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1 Introduction

Dissociation of halogenated deoxyuridines as
potential radiosensitizers, induced by deep inner-
shell photoionization — experiment and modeling
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Halogenated nucleosides are known candidates for enhancing X-ray damage in radiotherapy of tumors
and are also excellent model systems for investigating molecular and charge dynamics following deep
inner-shell ionization. We carried out electron—multi-ion coincidence measurements with two gas-
phase halogenated deoxyuridine derivatives — 5-iodo-4-thio-2’-deoxyuridine (ISDU) and 5-bromo-4-
thio-2’-deoxyuridine (BrSDU). We report the fragmentation patterns and kinetic energies of ions in
coincidence with the | 2p, Br 2p and S 1s photoelectrons, complementing the experiment with
molecular mechanics simulations and developing the parametric, stochastic model further. This work
demonstrates the applicability of the multiparticle energy- and momentum-resolved coincidence
technique to the relatively unexplored regime of incomplete Coulomb explosion of a biomolecular
system charged up by deep inner-shell Auger cascades. Simulations of the incomplete Coulomb
explosions are carried out to compare with, and complement the experimental data. Their good overall
agreement shows the expected trend of more energetic Coulomb explosions and an increased degree
of atomization as deeper atomic inner-shells are ionized. The presented data on ion abundances and
kinetic energies extend beyond these general predictions, providing essential input for modeling the
subsequent damage propagation into the surrounding environment — an aspect directly related to the
radiosensitizing properties. Some observables, such as the kinetic energies of halogen ions, are particu-
larly sensitive to the interplay of the charge and nuclear dynamics and provide valuable benchmarks for
model development.

involved, at the later stages of the cascades, the entire com-
pound acts as an electron reservoir to sustain the cascade, and

Experimental studies of halogenated organic molecules present
a rich source of information on the interaction of light with
small quantum systems. Heavy halogen atoms create absorp-
tion hotspots in the organic compound for suitable X-ray
energies having a large cross-section for core or deep inner-
shell ionization. The initial deep inner-shell vacancies trigger
an electronic relaxation cascade, involving Auger decay and
other electron-electron processes, resulting in a high overall
charge build-up.'™° This electron dynamics is initially localized
at the halogen atom. When the valence electrons become
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the positive charge starts to spread over the entire molecule.
This initiates a concurrent fragmentation dynamics (FD) of the
molecule and, for the highly charged states, leads to Coulomb
explosion (CE) of the molecule.

Here, we investigate two 28-atom halogenated biomolecules:
5-iodo-4-thio-2’-deoxyuridine and 5-bromo-4-thio-2’-deoxyuridine,
shown in Fig. 1 and from here on, referred to as ISDU and BrSDU,
respectively. These molecules are of both fundamental and
applied interest. The charge build-up process described above
results in accumulated charge insufficient for ionizing all consti-
tuent atoms - the condition we will refer here as the incomplete
Coulomb explosion (ICE). While the ICE regime would be the
most common following X-ray interactions with e.g. halogenated
biomolecular constituents, it is little studied with scarce experi-
mental data. Also the numerical modeling has been concentrated
rather on linking the momentum imaging to the geometrical
properties of the target, with essentially instant and complete
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Fig.1 Sample molecules, 5-iodo-4-thio-2’-deoxyuridine (ISDU) and
5-bromo-4-thio-2’-deoxyuridine (BrSDU), studied.

atomization.’™"> The present study both provides experimental
data and investigates numerical modeling for ICE processes.

As for the applied aspect, ISDU and BrSDU have been
proposed as possible radiosensitizers (RS) in radiotherapy of
tumors.">'* The former showed clear RS properties, while the
latter had no RS effect."*'* Experimental and modeled data can
shed light on the different efficacies of these chemically
and structurally similar compounds. Such investigations also
contribute to the general understanding of the processes
involved in radiosensitization.

The new MUSTACHE electron-multi-ion coincidence set-
up'® was used to selectively probe the iodine 2p, bromine 2p
and sulfur 1s inner shells and to investigate FD associated with
these ionizations. Regarding the RS properties, this is a sig-
nificant advance compared to earlier studies using soft X-rays,
since the relevance to the action of hard medical X-rays is much
more direct. Targeting the even deeper K-shell of iodine and
bromine in the molecule might appear to be even more directly
relevant to medical X-rays. However, the K-shell vacancies in
heavy atoms are predominantly filled by fluorescence, transferring
the vacancy to the L-shell without increasing charge. In iodine, for
instance, fluorescence accounts for about 88% of K-shell decays.'®
Thus, the eventual FD, starting from either the K or the L-shell
ionization, is expected to be quite similar."”

The coincidence data contain a large amount of information
not only on single ions but on their correlations in terms of yields,
energies and in the momentum space. However, in a large system,
these correlations are not clear-cut and therefore we concentrate
here on the primary information in the form of various ion yields
and energetics, with supporting data on ion momentum correla-
tion in specific instances. While the experiment provides a
wealth of information on the ICE events, their complete
characterization - detection of all the charged fragments in
coincidence - is not feasible. Therefore, the experimental results
can be combined with theoretical and experimental information
available from literature and complemented with model simula-
tions, to create a more complete picture of the deep inner-shell
ionization in halogenated organic compounds. Here, we employ
the Stochastic, Parametric Charge-Hopping Molecular Mechanics
(SPCHMM) model to simulate both the charge and the molecular
break-up dynamics. With tunable parameters, the model essen-
tially provides a fit to the experimental data that suggests the type
of scenario that is appropriate for the deep inner-shell ionization
conditions in a sizable organic molecule.
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In the following, we review briefly previous studies related to
ISDU and BrSDU, present the experimental setup and the
experimental findings. We then introduce the molecular
mechanics model and compare its results with the experiment.
The SI adds considerable detail on the sample, its possible
thermal degradation, and on handling the contaminants.
Details of the procedures used in data analysis are also
described in the SI. Additional data on the results of numerical
modeling (ion energies, abundances, momentum correlations)
is provided by the SI.

1.1 Prior relevant studies of the radiosensitizing (RS)
properties

In radiotherapy, damage to DNA arises directly from its inter-
action with ionizing radiation or indirectly as radiation inter-
acts with surrounding molecules, predominantly water,
releasing hydroxyl radicals and hydrated electrons.'®® The
former can damage native DNA, but in tumor cells, which are
typically oxygen-deprived (hypoxic), their destructive ability is
reduced.'*?*° The hydrated electrons, on the other hand, seen
as playing a negligible role in damaging the native DNA, can
become an important factor when certain RS molecules are
incorporated into the DNA.'*?%?! In addition, incorporating
heavy-element-containing RS (such as ISDU) into the DNA
enhances the direct radiation damage as these molecules act
as absorption hotspots.

Numerous studies, such as ref. 22-28, have investigated
halogenated nucleosides and nucleobases, particularly for their
potential use as RS drugs. Derivatives similar to ISDU and
BrSDU, such as 5-iodo-2’-deoxyuridine (IDU) and 5-bromo-2’-
deoxyuridine (BrDU) have been studied extensively, and are
known to be efficient RSs.”>*”***° BrSDU and ISDU were
synthesized by Xu et al. in 2004*' and Zhang et al. in 2014,
respectively. Substituting one oxygen in the uracil with a sulfur
atom causes the absorption maximum of the 2’-deoxyuridine
molecule to shift to the UVA region.*® Indeed, ISDU and BrSDU
are known to be photosensitizers.*> However, their RS abilities
are still under investigation. Interestingly, ISDU was found to
be a potential RS by Makurat et al.,'* whereas in a following
study by Spisz et al.,"* BrSDU exhibited no RS properties. The
key difference between the radiolysis products of ISDU and
BrSDU was in the dissociative electron attachment (DEA)
channel."* Aqueous solution of ISDU was irradiated with X-rays
to study effects of solvated electrons. One of the main radiolysis
products was 4-thio-2-deoxyuridine radical (SDU®) that, according
to quantum chemical calculations, formed after an electron
attached to the neutral parent molecule that consequently dis-
sociated to I and SDU® radical."® In a similar radiolysis study of
BrSDU, no DEA products were observed - i.e. no SDU® radical was
formed."*

A nucleoside radical, such as SDU®, is typically responsible
for the damage caused to DNA.”® For this reason, Spisz et al.
attribute the differences in the RS abilities of ISDU and BrSDU
to the lack of DEA product in the radiolysis of the latter.* There
is also apparent discrepancy in the RS efficiency between

This journal is © the Owner Societies 2026
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BrSDU and BrDU; BrDU is one of the most studied DEA-type
RSs** whereas BrSDU shows no RS properties.

Most studies focusing on the RS properties of modified
nucleosides investigate the effects of slow electrons i.e. DEA
effects, as described above, because they are considered to be
the most relevant in actual biological systems.'* Izadi et al.,*®
while investigating DEA to BrSDU in gas phase, observed
indications of thermal decomposition of the sample, namely
cleavage of the glycosidic bond between the nucleobase (BrSU)
and the deoxyribose (D) moiety. This is significant, as the
possibility of thermal decomposition has to be considered also
in the present study. Izadi et al. concluded (based on quantum
chemical calculations) that the deoxyribose moiety does not
significantly affect the energetics of the process where a bromine
anion is released from the parent and, since this process is
associated with the RS properties of modified nucleosides,"*
suggested that BrSU can, to some extent, be used as a model
compound for BrSDU. Saqib et al. studied DEA to ISDU in gas
phase.*® They carried out electron impact ionization measure-
ments at 110 °C to study possible thermal degradation of the
sample and did not report any, in contrast to the case of BrSDU.
Even so, they also suggest that the deoxyribose moiety does not
play a significant role in the DEA process.

Molecular dissociation of ISDU and BrSDU as a direct result
of photoabsorption has not been studied, to the best of our
knowledge. Some of the closest nucleoside and nucleobase
derivatives whose photofragmentation patterns have been
investigated include halogenated uracils,>’° thiouracils,**™*>
uridine,**** and thymidine.***>*® The effects of the C 1s core-level
photoionization have been studied for thymine,*” 5-bromouracil,”
uridine™ and thymidine.*” Molecular fragmentation dynamics in
5-iodouracil has been also induced by multiphoton I 2p ionization
using free electron laser.*®* Valence photoionization has been
studied for thymidine and uridine with photon energies ranging
from 10 eV to 50 eV,****¢ and also for thionated uracils: for
2-thiouracil up to 15 eV*' and for 4-thiouracil, using molecular
dynamics simulations over 12-16 eV photon energies.*” Addition-
ally, thymidine has been studied as a part of an oligonucleotide: in
ref. 47, fragmentation of a thymidine including oligonucleotide
was followed from valence to the C, N and O 1s ionizations.
Recently, Svensson et al*® studied fragmentation of an oligo-
nucleotide that incorporated iodinated thymidine - they targeted
specifically the 2p orbital of iodine. This study was limited to
detecting only fragments with mass-to-charge ratio above 60 while
our data on isolated RS molecules provides information on much
smaller fragments, including H', making the two approaches
complementary.

2 Experimental

The experiment was performed at the SOLEIL Synchrotron,
France, on the GALAXIES beamline,”® where linearly polarized
light is provided by a U20 undulator and monochromatized by
a Si(111) double crystal monochromator. The samples were
introduced into the interaction region as molecular jet and the
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Fig. 2 Schematics of the MUSTACHE electron—ion coincidence setup.

electron-energy-resolved electron-multi-ion coincidence (PEPI-
PICO) data was recorded using the MUSTACHE set-up (see
Fig. 2)."> The MUSTACHE (MUIti-STep photofragmentation studies
by Auger electron-ion Coincidences using High-Energy photons)
setup is a high-resolution electron-multi-ion coincidence system
optimized for gas-phase experiments in the tender (~2-10 keV)
range and above. The system integrates a high-resolution Scienta
Omicron DA20(R) high energy DLD hemispherical electron analy-
zer with a modified Wiley-McLaren-type ion time-of-flight (TOF)
spectrometer, enabling coincidence measurements with photo-
and Auger electrons. The coincidence multi-ion acquisitions are
triggered by a detected electron in the kinetic energy range to which
the electron spectrometer is tuned. The ion flight times and hit
positions are then recorded while blocking new electron detection,
creating data for a single electron-multi-ion coincidence event.

The ion extraction voltages of £460 V were applied across
the sample region, and —1750 V acceleration voltage was
applied. The lens voltage was —175 V. In the pulsed ion
extraction field mode, the false coincidences - combinations
of ions and electrons from unrelated ionization events occur-
ring close in time - are present in the coincidence data. In the
MUSTACHE setup, a concurrent set of ion data was recorded
using the random triggers that were artificially generated with
no actual electron detection. These events, interleaved with true
electron triggers, can be assumed to contain only the false
coincidences. When producing one- or two-dimensional histo-
grams from the events, histograms generated using the random
triggers were subtracted as false coincidence background
removal. In the present measurements, the false coincidence
ion fraction amongst the analyzed ions was kept at approxi-
mately 40%, including the detector noise counts, at which level
the subtraction procedure works efficiently.

The I 2ps,, Br 2pz, and S 1s photoelectron lines were
recorded in the PEPIPICO measurements with a resolution of
about 1.0 eV and the photon energies of 4.64 keV, 2.40 keV and
2.58 keV were used, respectively.

The ISDU and BrSDU samples were purchased from Hangzhou
Leap Chem Co. with 97% purity (min). The powder samples were

Phys. Chem. Chem. Phys.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04872a

Open Access Article. Published on 16 February 2026. Downloaded on 4/27/2026 12:40:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

evaporated from a resistively heated crucible at the temperatures of
89 °C (ISDU) and 99 °C (BrSDU). The samples and their possible
thermal degradation are discussed in more detail in SI Section S1.

3 Experimental results

3.1 Data analysis

In the electron-energy-resolved PEPIPICO datasets, the flight
times and detection coordinates of the fragment ions were
recorded together with the coincident photoelectron’s kinetic
energy (KE). We studied the fragmentation outcomes following
the I 2p;/, and S 1s photoionization in ISDU and the Br 2pjs),
and S 1s ionization in BrSDU. An ion TOF spectrum was
generated from each PEPIPICO measurement. The spectra,
converted to the M/Q-scale, are shown in Fig. 3 and 4, for ISDU
and BrSDU, respectively.

As seen from Fig. 3 and 4, the ion TOF peaks are strongly
broadened due to the ions’ high KE. In order to identify
individual ion species, determine their abundance and KE, a
more informative representation combines the hit radius of an
ion with its TOF as R(TOF) plots. Such plots are shown in Fig. 5
for (a) S 1s and (b) I 2p ionization of ISDU and in Fig. 6 for (a) S
1s and (b) Br 2p ionization of BrSDU. The R(TOF) plots show a
characteristic shape for each high-energy ion that peaks (R =
max) at the nominal flight time, while the flight paths along the
spectrometer’s axis (R = 0) give the largest deviation from the
nominal TOF. The former corresponds to the initial velocity
perpendicular to, and the latter parallel to the spectrometer’s
axis (Fig. 2). Exceptionally, the hydrogen ions do not present
this typical shape, since they are ejected with very high velocity
that significantly reduces their transmission to the detector and
strongly distorts their R(TOF) shapes making the analysis less

View Article Online

PCCP

straightforward (and thus the H' ions are not shown in Fig. 5
and 6). Average transmission for H" was estimated by indepen-
dent methods and was used to correct abundances presented in
Table 1 and Fig. 7 (details in SI Section S2.3).

The R(TOF) plots capture not only the ions’ M/Q values but
also the information needed to obtain their momentum dis-
tributions. Fig. 5 and 6 are the basis of our subsequent analysis
of the abundances and KEs of individual ionic species. Before
presenting the quantitative results, let us compare the main
features of the plots starting from the deepest inner-shell
ionization. The I 2p ionization of ISDU leads to clear patterns
of atomic fragments (Fig. 5b). Among these, C* is by far the
most prominent, but also the most diffuse, indicating a large
spread of the ions’ KE distribution. Several changes are imme-
diately apparent when proceeding to the less energetic ioniza-
tion of S 1s (Fig. 5a) — multiply charged species all but
disappear and the atomization is not complete, since molecular
fragments can be observed in several TOF regions. Although the
plot has lower statistics than that of I 2p, it is nevertheless clear
that the molecular fragments contain a range of masses rather
than being specific species and have lower KE than the atomic
ions. It is also notable that, following the S 1s ionization, the S*
fragment becomes one of the most prominent. We also note
that the S 1s ionization results, as expected for the two very
similar molecules, in a very similar fragment composition and
KEs for both ISDU (Fig. 5a) and BrSDU (Fig. 6a), with the one
apparent difference that the relative abundance of the Br' ions
is larger than that of the I" ions. Going to the Br 2p ionization,
which is much less energetic than that of I 2p, we observe
(Fig. 6b) again the C" ions dominating, and notably the S™ and
N' ions are present, contrary to I 2p ionization. Also, the
molecular fragments still contribute significantly after the Br
2p ionization.

—— S 1sionization
—— | 2p ionization
)
5 e \
g |
S &
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‘@
c
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2+ .
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Fig. 3 lon mass spectra of ISDU measured in coincidence with the S 1s (a)

and | 2psz/, (b) photoelectrons. False coincidences are subtracted and the

spectra are normalized by the height of the I* peaks. In addition to the labeled atomic ions, the mass-ranges of significant molecular fragments are
marked by MFag c* and CH,*, the latter indistinguishable from atomic N*. The narrow peaks appearing for highly charged iodine fragments are assigned
to the contaminant HI molecule. The 157 —18* peaks marked in blue are not assigned to ISDU but entirely to contaminant |, and HI.
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Fig. 4 lon mass spectra of BrSDU measured in coincidence with the S 1s (a) and Br 2ps,» (b) photoelectrons, normalized by the height of the Br* peaks. In
addition to the labeled atomic ions, the mass-ranges of significant molecular fragments are marked by MFx g " and CH,*. Sharp doublet features Br**—
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Fig. 5 lon hit radius R of ion impact positions from the detector center versus TOF for ions measured in coincidence with the S 1s (a) and | 2ps,, (b)
photoelectrons in ISDU. False coincidences were subtracted and the plots slightly smoothed to improve clarity. The blue lines show R(TOF) curves from
ray-tracing simulations. Narrow features at small R correspond to I"* ions with near-zero kinetic energy, originating from HI. lons marked in green arise

entirely from I, and HI.

In the spectra of ISDU and BrSDU, some expected fragments
have equal or nearly equal M/Q ratios: N*/CH,", 0"/$>" and S*/1*".
(SI, Section S2). These complications are taken into account
when analyzing the data. Additionally, some contaminant ions
are present in the data, namely from hydrogen halides and I, -
their contribution was removed in the analysis (SI, Section S2).

The above analysis deals with single ions in coincidence
with the photoelectron. Additional insight into the dissociation

This journal is © the Owner Societies 2026

paths in the ICE can be provided by ion-ion coincidences, for
example by the PEPIPICO maps that in the present case are also
utilized for the contaminant subtraction (SI, Section S2). Their
usefulness in analyzing the ISDU and BrSDU data is, however,
limited, since under the ICE conditions and for the molecules
of their size, the momentum correlations of the individual ions
are very weak. This results in diffuse, nondescript patterns in
the PEPIPICO maps (SI, Fig. S2).
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lon R(TOF) plots for BrSDU, measured in coincidence with the S 1s (a) and Br 2ps,, (b) photoelectrons. The false coincidence map was subtracted

and the plots were slightly smoothed to improve clarity. The blue lines show R(TOF) curves from ray-tracing simulations. Sharp features at R < 5 originate
from HBr. Region covering the C2* and O?* ions is excluded as only trace amounts were detected.

Table1 Relative yields of ions observed in coincidence with the | 2ps,, Br
2pz2 and S 1s photoelectrons in ISDU and BrSDU, normalized to the
combined yield of allions with M > 12 u (as 100%). The iodine and bromine
ions are denoted jointly by X"*. Zero values mark the confirmed absence of
the ions, while missing values indicate an overlapping ion/region prevent-
ing quantitative analysis of weak signals. Relative yield given for hydrogen is
corrected with respect to transmission

S 1s
MJ/Q Ion 12p Br 2p ISDU BrSDU
1 H' 85 36 23 12
6 c** 9 0.2 0.2 0.2
8 o* 1.4 0.1 0.2 0.6
10.7 s 0.1 0.8 0.8
12 c* 53 24 15 14
14 N'/CH," 8 5 5
16 o'/s* 13 9 9 10
32 s* 13 18 17
~24-30 MF," 17 24 21
~36-46 MFg* 11 15 14
~48-58 MF." 0 4 6 6
126.9, 80 X" 8 13 4 11
63.5, 40 x* 7 1.9
42.3,26.7 x3 3
31.7, 20 x** 2.5 0.2 0
25.4, 16 x> 3

3.2 Fragment yields

Relative abundances of ions resulting from the photodissocia-
tion of ISDU and BrSDU after the I 2p, Br 2p and S 1s
ionizations are presented in Table 1 and Fig. 7. The abundances
were corrected by removing the contribution of contaminant
ions from I,, HI and HBr, as discussed in the SI.

We conducted a statistical error analysis throughout the
various stages of data treatment. The standard deviation by

Phys. Chem. Chem. Phys.
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Fig. 7 Relative yields of ions observed in coincidence with the | 2ps,,, Br
2p32 and S 1s photoelectrons in ISDU and BrSDU, normalized to the
combined yield of all ions with M > 12 u. Shaded areas of the H* bars
correspond to the increase in the ion yield after transmission correction.
lodine and bromine ions are labeled jointly as X"

Poisson counting statistics is less than the last reported significant
digit in Table 1, and for the high abundances, significantly less.
However, other sources of uncertainties limit the accuracy when the
statistical error is very small. In addition, the fast hydrogen ions
have low transmission, and large errors can be introduced in the
correction procedure described in the SI. We estimate the H' values
in Table 1 to have about 50% error limits; they are also not
included in the normalization of total abundances.

The main observations are summarized below; their signifi-
cance and origin in the photodissociation process will be
discussed further in Section 4.2, with the insight from the
modeling results.

Different samples: comparing the fragmentation patterns
following the S 1s ionization in both samples allows observa-
tion of the effect of the different halide substitution in

This journal is © the Owner Societies 2026
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otherwise identical compounds. The comparison of Fig. 3a, 4a
and 7, shows that relative yields of fragments C*, N*, 0" and S*
and molecular fragments are nearly equal between the samples.
Their slightly higher fraction of total yield in ISDU is due to the
lower abundance of the I' ions as compared to Br'. This
difference has no straightforward explanation in element electro-
negativities or ionization energies, but we note that the apparent
enhancement of the Br' yield can also be caused by molecular
fragments with the mass of ~80 u, that are indeed produced
according to the simulations (see Section 4.1).

Singly charged fragments: the I 2p ionization of ISDU is
dominated by the lightest H" and C" ions, followed by O" and I'. A
significant amount of multiply charged species is also present. The
estimated final charge here is about +1/3e per atom (Section 3.3)
and the results show that although it is initiated by a deep localized
atomic core hole, it spreads across the molecule prior to the
fragment separation.

Nitrogen fragments: a notable feature in the spectrum from I
2p ionization is the clear absence of nitrogen ions N', which
cannot be obscured by overlapping structures (as is the case for
S', for example). N" is, on the other hand, present following the
S 1s and Br 2p ionizations - although it should be noted that
the experimentally observed peak at M/Q = 14 u could also be
fragment CH,".

Molecular fragments: molecular fragments are not present
except for trace amounts after the I 2p ionization, where the
higher total charge facilitates a high degree of bond breaks. In
contrast, these molecular fragments are clearly visible following
the S 1s and Br 2p ionizations.

Doubly charged fragments: carbon C>*, which is a major
fragment in the I 2p ionization, is present in trace amounts
only after the S 1s and Br 2p ionizations. O*" is seen in trace
amounts in all four spectra, with a slightly higher abundance
following the I 2p ionization.

Multiply charged fragments: multiply charged iodine fragments
are a clear feature in the I 2p ionization. Weak contributions from
multiply charged halogen atoms are present in other ionizations as
well, although in several cases their quantitative analysis was not
possible due to stronger overlapping structures of e.g. molecular
fragments.

Sulfur fragments: for S"', charge states up to 3+ were
detected. S" is prominent following the S 1s (both ISDU and
BrSDU) and Br 2p ionization, but in the I 2p ionization, its
contribution to the fragmentation pattern is much lower (Fig. 3
and 4). Also, since S* strongly overlaps with I**, the possible
minor contribution cannot be quantified. As for $**, since it is
indistinguishable from O, its exact abundances cannot be
determined accurately. In most cases, it has a lower yield than
S*. Only in the case of the I 2p ionization could S** yield be
higher, which is unlikely since sulfur acquires charge when the
Auger cascades spread the positive charge to the entire molecule.
There is no apparent reason sulfur atoms would accumulate
double instead of a single charge (similarly to the observation of
the C** versus C" intensity in Fig. 3b). Lastly, trace amounts of $**
were observed in the S 1s ionization of both ISDU and BrSDU
(Fig. 3a and 4a).
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3.3 Total charge

The ISDU and BrSDU molecules acquire different total charges
Qo following the I 2p, Br 2p and S 1s ionizations. The total
released charge could be one of the important metrics when
considering, e.g., how the molecule acts as a RS. However, it
cannot be directly determined from the measurement of ISDU
and BrSDU, as the recorded ions for each event form an
incomplete set. Instead, the small contaminant molecules HI,
HBr and I, now become extremely useful in estimating the total
charge. We analyze these compounds (previously filtered out,
see SI Section S2) and use literature sources to complement the
measured data of ISDU and BrSDU vis-a-vis the total charge.

Firstly, as discussed in the SI, in the ion TOF spectra and the
R(TOF) plots following the I and Br 2p ionization of ISDU and
BrSDU, respectively, we observed sharp peaks corresponding to
highly charged I and Br ions of low KE, that were assigned to
hydrogen halide molecular dissociation. The average charge of the
I"" ions following the I 2p ionization of HI is +6.9¢ (charge distribu-
tion given in SI, Section S2.4), and the estimated total charge of HI is
+7.9¢, since the hydrogen fragment most likely also acquires charge.
In addition, there are highly charged iodine ions of high KE present
in the I 2p-ionized spectra of ISDU, that were unambiguously
assigned to the two-body dissociation channels of L"™ —
(I**, ™). From the abundance analysis of ion pairs in the corres-
ponding region of the PEPIPICO map (SI, Fig. S2), the average total
charge of the I, molecule was determined to be +9.8¢ (see SI), higher
than in HI by +1.9e, since the second I atom acts as an additional
electron reservoir for the Auger cascade. We use this estimate also
for the average total final charge of ISDU following the I 2p
ionization, and consequently the SPCHMM model simulations were
performed for Q. = +10e.

For the S 1s and Br 2p ionization, equally good internal
reference is not available in the data. Molecular dissociation
following the S 1s ionization has been studied for the CS, and
OCS molecules, where the total final charge was found to be

50,51 we will use +5e in our simulations to

+4... +5e on average.
represent the outcome of the S 1s ionization. For Br 2p, there is
no Br, signal for total charge estimation as for I 2p. However, in
I, Qut Was 1.42 times higher than the average charge of I'"*"
from HI, and assuming the same relationship between Q, of
Br, and the average charge of Br** from HBr (+4.2¢), we have the
estimate of +6.0e for Qu, in BrSDU. That was used in model
simulations.

Lastly, Ho et al. studied core ionization and Coulomb
explosion of the IBr molecules and created 2p vacancies via
radiative decay of the initial 1s vacancy.'® The resulting Auger
cascade then led mainly to +4e and +9e final charge states in the
case of Br and I 2p vacancies, respectively. These values are
somewhat lower than our estimates of +6e and +10e. However,
already for HBr our average charge (accounting also for the H"
ion) is +5.2¢; it is reasonable that when Br is attached to a larger
electron reservoir as in BrSDU, the total charge will only
increase.

The above estimates - +10e for I 2p, +6e for Br 2p and +5e for
S 1s ionization - are average expected charges, whereas the
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charge reached in individual events can vary substantially, as is
the case for I, (SI, Fig. S3).

3.4 Fragment energies

Both the ion’s impact position on the detector and the TOF
deviation from the nominal value can be used to determine its
momentum and KE.”> We combined both sources, by comparing
the experimental R(TOF) plots with ray-tracing simulations,'®
performed for ions with given mass and charge. We then
adjusted the initial KE of the ions until the best visual agreement
with the experimental R(TOF) pattern was found. We cross-
checked the reliability of the simulations by inspecting the
R(TOF)-patterns of the (I**, I°*) ion pairs from I,, present in
the data from I 2p ionization of ISDU (see SI, Fig. S2). We
obtained the kinetic energy release KER = 90 eV and compared it
with the value of Posthumus et al.,>* who reported KER = 75.6 eV
with multiple ionization using laser pulses of 150 fs duration.
Their KER values decrease with the ionizing pulse length, and an
extrapolation in accordance with the behaviour of other charge
states gives KER = 85 eV for 50 fs pulses, approaching well our
value of 90 eV for the 0 fs limit.

The resulting simulated R(TOF) curves are plotted in com-
parison with the experiment in Fig. 5 and 6. In the case of the I
2p ionization, the simulated R(TOF) curves for the fast ions O*" and
C" are distorted due to spherical aberrations in the spectrometer.
The diffuse patterns for C* ions with broad energy distribution
make determining the characteristic energy using best visual
agreement more ambiguous, while for other ions the match is
more clear. The energies for each ion from each studied ionization
are presented in Table 2 and Fig. 8, and will be compared with
numerical simulations in Section 4.2, Fig. 9 and 10.

Comparing the experimental results of different ionization
edges shows that ISDU and BrSDU exhibit different behavior
regarding the KEs of lighter atomic ions, O" and C", and that of
the halogen ion. In ISDU, after the I 2p ionization, the KE of C*

Table 2 Characteristic KEs for ions observed following the | 2ps,,, Br 2ps/»
and S 1s ionizations. In addition to undetected fragments, ions with only
trace amounts and/or overlapping with stronger peaks in the R(TOF)
spectra were not analyzed, and are thus left blank. The iodine and bromine
ions are jointly marked by X"*

Kinetic energy (KE) (eV)

S 1s

Ton I2p Br 2p ISDU BrSDU
c** 31.0

o* 30.0

(o 10.8 3.4 3.0 3.0
N'/CH," 7.2 4.0 5.9
o'/s** 12.0 8.0 5.6 6.1
st 5.4 5.5 5.5
MF,* 3.2 2.8 3.2
MFg" 2.1 1.8 2.0
MF¢" 1.7 1.8 2.0
X" 3.1 3.3 2.4 3.2
x2* 7.1

x3* 16.5

x* 36.0

X" 51.0
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Fig. 8 Characteristic KEs for ions observed following the | and Br 2psz/»
and S 1s ionization. The energies are scaled by charge for the multiply
charged ions. The halogen ions are labeled jointly by X*.

is 3.5 times that of I", but the energies are approximately equal
after the S 1s ionization. In BrSDU, the C* and Br" ions have
about the same KE after both the S 1s and Br 2p ionization.
Same applies to the O" ions - the O'-to-I" ratio changes much
more in ISDU than the O'-to-Br' ratio in BrSDU.

As seen in Table 2, the KE could not be determined for the
fragments that yielded only trace amounts for some edges, and/
or were overlapping with much stronger features. Furthermore,
the estimated kinetic energies of the molecular fragments
MF, 5" are less reliable than those of the atomic fragments,
due to their heavily overlapping R(TOF)-patterns and variability
in their mass. However, it can be stated that all the molecular
fragments fall in the KE range between 1 to 3.5 eV.

4 Modeling

To complement the experiment, the Stochastic, Parametric
Charge-Hopping Molecular Mechanics (SPCHMM) model was
developed in ref. 54 and 55 and is used and developed further
here. Comparison with experimental values allows investiga-
tion of the model’s suitability to describe ICE conditions in
such medium-sized biomolecules (10 < Nioms < 100, Qor <
Natoms). The model generates statistical data from a large
number of FD trajectories, which is directly comparable with
the PEPIPICO experiment. It handles efficiently molecular
systems comprising tens of atoms, aiming at predicting the
outcome of fragmentation rather than detailed evolution of the
FD. Next, we will present the essential elements of the model.
Readers interested mainly in the outcome of the modeling and
how it compares with the experiments are referred directly to
Section 4.2.

4.1 Stochastic, parametric charge-hopping molecular
mechanics model

The core elements in modeling the fragmentation dynamics by
SPCHMM are:

1. Atoms are treated as point charges with integer values
(0, +e, +2¢). The total molecular charge Q.. = +Ne can be either
allocated to the atoms randomly at ¢ = 0, giving a basic repre-
sentation of the broad range of the electronic final states of the
Auger transitions, or built up in a chosen atom from an initial
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charge with a linear time constant 7, spreading to the molecule
via the charge-hopping mechanism. The latter can represent an
atomic Auger cascade starting from an inner-shell vacancy.

Simulations for ISDU, ISU, BrSDU and BrSU were run with
various total charges Q. chosen to represent the average
charge after the ionization of the I 2p (+10e), Br 2p (+6e) and
S 1s (+5e) orbitals (Section 3.3). The charge was initially
allocated randomly across the molecule as the baseline
approach. Charge build-up and flow from the iodine or bro-
mine atom, although physically justified, was not used in final
simulations in this case, as it did not have a major impact on
the results and would require additional empirical parameters.

2. The +e unit charges can hop across the bonds between
atoms during the dynamics at the average hopping frequency
fi- The hops are cut off at a critical distance that depends on the
charges of both atoms across the bond and is given by the
classical over-the-barrier model.>® The hops can both increase
or decrease the Coulomb potential energy of the whole system,
as discussed by Boll et al., for example.’* On average, there is a
tendency of slow cumulative energy gain as a result of the nuclei
adapting to the existing point charge distribution between the
hops. Such artificial generation of energy, although it can be seen
as a model artefact, can be used to represent a gradual internal
conversion of energy from the electronic into the nuclear sub-
system. In order to control this total energy increase, a directional
hop control parameter was introduced. It had a significant
influence on the results and therefore we present results from
two charge hopping scenarios: the energy-neutral scenario and
energy-gain scenario. In both cases, hops are initiated over
randomly selected bonds during iteration steps. If the over-the-
barrier model allows charge movement in both directions, the
direction is chosen randomly in the energy-gain scenario, which
results in a slow total energy increase. In the energy-neutral
scenario, the hop direction that helps to maintain the total energy
is preferred. The difference in probabilities of the two directions is
controlled by the hop control parameter, which therefore defines
the two scenarios. In the latter scenario, the parameter was tuned
to obtain approximately zero net energy gain.

3. The molecular bonds are described by a simplified force
field that includes bond stretching and bending. For our
purposes, obtaining and maintaining the optimum molecular
and fragment geometries is not the primary objective; instead,
the force field should be suited for realistic bond breakage
description. Morse potential energy curves were chosen to
describe the bonds. Bending vibrations were included using a
common force constant. Additionally, a force constant can be
applied to planar molecules to resist off-plane distortions. No
torsional forces were included. As non-bonding interactions, a
repulsive potential wall was created around atoms.

4. At the start of the dynamics, the molecule is given internal
energy in addition to the potential energy of the Coulomb
repulsion of point charges, in the form of randomly distributed
atomic velocities (internal temperature). Here, the internal
energy of 1 eV per atom was used, representing roughly the
broad energy distribution of the electronic states after the
Auger cascades.
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5. Numerical integration of the FD trajectories was carried
out in the molecular system until 1 ps, after which the fragment
composition was determined and further fragmentation was
excluded. Coulomb explosion was, however, followed until
0.1 ns with the fragments as point charges to accurately include
the long-range Coulomb interaction in the final momenta and
the KEs of the fragments.

Randomization for the simulated datasets was obtained by
(i) choice of the initial atomic velocities, (ii) initial charge
localizations, and (iii) redistributing charges across bonds
during the hops.

To account for the possibility of thermal decomposition by
the breakage of the glycosidic bond, simulations were run for
both ISDU and ISU, as well as for BrSDU and BrSU, according to
the discussion in Section 1.1 and SI Section S1.

4.2 Simulation results, comparison with experiment

Comparing the experimental results of different ionization
edges shows that ISDU and BrSDU exhibit different behaviour
regarding the KEs of lighter atomic ions, O" and C’, and that of
the halogen ion. At single-ion (noncoincident) level, abun-
dances and KEs of individual fragments are the primary
simulation outcomes, and are fully tabulated in the SI. These
quantities are mainly, but not entirely, determined by the total
charge and internal energy. The average KEs of charged atomic
fragments and total KERs from simulated trajectories are
shown in Fig. 9 for ISDU and ISU with the total charge of
+10e (I 2p ionization) and +5e (S 1s ionization), and in Fig. 10
for BrSDU and BrSU with Q. = +6¢ (Br 2p) and +5e (S 1s). The
KERs show the highest value for ISU (Q, = +10e), as expected
since the atomic charges are initially localized in a smaller
volume than in ISDU. Simulations with energy-gain-type charge
hopping yield higher KERs as a result of the added energy.
Experimental KEs are added to Fig. 9 and 10 for the fragments
for which they could be reliably determined (Table 2). On the
other hand, the KER values cannot be directly compared with
experiment. Although Fig. 9 and 10 show only the atomic ions,
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Fig. 9 Kinetic energies of charged atomic fragments and the KER of
Coulomb explosion of ISDU and ISU, from SPCHMM modeling. Coloured
bars show the results from the energy-gain, and the horizontal markers
from the energy-neutral charge-hopping scenarios. Experimental KE's
after the | 2ps, and S 1s ionization are given by red markers. Note that
the energies of the doubly charged fragments are divided by two.
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Coulomb explosion of BrSDU and BrSU, from SPCHMM modeling.
Coloured bars show the energy-gain scenario and horizontal markers
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all simulations also produced molecular charged fragments
(see SI for details).

The simulations were performed for both the energy-neutral
and energy-gain charge hopping, and Fig. 9 and 10 demonstrate
that the KEs of atomic ions are quite sensitive to those
scenarios, although the relationship is not straightforward.
For example, while the KE of the C" ions nearly doubles for
ISDU, Qi+ = 10e, when going from the energy-neutral to the
energy-gain scenario, the KE of the I' ions decreases instead
about 1.5 times. The impact on the ion abundances of charge-
hopping dynamics can be also quite dramatic, both in ISDU
and BrSDU: the yield of the ring atoms C*, N* and O" is, in
general, strongly reduced under the energy-neutral scenario,
while the yield of the peripheral sulfur and halogen ions is
increased. This is qualitatively explained, as in the energy-
neutral scenario the Coulomb repulsion of the point charges
has a steering effect on the charge hopping, tending to localize
the positive charge eventually to the peripheral atoms, further
from the other charges.

According to the simulations, even the highest charge used,
+10e: (i) is not sufficient to cause complete atomization of a 28-
atom molecule (ISDU), and (ii) creates trajectories of atomic
ions that are not representative of the molecular geometry - the
momentum correlation of the modelled fragments is similarly
diffuse (SI, Fig. S4) compared to that observed in the experi-
ment (SI, Fig. S2). Thus, simulations using the estimated total
charges predict ICE conditions for ISDU and BrSDU. Let us
further compare the simulation results with the experiment.

For Q = +10e, a discrepancy with the experiment (I 2p
ionization) is seen. In the experiment, only trace amounts of
molecular ions were observed, while they constituted about one
quarter of the ion yield in simulations of ISDU. Modeling
parameters could be a cause of the discrepancy. Firstly, under-
estimating the total charge for the I 2p ionization - increasing
the charge would rapidly reduce the number of intact bonds
during the ICE. Using a single charge of +10e in simulations is
also a simplification, as the actual charge varies event-by-event —
for 1,, e.g., total charges up to +14e were detected (SI, Fig. S3).
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Secondly, increasing the integration time beyond 1 ps, the
dissociation of the remaining molecular fragments could be
continued. Neutral fragments are unobserved in the experi-
ment, and if the molecular fragments produced in the I 2p
experiment are predominantly neutral, the discrepancy would
be more related to the charge localization than to the degree of
atomization.

Pre-ionization rupture of the glycosidic bond would be a
possible cause of depletion of the molecular fragments in the
experimental spectrum, because the iodine-containing fraction,
ISU, would then contain the entire charge and undergo a much
more complete CE. Indeed, the simulations predict only a 3-4%
yield of the molecular fragments for ISU, Q.. = +10e. However,
there are also contrary indications to the pre-ionization rupture
of the glycosidic bond. Most notably, following the I 2p ioniza-
tion, the N* ions are absent in the experimental spectrum,
although there is a strong signal of O" - this is not consistent
with the C,H;3IN,OS composition and full CE of ISU. On one
hand, it would be very difficult to construct a simulation
scenario for ISU, with +0.83e per atom charge, where no or a
very low number of N* ions are produced - our simulations
yielded 0.35-1.12 ions per trace (depending on the charge-
hopping scenario, SI, Table S1). On the other hand, N* can be
produced with a very low yield in simulations for ISDU, e.g.,
only 0.02 ions per trace for Q. = 10e, energy-neutral scenario
(SIL, Table S1); a result much closer to the experiment. The I 2p
ionization is experimentally dominated by the ejection of the
lightest atomic fragments (protons and C""), which is also the
case for simulations with Q. = +10e. These are, naturally, also
the prevailing elements in the molecule. In the S 1s ionization
experiment, molecular fragments appear. The simulations
show (Table S1 in SI) a corresponding increase in the charged
molecular fragments of about 1.6 times, when the charge is
reduced from +10e to +5e.

The energy-gain scenario leads to a better overall agreement
with the experiment with fewer clear outliers. For example, as
pointed out in Section 3.4, the C' ions have about 3.5 times
higher KE than the I" ions in the case of the I 2p ionization. The
energy-neutral simulation produces nearly equal KEs of C" and
I', while under the energy-gain scenario, the C" ions have three
times higher KE. Also for the lower charge state Q. = +5e (the S
1s ionization), the energy-gain scenario agrees better with the
experiment than the energy-neutral scenario, although the
differences are not as large.

Turning now to the second sample, BrSDU, we see that
already in the Br 2p ionization, the measured mass spectrum of
BrSDU contains a significant fraction of molecular fragments
(Fig. 4b). In a corresponding simulation (Q.c = +6e), the
charged molecular fragments constitute about one third of
the total ion yield (including the light fragment CH,").

For the lower +5e total charge, we firstly note that the
simulations for both ISDU and BrSDU produced very similar
results, as did the corresponding S 1s ionization experiments.
The charged molecular fragments are now slightly more abun-
dant in BrSDU, consisting 36-40% of the ion yield. Specific to
the case of BrSDU, not all fragments with mass 80 u are Br' in
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the simulations, but are molecular fragments of the rings,
notably a part of the deoxyribose ring. For charge states Qo =
+5e and Q¢ = +6€, approximately 34% and 30%, respectively, of
the mass-80 u fragments are molecular (under the energy-gain
scenario). Regarding mass-14 u ions in BrSDU, initially
assigned to the N* fragments, in the energy-neutral simulations
(Qior = +5€) these are in fact the molecular fragments CH,",
while in energy-gain simulations, they are mostly N* (approxi-
mately 15% are CH,").

Lastly, we note that in BrSDU, the charge-hopping scenarios
influence the yield of the atomic ions similarly to ISDU: under
the energy-neutral scenario the charge tends to localize more
on the peripheral atoms S and Br, considerably increasing the
yield of these ions.

5 RS properties — implications of the
present study

Research on radiation damage typically extends to low-energy
secondary electrons and hydroxyl radicals formed by water
radiolysis while studies on RS drugs tend to be rather empirical
and focus on physiological effects of the RS drugs rather than
on the involved chemical and physical processes.>”>° How-
ever, a better understanding of the fundamental processes can
aid in the development of more efficient RS drugs. Our first
experimental results with the new coincidence capability of
MUSTACHE show the first steps in the radiation damage
caused by high-Z RSs absorbing high-energy X-rays. We
observed that upon irradiation these RSs undergo violent
fragmentation producing Auger and low-energy electrons,
high-energy ions and abundant energetic protons — species
that are capable of causing localized chemical damage and
secondary ionization.

The present isolated-molecule study addressed specifically
the direct effect of X-rays interacting with the deep inner atomic
shells of ISDU and BrSDU as relevant to the initial steps in the
radiation damage, releasing fragments that propagate the
damage to the surroundings of the molecule. Results of the I
2p ionization of ISDU, a compound with an observed RS
effect,’® can be seen as most closely related to the effect of
medical X-rays. Our experimental results show a high degree of
atomization upon I 2p ionization of ISDU, where the atomic
carbon and protons dominate the fragment pattern. The esti-
mate for the proton energy, that was obtained combining the
experimental data with simulations, is about 22 eV. In total, the
released fragments carry about 160-220 eV KE following the I
2p ionization, according to the simulations. In addition to this
energy which is deposited in the near surroundings of ISDU,
the KE of on average ten electrons is released in the Auger
cascade. While the entire electron spectrum was not recorded
in this experiment, it has been investigated by theoretical
methods by Chaynikov et al.' They found the main regions of
Auger electron emission from atomic iodine to be (i) below
1 keV and (ii) between approximately 2.2 and 5.2 keV. In the
case of K-shell ionization, some electron emission also occurs
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above 20 keV, while the 1s vacancy is filled. These fast electrons
and protons would cause substantial secondary ionization in
the local environment, to be included in the models of the
radiation damage spread.®*®?

As for the BrSDU that showed no RS properties, the Br 2p
ionization leads to about three times smaller KER than in the
analogous I 2p ionization of ISDU, according to the simulations.
This could be a contributing factor to the observed differences in
their RS properties. Also the fragment composition following the
ionization of the 2p orbital of bromine in BrSDU is quite
different compared to that of iodine in ISDU - relative yield of
protons following Br 2p ionization is less than half the yield after
I 2p ionization (Table 1 and Fig. 7). Additionally, the KE of the
protons released after I 2p ionization is almost twice that of
protons from Br 2p ionization, according to simulations (Fig. 9
and 10). The experimental fragmentation pattern for I 2p in
ISDU is, in general, dominated by the light fragments, often
doubly charged. In contrast, in the Br 2p ionization experiment
of BrSDU, the slow molecular fragments, as well as the heavier S*
atomic fragment, comprise a significant portion of the charged
fragments (Fig. 7). These characteristics combined can result in
quite a different radiation damage effect of ISDU and BrSDU on
the local environment as medical X-ray absorption hotpots.

6 Conclusion

In this work, we characterized the reaction of biologically and
therapeutically relevant medium-sized molecules to deep inner-
shell ionization, a typical process related to medical X-rays.
Experimentally, the outcome of the multi-particle incomplete
Coulomb explosion (ICE) was represented primarily as ion yields
and KEs. For both ISDU and BrSDU, the experiment quantified
the trends as ionization moved towards deeper inner-shells, e.g.,
the increasing fraction of atomic fragments, larger kinetic
energies, and appearance of multiply charged ions. This detailed
data allows the development and fine-tuning of numerical
models for biomolecules in the ICE regime.

The experiment demonstrated the suitability of the electron-
energy-resolved PEPIPICO technique to target specific deep
inner-shell ionization edges. In this molecular size range, the
technique also shows limitations, and therefore, the data was
augmented by molecular mechanics simulations, designed
specifically to yield data comparable with the coincidence
experiment. The numerical modeling by SPCHMM used here
showed that such models can be used to complement the
experimental results. At the same time, questions regarding
the appropriate coupling of the nuclear and electronic
dynamics during the ICE process remain to be fully answered
with further help from chosen experimental targets. This study
shows that for stochastic point-charge models describing ICE,
details of the charge dynamics (e.g., energy-neutral or energy-
gain scenarios) can strongly influence the outcome and its
agreement with observations. Further comparisons with experi-
mental results on simpler test systems are planned specifically
to refine this aspect of the model.
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The obtained experimental data is also relevant beyond the
single-molecule environment, for example, in modeling near-
neighborhood environmental damage caused by the X-ray
absorption hotspots ISDU and BrSDU, relevant to the RS
properties. An early version of such a model, tracking the
diffusion of energy into the local environment by collisions,
was tested in the case of soft X-ray ionization by Pihlava et al.®
With the tender X-rays, the energetic atomic ions, including
heavy iodine and multiply charged species, may also signifi-
cantly contribute to local chemical damage beyond that caused
by Auger electrons, low-energy electrons, or water-derived reac-
tive species alone. The present study confirms that all these
factors are notably emphasized in deep inner-shell ionization
of ISDU over BrSDU, which could be responsible, at least
partially, for their reported different RS efficiency. On a longer
timescale, following the localized Auger cascade, the resulting
charge accumulation and proton release into the nearby aqu-
eous environment would modify the surrounding physico-
chemical conditions, including pH, and influence essential
biochemical processes.
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