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Abstract

The near-edge X-ray absorption fine structure (NEXAFS) spectra of the gas-phase isoxazole
molecule have been measured by collecting total ion yields at the C, N, and O K-edges. The
spectral structures have been interpreted using the time-dependent density functional theory (TD-
DFT) with the short-range corrected SRC2-BLYP exchange-correlation functional. Experimental
and calculated energies of core excitations are generally in good agreement, and the nature of
observed core-excitation transitions has been elucidated. The experimental C 1s, N 1s, and O 1s
core electron binding energies (CEBEs) have additionally been estimated from another yield
measurement where the electric field ionized neutral fragments in high-Rydberg (HR) states. For

comparison, theoretical CEBEs have been calculated at the AMO06-2X//mixed basis set level. We
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have also calculated the vibrationally resolved spectra pertaining to the lowest C 1s and N 1s core-
excited roots in the Franck-Condon-Herzberg-Teller (FCHT) approximation. These spectra
correlate well with the observed spectral features and have proven useful in resolving certain

ambiguities in the assignment of the low-lying C 1s NEXAFS bands.

1. Introduction

Various fundamental compounds in diverse areas of chemistry, biology, and medicine comprise
heterocyclic rings with oxygen and nitrogen heteroatoms. One of such bioactive molecules is
isoxazole (C3HsNO, see Figure 1). It is a prototypical molecule due to its distinctive ring structure
containing three regular sp? carbon atoms and oxygen and nitrogen atoms at adjacent positions
connected via a fragile bond. In addition, an N=C bond is shorter than a C=C bond. Isoxazole has
a fully conjugated set of m—electrons and exhibits pseudo-aromatic behavior. Isoxazole has thus
specific electronic properties and chemical reactivity that cause, for example, unique
photodissociation mechanisms! and the involvement of heteroatoms in strong hydrophilic
interactions or coordinate bonds with ions?.

Accordingly, isoxazole is embedded in many agrochemicals and pharmacological agents®
®. Isoxazole has become particularly important in the design of new drugs because numerous
functional groups are readily attached to its scaffold, allowing the resulting compounds to interact
with specific target proteins, such as the neurotransmitter agonist AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazolopropionic acid) or microRNAs regulators® 7. Such biological activities of
isoxazole derivatives lead to reduced drug toxicity and the development of more effective clinical
pharmacokinetics® * 7. For this reason, isoxazole and its derivatives form the bioactive moieties of
antibacterial, anticancer, antiviral, anti-microbial, antifungal, anti-inflammatory, and

anticonvulsant pharmaceuticals®. To understand the chemical reactivity and nature of chemical



bonds, the ionization, excitation, and decomposition pathways of C3H3sNO have recently been
investigated utilizing theoretical and experimental methods® 816,

Despite the relevance of isoxazole in the synthesis of new pharmaceuticals and
agrochemicals, the literature concerning its electronic structure is very sparse. Past studies of
isoxazole mainly probed the UV-Vis absorption spectra of isoxazole, its excitation into the lower-
lying ordinary states as well as higher-lying superexcited states® 8%, However, many fundamental
physicochemical properties remain unexplored, especially concerning the core-shell excitation of
isoxazole at the K-edges. To our knowledge, the C 1s, N 1s, and O 1s binding energies have not
been determined experimentally for the gas-phase isoxazole molecule but only for a thin film of
isoxazole on gold*’. The molecular core binding energies have been calculated for isoxazole using
density functional theory (DFT) 1°. In the present work, we focus on interpreting the near-edge
X-ray absorption fine structure spectra of the gas-phase isoxazole molecule measured at the C, N,
and O K-edges. To aid in disentangling the spectral features, we have used the time-dependent
density functional theory with the short-range corrected SRC2-BLYP exchange-correlation
functional®®. The relative intensities of experimental and TD-DFT modelled spectra are consistent.
The experimental and theoretical energies of core-excitation transitions are in good agreement.
The transition orbitals and oscillator strengths are calculated, which enable elucidation of the
nature of observed core-excitation transitions. To complete the above results, we have determined
the experimental and theoretical C 1s, N 1s, and O 1s core electron binding energies and the
vibrationally resolved spectra of the lowest C 1s and N 1s core-excited roots in the Franck-Condon-

Herzberg-Teller approximation.

2. Methods



2.1. Experimental

The NEXAFS spectra of isoxazole were measured using the total ion yield method at the Gas-
Phase Photoemission beamline?! at the Elettra synchrotron radiation facility in Trieste, Italy. A 36-
period undulator produced synchrotron radiation that was monochromatized using a spherical
grating monochromator equipped with a planar premirror. The storage ring operated in the multi
bunch mode with a two ns interval between electron bunches. Five interchangeable gratings
covered the beamline's operational range from 13.6 to 900 eV. The G4 grating was used to perform
measurements at the C and N K-edges, while the G5 grating covered the energy range of the O K-
edge.

The total ion yields and the yields of neutral high-Rydberg fragments of the isoxazole
molecule were measured using a modified ion time-of-flight (TOF) spectrometer that has been
described in the earlier publications?® 2%, The TOF spectrometer contains a specific region that
allows the detection of ions arising from field-ionized neutral HR fragments, while positive ions
created in the interaction region — where the photon beam crosses the effusive beam of sample
molecules — can be prevented from entering the ion TOF spectrometer by a suitable choice of
potentials in the TOF spectrometer. A background contribution in the yield of field-ionized neutral
HR fragments due to energetic photons and non-ionized metastable particles was measured with a
different combination of potentials, see?® for details. The instrument can also be employed to
collect conventional total ion yields of positive ions from the interaction region.

Each NEXAFS spectrum was acquired in the vicinity of the particular ionization region by
recording the ion vyield signal with an MCP detector. Every spectrum was normalized to the
photodiode current measured simultaneously. The photon energy was calibrated by measuring
isoxazole NEXAFS spectra plus reference gases. In particular, the C 1s NEXAFS spectrum of
isoxazole was energy calibrated according to the C 1s—n* transition in CO2 at 290.74 (4) eV,

Some N and O2 were found in the chamber due to a small leak in the gas inlet system. These



residual gases did not alter the absorption features and were employed in the NEXAFS energy
calibration. Therefore, the N 1s and O 1s NEXAFS spectra were calibrated according to the N
1s—m*, v=1 transition in N2 at 401.10 (2) eV?* and the O 1s—* transition in O, at 530.8 (2) eVZ.
The photon energy resolution used in the NEXAFS measurements was estimated to be 30, 50, and
70 meV at the C, N, and O K-edges, respectively.

The sample of isoxazole was purchased from Sigma-Aldrich with a declared purity of 99%.
Isoxazole is liquid at room temperature, and it was exposed to several freeze—pump-thaw cycles
to remove the traces of residual gases. We did not heat the sample because isoxazole is volatile —
its vapor pressure is 51.7+0.2 mmHg at 25°C%. An effusive beam of isoxazole vapor from a
hypodermic needle was thus introduced into the interaction region, resulting in an ambient pressure
of 2.4-4.2 x 10°° mbar in the vacuum chamber during the measurements. The pressure in the

interaction region was estimated to be 10-30 times higher.

2.2. Computational

The ground state minimum geometry and harmonic vibrational frequencies of isoxazole were
computed at the spin-restricted MP2/cc-pVTZ level within the frozen core (FC) approximation®”
28, The obtained MP2/cc-pVTZ minimum structure (see Electronic supplementary information —
ESI) was subsequently used in the single-point calculations of the C 1s, N 1s, and O 1s core-
electron binding energies (CEBES), and the core-to-valence and core-to-Rydberg electronic
excited states.

The CEBEs were computed in the ADFT formalism employing the Minnesota-styled
hybrid meta-GGA M06-2X density functional®® which previously showed a good performance in
this context®’. The singlet ground state and doublet C 1s, N 1s, and O 1s core-ionized densities for

use in ADFT were converged at a mixed basis set level (denoted by //mixed), which was initially

proposed by Shim et al.3! in the context of the AMP2 method. The //mixed consisted of the



Peterson-Dunning's weighted core-valence triple-¢ cc-pwCVTZ32 basis set on the C, N, or O atom
whose core is ionized; model core potentials of the double-¢ polarized quality (mcp-DZP)* on the
remaining second-row atoms; and the standard Dunning's double-¢ polarized cc-pVDZ basis set
on the hydrogens?. The key feature of //mixed is that it contains only one 1s core orbital (due to
the all-electron cc-pwCVTZ set) that is strictly localized on the atom of interest. This feature has
thus far proved very advantageous for managing the SCF convergence to a desired core-hole
state®® 34, The Aufbau structures of the core-hole states were successfully preserved by the
maximum overlap method (MOM) algorithm®. The relativistic corrections of 0.10, 0.21, and 0.36
eV for C, N, and O atoms, respectively, were added a posteriori to the calculated AM06-2X CEBES
following the original recommendations®.

To aid in the assignment of the core-to-valence and core-to-Rydberg NEXAFS transitions,
we used the restricted single excitation space time-dependent DFT formalism (RSES-TD-DFT)%
in the Tamm-Dancoff approximation.® For the RSES-TD-DFT computations we employed the
short-range corrected SRC2-BLYP density functional®® and the Pople-styled triple-¢ polarized
basis set supplemented with two sets of diffuse functions, viz. 6-311(2+,2+)G**. The SRC2-
BLYP/6-311(2+,2+)G** approach was specifically designed to accurately describe the K-edge
spectra of molecules containing second-row atoms without the need for additional shifts in
excitation energies®. Likewise, the TD-SRC2-BLYP oscillator strengths have repeatedly been
found to correspond well to the intensities of the NEXAFS transitions*®. Additional relativistic
corrections to the TD-SRC2-BLYP core-excitation energies were not applied for the C, N, and O
cores, in line with the original study?°. For the C 1s core-excited states, the single excitations can
be restricted to originate from only one C 1s core orbital at a time, or they may be allowed to mix
by simultaneously exciting all three C 1s cores. We tested both these approaches; the former

involved three independent TD-DFT runs with 30 roots per C atom, and the latter one TD-DFT



run with 90 requested roots. These numbers of roots were found to cover around 7 eV of the C 1s
NEXAFS spectral range.

To model the vibrational fine structure in the NEXAFS spectra, we computed the vibronic
intensities as the transition dipole moments (TDM) between the wave functions of the ground state
and the lowest C 1s, N 1s, and O 1s core-excited states within the Franck-Condon-Herzberg-Teller
approximation*'. The MP2/cc-pVTZ geometry and unscaled harmonic vibrational frequencies
were used to represent the ground state isoxazole. The lowest C 1s, N 1s, and O 1s core-excited
structural minima and the corresponding (unscaled) harmonic vibrational frequencies were
obtained from the root-specific TD-DFT optimizations performed at the BH%(LYP/6-
311+G(2d,p) level. The BHYS8LYP density functional was designed with the HF exact exchange
re-fitted to 58% to produce realistic core excitation energies and potential surfaces without the
need for shifting and comparable to those of SRC2-BLYP?. The required TDMs are obtained from
the same level of theory. The mixing between the normal modes of the ground and core-excited
states was described via the full Duschinsky matrix*'. The maximum quantum number for each
mode and the maximum guantum number considered for the combination of modes were set to 30
and 20, respectively. The possibility of hot bands was not considered. No molecular point group
symmetry was imposed in the optimizations of the core-excited minima.

The following quantum chemistry codes were used: Gaussian 16*? (the MP2 ground state
and TD-BH®LYP root-specific geometry optimizations; the vibrationally resolved spectra in the
FCHT framework); GAMESS-US 2021 R1* (the computations of the CEBEs using the M06-
2X//mixed approach), and Q-Chem 4.3* (the calculations of the NEXAFS spectra at the TD-

SRC2-BLYP/6-311(2+,2+)G** level).

3. Results and Discussion



Neither the experimental NEXAFS nor theoretical spectra of isoxazole have been studied to the
best of our knowledge. Thus, the C 1s, N 1s, and O 1s experimental NEXAFS and theoretical (TD-
SRC2-BLYP/6-311(2+,2+)G**) core-excitation spectra of isoxazole are presented in the (a)
panels of Figures 2—4. To facilitate the comparison, calculated TD-DFT spectra were scaled to
display similar peak heights at the first resonance maxima with experimental NEXAFS spectra.
Over the entire spectral range, we observed no transitions that would involve mixings of single
excitations originating from different C 1s cores. Thus, the excitations calculated using one C 1s
core at a time (3 x 30 roots) or three C 1s cores simultaneously in a single run (90 roots) produce
identical SRC2-BLYP spectra.

The TD-SRC2-BLYP C 1s spectrum in Figure 2 is tentatively red-shifted by —0.50 eV. In
doing so, our main goal was to achieve a better overlap between the experimental and theoretical
spectral features in the lowest energy region where the first transitions from the three C 1s cores
appear. These first bands are the strongest by far and pose a difficult problem to the present
approach because they are apparently predicted as insufficiently resolved. This results in the
erroneously predicted one strong peak and a shoulder where there should be two strong peaks with
two shoulders (Figure 2). The involved TD-SRC2-BLYP peaks (after shifting by —0.5 eV) are
centered at 285.75, 285.87, and 286.32 eV (Table 1); these respectively correspond to the lowest-
lying and strongest transitions from the C4, C3, and C5 1s cores (for a full list of transitions and
oscillator strengths see Table S2). The insufficient resolution of these transitions also causes
spurious accumulation of the spectral intensity in the very narrow range resulting in comparatively
poorer TD-SRC2-BLYP relative intensities (Figure 2).

For comparison, in the ESI (Figure S1) we also provide the TD-MO06-2X vertical spectrum
but this just lends further support to the observation that TD-DFT, even with the state-of-the-art

density functionals, is not able to furnish an unambiguous assignment of the lowest part of the C



1s NEXAFS. Some of these issues are successfully resolved by going beyond the vertical spectrum
description and considering the detailed vibronic transitions (see Section 3.4).

A computer least-squares fitting procedure was applied to decompose the underlying
excitation bands in the experimental NEXAFS spectra. The fits were performed for curves
covering the energy ranges from the first resonances up to the 1s ionization potentials. Gaussian
functions were used to describe the shapes of the bands. The choice of Gaussian functions for
modeling the NEXAFS spectra was dictated by the shape of the rising edges of the first resonance,
which were reproduced in the fit with excellent accuracy by the Gaussian bands. Attempts were
made to use other fitting functions, such as Lorentzian, which failed to reproduce the measured
NEXAFS spectra. The vertical excitation energies of the bands in the NEXAFS curves obtained
from the fittings (shown in the (b) panels of Figures 2-4) are listed in Tables 1-3. We estimate an
overall accuracy of +0.2 eV in determining the vertical excitation energies. Tables 1-3 also present
calculated energies and assignments of the C 1s, N 1s, and O 1s core excited states of isoxazole.
The ten lowest virtual orbitals used in these designations are depicted in Figure 5 using Molden
software®.

The experimental C 1s, N 1s, and O 1s CEBEs of the isoxazole molecule have been
estimated from another yield measurement where we used the electric field to ionize neutral
fragments in high-Rydberg (HR) states. Figure 6 displays high-Rydberg yields measured at the K-
edges of the isoxazole molecule (the red crosshair curves). The HR yields were scaled to display
a similar peak height at the first resonance maximum with an experimental NEXAFS spectrum.
The HR yields also include some "background” from soft X-ray and VUV photons, neutral
fragments in metastable states, and those long-living Rydberg states for which field ionization was
impossible. As seen in Figure 6, the "background™ contribution (the navy blue dotted curve) is of

minor importance.



As depicted in Figure 6, the HR vyields resemble the NEXAFS across the resonances.
Indeed, both yields show the same core excitations, but a unique prominent feature appears in the
HR yields at higher photon energy. Similar features have been observed in other molecules using
this technique?® 23, where they are known to be located just above the core ionization threshold.
The formation of this above-threshold maximum can be explained by the occurrence of ultrafast
electron recapture processes induced by post-collision interaction between a slow photoelectron
and a fast Auger electron in the field of the molecular ion?? 46

Since the appearance of the above-threshold maxima is connected to the corresponding IPs
(only very slow 1s photoelectrons are efficiently recaptured), one can use their positions to
estimate unknown core binding energies. For that purpose, we compared the well-known CEBES
with the fitted maxima of the above-threshold peaks observed in the studies of methane??, carbon
dioxide?, dinitrogen®, and water*’ molecules. We calculated that the IPs, on average, lie
(230+150) meV below the above-threshold maxima. So we estimated the core ionization energies
of isoxazole using this approximation. The results are shown in Table 4. The uncertainties in the
core electron binding energies are determined by combining all the sources of errors, i.e., those
derived from the experimental peak positions (25 meV) and the fitting procedure (50 meV), and
the correction factor uncertainty (150 meV). For comparison, the theoretical CEBEs have been
calculated at the AMO06-2X//mixed basis set level. These values and the results of other authors'’-
19 are also shown in Table 4.

For completeness, we have calculated vibrationally resolved spectra of the lowest C 1s and
N 1s core-excited roots in the Franck-Condon-Herzberg-Teller approximation. In order to produce
the vibrationally resolved spectra in the FCHT framework, we carried out the state-specific
optimizations of the lowest O 1s, N 1s, and C 1s core-excited roots at the TD-BH*%¢LYP/6-
311+G(2d,p) level. The results are summarized in Table 5. The harmonic vibrational frequencies

are reported in Table S1 of the ESI. Figures 7 and 8 show the vibrationally resolved FCHT spectra
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corresponding to the lowest C 1s and N 1s roots and the assignments of the vibronic progressions
according to the most important contributions. The enumeration of the harmonic frequencies
follows Table S1 of the ESI. The vibrational modes that contribute most to the vibronic spectra
are depicted in Figure 9. The peak widths in the vibrationally resolved theoretical spectra shown
in Figures 7 and 8 do not include the broadenings by the intrinsic core hole lifetimes, not to
complicate the interpretation of such structures. Theoretical spectra of the lowest C 1s and N 1s
core excitations containing the convolution with typical half-widths due to the lifetimes are for

completeness plotted in Figures S2 and S3 of the ESI.

3.1. C K-edge
The C 1s NEXAFS spectrum of isoxazole was measured in the 284-296 eV energy range with 25
meV steps (see Figure 2). As shown in Table 1, the vertical excitation energies of the bands in the
C 1s NEXAFS spectrum obtained from the fittings and calculated energies (after the energy shift)
are in reasonable agreement — inconsistencies are mostly lower than 0.3 eV.

The carbon K-edge NEXAFS spectrum of isoxazole presents the most intense peaks
centered at 285.40, 285.83, and 286.39 eV. The three lowest core-excited states are predicted to
contribute to this 285-287.0 eV region. In particular, each carbon atom exhibits an intense low-
energy transition, which was calculated to lie at 285.75, 285.87, and 286.32 eV for the C4, C3,
and C5 atoms, respectively. In all cases, these lowest-lying transitions correspond to the C(1s)—»>n*
excited state, which mixes excitations to two ©*(A") orbitals: 4a" (LUMO), which essentially
consists of the N-O, C-N, and C-O antibonding interactions, and a somewhat higher-lying 5a"
being predominantly the =*(C-C) antibonding orbital (Figure 5). The contribution of the
C(1s)—4a" (LUMO) excitation always dominates the lowest core-excited state. This excitation
was predicted to be ~1.3-10 times more intense than the higher-lying C(1s)—n* excited state

dominated by the C(1s)—5a" excitation.

11



We used single Gaussian peaks in the simulations to fit these three resonances. However,
a close-up on the 285-287 eV spectral region (see Figure 7) shows that these excitations reveal a
well-separated vibrational fine structure (discussed further).

Each carbon atom produces two more intense excitations. One is the C(1s)—n* core-
valence transition, and the other is the C(1s)—3s core-Rydberg transition with a small contribution
of the in-plane 3py orbital (Figure 5; Table 1). The C(1s)—>3s(3py) (A") core-Rydberg transition
lies at a higher energy and is much less intense than the C(1s)—=™* transitions in the case of C3
and C4. In contrast, for the C5 carbon, the calculations predict the C(1s)—3s(3py) transition as the
second-lowest lying and the second most intense transition. The vicinity of C5 to the O atom
probably causes such inversion of transitions. Indeed, the diffuse 3s orbital density should be the
most compact around the oxygen. It is recognized that the most significant contribution to the
transition dipole moment (TDM) matrix element comes only from the electron density in the close
vicinity of the atom in question because of the strict localization and compactness of the 1s core
orbitals.

It should be noted that some relatively small wiggles in the experimental NEXAFS
spectrum lying around 290.9-291.5 eV were reproducible during several measurements, so they
are real structures (see Figure S4 and Table S3 of the ESI).

From the yields of high-Rydberg fragments, we have determined the CEBEs for the C3 1s°
1 C4 1s?, and C5 1s to be at 292.0, 291.1, and 292.5 eV, respectively. The C 1s core electron
binding energies of isoxazole have also been calculated at the AMO06-2X//mixed basis set level and
listed in Table 4. The results of the calculations and those obtained from our gas-phase experiment
are in good agreement. The experimental chemical shift between the C4 and C3 carbon
environments is 0.9 eV, while that between the C4 and C5 is 1.4 eV. The corresponding chemical

shifts obtained from the calculations are 0.85 and 1.55 eV, respectively.
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The only measurements of the CEBEs available in the literature for comparison come from
studying the samples as thin films of isoxazole on gold®’. The results of these earlier studies are
about 5 eV lowered concerning our gas-phase values due to the surface work function and
relaxation effects*.

The isoxazole's core electron binding energies have also been calculated using density
functional theory®®. These results are slightly higher than our CEBEs but are still in very good

agreement.

3.2. N K-edge

The N 1s NEXAFS spectrum of isoxazole was measured in the 398-416 eV energy range with 50
meV steps (see Figure 3). As shown in Table 2, the vertical excitation energies of the bands in the
N 1s NEXAFS spectrum obtained from the fittings and calculated energies are also in good
agreement. It is of note that there was a small leak in the gas inlet system so that the N(1s)—>n*, v
= 0-2 transitions of the N> molecule are visible in Figure 3 as three narrow structures at 400.88,
401.10, and 401.33 eV superimposed on the high-energy falling slope of the first resonance of
isoxazole. The energy calibration was done according to these transitions.

The TD-SRC2-BLYP calculation indicates only two very intense core transitions, although
their ordering by the intensity seems to be erroneously predicted. The first transition at 400.38 eV
can be correlated to the first experimentally observed band, whose asymmetry hints at a fine
structure. Thus, this band was fitted with two Gaussian peaks: 400.19 and 400.52 eV, which cover
features of the vibrational fine structure of this excitation (see Figure 8). According to calculations,
the 400.38 eV band corresponds to the N(1s)—r* transition dominated by the N(1s)—4a"
(LUMO) excitation.

The second theoretical transition at 403.14 eV can be correlated with the experimental

402.94 eV centered jagged broad absorption. This transition corresponds to a complex mix of
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excitations of the 3d and higher Rydberg orbitals. As seen in Table 2, six of the single excitations
are reported to have a significant weight. Interestingly, the core-excited states corresponding to
the transitions to the 3s and 3p Rydberg orbitals are found somewhat higher and are predicted to
have only minor intensities. This observation differs from what is calculated for the C 1s spectrum.

We note, however, that the general uncertainties seen in the predictions of the Rydberg
regions of the NEXAFS spectra (Figure 2-4) could be due to the use of the 6-311(2+,2+)G** basis
set. The reason is that the positions and especially intensities of the Rydberg transitions are known
to be predicted more reliably if special molecular Rydberg basis sets are used as opposed to the
atom-centered diffuse functions found in standard basis sets*. This is also the reason why MOs
built from atom-centred diffuse functions can sometimes be rather difficult to relate to the
conventional ("hydrogen-like™) Rydberg orbitals designated as 3s, 3p, 3d, etc. Part of the problem
with the relative intensities could also lie in the use of the Tamm-Dancoff approximation to the
full TD-DFT formalism®.

The N(1s)—n* transition dominated by the N(1s)—5a" excitation also has noteworthy
intensity. It is predicted to occur at 404.16 eV and is attributed to the shoulder observed at 403.96
eV on the high-energy flank of the widest spectral feature.

The experimental spectrum also exhibits intense peaks at 404.73, 405.01, and 405.52 eV,
which are not reproduced in our calculations. These peaks compose resonances that may be similar
to the peaks observed in the N K-edge spectra of five azabenzenes at around 403 eV°L. Vall-llosera
et al.>! attributed these features to the excitations to Rydberg or mixed valence-Rydberg orbitals
with some antibonding character of both 6* and n* symmetries.

The experimental N 1s* CEBE determined from the yield of high-Rydberg fragments
equals 406.5 eV. This value is in agreement with all theoretical results. Indeed, our calculated

value is 0.18 eV lower than the experimental one (see Table 4). The DFT result of Chong and Hu?®
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isonly 0.07 eV lower, while that calculated by Du et al.*® differs by 0.41 eV. The condensed phase

measurement result is lower by about 4 eV than our gas-phase value.

3.3. O K-edge
The O 1s NEXAFS spectrum of isoxazole was measured in the 529-540 eV energy range with 100
meV steps (see Figure 4). There was some residual O in the chamber due to a small leak in the
gas inlet system so that the O(1s)—x* transition of the O> molecule is visible below the first
resonance in Figure 4 as a small structure at 530.8 eV. The energy calibration was performed
according to this transition.

The experimental spectrum consists of one strong peak and a broad absorption band
centered around 538 eV. The calculations indicate that the two lowest theoretical transitions are
the most intense ones, similarly to the N 1s NEXAFS. The first core excitation is predicted at
534.92 eV and corresponds to the O(1s) — 4a" (LUMO) excitation. It correlates well with the
sharp experimental peak at 534.60 eV. The tiny peak at 535.37 eV likely derives from the
vibrational fine structure of this excitation.

The experimental spectrum is quite broad in the 536-541 eV energy range, so the present
decomposition is tentative. A noticeable peak given by simulations at 536.33 eV has no counterpart
in the theoretical spectrum. The second major transition is a core-Rydberg transition centered at
537.49 eV, whose main contributions are analogous to the second core-excited state in the N 1s
spectrum. This transition can be correlated to the broad absorption hump centered at 537.46 eV. A
large band at 539.34 eV in the O 1s NEXAFS spectrum likely consists of the O(1s)—3s and
O(1s)—5a" (Figure 5) excitations, and the O(1s)—3py core-Rydberg transition (538.72 eV).

As given in Table 4, the experimental O 1s* CEBE was estimated from the high-Rydberg

yield to be at 540.4 eV. Our calculated value is 0.4 eV lower, while the DFT result of Chong and
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Hu'® is 0.3 eV higher than our experimental value. The result from the condensed phase

measurement’ is lower by about 4 eV, similarly to the N 1s™ CEBE.

3.4. Vibrationally resolved spectra of isoxazole

As seen in Table 5, the GS, O 1s, and N 1s minima retain the exact planarity (the Cs symmetry),
whereas all three C 1s minima end up slightly non-planar. In all cases, the dominant single
contribution is due to the 1s — n*(LUMO) excitation with the corresponding weights in the range
0f 0.6-0.7. The changes in the geometries relative to the GS are the net result of a complex interplay
of the presence of the core-hole and the population of the antibonding LUMO and several of the
low-lying diffuse MOs. The O 1s structure is the only one that undergoes a complete scission of
the N-O bond. Indeed, the N-O distance extends here to more than 2 A, but all the atoms remain
in the same plane. Consequently, in this case, the LUMO lies in-plane (the A' symmetry) and
involves the o*(N-O) antibonding interaction.

Conversely, in the N 1s and the three C 1s minima, the LUMO retains the ©* character.
However, because of the structural relaxation, its appearance is somewhat different from the 4a"
(LUMO) in Figure 5. For example, common to both the N 1s and C 1s minima is the C3-C4 bond
shortening relative to the GS, which is reflected in the C3-C4 bonding interaction seen in the
LUMO. The population of the LUMO weakens the resonant aromatic stabilization and thus
reduces the barrier to the deplanarization of the isoxazole ring.

The FCHT model reasonably reproduces the features of the low-lying bands, and the
computed vibronic progressions correlate well with various peaks and shoulders observed in the
C 1sand N 1s NEXAFS (see Figures 7 and 8). The model failed to produce spectrum only in the
case of the lowest O 1s root owing to the breakdown of the FC approximation. This usually occurs

when significant differences between the ground and excited-state geometries are encountered,
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which in this particular case can be attributed to the N-O bond scission in the first O 1s core-
excited state (Table 5).

Considering that the different methods were used to produce the ground state and core-
excited state minima and harmonic frequencies (i.e. MP2 and BH%*LYP) the absolute positions
of the band origins (0-0) are not useful. For this reason, the computed vibrationally resolved spectra
had to be shifted, and this was done in such a way that the strongest predicted vibronic transition
matches the strongest observed peak within a given band. We emphasize, however, that in case of
the C 1s NEXAFS we did not change the predicted relative difference between the C3 1s and C5
1s band origins (Eo-o (C5 1S) — Eo-0 (C3 1s) = 0.46 eV). Therefore, the FCHT model nicely
correlates the two peaks measured at 285.8 and 286.4 eV (Figure 7) to the most intense vibronic
transitions originating from the C3 1s and C5 1s cores, namely 2 and 8 (Figure 7). Thus, unlike
the N 1s case, the 0-0 transitions are not the strongest one in the C 1s NEXAFS, which gives rise
to the interesting spectral features on both high- and low-energy sides of the two central peaks.
The modes that contribute most to the C3 1s and C5 1s vibronic spectra are the out-of-plane
wagging of the H atoms. This puckers the ring leading to the deplanarization and the twisted (half-
chair) conformation typical of 5-membered organic rings.

On the other hand, the larger discrepancies between the ground state and C4 1s minimum
geometries, in particular, due to the more pronounced deplanarization of the ring (Table 5), result
in a relatively low-intensity 0-0 origin in this case. Consequently, the FCHT approximation is not
sufficiently justified, and the percentage spectrum progression remains comparatively low. Hence
in Figure 7, we omit the detailed assignment of the C4 1s spectrum.

The relative ordering of the C atoms by the vertical and adiabatic core-excitation energies,
the latter obtained from the root-specific optimizations, remains the same (C4 < C3 < C5; Figure
7). As is also the case with the vertical C 1s spectrum, there are no significant mixings of the single

excitations from the C 1s cores on different centers.
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The FCHT computations provide further evidence that the lowest C4 1s and C3 1s
transitions are insufficiently resolved in the vertical SRC2-BLYP spectra. Furthermore, there
exists a mismatch between the positions of the vertical TD-DFT transitions (i.e., when
computations are done on a fixed geometry) and the strongest vibronic transitions. Specifically,
the C3 1s and C5 1s maxima are more apart in the vibrationally resolved spectrum. These
occurrences make it difficult to accurately assign the low-lying C 1s NEXAFS region (Figure 7)
based on the vertical spectra alone and hint at why the SRC2-BLYP spectrum necessitates the red
shift of —0.5 eV to achieve a better overlap with the measured lowest bands (Figure 2).

The vibrationally resolved C 1s photoelectron spectrum measured in isoelectronic furan
also displayed vibrational progression®2. The ab initio calculations of the vibrational coupling
constants within the linear coupling model were performed to elucidate the resulting structures.
These calculations revealed six major vibrational modes playing a role in the experimental
spectrum shape: a localized C-H stretching vibration and the others were ring deformations or
mixtures of ring deformations with C-H angle bends®.

The vibrationally resolved core-excited spectra of isoxazole can also be compared to
another molecule containing a 5-ring, catecholborane®3. Comparing the fine structure of the lowest
C 1s and B 1s bands, the isoxazole spectra are more complex with the significant involvement of
many low-lying out-of-plane vibrational modes. The reason is the greater flexibility of the
isoxazole ring as in catecholborane the 5-ring is fused to the benzene core. Consequently, the
puckering of the isoxazole ring promoting the half-chair conformation becomes feasible, whereas
in catecholborane, usually, only the simpler B-envelope conformation is present.

In the vibrationally resolved N 1s spectrum, the 0-0 transition is the most intense by far,
which matches the general appearance of the band. The vibronic progressions are dominated by

the excitation of an in-plane A' symmetric vibrational mode involving mainly the C4-C5 stretch
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(Figures 8 and 9). In general, the most prominent vibrational modes faithfully reflect the geometric

changes that need to occur when going from the ground state to a given core-excited minimum.

4. Conclusions
We have investigated the NEXAFS spectra of isoxazole at the C, N, and O K-edges through
experiments and calculations. The C 1s spectrum contains well-resolved features and is quite
complex because there are three chemically nonequivalent C atoms in isoxazole. On the contrary,
the N 1s and O 1s spectra seem to be less complex consisting of prominent first peaks followed by
wide bands. However, their complexity is hidden in unresolved features.

The computational TD-DFT predictions of the NEXAFS spectra cover the excitations of
the 1s electrons to the low-lying valence and Rydberg states, up to the vicinity of the core-
ionization thresholds. In all cases, the states involved are of singlet character. The lowest-lying
major transitions correspond predominantly to the (1s)—4a" (LUMO) excitations. In the case of
C 1s, these excitations reveal a well-separated vibrational fine structure. The remaining transitions
are the (1s)—5a" core-valence transitions and the (1s)—3s core-Rydberg transitions with a notable
contribution of the in-plane 3p Rydberg orbital (1s)—3py.

It can be concluded that consideration of the vertical TD-DFT spectrum alone is
insufficient for an unambiguous assignment of the unusually complex C 1s NEXAFS. Thus, the
analogous uncertainties, in particular for the lowest C 1s bands, are maintained on employing the
two modern density functionals in the framework of TD-DFT, viz. SRC2-BLYP and M06-2X.
Consequently, a better description of the XPS and NEXAFS spectra of isoxazole should go beyond
the vertical TD-DFT picture. To this end, we computed the vibrationally resolved spectra in the
FCHT framework using the MP2 and TD-DFT minima and harmonic frequencies for the ground
state and the first core-excited roots. This model successfully produced the vibronic envelopes for

the lowest C 1s and N 1s bands but not for the O 1s case. Especially for the C 1s NEXAFS, the
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FCHT procedure proved helpful in resolving several ambiguities in the assignment of the low-
lying transitions that arose from the SRC2-BLYP vertical spectrum. The spectral features of the
FCHT and measured vibronic bands are generally in reasonable agreement.

We have also provided the experimental C 1s, N 1s, and O 1s CEBEs of the isoxazole
determined from the yields of high-Rydberg fragments. For comparison, theoretical CEBES have
additionally been calculated. Theoretical predictions and experimental results are in excellent
agreement suggesting that the yield measurement of high-Rydberg fragments provides a simple
technique to determine core electron binding energies quite accurately if a photoelectron
spectrometer is not available. However, our experimental CEBEs should be confirmed by

measuring core-level photoelectron spectra of the isoxazole molecule.
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Figure 2. (a) Experimental and theoretical C 1s NEXAFS spectra of isoxazole. The theoretical
spectrum was shifted by (—0.5) eV. The vertical bars represent ionization potentials determined
experimentally in the present work. (b) Result of a least-squares fitting. The dashed lines show
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Figure 3. (a) Experimental and theoretical N 1s NEXAFS spectra of isoxazole. Narrow peaks
around 401 eV are due to the N 1s—=* transitions in N2. The vertical bar represents ionization
potential determined experimentally in the present work. (b) Result of a least-squares fitting. The
dashed lines show the bands fitted to the experimental curve, and the solid red line shows the

final fit.
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Figure 4. (a) Experimental and theoretical O 1s NEXAFS spectra of isoxazole. The feature at
~530.8 eV is due to the O 1s—=* transitions in O2. The vertical bar represents ionization
potential determined experimentally in the present work. (b) Result of a least-squares fitting. The
dashed lines show the bands fitted to the experimental curve, and the solid red line shows the

final fit.
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Figure 5. Ten lowest virtual orbitals of isoxazole at the SRC2-BLYP/6-311(2+,2+)G** level.

30



2000

Isoxazole C1s edge C(5)1s IP I (@)
1600 + lon yield
—— HR fragments +
energetic photons C@3)1sIP
1200 4 —— "background"

800 +

400 -

284 286 288 290 292 294

Isoxazole N1s edge N1s IP (b)

300 +

200 -

Intensity (arb. units)

100 +

P

398 400 402 404 406 408 410 412 414

Isoxazole O1s edge O1sIP

(c)

300 +
200 1

100 -

530 532 534 536 538 540 542 544

Photon energy (V)
Figure 6. Different particle yields measured at the K-edges of the isoxazole molecule. The red
crosshair curves show the sum of field-ionized HR fragments, neutral metastable fragments, and
photons. The solid black line shows the NEXAFS spectra. The navy blue dotted contours depict
the sum of neutral metastable fragments and photons without field ionization. The C/N/O 1s
ionization potentials (the vertical bars) have been estimated based on the energy of the above-

threshold peaks in the yields of HR fragments.
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Figure 7. The vibrationally resolved FCHT spectrum superimposed on the lowest C 1s NEXAFS
bands region. The Gaussian line shapes are used with the FWHM parameter set to 400 cm™ (49.6
meV). The most prominent contributions to the vibronic progressions are for C3 1s: 1 =0-0; 2 =
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Figure 8. The vibrationally resolved FCHT spectrum superimposed on the lowest N 1s NEXAFS
band region. The Gaussian line shapes are used with the FWHM parameter set to 400 cm™. The
most prominent contributions to the vibronic progressions are: 1 =0-0 + 13 ; 2= 6§ + 103 + 113;

3=155; 4 =(155; 1§); 5 =(153; 6¢); 6 = 155.
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Figure 9. The vibrational modes that give rise to the largest intensities in the FCHT spectra: (a) N

1s; 153 =1678 cm™; (b) C3 1s; 23 =475 cm™; () C5 1s; 43 =661 cm™™.

Table 1. The experimental (Eexp) and calculated (Ew) energies and assignments of the C 1s core-
excited states of isoxazole. The calculated oscillator strengths (f) and squared amplitudes (A?) of

particular transitions are also given. Calculated energies were shifted by (=0.5) eV.

Eexp Et Assignment
No. f A2
€V) | (ev) C3 C4 C5
C(1s)—4a’’(LUMO) 0.76
1 285.40 | 285.75 0.0351
C(1s)—>5a” 0.21
C(1s)—4a>’(LUMO) 0.76
2 285.83 | 285.87 0.0542
C(1s)—>5a” 0.20
C(1s)—4a”’(LUMO) 0.88
3 286.39 | 286.32 0.0620
C(1s)—>5a” 0.09
C(1s)—>5a" 0.72
4 286.95 | 287.10 0.0275
C(1s)—4a”’(LUMO) 0.24
5 287.70 | 287.99 C(1s)—>3s 0.0085 0.90
6 288.57 | 288.23 C(1s)—>3a” 0.0150 0.74
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C(1s)—>4a”’(LUMO) 0.23
C(1s)>3s 0.81

7 289.06 | 288.83 0.0072
C(1s)—>3py 0.10
C(1s)—>3s 0.81

8 289.50 | 289.63 0.0113
C(1s)—>3py 0.08
C(ls)—>5a” 0.86

9 289.97 | 289.65 0.0060
C(1s)—4a”’(LUMO) 0.10

10 | 29041

Table 2. The experimental (Eexp) and calculated (Ew) energies and assignments of the N 1s core-
excited states of isoxazole. The calculated oscillator strengths (f) and squared amplitudes (A?) of

particular transitions are also given.

Eexp Eth
No. Assignment f A?
(eV) (eV)
400.19 N(1s)—4a”’(LUMO) 0.88
1 400.38 0.0553
400.52 N(1s)—>5a” 0.09
2 402.65
N(1s)—>3dx2-y2 0.08
— LUMO + 16 0.18
— LUMO + 17 0.06
3 402.94 | 403.14 0.0739
— LUMO + 18 0.13
— LUMO + 25 0.11
— LUMO + 26 0.14
N(1s)—4a’’(LUMO) 0.10
4 403.96 | 404.16 0.0034
N(Ls)—>5a”" 0.90
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5 | 404.73

6 | 405.01

7 | 405.52

Table 3. Experimental (Eexp) and calculated (Et) energies and assignments of the O 1s core-excited
states of isoxazole. The calculated oscillator strengths (f) and squared amplitudes (A?) of particular

transitions are also given.

Eexp Eth
No. Assignment f A2
(eV) (eV)
534.60
1 534.92 0O(1s)—4a’(LUMO) | 0.0305 0.98
535.37
2 536.33
O(lS)—) 3dx2.y2 0.05
— LUMO + 16 0.12
— LUMO + 17 0.05
3 537.46 | 537.49 0.0515
— LUMO + 18 0.18
— LUMO + 25 0.18
— LUMO + 26 0.08
538.34 O(1s)—>3s 0.0012 0.96
4 | 539.34 | 538.44 O(1s)—>»5a” 0.0002 0.99
538.72 0(1s)—3py 0.0084 | 0.85
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Table 4. Experimental (Eexp) and calculated (Etw) core electron binding energies (in eV). Ew was
calculated at the AMO06-2X//mixed basis set level (cc-pwCVTZ on the atom whose CEBE is
calculated; mcp-DZP on the remaining second-row atoms; cc-pVVDZ on H atoms). Relativistic
corrections (RC) were applied as recommended in® (+0.1 eV for C, +0.21 for N, and +0.36 eV for

O atoms).

C3 C4 C5 N @)

Eexp (£0.2) 292.0 | 291.1 | 2925 | 406.5 | 540.4

En (AMO06-2X) | 291.80 | 290.95 | 292.50 | 406.07 | 539.65

Ew (RC) 291.90 | 291.05 | 292.60 | 406.28 | 540.01
Eep (£0.3)7 | 286.9 | 2859 | 287.4 | 402.1 | 536.6
En'® 292.00 | 291.30 | 292.62 | 406.39 | 540.70
Eun (£0.30)1° 406.05

Table 5. Geometric parameters of the ground state (GS) (the BH®*®LYP/6-311+G(2d,p) and
MP2/cc-pVTZ levels) and the lowest core-excited roots (the TD-BH®*8LYP/6-311+G(2d,p) level).
The distances are given in A; the dihedral angle in °. The enumeration of the C atoms follows

Figure 1.

GS GS

O 1s N 1s C31s |C4ls |C51s
BHOSSLYP | MP2
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N-O 1.364 1.380 2.064 1.341 1.417 1.352 1.411
C3-N 1.285 1.323 1.220 1.321 1.319 1.262 1.288
C5-0 1.320 1.345 1.340 1.380 1.321 1.390 1.336
C3-C4 1.414 1.411 1.517 1.403 1.396 1.385 1.386
C4-C5 1.338 1.362 1.281 1.327 1.322 1.362 1.361
C3-N-O-C5 | 0.0 0.0 0.0 0.0 3.8 5.4 3.2
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