2 C edges of the ESCA molecule that are the most intense ranging
from 287 eV to 292 eV in the NEXAFS spectrum. Computed transition energies

(with a 0.5 eV red shift) and oscillator strengths as used in Fig. 4 are enclosed in the
parentheses.

The features in the experimental spectrum with transition energies higher than
293 eV are assigned to transitions of the CF3 carbon edge. The transition around 293.5
eV is a valence excitation into a C-C π orbital, as shown in Fig. 6-(H). Interestingly,
since the electron density between the two carbon atoms is heavily depleted due to
the presence of three fluorine atoms with high electronegativity, this excitation that
increases the electron density in an orbital of bonding character in this region produces
an excited state with substantially lower energy than excitations to anti-bonding or
Rydberg orbitals. The strong transition around 295.8 eV in the experimental spectrum
is assigned to a valence excitation into the C-F σ∗ orbital, which is calculated to be
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located at 296.14 eV [Fig. 6-(I)]. The broad feature centered around 297 eV consists
of Rydberg transitions to 3p [Fig. 6-(J, K, L)] and 4p orbitals.

Figure 6: Density-difference natural virtual orbitals for intense core excited states of
the CF3 carbon edge of the ESCA molecule that are the most intense in the range of
292-299 eV in the NEXAFS spectrum. Computed transition energies (with a 0.5 eV
red shift) and oscillator strengths as used in Fig. 4 are enclosed in the parentheses.

4.2. Remarks on the accuracy of the computed spectrum

Since computations play an important role in the assignment of the experimental spec-
trum, it is of interest to analyze the accuracy of the present computational results in
more detail. First we focus on the description of core-excited Rydberg states. The
use of the cc-pVTZ+4spd basis set for the target carbon can describe three sets of
Rydberg states accurately, which is expected to cover important features in the exper-
imental NEXAFS spectrum. As shown in Fig. 2-4 in the supplementary material, the
cc-pVTZ+2spd basis provides an essentially converged description for valence excita-
tions and the first sets of Rydberg excitations. However, inclusion of additional diffuse
functions in the cc-pVTZ+3spd and cc-pVTZ+4spd sets provides richer structures and
smaller intensities for higher Rydberg states, which clearly improves the quality of the
simulated spectrum. Inspection of the convergence of computational results shows
that further addition of a fifth set of diffuse functions is unlikely to make a significant
difference. It can thus be safely concluded that the treatment of the diffuse character
of Rydberg states has been converged in the calculations using the cc-pVTZ+4spd
basis set. Note that the augmentation of standard basis sets with sufficient diffuse
functions is required to capture the diffuse nature of core-excited Rydberg states in
general. In recent time-dependent density-functional theory (TDDFT) and restricted
active space second order perturbation theory (RASPT2) calculations of the NEXAFS
spectrum for the ESCA molecule [20], the use of standard basis sets also seem to lead
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to overestimation of intensities for Rydberg states. The present edge-specific approach
is expected to be applicable for quantum-chemical methods other than coupled-cluster
methods in a straightforward manner.

Accurate calculations of transition energies in the NEXAFS spectra has emerged
as a major challenge. The experimental NEXAFS spectrum for the ESCA molecule
prensented here serves as a useful guide for benchmarking computational methods.
Comparing the experimental and computational spectra, it appears that an accurate
calculation for the separation between the 1s→ π∗ transition of the carbonyl carbon
and other transitions is a formidable task. Triples corrections clearly make important
contributions here. Comparing the CCSD/cc-pVTZ+4spd spectrum (Fig. 4 of the
supplementary material) and the CCSD(T)(a)∗/cc-pVTZ+4spd spectrum (Fig. 4), it
can be seen that CCSD clearly overestimates the separation between the carbonyl car-
bon 1s → π∗ transition and the other transitions with higher energies. For example,
the triples corrections red-shift the level positions of the transitions around 298 eV in
the spectrum by around 1 eV. A particularly difficult case is the separation between
the carbonyl carbon 1s→ π∗ transition and the CH2 carbon 1s to C-O σ∗ transition,
which amounts to 1.41 eV at the CCSD level. The inclusion of triples corrections
using CCSD(T)(a)∗ reduces this value to 1.16 eV. However, even CCSD(T)(a)∗ seems
to overestimate this separation. In the experimental spectrum, only a small shoulder
appears around 0.7 eV higher than the peak at 288.30 eV, which may indicate that
the strong transition from the CH2 carbon 1s orbital to the C-O σ∗ orbital is located
even closer to the carbonyl carbon 1s→ π∗ transition, so that both of them contribute
to the intense peak at 288.3 eV. This difficulty also persists for other computational
methods. The TDDFT and RASPT2 calculations reported in Ref. [20] also success-
fully identified the carbonyl carbon 1s→ π∗ transition as the first intense transition.
However, the separation between the carbonyl carbon 1s → π∗ transition and the
CH2 carbon 1s to C-O σ∗ transition has also been overestimated, with the TDDFT
value being 1.5 eV and the RASSCF/RASPT2 value being as large as ca. 3 eV. It
would be of interest to further investigate the calculations of these transition energies.
In particular, delta-coupled-cluster methods, which directly calculate coupled-cluster
wavefunctions for core excited states [77, 86, 52], may be able to provide more ac-
curate energies for these states than the CVS-EOM-CC methods with approximate
treatment of triple excitations. Further, vibronic coupling has been reported to make
significant contributions to NEXAFS of CO2 [85] and might be relevant to the ESCA
molecule. This, however, is only speculation at the moment.

The sum of oscillator strengths for transitions from CF3, COO, CH2, and CH3

edges are 0.277, 0.075, 0.108, and 0.066. The CF3 edge has substantially higher
intensity for core excitations than other edges, perhaps because the depletion of the
electron density around this carbon and the sp3 hybridization of this carbon atom
offers good accommodation of various valence and Rydberg excitations. The present
simulation has not considered contributions from core ionizations to the intensities of
the absorption spectrum. Although the main peaks in the absorption spectrum seem
to originate from core excitations and core ionizations likely contribute as smooth
background beyond each edge, it would be of interest to investigate the contributions
from core ionization using the Dyson orbital technique [87, 88, 89, 49] to get a complete
description for the absorption spectrum. We should also mention that CVS-EOM-
CC methods used here work with wavefunctions of bound states and are suitable
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for obtaining valence excitations and Rydberg excitations series that systematically
approach the ionization threshold. They may not be suitable for describing states
beyond the ionization threshold, which in general requires the use of the so-called
”non-Hermitian quantum mechanics” [90, 91]. Therefore, we only show results for core
excited states with excitation energies below the ionization energy for every carbon
edge in present discussions.

5. Summary and Outlook

We present the experimental photoabsorption spectrum of the ESCA molecule, ethyl
trifluoroacetate, near the carbon K-edge and provide a theoretical interpretation of its
spectral features. The theoretical methods advance the theoretical state-of-the-art by
saturating basis-set effects to describe properly the diffuse Rydberg orbitals using a
simple edge-specific approach for systematically expanding standard basis sets, and, by
including triple excitations to capture the valence (in particular 1s→ π∗)-to-Rydberg
energy intervals. These methods were benchmarked on other simple molecules (NH3,
H2CO, CO2) and are thought to be generalizable. While most time-resolved NEXAFS
spectra have been used to interpret dynamics due to optical/UV excitation of valence
states [26, 16], NEXAFS can also provide fingerprints to follow inner-shell-initiated
molecular dynamics - a discipline which is now feasible and a natural extension to
x-ray pump/probe methods at XFELs [17, 92, 93, 94, 95]. Ethyl trifluoroacetate has
already proven itself a model for ESCA (electron spectroscopy for chemical analysis),
and, now extends its reach to advance theoretical methods to describe complex inner-
shell photoabsorption spectra.
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[23] Travnikova O, Børve K J, Patanen M, Söderström J, Miron C, Sæthre L J, Mårtensson N and

Svensson S 2012 Journal of Electron Spectroscopy and Related Phenomena 185 191 – 197
special Issue in honor of Prof. T. Darrah Thomas: High-Resolution Spectroscopy of Isolated
Species

[24] Inhester L, Oostenrijk B, Patanen M, Kokkonen E, Southworth S H, Bostedt C, Travnikova O,
Marchenko T, Son S K, Santra R, Simon M, Young L and Sorensen S L 2018 J. Chem. Phys.
Lett. 9 1156–1163
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Figure 1 in the supplementary material is the unshifted version of Figure 3 in the
main text. The original EOM-CCSD(T)(a)∗ energies were used here. In figure 3 of
the main text, the lines are red-shifted by 0.5 eV to align the computed COO 1s→ π∗

transition with the peak at 288.3 eV.

Figure 2, 3, and 4 in the supplementary material are EOM-CCSD spectrum ob-
tained using cc-pVTZ+2spd, cc-pVTZ+3spd, and cc-pVTZ+4spd basis for targeted
atoms. The purpose is to show the convergence of the description for Rydberg states
to the effects due to diffuse functions. The cc-pVTZ+2spd has correct description for
local excitations and the first set of Rydberg states, but overestimate energies and in-
tensities for higher Rydberg transitions, with transitions around 298 eV as prominent
examples.

Table 1 in the supplementary material summarizes the raw data for figure 3 in
the main text.

Table 2 in the supplementary material presents the raw data for figure 2 in the
main text.
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Table 3 in the supplementary material presents a comparison of computational
results for the ESCA molecule in the Cs geometry with those in C1 geometry.
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Figure 1: Experimental and computed NEXAFS spectra for the carbon edges of
the ethyl trifluoroacetate molecule. The black solid line shows the variation of
measured ion yield with respect to photon energies. Blue, red, green, and black
sticks represent computed absorption lines for the CF3, COO, CH2, and CH3 carbon
edges, respectively, with the height being the computed oscillator strengths. Energy
level positions were computed using the SFX2C-1e EOM-CCSD(T)(a)∗ method, while
transition dipole moments were obtained from EOM-CCSD calculations.
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Figure 2: Experimental and computed NEXAFS spectra for the carbon edges of
the ethyl trifluoroacetate molecule. The black solid line shows the variation of
measured ion yield with respect to photon energies. Blue, red, green, and black sticks
represent computed absorption lines for the CF3, COO, CH2, and CH3 carbon edges,
respectively, with the height being the computed oscillator strengths. Energy levels
and transition dipole moments were obtained from EOM-CCSD calculations. The
computed spectrum has been red-shifted by 0.81 eV to align the computed 1s −→ π∗

transition with the experiment. The cc-pVTZ basis set augmented with two sets of
additional diffuse s-, p-, and d-type functions for the targeted carbon and cc-pVTZ
basis set for the other atoms have been used in all calculation.
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Figure 3: Experimental and computed NEXAFS spectra for the carbon edges of
the ethyl trifluoroacetate molecule. The black solid line shows the variation of
measured ion yield with respect to photon energies. Blue, red, green, and black sticks
represent computed absorption lines for the CF3, COO, CH2, and CH3 carbon edges,
respectively, with the height being the computed oscillator strengths. Energy levels
and transition dipole moments were obtained from EOM-CCSD calculations. The
computed spectrum has been red-shifted by 0.81 eV to align the computed 1s −→ π∗

transition with the experiment. The cc-pVTZ basis set augmented with three sets of
additional diffuse s-, p-, and d-type functions for the targeted carbon and cc-pVTZ
basis set for the other atoms have been used in all calculation.
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Figure 4: Experimental and computed NEXAFS spectra for the carbon edges of
the ethyl trifluoroacetate molecule. The black solid line shows the variation of
measured ion yield with respect to photon energies. Blue, red, green, and black sticks
represent computed absorption lines for the CF3, COO, CH2, and CH3 carbon edges,
respectively, with the height being the computed oscillator strengths. Energy levels
and transition dipole moments were obtained from EOM-CCSD calculations. The
computed spectrum has been red-shifted by 0.81 eV to align the computed 1s −→ π∗

transition with the experiment. The cc-pVTZ basis set augmented with four sets of
additional diffuse s-, p-, and d-type functions for the targeted carbon and cc-pVTZ
basis set for the other atoms have been used in all calculation.
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Table 1: Computed transition energies (in eV) and oscillator strength (in a.u.)
for CF3, COO, CH2 and CH3 C edges of the ESCA molecule used in Figure
3. Energy level positions were computed using the EOM-CCSD(T)(a)∗ method,
while transition dipole moments were obtained from EOM-CCSD calculations.
Transitions with the higher intensities were specified. The cc-pVTZ basis set
augmented with four sets of additional diffuse s-, p-, and d-type functions for the
targeted carbon atom and cc-pVTZ basis set for the other atoms have been used
in all calculation.

Transition
Transition energy

Oscillator strength
(original) (shifted)

CF3 1s −→ π 294.25 293.75 0.03923
1s −→ C-Fσ∗ 296.10 295.60 0.08421
1s −→ 3p 296.17 295.67 0.01962

297.01 296.51 0.00740
297.18 296.68 0.00332

1s −→ 3p 297.53 297.03 0.02601
297.69 297.19 0.00913
297.73 297.23 0.00704
297.80 297.30 0.00389

1s −→ 3p+ π∗ 297.99 297.49 0.02834
298.00 297.50 0.00758
298.08 297.58 0.01609
298.09 297.59 0.00648
298.39 297.89 0.00366

COO 1s −→ π∗ 288.80 288.30 0.06639

CH2 1s −→ C-Hσ∗ 289.51 289.01 0.01588
1s −→ C-Oσ∗ 289.96 289.46 0.04136
1s −→ 3p 290.22 289.72 0.01896

291.01 290.51 0.00520
291.54 291.04 0.00557
292.70 292.20 0.00547

CH3 1s −→ C-Cσ∗ 287.52 287.02 0.00513
1s −→ 3p 288.53 288.03 0.01721
1s −→ 3p 288.53 288.03 0.01581

289.45 288.95 0.00638
289.75 289.25 0.00386
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Table 2: EOM-CCSD values for transition energies (in eV) for the nitrogen edge of ammonia
used in Figure 2. Oscillator strengths (in a.u.) are enclosed in the parentheses. The transition
energies have been red-shifted by 1.3 eV in last column.

Transition cc-pVTZ
cc-pVTZ

+spd 2spd +3spd +4spd +4spd(shifted)

1s −→ σ∗ 402.20 402.02 401.85 401.84 401.84 400.54
(0.00680) (0.00672) (0.00564) (0.00565) (0.00565) (0.00565)

1s −→ 3p(e) 404.07 403.97 403.51 403.50 403.50 402.20
(0.03525) (0.02908) (0.01916) (0.01902) (0.01903) (0.01903)

1s −→ 3p(a1) / 405.03 404.15 404.13 404.13 402.83
(0.01267) (0.00640) (0.00608) (0.00608) (0.00608)

1s −→ 4p(e) / 405.72 405.04 404.83 404.82 403.52
(0.00676) (0.00762) (0.00382) (0.00372) (0.00372)

1s −→ 4p(a1) / / 406.09 405.54 405.49 404.19
(0.00112) (0.00212) (0.00172) (0.00172)

1s −→ 5p(e) / / 405.98 405.40 405.34 404.04
(0.00121) (0.00222) (0.00273) (0.00273)

1s −→ 6p(e) / / 406.68 406.07 405.70 404.40
(0.00560) (0.00704) (0.00111) (0.00111)
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Table 3: EOM-CCSD values for transition
energies (in eV) and oscillator strengths for the
Cs and C1 conformers for the pre-methyl carbon
edge. Note that the separation between COO
1s → π∗ and CH2 1s → σ∗ transitions (the first
and third lines) is 1.41 eV for the Cs conformer
and 1.37 eV for the C1 conformer. The cc-
pVTZ basis set augmented with two sets of
additional diffuse s-, p-, and d-type functions
for the targeted carbon atom and cc-pVTZ basis
set for the other atoms have been used in all
calculation.

Transition energies Oscillator strength

Cs C1 Cs C1

289.11 289.12 0.66400 0.06464
290.28 290.28 0.01254 0.01734
290.52 290.49 0.03833 0.03376
291.01 291.14 0.01895 0.01983
291.64 291.44 0.00090 0.00096
288.23 288.24 0.00391 0.00404
289.21 289.15 0.01219 0.01014
289.23 289.31 0.01579 0.01011
289.59 289.69 0.00235 0.00518

/ 290.29 / 0.00437
290.29 290.33 0.00796 0.00882
290.45 290.5 0.00262 0.00075
290.67 290.63 0.00385 0.00211

/ 290.82 / 0.00218
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