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spectroscopy of single and double core-hole states created by the ionization of a heteroatom can

ABSTRACT: We demonstrate how the near-edge X-ray absorption fine structure (NEXAFS) Wobes the C K-edge

be used to probe subtle changes in intramolecular chemical environments that are nearly
indistinguishable by conventional NEXAFS spectroscopy. Using prototypical organic molecules
(2/3-pentanone and pentanal), we show how new spectral features emerge in the C K-edge
NEXAFS spectra, when creating single and double core-holes at the oxygen heteroatom site. The
effect on the lowest unoccupied molecular orbitals is analyzed by studying the double-core-hole-
induced ultrafast valence electron dynamics of the three molecules. The predicted changes from
our simulations should be observable with state-of-the-art experiments at X-ray free-electron

lasers.

hen a molecule interacts with an X-ray free electron

laser (XFEL) pulse with sufficient peak power and at
sufficiently high photon energies, there is a significant
probability that one or more of its core electrons will be
ionized, leaving behind core-holes. Core-holes can be created
either at multiple sites or at a single atomic site, depending on
the peak power and frequency range of the XFEL pulse.

A little over three decades ago, Cederbaum et al.
demonstrated theoretically that binding energies associated
with double core-hole (DCH) states can provide a sensitive
platform to probe the varied local atomic environments in
molecular systems."”> These concepts later became the
theoretical basis for X-ray two-photon photoelectron spectros-
copy (XTPPS),> ® predicted to be significantly more sensitive
to chemical and many-body effects than conventional X-ray
photoelectron spectroscopy (XPS).”

The main idea behind XTPPS is that a single X-ray pulse is
able to create a DCH via a sequential absorption of two
photons, provided that the pulse is intense enough to deliver
the necessary number of photons to the volume of interest
within the core-hole lifetime. The photoelectrons detected in a
suitable energy range will then carry information about the
doubly ionized state. Nonetheless, a major difficulty in XTPPS
is that its feasibility depends on the availability of intense,
ultrafast X-ray pulses. These requirements are difficult to fulfill
with synchrotron sources, but routinely achieved at XFEL
sources, which have up to 9 orders of magnitude higher peak
power.®
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With the current advances in creating intense, femtosecond
X-ray pulses, it has become possible to measure DCH
ionization potentials in molecular systems, both at a single
site (ss) and at two distinct sites (ts) with the use of X-ray free-
electron lasers.” "> ss-DCH and ts-DCH states have also been
observed with synchrotron sources,'>”'* where a single photon
ejects an electron with sufficient energy to further ionize the
molecule. Note that this process is fundamentally different
from the two-photon case discussed in this Letter. The XFEL-
based advances have not only demonstrated the feasibility of
XTPPS but also opened new avenues to the exploration and
development of novel spectroscolpies based on core-ionized
states both from experimental'®™>" and theoretical**~** points
of view.

In this Letter, we propose a novel type of spectroscopy based
on the near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy of molecular systems following core-electron
ionization. We envision an experimental setup where two
independent ultrafast X-ray laser pulses of different colors are
simultaneously applied to a molecular system containing more
than one type of atoms. The first pump pulse should be intense
enough to create a single core-hole (SCH) or DCH above a
specific K-edge (for instance, the oxygen K-edge), while the



second probe pulse should be sufficiently weak to predom-
inantly create SCH states at a different absorption edge (for
instance, the carbon edge) that is probed by NEXAFS.
Although the first SCH or DCH is localized on a different site
than that probed via NEXAFS, its creation can induce an
ultrafast charge migration in the valence space,” leading to
significant changes in the final state assessed via NEXAFS.
Furthermore, the potential created by the residual positive
charge leads to significant changes in the electronic structure of
the surrounding atomic sites.

We demonstrate that the creation of SCHs and DCHs at a
heteroatomic center in organic molecules can be used as a
platform to probe chemical environments that are nearly
indistinguishable using traditional NEXAFS spectroscopy.

As a prototypical example, we consider a model system
consisting of a set of small ketones/aldehyde isomers of
formula C;H,;yO as illustrated in Figure 1. This set of
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Figure 1. Set of ketones/aldehyde considered in this work. Hydrogen
(white), carbon (gray), and oxygen (red).

molecules is interesting as it allows one to explore the
emergence and disappearance of spectral features as molecular
symmetry is reduced. While 3-pentanone (note that we adopt
the TUPAC atom labeling convention for ketones and
aldehydes) belongs to the C,, point group, 2-pentanone and
pentanal both have C; symmetry. Thus, changing the position
of the oxygen substituent provides a means to explore the
gradual effects of symmetry breaking in heterogeneous core-
hole spectroscopies.

We begin by analyzing the effect of oxygen core-hole
formation (lifetime & S fs) (see Computational Details) on the
carbon K-edge spectra of the most symmetric molecule, 3-
pentanone. In this instance, both methyl and methylene groups
are equivalent, and the C K-edge spectra is expected to have
only three dominant pre-edge features corresponding to the C,
Is — 7* transitions. As shown in Figure 2, the neutral
molecule presents the three distinct excitation energies (purple
lines), as expected. Nonetheless, these features are separated
by only 0.15 eV and thus are very difficult to be distinguished
in an experimental setup. Upon the creation of an SCH at the
oxygen site, an attosecond valence charge migration is induced,
as illustrated in Figure 8. This charge migration plays two
important roles in the character of the final core-hole state: (1)
it modifies the character of the LUMO as it exchanges hole
density with inner valence orbitals, and (2) it leads to a slight
destabilization of the carbon core-electrons farther from the
oxygen center due to strong attraction with the newly formed
core hole. As a consequence, these processes lead to significant
changes in the C K-edge spectrum.

In terms of the energy levels, it is possible to observe a much
larger separation in the C, 1s — 7™ transition energies (Figure
2, green lines), with transitions originating from the methyl
(C,) and methylene (C,) groups being separated by about 1
eV. Because the SCH state is a doublet, it is also possible to
observe spin splittings at each pre-edge feature; nonetheless,
these splittings are appreciable only at the carbonyl edge (C;).

290
3-pentanone
C
288 Comm © G .
C
Cs
286 |- =
E C, ==
3 284 | C, F— -
2 G
L
282 - -
C
/WJ y >
280 |- -
Neutral SCH
278

Figure 2. Computed excitation energies for the C, 1ls — 7r*
transitions in neutral 3-pentanone and after the creation of SCHs and
DCHs at the oxygen site, respectively. Excitation energies were
uniformly shifted by +11.4 V.

With the creation of a ss-DCH, Coulombic interactions are
further increased, leading to an even larger separation between
the different edges (Figure 2, orange lines). In this case, the
distinct pre-edge features appear separated by at least 2 eV,
making it possible to distinguish them in an experimental
setup. Whether these states are bright or not to be detectable
through spectroscopy will depend on the extent to which the
LUMO (z*-orbital) is modified by the DCH formation; for
instance, a bright signal is to be expected if there is a large
spatial overlap between the resulting LUMO and the core 1s
orbital localized at a given carbon center.

In Figure 3, we provide the computed C K-edge spectra of 3-
pentanone in its neutral state, and after the creation of SCH
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Figure 3. Computed C K-edge spectra for neutral 3-pentanone and
after the creation of SCHs and DCHs at the oxygen site, respectively.
The inset shows the shape of the LUMO (#*) in each case. Spectra
were uniformly shifted by +11.4 eV.

and DCHs. For the neutral molecule, the LUMO is localized
on the carbonyl and methylene groups, and thus, the main pre-
edge feature at 288.0 eV is mostly dominated by the C; 1s —
7* transition, with a small contribution from the C,, 1s — 7*.
Note that the features above 289 eV correspond to transitions
into Rydberg-like states and will not be further discussed in
this work. Upon the SCH creation, the LUMO is still localized



at the carbonyl and methylene groups, but with a slightly larger
amplitude in the methylene region. This change is evidenced
by the appearance of the doublet at 284.9 and 285.2 eV
corresponding to the C,, 1s — #* transition. On the other
hand, the creation of a DCH leads to dramatic changes in the
shape of the LUMO, with large amplitudes around the
carbonyl and methylene groups and a smaller amplitude
around the methyl groups. Accordingly, the peak correspond-
ing to the C,, 1s — 7* transition, now appearing at 283.4 eV
becomes a prominent feature in the spectrum, and a small peak
at 281.5 eV corresponding to the C,s 1s — #* transition
becomes visible.

The picture is very similar in the case of 2-pentanone, with
the exception that now the C,, symmetry is broken, and all
carbon atoms are nonequivalent. Thus, five distinct signatures
are to be expected. Because C, and C; are almost equidistant
from the carbonyl group (C,), the extent in which these
centers are affected by the core-hole creation is similar enough
such that no significant separation between the C; 1s — 7*
and C; 1s — 7* transitions is observed. Nonetheless, the
identification of five distinct excitation energies can still be
made, especially in the DCH state, as shown in Figure 4.
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Figure 4. Computed excitation energies for the C, 1s — z*
transitions in neutral 2-pentanone and after the creation of SCHs and
DCHs at the oxygen site, SCH and DCH, respectively. Excitation
energies were uniformly shifted by +11.4 eV.

The C K-edge spectra for 2-pentanone are provided in
Figure S, where one can observe similar features to those
presented for 3-pentanone, with the clear exception that the
feature around 283.3 eV for the DCH state is now a
convolution of two closely spaced peaks at 28326 and
283.38 eV assigned to the C; 1s —» #* and C; 1s — 7*
transitions, respectively. Note also that the C, 1s — #*
transition is virtually invisible as a consequence of the shape of
the LUMO.

We now turn our attention to the least symmetric molecule,
pentanal. In this case, we expect to see five distinct excitation
energies. Although these transitions for the neutral molecule
appear all within a 0.7 eV window, the creation of a single O
core-hole is sufficient to spread them over a much larger, 6 eV,
window, where transition energies are separated by at least 0.4
eV, as illustrated in Figure 6.

As discussed above, the creation of a second core-hole in the
oxygen site further increases this separation to at least 0.8 eV.
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Figure 5. Computed C K-edge spectra for neutral 2-pentanone and
after the creation of an SCH and DCH at the oxygen site, respectively.
The inset shows the shape of the LUMO (#*) in each case. Spectra
were uniformly shifted by +11.4 eV.
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Figure 6. Computed excitation energies for the C, 1ls — 7x*
transitions in neutral pentanal and after the creation of an SCH and
DCH at the oxygen site, respectively. Excitation energies were
uniformly shifted by +11.4 V.

The most striking difference between the behaviors of pentanal
and 2/3-pentanone is in the way in which the LUMOs are
modified by the core-hole creation.

As observed in Figure 7, the LUMO for the neutral molecule
is localized in the carbonyl center with a small amplitude
around C,, and thus, the pre-edge feature around 287.7 €V can
be assigned to the C; Is — #* transition with a minor
contribution from the C, 1s —7z* transition. Similarly, the
creation of a SCH induces a larger LUMO amplitude around
C,, making the C, 1s = 7* transition, now at 284.4 and 284.6
eV, slightly more prominent. In this case, DCH creation
delocalizes the LUMO throughout the entire molecular
backbone, although no amplitude is observed around C;. As
a consequence, all new pre-edges, with the exception of the C;
Is — 7* transition, present rather strong signatures.

Thus, heteroatom DCH K-edge spectroscopy can be a
powerful approach in differentiating structural isomers and
intramolecular chemical environments that cannot be dis-
tinguished by traditional K-edge spectroscopies alone, like for
instance, the three methylene groups in pentanal.
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Figure 7. Computed C K-edge spectra for neutral pentanal and after
the creation of an SCH and DCH at the oxygen site, respectively. The
inset shows the shape of the LUMO (z*) in each case. Spectra were
uniformly shifted by +11.4 eV.

In order to gain a further understanding on how the DCH
creation affects the shape of the LUMOs, we performed DCH-
induced valence electron dynamics simulations for all three
molecules. The results are provided in Figure 8.

As can be seen in Figure 8, the creation of a DCH at the
oxygen site induces an attosecond valence dynamics, which in
all cases involves the exchange of hole density between the
HOMO + sub-HOMO and the LUMO. Note, however, that
the HOMOs are orthogonal to all the other orbitals taking
place in the dynamics, and their contribution to the hole
migration is rather small.

In the case of 3-pentanone, significant hole-density exchange
happens only between the HOMO—1 and LUMO, both of 7*
symmetry. The linear combination of these two orbitals then
leads to the relaxed DCH-LUMO observed in Figure 3 with an
enhanced amplitude in the methylene positions and a small
amplitude in the methyl groups. A similar conclusion can be
drawn in the case of 2-pentanone. For pentanal, however, hole
density is exchanged between the HOMO—6 and LUMO and
HOMO—-4 and LUMO. The relaxed DCH-LUMO is thus
expected to have strong contributions from all of these orbitals.
If we consider that the HOMO—6 and HOMO—4 are out-of-
phase in C; and C;, and considering that the HOMO—4
interacts more strongly with the LUMO than the HOMO—6
does, it is not difficult to imagine a scenario where the
amplitude in C; completely vanishes resulting in the relaxed
DCH-LUMO observed in Figure 7.

In summary, we have demonstrated that the creation of
SCHs and DCHs at a heteroatomic center in an organic
molecule can be used as a platform to probe nearly
indistinguishable chemical environments, such as several
symmetrically nonequivalent carbon centers in organic
molecules. We demonstrate that in the case of 2/3-pentanone
and pentanal, the emergence of new spectral features in the C
K-edge NEXAFS spectra induced by the creation of SCHs and
DCHs at the oxygen site can be rationalized in terms of the
interaction between the Coulomb hole at the oxygen center
and the inner-shell electrons at the carbon centers, leading to a
destabilization of carbon core electrons farther from the core-
hole site, and the induced valence charge migration that leads
to LUMOs with modified shapes.

We appreciate that including nuclear dynamics in our RT-
TDDFT simulations may be important as the C—H bond
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Figure 8. Simulated valence charge migration of 3/2-pentanone and
pentanal induced by the creation of a DCH at the oxygen site as
measured by the change in the hole occupation number in the
relevant MOs. A positive (negative) hole occupation number
represents loss (gain) of electronic charge density. The shape of the
MOs relevant to the valence electron dynamics are represented in the
right panel. Only MOs that contribute with more than 0.2e
throughout the simulation are shown (H, HOMO; L, LUMO).

stretch is on the order of ~11 fs, which is roughly twice the
oxygen core-hole lifetime (~5 fs). These effects are currently
not available in our RT-TDDFT implementation. That being
said, the present work is meant to be a proof-of-principle study
to highlight the role of single and double core-holes as a means
to probe nearly indistinguishable intramolecular chemical
environments via NEXAFS. A follow-up study including
nuclear motions would be essential to further elucidate our
findings.

We note that when performing the two-color experiments to
measure the carbon NEXAFS while simultaneously creating an
oxygen core-hole, one has to consider the possibility that the
second color that creates the oxygen core-hole also creates
additional carbon core-holes. This potential artifact can be
addressed by tuning the second color to both above and below
the threshold for creating an oxygen core-hole. As the cross
section for creating a carbon core-hole does not change
significantly between, e.g, 535 and 545 eV, any observed
difference must come from the absence or presence of the
oxygen core-hole. It is also conceivable that by varying the
delay between the pump and probe, one can study the
influence of the core-hole on the NEXAFS.



The continuous development of new XFELs such as LCLS-
11 will provide intense, tunable, two-color X-ray pulses®”*" at
high repetition rates. Thus, we envisage that the work
suggested here will become experimentally feasible with the
high data quality required to not just observe but quantitate
the spectral changes from nonlinear effects. These advances
will add a powerful dimension to NEXAFS spectroscopy for
characterizing the electronic structure and its dynamics in
many molecular systems.

COMPUTATIONAL DETAILS

All C K-edge spectra were computed within the time-
dependent density functional theory (TDDFT) framework,
employing the 6-311G* basis set,>>*> the Tamm—Dancoff
approximation,®® the Perdew—Burke—Ernzerhof exchange—
correlation functional with 25% of Hartree—Fock exchange
(PBEO),*>*® and the restricted excitation window approach®”
as implemented in a development version of the NWChem
package.*®

Core-hole states were created by first converging the neutral
molecule to its electronic ground state followed by the removal
of one or two electrons from the 1s molecular orbital localized
in the oxygen atom. These states were subsequently converged
to a stationary point by enforcing the population of the O 1s
molecular orbital to remain either 1 for SCH or 0 for DCH.

Valence charge migration computations were performed at
the real-time TDDFT,* 6-311G* level of theory, and PBEO
exchange-correlation functional, respectively. Core-hole states
were created as described above, with the exception that here
we do not perform the reoptimization step after removal of 1s
electrons, simulating a “sudden” X-ray ionization at the oxygen
K-edge, as discussed in ref 40. The density matrix of the
nonstationary core-ionized state was then propagated field-free
in the basis of the neutral molecule for S fs with time steps of
1.2 as via

0
—P'(t) = —i[F'(t), P'(¢)]
% p(s) = ~ilF (0), PO "
where F’ and P’ represent the Fock and density matrices in the
MO basis, respectively. Nuclei are kept frozen, and no
dissipation is included in the propagation.

The hole-occupation number was then evaluated as

n(t) = [C/Tpl(t)cl]kk ()
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