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Abstract: The total-ion-yield (TIY) near-edge X-ray absorption fine-structure (NEXAFS)
spectra of two dipeptides were measured and analyzed to identify the excitation sites of
core electrons and the corresponding destination molecular orbitals. Peptide molecules
were transferred to the gaseous phase using traditional heating and MALDI methods,
ensuring that the resulting NEXAFS spectra and fragmentation products were consistent
across both approaches. Mass spectra obtained at various excitation energies revealed the
branching ratios of products at each energy level, offering insights into specific dissociation
phenomena. Notably, variations in excitation energy demonstrated a selective dissociation
process, with certain products forming more efficiently. This specificity appears closely
linked to dissociations near the peptide bond, where the nodal planes of destination
molecular orbitals are located. These findings were validated using both small peptide
models and peptoid molecules, highlighting consistent patterns in the dissociation behavior.

Keywords: density functional theory; destination orbitals; quantum chemical calculation
of NEXFAS spectra; specific dissociation; soft X-ray; core excitation; peptide structure

1. Introduction
Core-level excitation, X-ray photoelectron spectroscopy (XPS), and near-edge X-ray

absorption fine-structure (NEXAFS) spectroscopy are powerful tools for investigating the
electronic states of matter, owing to their element-specific and environment-sensitive ca-
pabilities [1–5]. Eberhardt and his co-workers pioneered a new research area—specific
dissociation following core excitation—by combining mass spectroscopy with NEXAFS
spectroscopy [6]. Subsequent research has investigated specific dissociation phenomena
occurring in both the gaseous phase and on surfaces [7–9]. The enhanced production of
dissociation products has been attributed to local excitation effects or the anti-bonding
nature of destination orbitals coupled with rapid dissociation [7,10]. Research studies
have also explored the specific dissociation in biological systems, highlighting its rele-
vance in biomolecular research [11–16]. Combining enhanced-product-formation data with
absorption spectra can provide insights into biomolecular structures.

Our previous research measured the branching ratio of peptide bond cleavage in aliphatic
molecules with peptide bonds as high as 71%, following specific excitation to an anti-bonding
orbital centered on the amide group [14]. The resolved branching ratios for each dissociation
channel at specific excitation energies indicated that the enhanced product formation resulted
from the specific dissociation [17]. This phenomenon can be explained by the significant
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weakening of the C–N bond in the peptide group due to the electron population in π* anti-
bonding orbitals after core excitation. The C=O bond in the carbonyl group (either peptide or
acid) also exhibits anti-bonding features in the destination orbitals, contributing to dissociation.

Specific dissociation has also been observed in aromatic molecules with lower branching
ratios or less precise results [18–20]. In these cases, the mixed character and delocalization
of destination orbitals on phenyl and amide groups reduced the specificity of peptide bond
cleavage [21]. As a result, the branching ratios for peptide bond cleavage were below 35%,
suggesting that functional group types and the orbital spatial distribution strongly influence
dissociation specificity. Specific dissociation involves multiple peptide bonds in some peptide
model molecules [22]. Similarly, specific dissociation has been observed around the amide
group of core-excited peptoid molecules, which have structural similarities to peptides [23].

In this study, we investigated two dipeptide molecules, Gly-Phe and Phe-Gly, using
core electron excitation, NEXAFS spectroscopy, and mass spectrometry. The molecular
structures, destination orbitals, and spectral assignments were predicted through quantum
chemical calculations. While the peptide bond (C–N bond) was expected to be the primary
site for bond cleavage, the secondary cleavage sites included the C–C bonds in the phenyl
ring, provided that π* orbitals were populated following core excitation. However, the
resonance stabilization of the phenyl ring makes C–C bond cleavage less probable. Thus, the
phenyl C–C and C=O bonds are regarded as the secondary cleavage sites. These findings
are consistent with previous NEXAFS studies on peptide models and peptoids, where
peptide bond cleavage was frequently observed [14,17–23]. The product distributions and
the dissociation channels, particularly those associated with peptide bond cleavages, were
analyzed. We also examined and compared the dependence of peptide bond cleavage
branching ratios on the compositions of the model molecules.

2. Results and Discussion
2.1. Experimental and Theoretical NEXAFS Spectra

Figure 1 shows the calculated lowest-energy structures of Gly-Phe and Phe-Gly. The
mass spectra were obtained at each photon energy by scanning the soft X-ray photon
energy. The intensity of ionic products at each photon energy was used to derive the
absorption intensity, yielding total-ion-yield (TIY) NEXAFS spectra, like Figure 2. In the
case of core-excited peptide molecules analyzed using MALDI, the matrix molecules were
also excited by X-rays, producing numerous ionic products. The supporting information
(Figures S1 and S2) compares the heating and MALDI methods. The mass spectra of matrix
molecules alone and combined with peptide molecules were measured separately, like
Figure 3b. Only ions with mass-to-charge ratios distinct from those of matrix molecules
were included in the NEXAFS analysis to isolate the ionic products of core-excited peptides.
These spectra are referred to as partial-ion-yield (PIY) NEXAFS spectra.
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Figure 3. Mass spectra of Gly-Phe dissociation following core excitation and subsequent Auger decay
at the carbon K-edges. (a) Heating the sample cell at 106 ◦C. (b) MALDI method.

2.1.1. Gly-Phe

The experimental TIY and calculated carbon K-edge spectra of Gly-Phe are illustrated
in Figure 2. The energy shift applied to the calculated spectrum is 10.0 eV for all peaks. The
key destination orbitals are illustrated in Figure 4, and the NEXAFS peak assignments are
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listed in Table 1. The complete calculated destination orbitals are presented in Figure S3 of
the supporting information.

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 4 of 14 
 

 

 

Figure 3. Mass spectra of Gly-Phe dissociation following core excitation and subsequent Auger de-
cay at the carbon K-edges. (a) Heating the sample cell at 106 °C. (b) MALDI method. 

2.1.1. Gly-Phe 

The experimental TIY and calculated carbon K-edge spectra of Gly-Phe are illustrated 
in Figure 2. The energy shift applied to the calculated spectrum is 10.0 eV for all peaks. 
The key destination orbitals are illustrated in Figure 4, and the NEXAFS peak assignments 
are listed in Table 1. The complete calculated destination orbitals are presented in Figure 
S3 of the supporting information. 

 

Figure 4. Three core-excitation destination orbitals of Gly-Phe involved in specific transitions. The 
two colors mean different signs (positive or negative) for the values of molecular orbitals. The in-
tersections between two colors are nodal planes which have zero values. For destination orbitals, 
the nodal planes indicate the regions where chemical bonds are easier to break. 

  

Figure 4. Three core-excitation destination orbitals of Gly-Phe involved in specific transitions. The
two colors mean different signs (positive or negative) for the values of molecular orbitals. The
intersections between two colors are nodal planes which have zero values. For destination orbitals,
the nodal planes indicate the regions where chemical bonds are easier to break.

Table 1. Assignments of the NEXAFS carbon K-edge spectra of Gly-Phe based on theoretical calculations.

Assignments of the NEXAFS K-Edge Spectrum of Gly-Phe

Peak Calculated Core-Excitation
Energy (eV) a

Corresponding Expt.
Peak (eV) b Transition Orbitals Normalized

Oscillator Strength

Carbon K-edge

1π*+Rb 285.2 285.2 C6 → π* (V2) 0.0352

285.8 C7 → π* (V1) 0.0046

286.8 C11→ π* (V3) 0.0046

287.4 C7 → Rb (V8) 0.0042

2π*+Rb 287.6 287.4 C10 → π* (V7) 0.0577

287.9 C8 → π* (V4) 0.0020

287.9 C11 → Rb (V6) 0.0045

3π*+Rb 288.0 288.4 C9 → π* (V1) 0.0658

288.1 C7 → Rb (V12) 0.0046

288.3 C11 → π* (V10) 0.0020

288.5 C11 → π* (V9) 0.0032

4π*+Rb 291.1 290.8 C8 → π* (V25) 0.0162
a Calculated values + 10.0 eV. b Experimentally measured values.

The measured spectrum of Gly-Phe reveals four significant peaks below 291.6 eV in
the carbon K-edge region. The theoretical calculations identify distinct electronic transitions
and the contributing carbon atoms for each peak. Notably, all virtual orbitals involved
in these transitions exhibit Rydberg contributions, while only a subset of virtual orbitals
demonstrates significant π* character localized on the phenyl group or peptide bond.

The first peak (1π*+Rb) centered at 285.2 eV corresponds to the transition of carbon 6
(C6) (on the phenyl ring, Figure 2) to V(2). The virtual orbital V(2) shows mixed charac-
teristics, with significant π* contributions localized on the peptide bond and phenyl ring
accompanied by delocalized Rydberg components.
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The second peak (2π*+Rb) at 287.4 eV appears as a lower-energy shoulder of the
prominent 3π*+Rb peak and is dominated by the C10 → V(7) transition. The V(7) orbital
exhibits subtle π* characteristics localized on the peptide bond with notable Rydberg
contributions.

The third peak (3π*+Rb) at 288.4 eV corresponds to the C9-to-V(1) transition. The V(1)
orbital contains a nodal plane on the peptide bond with a significant Rydberg character
distributed across the acid and phenyl groups.

The fourth peak (4π*+Rb) at 290.8 eV is dominated by the C8-to-V(25) transition. The
V(25) orbital exhibits a significant Rydberg character throughout the molecule with weak
anti-bonding contributions on the phenyl ring.

2.1.2. Phe-Gly

The experimental TIY and the calculated carbon K-edge spectra of Phe-Gly are illus-
trated in Figure 5. An energy shift of 10.1 eV was applied to the calculated spectrum for
all peaks. The key destination orbitals are illustrated in Figure 6, and the NEXAFS peak
assignments are listed in Table 2. The complete calculated destination orbitals are provided
in Figure S4 of the supporting information. The NEXAFS spectrum of Phe-Gly reveals
two prominent peaks below 291.6 eV in the carbon K-edge region. Similarly to Gly-Phe,
all virtual orbitals exhibit Rydberg contributions, but only specific orbitals demonstrate
significant π* character localized on the phenyl ring, carbonyl group, or peptide bond.
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Table 2. Assignments of the NEXAFS carbon K-edge spectra of Phe-Gly based on theoretical calculations.

Assignments of the0 NEXAFS K-Edge Spectrum of Phe-Gly

Peak Calculated Core-Excitation
Energy (eV) a

Corresponding Expt.
Peak (eV) b Transition Orbitals Normalized

Oscillator Strength

Carbon K-edge

1π*+Rb 285.1 285.1 C4 → π* (V3) 0.0228

285.2 C6 → π* (V2) 0.0352

286.6 C4 → Rb (V5) 0.0046

287.2 C4 → Rb (V7) 0.0022

287.4 C8 → π* (V4) 0.0044

2π*+Rb 287.7 287.3 C9 → Rb (V6) 0.0597

287.9 C10 → π* (V4) 0.0017

288.0 C8 → Rb (V8) 0.0014

3π*+Rb 288.2 288.3 C11 → π* (V1) 0.0673

288.7 C10 → Rb (V8) 0.0066

289.1 C10 → π* (V10) 0.0075
a Calculated values + 10.1 eV. b Experimentally measured values.

The first peak centered at 285.1 eV is associated with C4 → V(3) and C6 → V(2)
transitions. As seen in Figure 6, V(3) is primarily a π* orbital localized on the phenyl ring,
and V(2) shows π* character on the peptide bonds and Rydberg contributions around the
phenyl ring. Both C4 and C6 are on the phenyl ring.
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The smaller shoulder peak at 287.3 eV is primarily attributed to the C9 (carbonyl
carbon of the peptide bond) → V(6) transition. The V(6) orbital is predominantly Rydberg
in nature.

The highest peak centered at 288.3 eV is dominated by the C11 (acid carbonyl) → V(1)
transition. V1 contains small π* contributions on the acid carbonyl group, with delocalized
Rydberg character and a nodal plane between the beta carbon and phenyl ring.

Below 291 eV, the experimental and TD-DFT calculation spectra show strong agree-
ment in terms of excitation energies and relative peak intensities. Despite containing the
same amino acids, the reversed sequence alters the electronic structure and core-excitation
features. Gly-Phe exhibits a more sharply defined main aromatic π* resonance and pro-
nounced secondary shoulders, including the broad peak positions at 290.8 eV, which are
absent in Phe-Gly. By contrast, Phe-Gly shows slightly shifted peak positions, broader line
shapes, and modified intensity ratios. These subtle but reproducible spectral variations
highlight that reversing the amino acid sequence modifies the local electronic environment,
affecting the observed NEXAFS signatures.

2.2. Dissociation Pathways and Specific Dissociations of Gly-Phe

The dissociation pathways of core-excited Gly-Phe were deduced from the mass spec-
trum shown in Figure 3a and predictions based on the two well-studied peptide models
acetanilide and N-benzylacetamide, which include phenyl rings [21]. In these models, the
deuterium and 15N substituted molecules were used to identify ionic product compositions,
facilitating the determination of dissociation pathways. Similar methods were employed
here to predict dissociation pathways for Gly-Phe. Ionic products with m/z < 40 u involve
multiple dissociation pathways, as discussed in our previous studies [21–23]. The products
with m/z ≈ 43 u, observed to have high abundances, were assigned to terminal COCH3

+

fragments from peptide bond cleavage. Similarly, products with m/z = 44–45 u were assigned
to terminal COOH+ fragments. Products with m/z = 42–43 u likely correspond to fragments
containing the C=O group combined with either carbon or nitrogen atoms and a few hydrogen
atoms.

The ionic products with m/z = 51 u, which exclude oxygen, are assigned to ei-
ther C3NH+ (from peptide bond cleavage) or C4H3

+ (from ring-opening reactions). Fig-
ure 3a shows that the ionic products with m/z ≈ 65 u resemble those from core-excited
N-benzylacetamide. Therefore, we assigned the same dissociation channel to these prod-
ucts, originating from the phenyl ring but missing one carbon atom. The ionic products
with m/z ≈ 77 u and 91 u are assigned to fragments corresponding to the phenyl ring
and one carbon-added phenyl ring, respectively. The ionic products with m/z ≈ 103 u
correspond to the phenyl ring combined with two additional carbon atoms, likely due to
the breaking of two C–C bonds. Other products with high mass-to-charge ratios exhibit
low intensities and are not discussed here.

In our previous studies, branching ratios of ionic products as a function of excitation
energy have been used to characterize the specific dissociations [14,16,17,22,23]. Ionic prod-
ucts formed more efficiently at resonant excitation energies are defined as resulting from
specific dissociations. The ionic products from core-excited Gly-Phe were also identified
as the products of specific dissociations. The ionic product with m/z = 28 u and 30 u
was enhanced at 285.2 eV and 288.4 eV, as shown in Figure 7a. Due to various possible
dissociation mechanisms for m/z = 28 u, only the proposed dissociation pathway is shown
in Figure 7b. Additionally, the product with m/z = 42 u was enhanced at ≈ 285.2 eV,
while products with m/z = 65 u and 91 u showed enhancement at 285.2 eV and 288.4 eV,
respectively. Figure 7b illustrates the possible dissociation pathways for these three ionic
products resulting from specific dissociations.
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Figure 7. (a) Branching ratios of key ionic products formed from the core-excited Gly-Phe as a
function of photon energy. (b) Proposed specific dissociation pathways of core-excited Gly-Phe
following core excitation 1s → π* at the carbon K-edges. The different colored lines/circles and the
corresponding colored m/z show the products from the dissociation pathways.

The specific dissociation patterns observed for core-excited Gly-Phe using the MALDI
method were consistent with those obtained using the heating method. However, the num-
ber of useful products was lower, and the signal-to-noise ratio was reduced using MALDI,
especially due to the influence of matrix molecules. Therefore, the specific dissociation
patterns observed with MALDI are not discussed here. It is worth noting that while both
methods provide consistent results, the heating method yielded superior signal-to-noise
ratios in this study, making it more effective for characterizing specific dissociations of
Gly-Phe.

2.3. Dissociation Pathways and Specific Dissociations of Phe-Gly

The mass spectrum of ionic products from core-excited Phe-Gly is shown in Figure 8a.
Due to structural similarities with Gly-Phe, the dissociation pathways of Phe-Gly follow a
similar pattern to that of the peptide bond reversed. Therefore, only a brief explanation
is provided here to avoid redundancy. The ionic products with m/z ≈ 28 u are primarily
attributed to CO+ or CNH3

+. Products with m/z ≈ 42 u are assigned to CONH+, formed by
breaking the C–CO bond. The ionic products with m/z ≈ 51 u are either C3NH+ (resulting
from peptide bond cleavage) or C4H3+ (produced from ring opening reactions). The ionic
products with m/z ≈ 65 u, 77 u, 91 u, and 103 u originate from phenyl-ring cleavage, with
0–2 methyl groups added to the phenyl ring. The ionic products with m/z = 120 u are
identified as phenyl-CH2CHNH2

+, resulting from C–CO bond cleavage. Notably, this
product is more abundant in the MALDI method compared to the heating method and
Gly-Phe, as shown in Figure 8b. In the MALDI experiments, the background from matrix
molecules was excluded.
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Figure 8. Mass spectra of Phe-Gly dissociation following core excitation and subsequent Auger decay
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Specific dissociations of Phe-Gly were observed at resonant excitation energies, as
shown in Figure 9a. Ionic products with m/z = 29 and 30 u were enhanced at ~285.1 eV,
and two possible dissociation pathways for these products are illustrated in Figure 9b. For
the ionic product with m/z = 42 u, three possible dissociation pathways are depicted in
Figure 9b by blue circles. Ionic products with m/z = 63 u, 65 u, and 91 u were enhanced at
285.1 and 288.3 eV, with the dissociation mechanisms linked to the phenyl ring.
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Although the abundance of ionic products with m/z = 120 u is low, it provides evidence
for specific dissociation at about 288.7 eV. This product is formed by peptide bond cleavage,
and the positive charge is localized on the phenyl-ring side. The phenomena of the specific
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dissociation from Phe-Gly using the MALDI method are consistent with the results of
the heating method. However, the available products are fewer, and the signal-to-noise
(S/N) ratios are lower. Therefore, the specific dissociation patterns are not discussed in
detail here.

2.4. Specific Dissociations of Peptides and Predictions

The dissociation mechanisms of the two core-excited dipeptides can be categorized
into two groups: those related to the phenyl ring and those related to the peptide linkage.
This study defines the peptide linkage as a C–CO–NH–C structure, with all three bonds
contributing to the specific dissociations observed in the two core-excited dipeptides. These
dissociations occur at two resonant excitation energies—285.2 eV and 288.4 eV for Gly-Phe
and 285.1 eV and 288.3 eV for Phe-Gly, particularly at lower resonant excitation energies.

For Gly-Phe, the molecular orbital V(2) (Figure 4) is the primary destination orbital
at 285.2 eV. For Phe-Gly, V(2) and V(3) (Figure 6) are the primary destination orbitals at
285.1 eV. Specific dissociations at the peptide bond have been prominently observed in
core-excited peptide model molecules [14,21,22]. Small peptoid molecules show selective
dissociation of the C–CO bond at the nitrogen and oxygen K-edges and the N–CO bond at
the carbon K-edge [23]. The theoretical calculations provided accurate absorption energies
and corresponding destination orbitals. These orbitals suggest that the most probable sites
for specific dissociation are chemical bonds where nodal planes are located. Specific disso-
ciation primarily occurs around the peptide linkages in peptide models and dipeptides.
Therefore, based on the observed products of specific dissociation, calculated resonant
excitation energies, and destination molecular orbitals, the location of the particular disso-
ciation can be narrowed down to a few more possible chemical bonds. This phenomenon
simplifies the structural recognition of peptides before dissociation.

3. Materials and Methods
3.1. Experimental Section

The details of the experimental methods have been discussed in our previous stud-
ies [18,20]. Therefore, brief experimental details are provided in this section. To measure
ionic products, a reflectron time-of-flight mass spectrometer (OA-R-TOF MS) with orthogo-
nal acceleration located at BL05B1 in the National Synchrotron Radiation Research Center
was used. During the experiments, two vaporization methods were used to transfer the
condensed dipeptide molecules to the gaseous phase.

In the first method, dipeptides were stored in a sample cell heated to temperatures
of up to 500 K and positioned 2 mm below the synchrotron radiation path. The aperture
for molecular diffusion measured 2 mm × 22 mm. During the experiments, Gly-Phe and
Phe-Gly were heated to 144.9 ◦C and 101.4 ◦C, respectively. The temperature was moni-
tored using a vacuum ultraviolet (VUV) lamp (E-Lux 126, Excitech, Schortens, Germany).
Ionization of the vaporized Gly-Phe and Phe-Gly molecules ensured stable parent ion
intensities for at least three hours, and the temperature of each compound was also opti-
mized for the highest S/N ratio. A rectangular aperture (8.8 mm × 40 mm) separated the
ionization and detection chambers. The ionization and detection chamber pressures during
the experiments were maintained at 6.0 × 10−7 Torr and 1.4 × 10−7 Torr, respectively.

The second method utilized matrix-assisted laser desorption/ionization (MALDI) to
vaporize biomolecules. Although MALDI is typically used to generate biomolecule ions,
this study focused on neutral biomolecules after removing the generated ions. The matrix
and dipeptide molecules were mixed and sprayed onto a circular stainless steel sample
plate fixed on linear and circular stages, as shown in Figure 10. Unlike typical MALDI
experiments, the ratio of dipeptide molecules to matrix compounds was approximately
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1:3 to generate a sufficient quantity of neutral dipeptide molecules in the gaseous phase.
After removing the generated ions from MALDI, neutral molecules were ionized with a
VUV lamp. An example of mass spectra from this process is included in the supporting
information.
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Figure 10. A schematic representation of the MALDI system setup. (a) The assembly of sample
components in the MALDI system. (b) The assembled sample plate mounted on rotation and linear
motion platforms for precise positioning. (c) Two small electrodes positioned to remove generated
ions before the vaporized molecules enter the ionization chamber. A voltage of ~50 V was applied to
the electrodes for ion removal.

Soft X-rays from synchrotron radiation were directed into the ionization chamber using a
pair of bendable Kirkpatrick–Baez refocusing mirrors coated with gold. Molecules ionized
by X-ray photons dissociated into ionic fragments due to the considerable internal energy
left after Auger decay. These ionic fragments were collimated using a set of ion lenses in the
ionization chamber and directed into the reflectron time-of-flight mass spectrometer [20,24–27],
with orthogonal acceleration in the detection chamber. When the ion acceleration region was
filled with the collimated ions, a pulsed voltage was applied to drive them into mass analysis.
The repetition rate of the pulsed voltage was in the range of 40–57 kHz. Ions were detected
using a micro-channel plate (MCP) detector (95 mm × 42 mm). The output signal from the
MCP was amplified with a preamplifier and recorded using a rapid time-of-flight multiscalar
device (FAST ComTec, model no. P7888, Oberhaching, Germany) with a 2 ns bin width.

The synchrotron radiation beamline, delivering > 1012 photons/s with an energy range
of 60–1400 eV, has been reported previously [28]. For this study, only a brief description for
the synchrotron radiation beamline is provided in this section. The energy resolutions at the
carbon K-edges were approximately 200 meV for both dipeptide molecules. Experiments
at the nitrogen and oxygen K-edges were attempted, but poor signal-to-noise ratios and
interference were observed from water vapor, which limited our results. Even after 10 h
in a vacuum, water vapor signals persisted. Consequently, the ionic product intensities
with m/z = 16–18 u were excluded as they were attributed to water rather than dipeptides.
The beam spot size was 0.4 mm × 0.2 mm at the focal point, located approximately at the
center of the diffusive molecular beam. Photon energy was calibrated using CO2 absorption
spectra at 290.77 eV [29].

Phe-Gly (purity > 98%) was purchased from Sigma Aldrich, Gly-Phe (purity 99.79%)
was purchased from Chem-Impex, and both were used without further purification. For
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the heating method, the sample cell was placed in a vacuum chamber for more than five
hours before the experiments.

3.2. Theoretical Method

The electronic ground-state structures of the two dipeptides were calculated using the
B3LYP [30] density functional with the 6-31+G(d,p) basis set. A conformational search was
conducted to identify the lowest-energy structures, which were then used for the NEXAFS
calculations. In previous studies [22], we demonstrated that Time-Dependent Density
Functional Theory (TDDFT) calculations, with appropriate energy shifts, are practical tools
for predicting and analyzing core-excitation spectra.

In this study, the NEXAFS spectra were calculated at the TD-B3LYP/6-31+G(d,p) level
of theory. Core binding energies were estimated using the same approach as that proposed
in our previous study [22]. Molecular structure calculations were performed using the
Gaussian 16 program [31], and NEXAFS spectral predictions were performed using the
Q-CHEM 4.3 program [32].

4. Conclusions
The dissociation phenomenon of two neutral dipeptide molecules (Gly-Phe and

Phe-Gly) was investigated to understand how specific dissociation occurs in peptide
molecules. The NEXAFS spectra measured using the TIY method and calculated at the
TD-B3LYP/6-31+G(d,p) level of theory at the carbon K-edges were consistent and were
used to explain the specific dissociation that occurs after resonant excitations. The spectra of
the two molecules are similar but with subtle differences. Several peptide model molecules
were analyzed to identify the patterns of specific dissociations in core-excited peptides. In
this study, the peptide linkage, represented as a C–CO–NH–C structure, was examined,
with all three bonds contributing to the specific dissociations directly observed in the two
core-excited dipeptides. These specific dissociation patterns are similar to those observed
in most peptide models, particularly peptoid molecules. Because the cleavage of different
peptide bonds produces distinct ionic products, these products could, in principle, be used
to reconstruct the compositions and structures of the parent peptide molecules. Thus, the
current study paves the way for applying dissociation patterns to peptide molecules and
for future investigations into the mechanisms of oligopeptide photodissociation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26062515/s1.

Author Contributions: Conceptualization, C.-L.L. and W.-P.H.; methodology, C.-L.L. and W.-P.H.;
software, W.-P.H.; validation, C.-L.L., Y.-J.C. and Y.-S.L.; formal analysis, Y.-J.C. and Y.-S.L.; investi-
gation, Y.-J.C. and Y.-S.L.; resources, C.-L.L. and W.-P.H.; data curation, T.-F.S., Y.-C.W., K.-Y.C. and
C.-C.T.; writing—original draft preparation, C.-L.L. and W.-P.H.; writing—review and editing, C.-L.L.
and W.-P.H.; visualization, Y.-C.W., K.-Y.C. and C.-C.T.; supervision, C.-L.L. and W.-P.H.; project
administration, C.-L.L.; funding acquisition, C.-L.L. and W.-P.H. All authors have read and agreed to
the published version of the manuscript.

Funding: Financial support for this study was provided by the Ministry of Science and Technology
(MOST), Taiwan (MOST 110-2113-M-213-003 and NSC-103-2113-M-194-009-MY3), and NSRRC.

Data Availability Statement: There are no data unavailable due to privacy or ethical restrictions.

Acknowledgments: We thank C.-K. Ni from Academia Sinica for many helpful discussion and the
synchrotron radiation beamtime supported by NSRRC.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms26062515/s1
https://www.mdpi.com/article/10.3390/ijms26062515/s1


Int. J. Mol. Sci. 2025, 26, 2515 13 of 14

References
1. Siegbahn, M. Spektroskopie der Röntgenstrahlen; Springer: Berlin/Heidelberg, Germany, 1931.
2. Cho, E.; Brown, A.; Kuech, T.F. Chemical Characterization of DNA-Immobilized InAs Surfaces Using X-Ray Photoelectron

Spectroscopy and Near-Edge X-Ray Absorption Fine Structure. Langmuir 2012, 28, 11890–11898. [CrossRef] [PubMed]
3. Feyer, V.; Plekan, O.; Richter, R.; Coreno, M.; De Simone, M.; Prince, K.C.; Trofimov, A.B.; Zaytseva, I.L.; Schirmer, J. Tautomerism

in Cytosine and Uracil: A Theoretical and Experimental X-ray Absorption and Resonant Auger Study. J. Phys. Chem. A 2010, 114,
10270–10276. [CrossRef] [PubMed]

4. Stewart-Ornstein, J.; Hitchcock, A.P.; Hernández Cruz, D.; Henklein, P.; Overhage, J.; Hilpert, K.; Hale, J.D.; Hancock, R.E. Using
Intrinsic X-ray Absorption Spectral Differences To Identify and Map Peptides and Proteins. J. Phys. Chem. B 2007, 111, 7691–7699.
[CrossRef]

5. Cooney, R.R.; Urquhart, S.G. Chemical Trends in the Near-Edge X-ray Absorption Fine Structure of Monosubstituted and
Para-Bisubstituted Benzenes. J. Phys. Chem. B 2004, 108, 18185–18191. [CrossRef]

6. Eberhardt, W.; Sham, T.K.; Carr, R.; Krummacher, S.; Strongin, M.; Weng, S.L.; Wesner, D. Site-Specific Fragmentation of Small
Molecules Following Soft-X-Ray Excitation. Phys. Rev. Lett. 1983, 50, 1038. [CrossRef]

7. Baba, Y. Element-specific and site-specific ion desorption from adsorbed molecules by deep core-level photoexcitation at the
K-edges. Low Temp. Phys. 2003, 29, 228–242. [CrossRef]

8. Wada, S.I.; Sumii, R.; Isari, K.; Waki, S.; Sako, E.O.; Sekiguchi, T.; Sekitani, T.; Tanaka, K. Active control of chemical bond scission
by site-specific core excitation. Surf. Sci. 2003, 528, 242–248. [CrossRef]

9. Chen, J.M.; Lu, K.T.; Lee, J.M.; Ma, C.I.; Lee, Y.Y. State Selective Enhanced Production of Excited Fragments and Ionic Fragments
of Gaseous Si(CH3)2Cl2 and Solid-State Analogs following Core-Level Excitation. Phys. Rev. Lett. 2004, 92, 243002. [CrossRef]

10. Wada S-i Kizaki, H.; Matsumoto, Y.; Sumii, R.; Tanaka, K. Selective chemical bond breaking characteristically induced by resonant
core excitation of ester compounds on a surface. J. Phys.-Condens. Matter 2006, 18, S1629–S1653. [CrossRef]

11. Lee, C.Y.; Harbers, G.M.; Grainger, D.W.; Gamble, L.J.; Castner, D.G. Fluorescence, XPS, and TOF-SIMS Surface Chemical State
Image Analysis of DNA Microarrays. J. Am. Chem. Soc. 2007, 129, 9429–9438. [CrossRef]

12. May, C.J.; Canavan, H.E.; Castner, D.G. Quantitative X-ray Photoelectron Spectroscopy and Time-of-Flight Secondary Ion Mass
Spectrometry Characterization of the Components in DNA. Anal. Chem. 2004, 76, 1114–1122. [CrossRef] [PubMed]

13. González-Magaña, O.; Reitsma, G.; Tiemens, M.; Boschman, L.; Hoekstra, R.; Schlathölter, T. Near-Edge X-ray Absorption Mass
Spectrometry of a Gas-Phase Peptide. J. Phys. Chem. A 2012, 116, 10745–10751. [CrossRef] [PubMed]

14. Lin, Y.S.; Tsai, C.C.; Lin, H.R.; Hsieh, T.L.; Chen, J.L.; Hu, W.P.; Ni, C.K.; Liu, C.L. Highly Selective Dissociation of a Peptide Bond
Following Excitation of Core Electrons. J. Phys. Chem. A 2015, 119, 6195–6202. [CrossRef] [PubMed]
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