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Experimental Near-Edge X-ray Absorption Fine-Structure (NEXAFS) spectra of N-

methyltrifluoroacetamide (FNMA), which is a peptide model system, measured at the C, N,
O and F K-edges are reported. The features in the spectra have been assigned by Static-
Exchange (STEX) calculations. Using the same method, we have also assigned previously
measured NEXAFS spectra of another peptide model system, N-methylacetamide (NMA). To
facilitate the NEXAFS feature assignments, X-ray Photoelectron Spectroscopy (XPS) mea-
surements for NMA and FNMA have been carried out with the aim to obtain the 1s electron
ionization potentials, which are compared with the values predicted by our Hartree-Fock (AHF)
and Multi Configuration Self Consistent Field (AMCSCF) calculations. We also demonstrate an
approach to compensate for screening effects that are neglected in the STEX method. lon yield
measurements of FNMA associated with excitation of several C, N, O, and F K-shell pre-edge
resonances have revealed site-specific fragmentation in some cases which we interpret with the
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aid of our theoretical calculations.

1 Introduction

Synchrotron radiation based Near-Edge X-ray Absorption Fine-
Structure (NEXAFS) spectroscopy is a highly sensitive technique
to probe electronic structure of molecules in gas-phase or on sur-
faces.! The advantage of gas-phase studies is that they enable
investigation of intrinsic properties of molecules by avoiding con-
tributions from inter-molecular or surface atoms interactions. In
NEXAFS, an electron from a core orbital is excited to an unoccu-
pied molecular orbital (UMO) which is followed by Auger decay
or X-ray photon emission. For molecules consisting of light el-
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ements, such as C, N, and O, the former is the most common
decay pathway. Upon resonant core-valence excitation and sub-
sequent Auger decay, the final state of the molecule is often repul-
sive, which leads to fragmentation. This implies that the NEXAFS
technique, in addition to being useful for probing the electronic
structure, can also be used in mass spectrometry. In contrast to
many existing mass spectrometry methods, in which the excita-
tion energy is randomized over all degrees-of-freedom such that
2-7 molecular frag-
mentation patterns upon resonant core-excitation and subsequent
Auger decay may depend on the initial excitation energy. Such a
behavior can be explained by a spectator-type Auger decay, in
which the core electron excited to an anti-bonding UMO is not
involved in the Auger decay, implying that the “memory” of the
initial excitation step might be preserved.® 14 We note that frag-
mentation of core ionized molecules is expected to be less site-
specific because an anti-bonding orbital is not populated directly,
though some site-specificity was also reported 1>-1°.

fragmentation proceeds in a statistical manner,

Modern synchrotron radiation sources enable highly accurate
NEXAFS measurements with an ultimate resolution determined
by the core-hole lifetime reflected in the corresponding natural
linewidth of e.g., ~160 meV and ~115 meV for O 1s and N 1s
hole states, respectively20-24, On the theoretical side, nowadays
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NEXAFS spectra can be modeled?>-33 with an accuracy up to
a few tenths of an eV for small molecules. For large systems
the calculations can also provide quite accurate estimates en-
abling assignment of the main features of a NEXAFS spectrum.
Due to their quasi stationary character, the energy of core ion-
ized/excited states can in principle be obtained by a number of
quantum chemical methods developed for the low energy ex-
cited electronic states and modified to avoid variational collapse;
most commonly the simple independent particle approximation
has been applied for the calculation of transition intensities. The
independent particle methods provide an appealing, although ap-
proximate, picture of the excitation process because they assign
an individual excited orbital to each line in the electronic spec-
trum. One such method, which enables proper assignment of
NEXAFS features, is the Static Exchange (STEX) technique that
has been instrumental in interpreting a large number of NEXAFS
spectra of molecules in different phases3°.

In this work we report experimental K-shell NEXAFS spec-
tra of N-methyltrifluoroacetamide (FNMA), CH;NHCOCF3, mea-
sured at the C, N, O and F K-edges, together with mass spec-
tra of FNMA associated with the excitation of different NEXAFS
resonances. In one of our previous works® we have reported K-
shell C-, N-, and O-edge NEXAFS spectra of N-methylacetamide
(NMA), CH3NHCOCHj3;, which has a molecular structure similar
to FNMA (Fig. 1) with the difference that in FNMA the methyl
group located next to the CO-group is substituted with CF;. NMA
and FNMA are biologically relevant molecules as they contain a
peptide link, -CO-NH-, through which amino acids are coupled
together to form peptides and proteins. To assign features in the
NEXAFS spectra of NMA and FNMA we have performed numer-
ical calculations with the STEX technique, results of which are
presented here as well. We have also carried out XPS (X-ray Pho-
toelectron Spectroscopy) measurements to obtain the 1s electron
binding energies for NMA and FNMA to be compared to the val-
ues predicted by our Hartree-Fock (AHF) and Multi Configura-
tion Self Consistent Field (AMCSCF) calculations. The ionization
thresholds are crucial quantities for an effective comparison of
theoretical calculations and experimental photoabsorption mea-
surements.

2 Experimental description

The measurements have been performed at the GasPhase beam-
line34 of the Elettra synchrotron radiation facility, Italy. NMA and
FNMA have been obtained commercially with a specified purity
better than 99 %. The vapor pressure of both molecules at room
temperature is sufficiently high to deliver sample to the interac-
tion region using an effusive source without additional heating.
The X-ray photon energy was tuned by varying the gap of the
beamline undulator and scanning the monochromator. Typically
the energy bandwidth was set to ~200 meV. A commercial hemi-
spherical electron energy analyzer (VG 220i) and a home-built
ion time-of-flight mass spectrometer were used to measure the
XPS spectra and ion mass spectra, respectively. The XPS spectra
were recorded for both NMA and FNMA at photon energies of
382 eV, 495 eV, and 628 eV, and for FNMA an additional mea-
surement was performed at 770 eV. The NEXAFS spectra were
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Fig. 1 DFT B3LYP optimized geometries of the three lowest energy
structures for NMA (a-c) and FNMA (d-e). The structures presented in
(a,b,d,e) and (c,f) are of trans- and cis-configurations, respectively.

obtained by monitoring the total ion and electron yields in the
vicinity of the C, N, O and F K-shell edges. They are normalized
to the photon flux which was monitored by a photodiode. The
XPS and NEXAFS spectra were calibrated by admitting various
calibration gases to the experimental chamber, for which the 1s
electron binding energies and NEXAFS spectra are known.3>-40
In particular, the NEXAFS spectra were calibrated to the absorp-
tion spectra of CO, for the C 1s and O 1s edges,3? to that of N,
for the N 1s edge, 40 and to that of Xe for the F 1s edge38. To cal-
ibrate the C 1s, N 1s and F 15 XPS spectra we used CO, 35, N, 36,
and Xe38 gases, respectively. CO,37 was also used to calibrate
the O 1s XPS spectra. For FNMA, the ion mass spectra were mea-
sured at fixed photon energies corresponding to specific K-shell
excitations. To account for possible non-resonant contributions,
originating for example from valence and/or core ionization pro-
cesses, the mass spectra were also acquired at photon energies
just below the pre-edge resonances. All mass spectra have been
binned by m/z = 0.1. The mass spectrum at 401.6 eV excitation
energy showed some signs of residual N, indicated by stronger
peaks at m/z = 14 and 28. Hence, these peaks where excluded
in integrated intensities of the spectra used for the normalization
with respect to different excitation energies, for all excitation en-
ergies.

3 Computational details

For both molecules, ionization potentials (IPs) and absorption
spectra at the C, N, O and F K-edge have been calculated with
the AHF and STEX?® methods, respectively, by using the DAL-
TON code in the independent particle approximation*!, and the
basis set Ahlrichs-VTZ47. The AHF approach, fully including
the electronic relaxation and the localization of almost equiva-
lent atoms, like the C atoms of the methyl groups in NMA and
the F atoms in FNMA, leads to valuable predictions of the bind-
ing energy. The electron correlation effect neglected by the AHF
approach, giving a minor contribution with respect to the elec-
tron relaxation effect, can be remedied by multi-configurational
methods like AMCSCF. 30 The numbers for describing our MC-
SCF RAS calculations of ground and core hole state are: for
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NMA: 10 active and 10 excited orbitals for 20 active electrons,
corresponding to a total number of 14251 singlet configura-
tions for describing the ground state, 11 active orbitals and
10 excited orbitals for 21 active electrons, generating 23351
doublet configurations for the core hole state; for FNMA: 16
active and 10 excited orbitals are used for 32 active electrons,
and then 36721 singlet configurations are generated for the
ground state, 15 active orbitals and 10 excited orbitals for 31
active electrons, which correspond to 53026 doublet configu-
rations, are employed in the core hole state calculation. The
STEX approach is based on the static exchange approximation,
which#? is an independent particle, independent channel model
where the core excitation energy is obtained by adding the ionic
target energy to an eigenvalue of a specific one electron hamil-
tonian describing the motion of the excited/ionized electron in
the field of the ion. Compared with previous applications of the
static-exchange approximation, 4>** STEX fully exploits the main
advantages of such an approximation, namely an optimized de-
scription of the excited/ionized electron motion in an ab initio
non local potential by projection and full diagonalization of the
one-electron hamiltonian on almost complete L? basis sets. This
is performed by a modern direct approach,28-30
is then easily applicable to systems with a large number of elec-
trons. Although the STEX approach fully accounts for the elec-
tronic relaxation, this is assumed to be independent from the ex-
cited electron, i.e., the screening effect of the excited electron on
the target ion is neglected. The energy scale for the bound excita-
tions may then be compressed against the ionization threshold. It
is generally assumed that such an error is roughly constant for the
different excitation channels and, for easier comparison with the
experiment, an energy shift is applied to the theoretical spectrum
in order to match, usually, the most intense band. This prag-
matic procedure, however, is not always justified and the present
spectra at the C K-edge provide, as will be discussed in the fol-
lowing, an example of its partial failure. In the case of absorption
spectra, due to core excitations from several chemically shifted
sites (excitation channels), the approximation of comparable er-
rors for missing or unpaired inclusion of electron correlation and
relativistic effects is well justified. However, other errors, like the
missing screening effect due to the excited electron in the STEX
and similar methods, in addition to being excitation state specific,
can also be site specific. A simple way of estimating such errors is
to compare the LUMO excitation energy for a specific excitation
channel (site) as obtained by STEX with a small (minimal number
of determinants) MCSCF calculation that leads to a fully relaxed
final state. The result of such calculations are presented in Tab.
1.

in a code that

4 Results and discussions

4.1 NMA and FNMA conformers

The NMA and FNMA molecules exhibit rotational isomerism and
can assume different conformations. A previous study®® with rel-
atively low accuracy HF calculations has identified a small num-
ber of stable conformers with comparable total energy. All these
conformers are of trans-type, i.e., the oxygen atom of the car-

This journal is © The Royal Society of Chemistry [year]
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Table 1 Theoretical and experimental IPs (eV) of NMA and FNMA, and
screening-effect energy correction of the 15 —LUMO transition for NMA
and FNMA.

IP (eV)

Molecule K-edge Txp— T AAF | AMCSCE Corr. (eV)
O 536.98 536.27 536.43 -1.71
N 405.75 406.02 405.92 -0.90
NMA Cl 290.99 291.77 290.21 -0.71
C2(=0) 293.72 295.19 293.92 -2.63
C3 291.74 292.37 291.98 -0.70
(0] 537.97 537.86 537.79 -1.63
N 406.66 407.29 407.05 -1.47
CI(-F) 298.52 300.48 299.48 -1.92
FNMA C2(=0) 294.55 296.99 295.61 -2.47
Cs 292.37 293.28 292.81 -0.73
F1 694.59 693.88 694.03 -2.01
F2 694.59 693.88 694.02 -2.01
F3 694.59 695.94 0694.10 -2.69

bonyl group and hydrogen atom of the NH group are located on
opposite sides with respect to the C-N bond. Conformers with
a cis-geometry have higher energy and are generally considered
to be present in a minute amount in the gas phase at room tem-
perature. In order to obtain deeper insight into the stability of
different NMA and FNMA conformers under the conditions of
the present experimental studies, we have optimized the geom-
etry of both molecules with a higher precision method, namely,
calculations based on density functional theory (DFT) with the
B3LYP functional*® and the TZV basis set%’ using the program
GAMESS“8. The results of our calculations for both molecules
shown in Fig. 1 suggest the existence of only two stable trans-
type conformers with very similar total energies. They have dif-
ferent relative orientations of methylic hydrogen atoms and the
energy difference between them is on the order of hundredths
of kcal/mol. This implies that these conformers will have simi-
lar populations at room temperature. The cis-type conformer is
predicted to be about 2.3 kcal/mol for NMA and 4.1 kcal/mol for
FNMA above the trans-structures, indicating that at room tem-
perature less than 2% of the molecules in the gas sample have cis-
geometries. In a very recent study2> the NEXAFS spectra of NMA
at the C, N and O K-edge have been compared to theoretical cal-
culations by the TDDFT method 26:2 adopting a cis-configuration
of the molecule. The authors employed a geometry optimization
procedure very similar to the one used by us but, unfortunately,
do not discuss the relative stability of the cis- and trans-type con-
formers of NMA.

Since UMOs are typically delocalized and the total energy dif-
ference between different conformers is vanishingly small com-
pared with the X-ray photon energies, NEXAFS spectra are ex-
pected to be generally non-conformer-specific, though some ex-
ceptional cases have been reported?’. In order to verify whether
NEXAFS spectra of the lowest two trans-type conformers are in-
distinguishable, we have calculated the NEXAFS spectra for NMA
and FNMA in these molecular configurations by the AHF and
STEX methods. As an example, the NEXAFS spectra calculated
for the two lowest energy structures of rrans-NMA at the O K-edge
are presented in Fig. 2(a). The differences in the NEXAFS spectra
are extremely small which implies that any conformational effect
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Fig. 2 Theoretically predicted NEXAFS spectra are depicted as bars. (a) NMA O 1s spectra calculated for the lowest two trans-conformers. The
experimental K-shell NEXAFS spectra reported in ref.8 are shown by the solid lines in (b) and (c) panels for C and N K-edges, respectively. Panel (d)
presents the O 1s NMA STEX spectrum (solid curve) remeasured during the current study (see text for more details). The vertical dashed and solid
lines present the AHF theoretically predicted and experimentally measured core IP values, respectively (Table 1). Note that the theoretical spectra in
(b-d) panels were shifted by +0.5 eV, -1.35 eV, and +0.3 eV, respectively. In (b) the numbering of carbon atoms is the same as in Fig. 1(a). The inserts

show excited molecular orbitals. In (b-d) left and right side ordinates refer to the experimental and theoretical data, respectively.
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Fig. 3 The experimental XPS spectra for NMA and FNMA are shown by
black and green curves, respectively.

will barely be visible in the experimental data. Therefore, the IP
values and NEXAFS spectra presented in Tab. 1, Fig. 2 and Fig.
4 for NMA and FNMA, have been calculated only for the lowest
energy trans-type conformer.

4.2 NMA and FNMA 1s electron IPs

The NMA and FNMA XPS spectra are presented in Fig. 3. They
show a general positive chemical shift of the C, N and O peaks in
the halogenated species, as could be expected because of the high
electronegativity of F. The peak intensity of the NMA C1 1s peak
is smaller, while the band linewidth is larger, compared with the
NMA C2 1s and C3 1s peaks. Since the ionization cross section
of the C 1s electron should not strongly depend on the molecular
chemical environment, this suggests that upon ionization of the
NMA C1 1s electron a vibrationally excited molecular core-hole
state is formed. The experimental IP values derived from the XPS
spectra (Fig. 3) are listed in Tab. 1 where they are compared with
the theoretical predictions. It can be observed that the AMCSCF
calculations, including both electron relaxation and electron cor-
relation effects, show, for the full set of K-edges, deviations from
the experimental values by an average of ~0.3 €V in NMA, and
~0.6 eV in FNMA. This is a reasonably good result taking into
account that finer contributions originating from relativistic and
vibrational effects have been neglected in the calculations.

4.3 FNMA and NMA NEXAFS feature assignment

The experimental FNMA NEXAFS spectra at the C 1s, N 15, O
1s and F 1s edges are shown as black solid curves in Fig. 4 (a-
d), respectively. The K-shell NMA NEXAFS spectra for the C, N,
and O K-edges are presented in Fig. 2 (b-d), respectively. The
experimental data presented in Fig. 2(b,c) are adopted from Ref.8
but were re-calibrated based on Refs. 3940,

This journal is © The Royal Society of Chemistry [year]
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4.3.1 C K-edge NEXAFS

The experimental C 1s edge NEXAFS spectrum of NMA shows
a strong peak at 288.5 eV and two shoulders at 287.4 eV and
289.2 eV (see Fig. 2(b)). The theoretical C 1s NEXAFS spectrum
for NMA shows the strongest peak at 290.7 €V followed by other
significantly weaker features at higher energies. An simple com-
parison of our experimental and STEX results could be performed
by shifting the computed spectrum by about -2.2 eV in order to
align the main feature in both spectra. The use of a common en-
ergy shift for the three (C1,C2,C3) excitation channels, however,
would not be fully justified because, as seen in the last column
of Tab. 1, the error due to neglecting the screening effect of the
excited electron can be strongly site specific for excitations at the
C atoms. These values have been obtained for the lowest excited
state of each channel; for the additional excited states we can,
in first approximation, adopt linearly scaled values converging
to zero at the ionization threshold where the screening effect of
a very diffuse Rydberg-like orbital is completely negligible. We
have then first applied such a separate energy correction to the
bound excitation energies of each computed channel spectrum,
which is easily handled in the STEX approach, because it is based
on an independent channel approximation and gives the full C
K-edge spectrum as the addition of the three (C1,C2,C3) spec-
tra. Finally the strongest theoretical peak has been aligned to the
most intense experimental peak at 288.5 €V by a small common
energy shift of +0.5 €V. By comparison with the computed elec-
tronic structure of the core excited state the strong peak can be
assigned to the C2 1s electron excitation to LUMO which has the
TS_co™y_co character. It is also possible to assign the shoulders
at 287.4 eV and 289.2 eV of the main peak observed in the exper-
imental data to excitations of C1 1s—op;_; and C3 1s—ofi_cs,
respectively. Our calculations lead to a more accurate assignment
in comparison to Ref.2> where the spectral profile is similar, but
no interpretation in terms of site localization of the spectral main
features is provided. This is probably related to the apparently
missing theoretical prediction of the core ionization thresholds in
Ref.2>,

The experimentally measured FNMA C 1s NEXAFS spectrum
(see Fig. 4(a)) is more structured compared to the spectrum of
NMA (see Fig. 2(b)), as the three carbon atoms in FNMA are
located in quite different chemical environments. In fact, due
to the large electronegativity of the substituent F atoms, all the
three C 1s binding energies are predicted to move to higher val-
ues in comparison with NMA, see Tab. 1. This effect is particularly
strong for the C1 atom (the difference in the C1 1s IP values for
FNMA and NMA is ~8 eV) and it can be easily predicted to be
present also in the NEXAFS spectrum. It should be noted, how-
ever, that in FNMA the decrease of the electron density close to
the C1 atom due to the presence of the F atoms affects also the
STEX potential making it more attractive. As a result, the term
values of the C 1s excited states are sensibly larger than those
in NMA, as can be verified by comparing the C1 spectra in Fig.
2(a) and Fig. 4(a). In order to compare the results of the STEX
calculations to the experimental peaks, the theoretical data have
been shifted by the same procedure discussed above for the NMA

Journal Name, [year], [vol.], 1-10 |5
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spectra, namely by an energy correcting for the missing screening
of each separate channel spectrum and then applying a common
energy shift of -0.08 eV to the full spectrum in order to match
the most intense band in the experimental and theoretical pro-
files. Our theoretical predictions suggest that the strong peak in
the experimental spectrum located at 288.1 eV is associated with
the excitation of the C2 1s electron to the LUMO which has the
TC1—C2 7 _ o o Character. The other two strongest features
at 293.6 eV and 295.4 €V in the experimental spectral profile,
peaks that are missing in the corresponding NMA spectrum, are,
according to our calculations, assigned to C1 1s electron excita-
tion to LUMO (7rci—c27)_co WN_c2 00 _p) and LUMO+1 (od,_g),
respectively. Both excitations occur above the C3 1s ionization
threshold and, in addition to that, the LUMO+1 feature lies also
above the C2 1s ionization threshold. Finally we assign the less
intense peak in the experimental spectrum located at 289.5 eV to
excitation of the C3 1s electron to LUMO+2 (6¢;_y038_c,)- This
assignment agrees with the known spectrum of CH;NH, ! which
can be considered as a “building block" for the NMA and FNMA
molecules. Also, for the C3 channel (green bars in Fig. 2 and
Fig. 4) our calculations predict three almost degenerate excita-
tions of comparable intensity around 289.5 €V which is due to
the symmetry splitting by the asymmetric molecular field.

4.3.2 N K-edge NEXAFS

The experimental N 1s NEXAFS spectra of NMA (Fig. 2(c)) and
FNMA (Fig. 4(b)) contain one strong peak, which in the case
of FNMA consists of two closely lying peaks. To match the the-
oretical NEXAFS spectra to the experimental data, the theoreti-
cal NMA and FNMA spectra were shifted by -1.35 eV and -0.05
eV, respectively. The theoretical predictions suggest that the
strong peak in the experimental spectrum is associated with
excitations to LUMO and LUMO+1 and that these orbitals are
inverted for the two molecules, i.e., NMA LUMO and FNMA
LUMO+1 excited by the N 1s electron have oy_j charac-
ter while NMA LUMO+1 and FNMA LUMO have {_,7%5_c»
character. Since the orbital with 73_c,7;_c, character has a
stronger overlap with the N 1s electron orbital, for NMA the
oscillator strength of the N 1s—LUMO+1 transition is more
intense than to LUMO and for FNMA it is opposite. Other weak
peaks observed in both experimental spectra below the ionization
threshold are assigned to excitations to higher order UMOs of Ry-
dberg character. A previous application®? of the STEX approach
to the NEXAFS N 1s spectrum of NMA led to results very similar
to the present ones, except for a different intensity distribution
among the two lowest excited states. Because the main peak in
the NMA experimental spectrum is relatively broad, it cannot be
compared directly with these two theoretical findings. Nonethe-
less, it can be observed that the experimental N K-edge NEXAFS
spectrum of the glycine amino acid, which is close in structure to
NMA, measured with high resolution4’ consists of two resolved
peaks separated by about 1.2 eV with the lowest energy peak be-
ing remarkably lower in intensity than the the second peak, in
agreement with the present findings.
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4.3.3 O K-edge NEXAFS

The experimental FNMA O 1s NEXAFS spectrum (Fig. 4(c)) con-
sists of only one strong peak, while the corresponding NMA spec-
trum reported by us earlier contained several intense features (see
Fig. 3(c) for Ref.8). Such a difference is a bit surprising since each
molecule contains one oxygen atom located in very similar chem-
ical environments (Fig. 1(a,d)). Indeed, the theoretical calcula-
tions predict similar O 1s NEXAFS spectra for the two molecules
containing only one strong peak. Furthermore, the recent NMA
O 1s NEXAFS measurements by Lin et al. 2> and the STEX calcu-
lations of Mukamel et al. °® showed one intense peak. We have
therefore re-measured the NEXAFS spectrum of NMA and the re-
sults are shown in Fig. 2(d), in which additional intense features
are absent. A careful examination of the previously published
data led us to the conclusion that the sample and/or gas inlet
used then contained a significant amount of water which shows
strong resonances at the oxygen K-edge®!.

The theoretical NEXAFS spectrum for NMA and FNMA pre-
sented with the bars in Fig. 2(d) and Fig. 4(c), respectively, were
shifted by +0.3 eV and +0.4 €V, respectively, to match the high-
est intensity peak in the experimental data. The theory predicts
that this peak is associated with excitation of the LUMO which
has 75_c, ™ _c, and 7§_ o c2—c1 character for NMA and
FNMA, respectively.

4.3.4 F K-edge NEXAFS

The F 1s experimental NEXAFS spectrum contains one broad fea-
ture with a lower energy shoulder but it is mostly structureless
(Fig. 4(d)). This can be explained by a multitude of overlapping
peaks as well as by the comparatively short lifetime of the F 1s~!
hole and, possibly, a more complex vibrational envelope. The the-
oretical spectrum is presented in the same figure as bars and con-
tributions from different F atoms are denoted by different colors.
Since the F1 and F2 atoms are symmetric with respect to the
molecular plane (see Fig. 1), the corresponding core orbitals
are almost degenerate and delocalized on the two atoms; for
a more accurate estimation of the core BE at the AHF level we
performed a localization procedure®2. The theoretical NEX-
AFS spectra associated with these two atoms are very similar
and hardly distinguishable in the figure.

The lowest energy NEXAFS feature is theoretically assigned to
excitations to LUMO from F1, F2 and F3. To match these three
features to the lower energy shoulder in the experimental spec-
trum, the theoretical data were shifted by +2.5 €V. The most in-
tense band at about 690 eV is associated with F3 1s excitation to
LUMO+2 which has a o,_p; character and coincides with the
highest intensity of the experimental spectrum. The reduced lo-
calization of LUMO+1 on F3 leads to a quite weak contribution
to the spectrum.

4.4 FNMA ion yield upon core-excitations

In what follows, we will discuss ion yields with the aim of iden-
tifying possible correlation between ion abundances and the type
of the pre-edge resonances. For such purposes, we consider ionic
fragments that originate from singly-charged parent ions formed

Journal Name, [year], [vol.], 1-10 |7



Physical Chemistry Chemical Physics

Page 8 of 10

Table 2 Relative abundances (%) of single ionic fragments formed upon core-excitations of FNMA. The data are presented for the most abundant ions.

Cls N 1s O 1ls F1s
fragment (m/z) 288.1eV  289.5eV  293.6eV 2954¢eV | 401.6eV 402.4eV | 531.5eV | 692.7 eV
CH;r (14) 2.1 3.8 3.0 4.1 14.9 2.5 1.7 3.3
CH;r (15) 12.3 5.5 13.8 19.4 14.9 7.5 21.3 6.5
Ft (19) <1.0 <1.0 1.7 1.6 <1.0 <1.0 <1.0 6.2
NHC™ (27) 6.8 11.8 9.3 10.1 10.1 8.2 4.7 7.9
NHCH™ (28) 31.5 27.5 33.8 38.6 55.7 28.3 39.0 18.2
NHCHJ (29) 5.4 4.9 4.6 5.5 6.7 3.9 7.6 3.5
CF* (31) 6.5 7.6 13.4 13.5 9.2 7.7 5.0 12.3
CF;r (50) 7.7 10.1 6.4 2.5 9.5 7.1 5.6 5.5
CHNHCO™ (56) 1.3 0.6 1.1 1.8 1.5 5.9 1.7 0.5
CH;3;NHCO™ (58) 11.3 2.4 8.8 13.0 5.0 4.7 6.2 0.7
CF3+ (69) 19.9 20.5 5.3 3.6 29.2 36.7 27.1 0.4
NHCCF;r (96) <1.0 <1.0 <1.0 <1.0 <1.0 2.6 1.9 <1.0
is seen that the lowest yield is obtained at hv = 289.5 eV. This can
0.12 . . . . . . be explained by the FNMA NEXAFS peak assignment which sug-
—C1s288.1eV gests that the 289.5 eV peak is associated with excitation of the
| N1s401.6 eV C3 1s electron to the LUMO+2 which has an anti-bonding charac-
01 co —0ls5315eV ) N .
CH NHCH F1s602.7 &V ter along the C-H bonds in the methyl moiety i.e., repulsion forces
7 008k 8 CHCH, | along the C-H bonds diminishes the probability to form CHJ .
§ ' The peak at m/z = 28 can be assigned to the NHCH™ fragment.
_g 0.06 Although this peak can also originate from the CO* and C,H
g ' NHC fragments, based on the previous peak assignment performed for
'% CCH, NMAZ2>, these fragments are less important. The NHCH™T frag-
< 0.04F NHCH, CF, i ment can be produced in two ways, either by cleavage of the pep-
/ tide bond, C(=0)-NH, accompanied by ejection of two hydrogen
0.02p CF o CHJNHCO 1 atoms or by detaching an O atom, CF3 moiety, CH, followed by
| F | m A )\\2 a rearrangement. We assume the formation of the NHCH™ through
Op gt ! e A R the cleavage of the peptide bond to be most likely. Note that the
10 20 30 40 50 60 70 80 increased abundances at m/z = 14 and 28 for the 401.6 eV excita-

m/'z

Fig. 5 FNMA total ion mass spectra associated with the strongest
excitation resonances at the C, N, O and F K-edges. The data were
corrected for the non-resonant contributions. Each spectrum has been
normalized to its integrated intensity.

upon single resonant Auger decays which usually dominate over
multiply-charged parent ions. Such a choice is motivated by the
fact that fragmentation of singly-charged parent ions is expected
to be more site-specific®>3 and mass spectra contain narrower
peaks, because of the smaller amount of the kinetic energy re-
leased, making data interpretation less ambiguous. The ion mass
spectra are presented in Fig. 5 for the strongest FNMA NEXAFS
peaks at the C, N, O and F K-edges. Ion yields associated with
these peaks as well as with several other lower intensity peaks are
listed in Tab. 2. As can be seen from Fig. 5 and Tab. 2, intensities
of the ion fragments vary depending on which core-shell electron
resonance is excited. This indicates that Auger decay following
the core-excitation leaves the molecule in different excited states
and the molecular fragmentation following the Auger decay is
specific with respect to the core excitation. The mass spectra are
dominated by the three distinct, relatively strong peaks at m/z =
15, 28, and 69. The peak at m/z = 15 is associated with the pro-
duction of the methyl ion, CH;. By comparing the yield of this
ion for the four C K-shell pre-edge resonances listed in Tab. 2, it
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tion energy is due to residual N, in the chamber.

From Tab. 2, it follows that the yield of the NHCH™ fragment
is significantly enhanced when the N 1s electron is excited to the
LUMO (401.6 eV) which has an anti-bonding character along the
peptide bond. Such an observation is an evidence for site-specific
fragmentation, i.e., the excitation of a core electron to an anti-
bonding orbital localized on the site of the core orbital leads at the
same time to a strong absorption intensity and a strong propensity
to break the local molecular bond.

The CF; fragment has m/z of 69 and it is one of the most abun-
dant fragments in the ion mass spectra. The yield of this ion tends
to decrease significantly at 293.6 eV and 295.4 eV for the C K-
edge as well as when F 1s electrons are excited. Such a tendency
can be explained by the fact that at these excitation energies the
core electrons are promoted to the UMOs that have anti-bonding
characters along the C-F bonds and, thus, the chance to produce
CFj is lower. The yield of the F* fragment is opposite to that
of CF; which can be explained in a similar way that production
of F* enhances when the C-F anti-bonding UMOs are excited.
The enhanced production of F* is another evidence for the site-
specific fragmentation, as, for example, 293.6 €V and 295.4 eV
excitations are associated with the carbon atom from the CF3 moi-
ety. We note that there are also contributions to the 293.6 eV peak
originating from the C3 1s excitations (Fig. 4a). However, since
such excitations are of Rydberg characters, the site-specific frag-
mentation is most likely associated with the non-Rydberg orbital,

This journal is © The Royal Society of Chemistry [year]
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ie., Cl 1s — LUMO.

It is interesting to note that a rather weak peak located at m/z =
96 appears when the O 1s electron is excited. Most likely this
peak is associated with the NHCCF{ fragment. If it is indeed so,
formation of this fragment at the O 1s edge provides additional
evidence for a site specific fragmentation, i.e., by exciting the O
1s electron to the LUMO which has an anti-bonding character
along the C-O bond, this bond is ruptured accompanied by the
detachment of the methyl moiety.

5 Conclusions

NMA and FNMA, as peptide model systems, were studied exper-
imentally by means of XPS and NEXAFS spectroscopies at the C,
N, O and F K-edges, in direct comparison with ab initio numeri-
cal calculations. The vertical core IPs were calculated by the AHF
method that includes the main effect of electronic relaxation and
by the AMCSCF method that adds the effect of electron corre-
lation. The values predicted by the AMCSCF calculations have
proven to be in excellent agreement with the experimental mea-
surements, with deviations of a few tenths of €V for most of the
edges. The simulations of the photoabsorption spectra, based on
the STEX approach, lead to an accurate assignment of the main
features of the experimental profiles and to their association to
the electronic structure of the virtual orbitals occupied by the ex-
citation process. This allowed us to identify their anti-bonding
character along the different molecular bonds and foresee a pos-
sible selective dissociation of the peptide bond through a specific
tuning of the photon energy. The main limitation of the STEX
approximation, namely the disregard of the electronic screening
operated by the excited electron on the target ion electronic den-
sity was investigated in detail by AMCSCF calculations for the
lowest excited state of each excitation channel. It was shown
quantitatively that this screening effect can be very different for
chemically shifted atoms; this finding puts into question the gen-
erally used common energy correction of the theoretical spectra
for their comparison with experimental data.

We have also investigated the fragmentation patterns of FNMA
upon resonant excitation of several different K-shell pre-edge res-
onances, where we have observed in some cases a correlation
with the UMO electron density distributions, implying that the
molecular bonds with anti-bonding characters were preferentially
ruptured. Such an observation points towards resonant spectator
type Auger decay. However, with the current experimental set-up
we were not able to distinguish between spectator and partici-
pator Auger electrons. In the future we plan to perform reso-
nant Auger electron-ion coincidence measurements on FNMA to
unambiguously identify molecular fragmentation patterns associ-
ated with spectator Auger decay channels.
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