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Water is a radiation protection agent for ionised pyrrole
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Radiation-induced damage of biological matter is an ubiquitous problem in nature. The influence
of the hydration environment is widely discussed, but its exact role remains elusive. Utilising well
defined solvated-molecule aggregates, we experimentally observed a hydrogen-bonded water molecule
acting as a radiation protection agent for ionised pyrrole, a prototypical aromatic biomolecule. Pure
samples of pyrrole and pyrrole(H2O) were outer-valence ionised and the subsequent damage and
relaxation processes were studied. Bare pyrrole ions fragmented through the breaking of C—C or
N-C covalent bonds. However, for pyrrole(H20)", we observed a strong protection of the pyrrole
ring through the dissociative release of neutral water or by transferring an electron or proton across
the hydrogen bond. Overall, a single water molecule strongly reduces the fragmentation probability
and thus the persistent radiation damage of singly-ionised pyrrole.

INTRODUCTION

The damage of biological matter upon the interaction
with UV radiation [1] or ionising radiation [2], such as x-
rays [2, 3|, y-rays [4], and a-particles [5], or other charged
particles [3, 6, 7] is a major environmental impact on
living organisms [1, 2]. For instance, inner-shell-, inner-
valence-, or outer-valence-ionised states can relax in vari-
ous pathways that form cationic species, which can result
in break up of the molecules [3, 8, 9]. One highly rele-
vant mechanism of DNA-strand breaks is via autoionisa-
tion or excitation caused by low-energy secondary elec-
trons [3, 6, 7, 10, 11].

Regarding the radiation damage of molecules, ionisa-
tion and excitation are similar: In both cases, vacancies
are created in the occupied molecular orbitals, and this
can lead to bond breaking. In the case of ionisation, the
electron is directly transferred to the continuum, leaving
the molecular ion behind, while excitation may result in
the population of dissociative excited states [12]. Typical
sources for single ionisation of biological matter in aque-
ous environments are deep UV radiation or the interaction
with radicals, slow electrons, or ions [2, 3, 12, 13]. While
deep UV radiation is efficiently blocked by the earth’s at-
mosphere [14] it is omnipresent in outer space [15]. Harder,
e.g. ionising, radiation penetrates the atmosphere.

Molecular assemblies such as clusters, droplets, and
even large molecules like proteins in their natural solvation
environment are known to allow for additional relaxation
pathways due to intermolecular interactions [8, 16—24].
These pathways may lead to a protection of the molecule
especially if the biomolecule is directly affected by the ra-
diation [1]. On the other hand, secondary species originat-

ing from the ionisation of surrounding solvent molecules
can induce new pathways that lead to biomolecular de-
struction.

Hydrogen-bonded solute-solvent complexes allow for
quantitative investigations of these effects [25-28]. One
of the important electronic relaxation channels of such
solvated-molecule clusters after x-ray ionisation, electron-
impact ionisation, or a-particle irradiation was ascribed
to intermolecular Coulombic decay (ICD) [8, 9, 25-27, 29].
This resulted in the formation of mainly charge-separated
di-cationic complexes which undergo fragmentation via
electrostatic repulsion. A competing ultrafast relaxation
channel of hydrogen-bonded complexes after inner-shell
ionisation, which may protect biomolecules, is intermolec-
ular electron- or proton-transfer-mediated charge separa-
tion [22, 24, 27]. This was also observed following x-ray
ionisation of the water dimer [28] and liquid water [30, 31].

To examine the influence of nano-hydration on the dy-
namics of biomolecules various studies using mass spectro-
metric techniques were performed [32-41]. These experi-
ments can essentially be divided into three approaches: In
the first approach one uses mass selective ion beam meth-
ods to extract individual clusters in the case of cationic
and anionic samples [32, 33, 42]. The initialisation of the
dynamics, e. g. ionisation or collisions, is species unspe-
cific which results in an undefined initial condition. For
instance, it is not possible to avoid ionisation of the water
as the initial step. The second approach of experiments
utilises a localised initiation for the dynamics inside the
cluster using, e.g. multi-photon ionisation [34-36] or
slow electrons [37-39]. Here, however, experiments are
done with mixed samples, e.g. various cluster sizes and
isomers present in the molecular beam simultaneously.



An unambiguous assignment of the fragments to a corre-
sponding parent cluster is not possible. This is especially
a problem in the case where the isolated molecules and
the clusters give rise to the same fragments. The third ap-
proach utilises neither a well-defined probe nor a localised
trigger [40, 41].

A key ingredient for the indirect destruction pathways
of biological matter is the radiolysis of water [13, 43, 44],
likely because typically ~3/4 of a cell’s volume comprises
an aqueous environment [3, 13]. In this case, reactive
cations, radicals, anions, or electrons are produced inside
the water environment, which can trigger biomolecular
fragmentation [2, 43-47]. In this context, numerous ex-
perimental studies claim that the hydration environment
can either inhibit or enhance radiation-induced biolog-
ical damage [4, 13, 33, 35, 38, 47-52]. This includes a
recent study showing a relatively weak catalysis effect,
i.e. an enhancement of radiation damage, due to water
being present [39]. The details obviously depend on the
nature of the ionising radiation and the specific poten-
tial energy landscape of the biomolecule in its hydration
environment [2, 3].

Pyrrole, a heterocyclic aromatic molecule, is a UV-
absorbing chromophore, e.g. in hemes and chloro-
phylls [33]. Pyrrole is also a subunit of indole, 3-
methylindole, and tryptophan, which are of great rel-
evance as the principal UV absorbers of proteins [54, 55].
The photophysical and photochemical properties of indole
and pyrrole are sensitive to the hydration environment [56—
61]: upon UV absorption these chromophores indirectly
populate an excited 'mo* state, which is repulsive along
the N-H-stretching coordinate [54-56]. This triggers an
ultrafast internal-conversion process to the ground state,
essential for the photostability of proteins [62].

The pyrrole(H2O) cluster has a well-defined structure
with a hydrogen bond between pyrrole’s N-H site and the
water’s oxygen [63]. This can, due to its similarities with
indole-water, reflect the strongest interaction between
pyrrole and surrounding H>O in aqueous solution [64].
H-elimination dynamics from the N-H site of pyrrole,
mediated by the electronic excitation of the 7o * state [54,
65—67] or by vibrationally mediated photodissociation [68],
was studied by time-resolved photoion and photoelectron
spectroscopy. Theoretical calculations for electronically
excited pyrrole(H50) clusters predicted electron transfer
across the hydrogen bond without photodissociation of
the pyrrole moiety [58, 69]. Direct ionisation from the
HOMO and HOMO-1 orbitals of pyrrole [70, 71] and the
HOMO orbital of pyrrole(H50) [72, 73] does not lead
to fragmentation of the aromatic ring. However, the
dissociation from excited cationic states of pyrrole led to
molecular fragmentation [70, 71|, and similar processes
are expected for pyrrole(H20).

Here, we experimentally investigated the damage in-
curred in singly- and doubly-ionised pyrrole molecules and
the effect of solvation by comparing the fragmentation

FIG. 1. Schematic representation of the ionisation scheme
and radiation-protection mechanism in pyrrole(H;0). Single
ionisation of pyrrole(H;O) is followed by its dissociation, with
the leaving neutral water molecule allowing the aromatic ring
to stay intact without further fragmentation.

pathways of bare pyrrole and microsolvated pyrrole(H50)
heterodimers using the combination of pure samples of
either species [73] and local, site-specific multi-photon
ionisation. Our clean approach enables the systematic in-
vestigation of the role of water solvent on the photophysics
of pyrrole and for hydrated biomolecules in general.

A schematic representation of our ionisation strategy
is represented in Figure 1. We mimicked the triggering
of radiation damage through outer valence ionisation as
it would naturally occur in secondary processes such as
the interaction with slow electrons or UV photons. Pyr-
role and pyrrole(H2O) were site-specifically ionised by
removing electrons from the highest-energy molecular or-
bitals, whose densities are predominantly localised on the
aromatic ring as shown in Figure 7. The site-specific
ionisation allows a direct comparison of the subsequent
fragmentation of the two systems since the ionisation pro-
cess is not significantly altered. Ionisation was achieved
by strong-field ionisation (SFI) using 800 nm laser pulses
with a peak intensity of 10'* W/em? and a pulse duration
of 30 fs, see Methods for details. On one hand, valence
ionisation of bare pyrrole resulted in extensive fragmen-
tation, i.e. breaking of the aromatic ring. On the other
hand, for singly-ionised pyrrole(Hs0Q) we mainly observed
solely the breaking of the hydrogen bond with the water
molecule leaving the intact pyrrole ring. In this case,
breaking of the actual biomolecule is strongly suppressed.

RESULTS

Our comparison of the fragmentation dynamics of bare
and singly-microsolvated pyrrole built on the production
of very pure molecular beams of pyrrole and pyrrole(H50),
respectively. The electrostatic deflector was used to
spatially separate the different species by their dipole-
moment-to-mass ratio from a cold molecular beam [73, 74];
see Methods for details. The species-selected molecular
beam had, in the case of pyrrole, a purity of ~95 %, with
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FIG. 2. Time-of-flight mass spectrum and corresponding
velocity-map images of the ions generated by strong-field ioni-
sation of pyrrole. The structure of pyrrole is given on the right
of the lower panel. The colourmap and velocity scale holds for
all velocity-map images.

a ~b % contamination by pyrrole homodimer. The pu-
rity of the pyrrole(H20) beam was ~99 % with the main
contamination being the water dimer [73].

Fragmentation dynamics of pyrrole™

Figure 2 shows the time-of-flight mass spectrum (TOF-
MS) and corresponding velocity-map images (VMIs) of
all ions resulting from strong-field ionisation of pyrrole.
All data were recorded simultaneously using a Timepix3
camera [75-77]. Rings in the VMIs occur for two-body
Coulomb explosion, i.e. a charge-repulsion-driven fast
breakup into two positively charged fragments. These
fragmentation channels obey momentum conservation
in the recoil frame. Low-kinetic-energy (KE) features
correspond to intact parent ions or ions created from dis-
sociative single ionisation. The data shows no signatures
of three-body breakup beyond hydrogen atom/proton
loss.

The most prominent feature in the TOF-MS is the
narrow peak at m/q — 67 u/e, assigned to pyrrole”, on
top of a broader pedestal. The peak corresponds to the
sharp central dot in the corresponding VMI. The pedestal
correlates with the rings in the VMI which are assigned
to pyrrole” from Coulomb explosion of the pyrrole ho-
modimer. The TOF-MS peak at m/q = 33.5 u/e and
the central dot in the corresponding VMI are assigned
to doubly-ionised pyrrole. Its pedestal in the TOF-MS
and the corresponding rings in the VMI were attributed
to pyrrole®" from Coulomb explosion of multiply-ionised
pyrrole homodimer. In both cases 95 % of the signal
strengths were in the central peaks, i.e. originated from

the monomer.

The signals in the mass-to-charge regions m/q =
24...30 u/e and m/q = 35...44 u/e correspond to frag-
ments from the breakup of the pyrrole ring. Some possible
ionic products are labeled in Figure 2, in line with the
mass peak assignment after electron-impact- and photo-
ionisation of pyrrole [70, 78]. A clear assignment of the
various individual peaks observed in the two mass regions
to specific fragments was not possible due to overlapping
signals and ambiguities in the construction of specific
mass-to-charge ratios out of possible feasible fragments.
The situation was further complicated by the fact that
some fragments lost hydrogen atoms. However, proton
loss after double ionisation was ruled out due to the lack
of correlations between the detected protons and the frag-
ments observed in the two mass regions. The small pro-
ton peak in the spectrum was attributed to initial charge
states >2, which are not further discussed in the current
work. The structure at m/q = 70 u/e is assigned to contri-
butions from larger clusters. The expected m/q = 68 u/e
13C-pyrrole isotopologues peak is suppressed due to the
strong parent ion signal, see Methods. Intense central
peaks in the VMIs correspond to fragments from disso-
ciative ionisation of singly-charged pyrrole. Rings in the
VMIs, contributing ~30 % of the total ion count, corre-
spond to fragments from Coulomb explosion of doubly-
charged pyrrole. The Coulomb explosion signals of the
m/qg=24...30u/eand m/q = 35...44 u/e mass regions
are correlated for the double ionization of bare pyrrole,
as confirmed by kinetic-energy-selected coincidence maps
and momentum conservation.

Fragmentation dynamics of pyrrole(H,0)"

Figure 3 shows the TOF-MS and VMIs of all ions result-
ing from strong-field ionisation of pyrrole(H;O). Again
all data were recorded simultaneously using the Timepix3
detector. All VMIs exhibit a central low-KE part due
to single ionisation as well as sharp or diffuse higher-KE
signals.

The peak at m/q = 85 u/e, with a central dot in
the VMI, corresponds to the pyrrole(H,O) parent ion.
The strongest peak in the TOF-MS is again at m/q =
67 u/e, the pyrrole-monomer cation, which resulted from
the dissociation of the hydrogen bond in singly-ionised
pyrrole(H>QO). This is confirmed by its broader KE distri-
bution in the VMI owing to recoil from the momentum
conservation with the leaving neutral water molecule. Fur-
thermore, no correlations between singly charged pyrrole
ions themselves were found in the PIPICO map. We
would expect to see this correlation for the higher charge
states present in our data and, therefore, infer negligible
contributions from pyrrole homodimers in our deflected
molecular beam in line with previous studies [73, 79).

The peaks at m/q = 66 u/e and m/q¢ = 19 u/e cor-



HO"

- e
C o sNT/C3Hy 5

1.0
— (]
B
34
o)
£
E05 Lo
=
g
o
S
0
0 20 60 30

40
m/q (u/e)

H,0"

CHO_QNJr/CQHO_;r C4H4NJr pyrrole(H,0) i

FIG. 3. Time-of-flight mass spectrum of pyrrole(H,O) follow-
ing SFI with the velocity-map images of the ions, which were
recorded simultaneously after strong-field ionisation. Also
shown are the structure of the heterodimer, sum formulas of
all fragments, and the velocity ranges and colourmap for all
velocity-map images.

respond to C,H,N' and H3O™, respectively. Both frag-
ments exhibit sharp rings in their VMIs, with correlated
ions that obeyed momentum conservation, demonstrat-
ing a two-body Coulomb explosion break-up channel of
pyrrole(H,0)?" including a proton transfer from pyrrole
to water. A weaker H,O channel, ~3/4 of which origi-
nates from pyrrole(Hs0)?" whereas the remaining signal
can be attributed to the water homodimer, shows the di-
rect charge-separating breakup of pyrrole(H20)?" across
the hydrogen bond.

As for pyrrole, fragments within the regions m/q =
24...30 u/e and m/q =35...44 u/e were detected due
to the breakup of the aromatic ring. However, they showed
broad structureless distributions in the VMIs which were
not correlated with each other. The high-KFE ions in these
regions originate from pyrrole(H,0)?" after three-body
fragmentation processes. These channels involved H30™
as a second ionic partner, as well as a neutral fragment.
The small peak at m/q = 36 u/e was attributed to singly-
ionised water homodimer ((H20)2) [79].

DISCUSSION

Overall, single- and double-valence ionisation of pyrrole
led to a significant breakup of the aromatic ring, in addi-

tion to the formation of singly- or doubly-charged parent
ions. Single ionisation of pyrrole into the 2As ground
state and the 2B first excited state of the cation led
to the formation of a stable parent ion [70, 71]. Single
ionisation also caused fragmentation of the pyrrole moiety
through various dissociative pathways, which resulted in
low-kinetic-energy ions. This was due to ionisation into
diffuse bands of excited electronic states of the cation
with energies in the range of 12...15 eV, i.e. around 4 eV
above the ground-state energy of the cation [70, 71, 80-82].
With Koopmans’ theorem, the energies of these excited
states match well with the ionisation energies of HOMO-2
to HOMO-6 orbitals of the pyrrole molecule [70]. Dou-
ble ionisation caused fragmentation of the aromatic ring
driven by Coulomb explosion.

Surprisingly, the scenario was very different for singly-
and doubly-ionised pyrrole(H50). New relaxation path-
ways emerged due to the hydrogen bond with the water
molecule — despite the predominantly localised ionisation
with the removal of electrons from pyrrole’s 7w orbitals.
For example, in the case of singly-ionised pyrrole(H20),
we observed a strong dissociation channel for the hydro-
gen bond, i.e. the loss of neutral water, which protected
the pyrrole ring from fragmentation. Furthermore, af-
ter double ionisation additional Coulomb-explosion chan-
nels appeared for pyrrole(HO)?* compared to pyrrole™,
such as the H;O" channel with its counter ion C,H,N*.
Both fragments showed sharp rings in the corresponding
VMls, demonstrating that the pyrrole ring was left in-
tact with only a proton transferred to the water moiety.
Additionally, two body Coulomb-explosion channels of
pyrrole(H,0)?" in the regions m/q = 24...30 u/e and
m/q = 35...44 u/e, i.e. clear rings, were absent and
the uncorrelated signal was much weaker than the strong
signals observed for the pyrrole monomer. In total, the
fragmentation pathways were significantly influenced, i.e.
fragmentation of the pyrrole ring was strongly reduced
by the attached single water molecule.

Single ionisation of pyrrole(H,O) into the ground state
of the cation created intact parent ions with the charge
localised on the aromatic moiety. The binding energy of
the cationic heterodimer was determined to 670 meV [72].
The energy of the first excited state is expected to be
roughly 1 eV above the ground state of the cation, as
in the case of the pyrrole monomer [70, 80]. In the
TOF-MS of pyrrole(H20) after single-ionization, Fig-
ure 3, the dominant peak was m/q = 67 u/e, so a dis-
sociation product of pyrrole(H2O)". The pyrrole cation
arose from the dissociation following single ionisation of
pyrrole(H>O). Assuming a similar ionisation cross-section
for pyrrole and pyrrole(HO) into the first electronically
excited state of the cation led to the conclusion that this
state of pyrrole(H2O)" was dissociative. Otherwise the
pyrrole(H2O) spectrum after single-ionisation would be
dominated by pyrrole(H,O)". Therefore, the aromatic
ring was protected after ionisation into the ground and



the first excited state of the pyrrole(H2O) cation. We
also observed similar aromatic ring fragmentation prod-
ucts for pyrrole(H,0)*, as in the case of pyrrole”, from
the above-mentioned diffuse dissociation band [70, 80].
However, the relative intensities between stable aromatic
rings versus fragmentation channels varied significantly
for the monomer and the heterodimer, leading to a higher
ring fragmentation probability for the former.

To unravel the influence of the microsolvation on the
radiation-induced damage and to quantify the degree of
protection for ionised pyrrole in the presence of a sin-
gle water molecule, we normalised the ion yields for the
pyrrole and pyrrole(H20) species after SFI with respect
to each other. We normalised both species based on
their total single-ionisation ion yield by assuming the
single-ionisation cross-section to be the same. This is
justified by the similarity of laser-intensity-dependent
single-ionisation ion yield for the two species as described
in the Methods. Furthermore, the single, double, and
higher-order ionisation channels were separated to pro-
vide a direct comparison of the fragmentation yields for
both species as a function of the initial charge state.
Corrections for saturation effects in detector areas with
high count rates were statistically taken into account,
see Methods. In addition, the fragmentation channels
were classified into ring-fragmenting and ring-protecting
channels.

The momentum maps for the specific mass-to-charge
regions were taken into account in order to separate single,
double, and higher-order ionisation channels. Almost all
VMIs shown in Figure 2 and Figure 3 had contributions
from ions with low as well as with high kinetic energy. We
attribute the low-KE ions to single ionisation and the high-
KE ions to double or higher-order ionisation, respectively.
Gating on the momenta with p < 30 ukm/s resulted in a
normalised mass spectrum (NORMS), which is a composi-
tion of single-ionisation channels and the doubly charged
parent ion channel that also exhibits low kinetic energy.
Gating on the momenta with p > 30 ukm/s resulted in
a NORMS for the higher-order ionisation channels. The
resulting normalised gated time-of-flight mass spectra for
pyrrole and pyrrole(Hs0), following SFI, are shown in
Figure 4 for m/q = 0...60 u/e, which contain all ring-
breaking fragments. The upper panel corresponds to the
single-ionisation channels (z = +1), whereas the lower
panel corresponds to double(z = +2) or higher(z > +2)
ionisation channels.

Both species showed similar fragmentation products, es-
pecially in the mass-to-charge regions m/q = 24...30u/e
and m/q = 35...44 u/e, which were the channels arising
from the breaking of the pyrrole ring. However, they
vastly differed in the specific ion yield and we observed a
significant reduction of fragments arising from ring frag-
mentation for pyrrole(H2O) than for pyrrole after single
ionisation. For both, pyrrole and pyrrole(H50O), following
SFI, the contributions in the NORMS for z > 42 in the
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FIG. 4. Comparison of the normalised TOF-MS of pyrrole
(red) and pyrrole(H20) (blue) following SFI. The number of
charges created on the system after strong-field ionisation is
denoted by z. The upper panel corresponds to an initial charge
state z = +1. The peak marked with the asterisk corresponds
to intact C4HsN?T from double ionisation of pyrrole. The
lower section is for the charge states z > +1. Signals for
m/q=2...14 u/e in the lower section originated from initial
charge states with z > +2.

region m/q = 15...60 u/e were dominated by double
ionisation. This includes the large differences in the re-
gion m/q = 18...19 u/e where hydronium and water
ions are formed. The contributions from triple ionisation
were statistically estimated to less than 5 % and are thus
negligible, see Methods. Furthermore, the NORMS peaks
in the region m/q = 1...14 u/e originated from charge
states with z > +2, confirmed by a covariance analysis.
In the case of higher-order ionisation, i.e. z > 2, a direct
comparison of the ion yield of pyrrole and pyrrole(H2O)
after SFI from the NORMS was not feasible due to the
complex fragmentation processes and overlapping frag-
mentation channels.

To estimate the extent of fragmentation protection after
single and double ionisation of pyrrole in a microsolvated
environment, the observed fragmentation channels were
classified into ring-breakup and ring-protection channels.
Based on this, the ring-fragmentation probability is de-
fined as P = Ny, /Niotal with the number of fragments
where the ring is broken NV}, and the total ion yield Nigtq).

First, we considered ring-breakup and ring-protection
channels following single ionisation of pyrrole and
pyrrole(H,O). For pyrrole, the parent ion was considered
as a channel leaving the molecule intact. For single ioni-
sation of pyrrole(H»Q), in addition to the parent ion, the
dominant ring-protection channel was the dissociation of
the hydrogen bond, i. e. the loss of neutral water. Further-
more, the dissociative single-ionisation processes resulting
in low-KE ions of H,O", H;0", and C,H N, prevented
the aromatic ring from fragmentation. All other low-KE
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first dissociation band. For simplicity, only one of the observed
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ions in the mass-to-charge region m/q = 15...60 u/e were
considered as ionic products that originated from the frag-
mentation of the aromatic ring. The ring-fragmentation
probabilities for pyrrole and pyrrole(H2O) after single
ionisation were then determined by counting the ions in
the momentum-map images with a gating specifically on
the low-KE part in the specific mass-to-charge regions.
The projection of ions from higher charge states (z = +2)
into the center of the momentum-map images was esti-
mated statistically, see Methods, and this contribution
was subtracted.

We estimated the ring-fragmentation probability in-
dividually for pyrrole and pyrrole(H2O) after single ion-
isation to 31 % and 6 %, respectively. Figure 5 pro-
vides a sketch of the corresponding potential-energy sur-
faces of pyrrole” and pyrrole(H,O)T with the result-
ing products and their probabilities. Single ionisation
of pyrrole into the ground and first excited state of
the cation led to the formation of a stable parent ion,
pyrrole™ [70, 71]. The ionised molecule underwent frag-
mentation through the higher excited cationic states [80],
whose probability was 31 %. In the case of pyrrole(Hs0),
single ionisation into the ground state resulted in a sta-
ble parent ion, pyrrole(H2O)t [72]. The first excited
state of pyrrole(H2O) " dissociated the heterodimer into a
pyrrole™ and neutral water. For the higher excited states
of pyrrole(H2O) " a reduction in the ring fragmentation
probability was observed. This was due to dissociative
channels, where the water is leaving neutrally. Obviously,
for the pyrrole monomer such channels do not exist after
single ionisation.

Overall, the ring-fragmentation probability of pyrrole
following single ionisation is reduced by a factor of ap-
proximately 31/6 = 5.2 in pyrrole(H,O) compared to
pyrrole. Based on the observation of reduced fragmenta-

tion for pyrrole(120)™ and the assumption of a similar
cross section for single ionisation, we can infer that neu-
tral molecules can be protected against radiation damage
through outer-valence ionisation by solvation even with a
specifically-bound single water molecule.

To shed light on radiation damage effects after dou-
ble ionisation, we classified the channels following dou-
ble ionisation of pyrrole and pyrrole(H50O). For pyr-
role, the only ring-protecting channel was the formation
of a (meta)stable doubly-charged parent ion, C4HsN*"
marked by the asterisks in the upper panel of Figure 4.
All other channels broke the aromatic ring. The dominant
ring protection channel for the pyrrole(H»0)?" was the
intermolecular proton transfer from the N—H site of the
pyrrole moiety to the water moiety, producing H3O" and
C4H,N". A second channel was an electron transfer pro-
cess across the hydrogen bond, which led to the formation
of C4HsN™ and HoO™". All other double-ionisation chan-
nels broke the aromatic ring, but in our experiment these
were minor contributions. The ring-fragmentation proba-
bility for pyrrole and pyrrole(H,O) after double ionisation
was determined by counting ions in the high-KE part of
the momentum-map images while taking into account that
two ions might have been produced after double ionisa-
tion, leading to two hits in the corresponding momentum
maps for a single fragmentation event; the finite detection
efficiency of 0.5 for each ion was statistically taken into ac-
count. This led to a similar ring-fragmentation probability
after double ionisation for pyrrole(H>QO), P = 0.72 £ 0.04
and pyrrole, P = 0.78 & 0.04. Furthermore, we extracted
a similar double-ionisation cross-section within our model,
see Methods. This observation is consistent with our
previous assumption that the cross sections for single
ionisation are similar for both species.

CONCLUSION

We demonstrated that a single water molecule strongly
protects the pyrrole molecule from fragmentation after
single ionisation. Furthermore, we observed similar ring-
fragmentation probabilities for pyrrole and pyrrole(H2O)
in the case of double ionisation. These quantitative studies
were enabled by the production of pure samples of the
bare molecule as well as the singly-microsolvated complex
and by the use of the versatile Timepix3 detector.

Singly-ionised pyrrole underwent radiation-induced
damage through the breaking of, typically two, C—C or
N-C bonds. Notably, the dissociation mechanisms after
single ionisation of pyrrole(H20), through breaking of
the intermolecular bond or by transferring an electron or
proton across this hydrogen bond, strongly reduces the
ring breaking probability by a factor of 5.2. We inferred
that solvation effects also provided radiation protection
for the neutral pyrrole(H20) system.

The radiation protection mechanisms for excited chro-



mophores were studied both experimentally and theoret-
ically [55, 56, 61, 62, 83]. Our study showed that this
protective effect observed for solvated chromophores is
also valid after ionisation.

Following double ionisation similar ring-fragmentation
probabilities were observed for pyrrole and pyrrole(H2O).
In the microsolvated system, intermolecular proton- and
electron transfer processes occurring across the hydrogen
bond increased the redistribution of charges, initially
created in the pyrrole ring, to the water molecule. This
charge-distribution was observed through the formation
of HoO" and H3O™", where the counter ion is either an
intact ring or a ring-fragmentation product.

We employed strong-field ionisation for the removal
of electrons from the low-binding-energy molecular or-
bitals, which are localised on the pyrrole moiety in the
monomer as well as the pyrrole-water heterodimer. This
process mimics the ionisation by slow secondary electrons
in aqueous systems, such as cells, as well as ionisation
through VUV radiation — which both typically create
singly-charged molecules since these ionisation prosesses
access the same potential energy surfaces and therefore
dissociative states.

Our results provide a test case of how an aqueous micro-
solvation environment can strongly reduce the radiation
damage of biological molecules induced by ionising ra-
diation as well as the biologically important process of
secondary effects of ionising radiation, where single outer-
valence ionisation of the biomolecular chromophore is
the scenario. Furthermore, the doubly-ionised systems in
our experiment resemble to a large extent the fate of a
molecule after Auger decay processes subsequent to direct
core-shell ionisation [8, 9].

Biomolecules and proteins in nature are actively sol-
vated by the surrounding water molecules, which allow
for efficient charge redistribution to the solvent environ-
ment through electron- and proton transfer pathways
quantified here. In aqueous solution, the loss of the at-
tached — neutral, ionised, or protonated — water could
easily be repaired by the many solvent molecules around.
Our analysis of the protection in pyrrole(H20) provides a
quantitative analysis of radiation protection and serves as
the basis for further detailed investigations regarding the
role of the solvent environment on the radiation damage
of biomolecules.

METHODS

Experimental Setup

Details of the experimental setup were described else-
where [84]. A pulsed valve was operated at 100 Hz to
supersonically expand a few millibars of pyrrole (Sigma
Aldrich, > 98 %) and traces of water in ~90 bar of
helium into vacuum. The resulting molecular beam
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FIG. 6. Single-ionisation yields for pure samples of pyrrole
(red), pyrrole(H20) (blue), and water (purple) measured at
different laser peak intensities. All curves are normalised to
their highest ion yield observed.

contained atomic helium, individual pyrrole and water
molecules, and various aggregates thereof. The electric
deflector, which enables the spatial separation of neu-
tral polar molecules according to their dipole-moment-
to-mass ratio [74, 85], was used to create pure samples
of pyrrole(H2O) with a typical purity close to 100% [73].
Pyrrole and pyrrole(H5O) were strong-field ionised by
800 nm laser pulses with linear polarisation, a duration
of ~30 fs, focused to @ = 35 ym (full width at half maxi-
mum intensity) with a peak intensity of ~1 x 10'* W /cm?.
The ions generated were extracted perpendicular to the
molecular beam and laser propagation directions using
a velocity-map-imaging spectrometer (VMIS). All ions
were detected using a position- and time-sensitive detector
consisting of a micro-channel plate (MCP) in combina-
tion with a fast phosphor screen (P46). A visible-light-
sensitive Timepix3 detector [75, 86] in an event-driven
mode recorded all signals, which were stored and cen-
troided using our homebuilt pymepix software [76].

Normalisation of the mass spectra

The normalisation of the TOF-MS was necessary due
to the different densities of the two species, pyrrole
and pyrrole(H20), in the molecular beam. Due to the
very similar first lonisation energies (E;) of pyrrole and
pyrrole(H5QO) the ionisation probabilities for both species
are also very similar. The calculated (HF /MP2-aug-cc-
pVTZ using GAMESS-US) first vertical E; of pyrrole and
pyrrole(H2O) are 8.59 eV and 8.15 €V, respectively. To
quantify the relative ionisation probability experimen-
tally [87, 88] the ion yield as a function of the laser peak
intensity was measured for the single-ionisation channel
for pyrrole, pyrrole(H50), and water, see Figure 6. The
spectrometer was defocussed in terms of VMI conditions



HOMO

HOMO-1

FIG. 7. Molecular orbital picture of HOMO, HOMO-1, and
HOMO-4 for the geometry optimised ground state structure
of the pyrrole(H,O).

to avoid saturation of the detector. The ion yield from
each pure species is normalised to its value for the highest
laser intensity, demonstrating that the peak-intensity-
dependent shape of the curves is indeed very similar, con-
firming the similarity of the F; [87]. In the low-intensity
region, 1-8 x 10 W/cm?, for pyrrole only the parent
ion was observed. A saturation intensity for the parent
ion signal of ~6 x 10'® W/em? was obtained from the
measured low-intensity ion-yield curve. For pyrrole(H5O)
we summed the signals for parent ion and pyrrole™ [73],
which yielded a saturation intensity for single ionisation
of ~4.5x 1013 W /cm?. Based on the similar saturation in-
tensities and the very comparable intensity dependence of
the ionisation yields, Figure 6, we assumed similar single-
ionisation cross-sections and normalised the TOF-MS of
pyrrole and pyrrole(H>O) using a normalisation factor
of 3.33 £ 0.1. This normalisation factor is identical to
the relative number densities of pyrrole and pyrrole(H2O)
beam.

For the ionisation of water, we obtained a very different
intensity dependence and saturation intensity, which was
determined as ~1.4 x 10'* W /cm?2. This is consistent with
the larger Fj of 12.62 eV [89] and further demonstrates
the similarities in the ionisation cross sections of pyrrole
and pyrrole(Hz0).

Highest occupied molecular orbitals of pyrrole(H>O)

The molecular orbitals calculated (GAMESS-US,
HF /MP2-aug-cc-pVTZ) for the geometry-optimised
ground state structure of pyrrole(H20) are shown in Fig-
ure 7. The electron densities of HOMO to HOMO-3 are
localised on the aromatic ring. The highest-energy bound
molecular orbital with significant density on the water
moiety is HOMO-4. This orbital has an energy that is
6.5 eV lower than the HOMO. Therefore, under the ap-
plied laser intensities ionisation from this orbital can be
neglected [90] and localised ionisation of pyrrole(H,O) at
the pyrrole moiety can be safely assumed.
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FIG. 8 The momentum map for all ions detected within a
mass-to-charge region m/q = 35...45 u/e is shown. Marked
circles with specific radii in the momenta map represent edges
for single, double, and triple ionisation, respectively.

Double-ionisation yield

We compared the absolute total ion yield of the
monomer and the singly-microsolvated system after dou-
ble ionisation. This double-ionisation ion yield was in-
dicated qualitatively through the comparison of the ion
signals in the NORMS in Figure 4. However, a direct
comparison of the yields in the TOF-MS was not straight-
forward due to the complex fragmentation pathways and
the overlap of higher-order ionisation channels. Therefore,
to quantify this, we counted the ions in the normalised
momentum maps of the specific channels originating from
double ionisation of pyrrole and pyrrole(H20). The nor-
malisation was done using the extracted relative num-
ber density ratios between these two species, which was
based on the assumption of similar single-ionisation cross-
section for both species. The direct comparison of the
total double-ionisation yields revealed a reduction of the
total ion yield of pyrrole(H20), with respect to pyrrole,
by a factor of 1.22 +0.3. Thus, we concluded that the
double-ionisation cross-section is also similar for pyrrole
and pyrrole(H2O) within the errors of our estimation
model.

Triple-ionisation contributions

To estimate the contributions of individual ions over a
given mass-to-charge range from the measured 2D pro-
jection of the 3D momenta, we made specific cuts in
these experimental momentum maps in order to isolate



radius p, ion counts in disk ion counts in ring area of disk/7r  area of ring/7
60 167522 167522 3600 3600
140 225860 58338 19600 16000
200 229120 3260 40000 20400

TABLE I. Total ion counts as well as the areas of disks and rings within specific radii chosen in the momenta map.

charge state

ion counts

ion counts/area

+1 (single)
+2 (double)
+3 (triple)

167522 — 3.486 - 3600 — 0.1598 - 3600 = 154397
58338 - (19600/16000) — 0.1598 - 19600 = 68332
3260 - (40000/20400) = 6392

154397/3600 = 42.89
68332/19600 = 3.486
6392/40000 = 0.1598

TABLE II. Number of ion counts per area of each disk, and the estimated number of ions formed after the single, double, and

triple ionisation, respectively.

contributions from single, double, and triple ionisation
processes.

The measured momentum map for m/q =35...45 u/e
is shown with Figure 8 as an example. Circles indicate
corresponding cuts in the 2D projection of the 3D mo-
mentum sphere formed from each ionisation process: The
white circle with a radius of p,, = 60 ukm/s represents the
edge of the momentum for dissociative single ionisation,
the green circle with p, = 140 ukm/s corresponds to the
maximum momentum of ions from Coulomb explosion
following the double ionisation, and the red circle with
pr = V2 % 140 ~ 200 ukm/s is the maximum momen-
tum of ions from triple ionisation, assuming a two-body
fragmentation into a singly-charged and a doubly-charged
ion.

The total ion count corresponding to the disks defined
by these specific radii and the signal in the two outer
rings are provided in Table I. Areas of the specific disks
and rings are also given. Ion counts inside the outer
ring, 140 < p, < 200, correspond to triple ionisation
without contribution from single and double ionisation.
However, the middle ring, 60 < p, < 140, represents
the double-ionisation channels and it has contributions
from triple ionisation; similarly, the innermost disk, 0 <
pr < 60, representing single ionisation has contributions
from ions originating in double and triple ionisation. The
corrected total number of ions from single, double, and
triple ionisation are provided in Table II assuming a flat
ion distribution in the inner part of the corresponding
rings and disks. The relative contribution of the ion yield
from the triple-ionisation process to the total ion yield in
the given mass-to-charge region is < 5 %, i. e. negligible.

Determination of real ion numbers taking into
account detector saturation

Here, the connection between the measured number
of ions Nget and the real number of ions produced Niea;

taking into account saturation effects of the detection
system are discussed. The saturation effects appear, e. g.
for the parent ions, pyrrole and pyrrole-water, due to the
small areas on the detector where these ions are detected.
The small areas are accounted for the fact that the spec-
trometer was operated in VMI conditions in combination
with the translational molecular beam temperature below
1 K. Furthermore, all parent ions arrive on the detector
at the same TOF within the temporal resolution of the
Timepix3 camera. This makes it impossible to determine
the real number of parent ions per shot by counting since
only a single event is detected at an instant of time by
our detection system. Assuming a Poissonian distribu-
tion Py(Nyea1) of the real ions created, however, allows
to estimate the real number of ions Ny, from the de-
tected number of ions Nge;. Table IIT summarises the
numbers and probabilities of various channels. The first
column indicates the parent system under investigation.
The corresponding ions are listed in the second column
including the fragments. The corresponding number of
laser shots are denoted with Ngphots. The detected hit rate
per shot Rget = Nyet/Nshots indicates the probability to
detect an event for a single laser shot per channel. The
probability to detect 0 ions within a laser shot is given by
P, (0) = 1 — Rget. This value can be used to determine
the mean number of ions per shot A = —In(P,(0)) ac-
cording to the Poissonian distribution. The real number
of ions N,ea is then given by Nieal = NghotsA. For the
ring fragmentation channels, we set Nyeal = Nget due to
the larger spatio-temporal volume covered by these ions
on the detector. The ring fragmentation probability for
pyrrole and pyrrole(H,O) after SFI taking into account
saturation effects of the detection system is therefore
given by Pp = (548485 + 241298)/241298 = 3.273 and
Ppw = (1301176 + 159591 + 91799)/91799 = 16.912, re-
spectively. This gives rise to a ring protection factor given
by P = Ppw/Pp = 16.912/3.273 = 5.167.
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Parent molecule Ton Net Nshots Ryet P (0) A Nrecal
pyrrole pyrrole™ 234626 | 270028 0.8688 0.1312 2.0310 548485
pyrrole fragments 241298 | 270028 | 0.89360 - - 241298
pyrrole(H20) pyrrole+ 926658 | 1801197 | 0.5144 0.4856 0.7223 1301176
pyrrole(H20) pyrrole(HQO)+ 152728 | 1801197 | 0.08479 | 0.91521 | 0.08860 159591
pyrrole(H20) fragments 91799 1801197 | 0.05097 - - 91799

TABLE III. Measured number of ions, probabilities, correction factors, and real number of ions.

Pyrrole and pyrrole-water isotopologue peaks

The missing isotopologue peak for pyrrole is attributed
to the dead time in the order of ps of the Timepix3 camera
in combination with the relatively high detection rate per
shot given by Rget = 0.8688 (see Table III) and the finite
spatio-temporal resolution. The natural abundancy of Cq3
isotope is in the order of 1.1%. This results in an expected
relative peak height in the order of 4.5% for the C13 parent

ion peak due to the 4 carbon atoms present in pyrrole.

Due to the dead time, we expect only Ci3 containing
parent ions to be detected when no Cjs-only containing
parent ion was detected before. Taken into account the
ion rate per shot provided for pyrrole, results in a dead
time corrected relative peak height for its isotopologue
of (1 —0.8688) -0.045 = 0.6%. This is in the noise level
of the pyrrole peak. For the doubly charged parent, ion
the isotopologue peak is present in Figure 2. Here, we
only have a detection rate per shot given by 0.1073. The
rate for the corresponding isotopologue peak is given by
0.00381. This gives rise to a corresponding C;3 containing
fraction of 3.4% close to the estimate provided above. The
same arguments hold for the observed isotopologue peaks
in the case of pyrrole-water Figure 3. Here, due to
lower count rates, the isotopologue peaks are present for
C4H5N+ and C4H5N(H20)+.

Data and materials availability

The data that support the
study are available from the
https://doi.org/10.5281/zenodo.7857990

findings of this
repository  at

Code availability

The code used for the data analysis is available at
https://doi.org/10.5281/zenodo.7857990
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