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Valence orbitals and local bond dynamics around
N atoms of histidine under X-ray irradiationf
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Mattis Fondell,” Brian Kennedy,” Wilson Quevedo,” Marcella lannuzzi® and
Alexander Féhlisch®

The valence orbitals of aqueous histidine under basic, neutral and acidic conditions and their X-ray
induced transformations have been monitored through N 1s resonant inelastic X-ray scattering. Using
density functional ab initio molecular dynamics simulations in the core-hole state within the Z + 1
approximation, core-excitation-induced molecular transformations are quantified. Spectroscopic evidence
for a highly directional X-ray-induced local N-H dissociation within the scattering duration is presented
for acidic histidine. Our report demonstrates a protonation-state and chemical-environment dependent
propensity for a molecular dissociation, which is induced by the absorption of high energy photons. This
case study indicates that structural deformations in biomolecules under exposure to ionizing radiation,
yielding possible alteration or loss of function, is highly dependent on the physiological state of the

rsc.li/pccp molecule upon irradiation.

1 Introduction

With the advent of long lasting space missions and the planned
inhabitation of the planet mars' with its drastically different
atmospheric composition, the impact of ionizing cosmic radia-
tion on living organisms on the macroscopic and on biomolecules
on the microscopic scale has become a research topic of public
interest. A controlled exposure to ionizing radiation and detection
of its impact on molecular systems on their intrinsic ultrafast
timescale in laboratory scale experiments is difficult to achieve. As
a case study, we monitor the reaction of the amino acid histidine
to N 1s core excitations using resonant inelastic X-ray scattering
(RIXS). Histidine is a building block of proteins with a rich
structure-function relation® and contains three N sites which
exhibit a pH-dependent protonation®'? altering the activity of
the molecule in biological processes. Especially the protonation
of the imidazole ring of histidine allows for participation of
histidine in acid-base catalytic processes, like the catalytic triad,"*
and enables histidine to form active side chains in carbonic
anhydrase enzymes."?
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Molecular local valence electronic structure is accessed in
X-ray spectroscopy through transitions between strongly localized
core levels and valence orbitals often spanning large parts of the
investigated molecular system. This approach provides element
specific access to selected sites in the system with orbital as well
as chemical state selectivity."* RIXS combines the chemical state
selectivity through characteristic shifts of X-ray absorption reso-
nances with access to the local occupied valence electronic
structure through the detection of emission lines.'* The transi-
tion intensity and energy of these lines is strongly dependent on
the overlap between the probed valence orbitals and the core
hole. The finite lifetime of the core excited state in the RIXS
mechanism introduces an intrinsic temporal component to
the detection of the occupied valence states.">'® Although the
lifetimes of core-excited states of light elements are usually
below 10 fs, the excitation of electrons from a localized core
orbital and the resulting reduced screening of the nucleus can
induce drastic deformations of molecular geometries on this
ultrashort timescale.'”>* Thus, RIXS intrinsically provides the
unique opportunity to monitor the ultrafast initial molecular
deformations induced by the absorption ionizing radiation in
biologically relevant systems containing multiple atomic sites
of the same element, before the dynamics occur along decay
channel dependent paths.

We establish N 1s X-ray spectroscopic signatures of local
protonation at the imidazole ring of histidine and link them
directly to altered local occupied and unoccupied electronic
structure of the molecule. In addition, N 1s RIXS transitions are
used to access to the chemical-state-dependent propagation of
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the molecule on the core excited state potential. We identify
site-specific character of molecular orbitals of the imidazole
ring of histidine and their X-ray induced transformation in
basic and neutral environments. These spectroscopic finger-
prints are used to unravel a highly directional dissociation of the
system under acidic conditions which we find to be independent
of the excited N site.

2 Experimental and
computational details

For every shift of the beamtime at the synchrotron Bessy II
(Helmholtz-Zentrum Berlin) the 80 mM histidine solution was
prepared by dissolving r-histidine, 98+% ordered from Alfa Aesar
in deionized water. The solution was degassed and sprayed into
the high vacuum chamber of the liquid flexRIXS experiment>*
within a liquid jet. The jet had a diameter of 20 micrometer and
was run with a JASCO High-Performance Liquid Chromatography
pump at a flow rate of 0.5 ml per minute. The pH-value of the
solution was adjusted using hydrochloric acid and potassium
hydroxide. The jet was excited with horizontally polarized X-ray
photons at the N 1s absorption resonance with a bandwidth of
250 meV using the beam line U49-2_PGM-1.%° K-edge absorption
lines of N, gas were used for photon energy calibration. We
detected the incident photon energy dependent resonant
inelastic X-ray emission spectra of the sample in a 90° scatter-
ing geometry. The soft X-ray emission spectrometer Scienta XES
350%° was used in slitless operation to acquire the emission
spectra. The N 2p emission intensity in the acquired data was
integrated as a measure of the NEXAFS signal. The RIXS data
was recorded with 100 meV steps in incident energy.

The molecular structures for the simulations of histidine in
the different protonation states and surrounding water molecules
were optimized with the ORCA quantum chemistry software®’
using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional®® and TZVP basis sets.”® The spectrum calculations
were performed in the framework presented in ref. 30, now for
optimized structures. The PBE*® exchange-correlation functional
was used together with the aug-cc-pV5Z basis set® for the excited
site and TZV2P-MOLOPT basis sets®> with Goedecker-Teter-
Hutter pseudopotentials®® for other atoms. Structural relaxation
in the core-excited state was approximated by propagating the
nuclei within the ionized-molecule Z + 1 approximation starting
from the optimized structure in rest. In this calculation and in
the calculation for ground state charges, pseudopotentials were
used for all atoms. The simulated dynamics thus account for the
reduced screening of the core at an excited site, neglecting core
excited state specific bond dissociation mechanisms. The elastic
line results in from summation over all excited states, using the
dipole matrix element for absorption (the same for emission) in
the optimized structure only, due to complications rising from
changing ordering of the orbitals during structural changes. All
calculations except geometry optimization were carried out by
using the CP2K software.>® The energy axis of the simulated
spectra was adapted for good overlap between the experimentally

32092 | Phys. Chem. Chem. Phys., 2017, 19, 32091-32098

View Article Online

PCCP

detected and the simulated n* absorption resonances. A gaussian
broadening of 0.25 eV on the incident energy and 1 eV on the
emission energy axis was applied to the simulated spectra.

3 Results and discussion

Fig. 1 presents the pH-dependent N 1s partial fluorescence yield
(PFY) Near Edge X-ray Absorption Fine Structure (NEXAFS) signal
of histidine (aq) in comparison to simulations. Solvent water
molecules were added to the N sites that are capable of forming
hydrogen bonds with the solvent. The simulated structures corre-
spond to the pH dependent structural changes reported by Li and
Hong,® but especially for neutral conditions a histidine tautomer
with opposite protonation of the furthest N (tele-N, N,) and the
closest N (pros-N, N,) in the imidazole ring can be expected to
coexist in a tautomeric equilibrium in the solution. The results of
simulations for the tautomers are summarized in the ESIT and are
in agreement with the conclusions drawn throughout the article.

The NEXAFS spectra of both histidine in basic Fig. 1a and
neutral Fig. 1b conditions exhibit two distinct resonances in
the range of photon energies below the onset of the continuum
absorption at approximately 403 eV. These have also been reported
to be present for histidine powder samples.*® Comparing to the
simulated spectra each of these resonances can be attributed to
N 1s absorption of dominantly one N atom in the imidazole ring of
histidine. The resonance at 400 eV is dominated by N 1s X-ray
absorption at the deprotonated N,, whereas the resonance at
401.5 eV can be associated with absorption at the protonated
N.. This finding agrees well with the N 1s NEXAFS signature
of chemical (de-)protonation detected for conjugated solvated
systems.>*7% In an acidic environment the resonance at 400 eV
vanishes in exchange for an intensity increase of the second
resonance at 401.5 eV resembling the protonation of both the
N, and the N, atoms. It is important to note that the resonances
of the amine group (red in Fig. 1) are located energetically
above the ionization threshold of the 1s levels of the N atoms in
the imidazole ring. Hence, spectral signatures of the amine
N atom overlap with the non resonant X-ray emission from the
imidazole N-sites. Even though attempts have been made to
separate spectral contributions from the different groups,*® we
rely on the well separated bound N, and the N, resonances and
do not discuss the amine N atom throughout this work. The
large chemical shift induced by a N deprotonation within the
imidazole ring is present even though hydrogen bonding to
neighboring water molecules is taken into account in the PFY
NEXAFS simulations. Consequently, the energy of the N 1s n*
absorption line is a clear indicator for the chemical state of the
imidazole nitrogen sites. As these resonances can be associated
with specific N atoms in the imidazole ring, their selective
excitation provides access to the local occupied valence electro-
nic structure at these sites in the subsequent decay.

3.1 Neutral and basic solution

The X-ray emission spectra of the N and N; in basic and neutral
environments, displayed in Fig. 2, were generated by integrating
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Fig. 1 Different N protonation reflected in N 1s NEXAFS of histidine (ag, 80 mM) in dependence on the pH value in comparison to simulations. Different
protonation of the N atoms in the imidazole-ring in basic pH = 10 (a) and neutral pH = 7.8 (b) conditions is reflected in two well separated X-ray
absorption resonances. The resonances of the amine group are shifted towards higher energies. Protonation of both N atoms in the imidazole ring in
acidic conditions pH = 1.2 (c) yields a single resonance. Relevant regions for the latter extraction of resonant emission spectra are marked with grey
background and labeled R;, R, for basic and neutral and R;, for acidic conditions.
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Fig. 2 N 1s core-excited-state dynamics in the imidazole-ring of histidine
in basic and neutral environments; the dependence on the position of the
core hole. Experimental (black) and theoretical (N, green and N, blue) RIXS
spectra integrated in the incident energy intervals R; (a) and R, (b) marked
in Fig. 1a and b of the NEXAFS. Capital letters mark explicitly discussed
transitions. (a) Only minor impact of core excited state dynamics on RIXS
spectra of the deprotonated N, atom is detected in the region of incident
energies 399.5 eV to 400.5 eV R;. (b) Elongations of the chemical bonds of
the protonated N, atom upon core excitation induces shifts and intensity
variations of emission lines probed in the region of incident energies
401.1 eV to 402.2 eV R,.

This journal is © the Owner Societies 2017

the detected intensity in the intervals of incident energies R,
and R, marked in Fig. 1a and b. The resonant X-ray emission
spectra in the regions were simulated for different times after
the X-ray excitation taking X-ray induced dynamics within the
Z + 1 equivalent core approximation into account. Within this
approximation the core excited N* atom is regarded to be equiva-
lent to an ionized oxygen atom (ignoring the excited electron). All
nuclei in the system are propagated on the core excited potential
energy surface using ab initio molecular dynamics as described in
the experimental and computational details section. The best
agreement between the simulated spectra and the experimental
data is found after the longest simulated propagation of the system
in the potential of the core excited state for 10 fs. This corresponds
to twice the lifetime of the N 1s core hole. An underestimation of
the speed of the nuclei can be ascribed to the semiclassical treat-
ment of the motion from a frozen molecular configuration. Hence,
the slower simulated dynamics originate from the disregard of the
finite temperature and the quantum-mechanical nature of the
system. Additionally, only a single molecular conformation is simu-
lated whereas an ensemble of different configurations in the
fluctuating H-bonding solvent network are probed in the experi-
ment. Having these uncertainties in mind, we interpret the shifts
and intensity changes of emission lines and their the excitation-
induced dynamics with characteristic molecular orbitals. These
simplifications are justified by the qualitative agreement between
experimentally detected spectral signatures and simulated spectra
for long lifetimes of the core excited state.

The shape of the emission spectra in the two regions R; and
R, does not exhibit a strong dependence on the pH value
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between the basic and neutral solution, because only the amine
group is affected in the pH change (see molecular structures in
Fig. 1a and b). We study the orbitals for conditions upon core
excitation at the N and the N, atom at 0 fs and after 10 fs of
core-excited-state propagation, to associate spectral features
with the local valence electronic structure changes induced by
the core excitation. Orbital ordering does not remain the same
during the dynamics, and we adapt the convention of subindex-
ing the orbital number with the corresponding time after
excitation: 0 fs or 10 fs. We will focus on molecular orbitals
for the highlighted transitions in the simulated spectra in
Fig. 2, for the neutral pH only. The orbitals are numbered
according to the associated transition energy to the core hole,
which can be altered through the dynamics in the core excited
state. We hence characterise orbitals according to their spectral
contribution which can result in a mismatch of numbering in
the compared orbitals.

3.1.1 N, hole states. The spectrum of the deprotonated
N, (Fig. 2a) exhibits a strong emission line A (peaks connected
by vertical lines). This emission line can be associated with
orbitals 290¢-310ss and orbitals 3040g-3210¢s in Fig. 3. The
aforementioned orbitals represent orbitals with lone pair char-
acter (locally non/weakly-bonding off-axis p-orbitals) at the
deprotonated N,. Two of the orbitals are oriented in the plane
defined by the imidazole ring. As the O equivalent core excited
N,.* atom is not overcoordinated, only the bond lengths towards
the neighbouring C atoms slightly elongate. Hence, the mole-
cular orbitals and thus the simulated spectrum do not exhibit
drastic changes within the simulated core hole lifetime time-
frame. Additionally, the simulation shows a minor repulsion
between the N, -site and the H atom of the neighbouring water
molecule. This results in an energy and amplitude change
of the low energy shoulder of the discussed strongest emis-
sion line A in the simulated spectra in Fig. 2. The associated
H-bond-mediating orbital 26, illustrated in Fig. 3, reduces in
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amplitude on the N atom within the scattering duration (orbital
2710fs) as the H is repelled by the core excited N;,. The fact that
this shoulder exists in the simulated spectra for short scattering
durations and is not detected experimentally, is a result of the
mentioned underestimated speed of the nuclei, which has even
stronger impact on the emission spectra at the N, site presented
in the following section.

3.1.2 N, hole states. The aforementioned strong N lone-
pair associated emission line is absent in the spectrum asso-
ciated with the protonated N, (Fig. 2b). All chemical bonds to
this N atom elongate in the core-excited state. The elongation
induces a shift and intensity changes of emission lines in
the scattering-duration-dependent spectra for these N sites, as
indicated in Fig. 2b. The emission line marked with A in Fig. 2b
shifts towards lower energies due to the core excitation induced
structural changes. This peak, corresponds to transitions between
the N 1s level and orbitals 29, and 31y, and orbitals 314¢g and
3240f illustrated in Fig. 4 for the neutral environment. The
orbitals have purely local N 2p character upon excitation and
extend across the N-C bonds 10 fs after the excitation. This
bonding character is reflected in the shift of the X-ray emission
line towards lower energies.

The highlighted emission line B in Fig. 2b, lower in emis-
sion energy, reduces in emission energy within the simulated
time frame of core excited state propagation. The corresponding
orbital 144¢ which has N-H o character as well as © character
with respect to the N-C bond transforms into a dominantly N-H
o orbital which increases the local bonding character of the
orbital, lowering the emission energy.

The marked emission line C for N; in Fig. 2b, lowest in
energy, reduces drastically in intensity due to the core excited
state dynamics. The associated orbital 114 in Fig. 4 for the
neutral conditions represents an N-H ¢ bonding orbital with
dominantly N 2p character, which is locally similar to the in-plane
lone pair orbital of the deprotonated N,. After 10 fs dynamics,

Orb. 30 g+

Py ¢

& N:

Fig. 3 Valence orbitals attributed to transitions in simulated RIXS spectra of the deprotonated N, atom in the imidazole ring of histidine in Fig. 2 under
neutral conditions upon core excitation (top) and after 10 fs of core excited state dynamics (bottom).
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Fig. 4 Valence orbitals attributed to transitions in simulated RIXS spectra of the protonated N, atom in the imidazole ring of histidine in Fig. 2 under
neutral conditions upon core excitation (top) and after 10 fs of core excited state dynamics (bottom).

this feature is dominated by emission from orbital 12,,¢ which
does not have the same lone pair character and thus results in
lower emission intensity.

3.2 Acidic solution

The acidic histidine exhibits drastically different dynamics for
N, and N, hole states, with stronger alteration of bond lengths,
compared to basic or neutral environments. As the NEXAFS
data and simulations in Fig. 1c show, both protonated N, and
N, exhibit their n* absorption resonance in the incident energy
region R;, ranging from 401.1 eV to 402.2 eV and a single N site
can not be selected by the choice of the excitation energy. The
emission spectra integrated over this m* region are shown in
Fig. 5a. Due to overlap of the corresponding emission spectra,
the experimental spectrum does not exhibit as well-separated
emission features as for basic and neutral conditions. Instead,
a broad inelastic emission band with a shoulder towards high
emission energies at 394 eV is present. This loss in substructure
severely complicates direct assighment with the site-specific
occupied orbitals of resonant X-ray emission spectrum.

The N, atom (deprotonated in basic and neutral environments)
generates an emission spectrum with scattering-duration-
dependent changes similar to the ones detected for the proto-
nated N, under neutral conditions (green in Fig. 5a). Spectral
features for the site undergo only slight emission energy and
intensity alterations. Upon the core excitation the emission
spectra of the two sites contain features which are very similar
in both emission energy and intensity. Within the simulated
timeframe of core excited state dynamics, the emission spectrum
for the N, atom (blue in Fig. 5a) develops an intense emission
line. The spectrum simulated after 10 fs fully resembles the
spectra of the deprotonated N sites under neutral conditions
in Fig. 2a.

3.2.1 Hole-state dynamics. Next, we turn to the structural
and orbital changes induced by core excitations of the different

This journal is © the Owner Societies 2017

N atoms. The local response of the system to a N 1s core
excitation at the N, site shown in Fig. 5b (green), which is
protonated under acidic conditions, is also a slight elongation
of the chemical bonds to the neighboring sites of the N atom.
Additionally and more importantly, the N-H bond length at the
non-excited N, atom increases, yielding a N.-H dissociation in
the simulated timeframe, as can be seen in Fig. 5b. The orbitals
attributed to the marked transition A, in Fig. 5a for core excita-
tion at this N, atom undergoes the same transformation from
an out-of-plane N 2p into an in-plane lone pair orbital at the
in this case non-excited N atom, but its N 2p non bonding
character at the excited N, atom remains unaltered throughout
the simulated scattering duration. This is reflected in the com-
parably minor changes in the N, 1s emission spectra (Fig. 5a
green). Core excitation of the N, atom which is also protonated
under basic and neutral conditions (blue) induces a similar
elongation of the bonds to the neighboring C atoms as illustrated
in Fig. 5c. The N-H bond elongates to a much higher extent
resembling, as for the N, excitation, a full deprotonation of the
N site. This drastic change in nuclear geometry largely affects
the molecular orbitals and thus the resonant emission spectra.
At 0 fs scattering duration, the non-bonding locally-pure out-
of-plane N 2p orbitals 300 and 31 are associated with the
marked electronic transitions A; highest in emission energy in
Fig. 5a. After 10 fs transition between the orbitals 33 and
3540fs, an in-plane lone pair and a bonding N-C & orbital, and the
N 1s core hole cause a drastic intensity increase of the feature
and a shift towards lower emission energies.

Blum et al. found that aqueous glycine in the protonated
NH;" form undergoes rapid dynamics before X-ray emission
after core-level ionization, whereas in the deprotonated NH,
such behaviour is not observed.>” As we detect similar trends
in the conjugated imidazole ring of histidine, we studied the
correlation between the degree of core excited state dynamics
and the local charge at the N sites by calculating the charges

Phys. Chem. Chem. Phys., 2017, 19, 32091-32098 | 32095
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Fig. 5 Loss of access to occupied local valence electronic structure due
to site dependent core excited state dynamics. (a) Smearing of emission
lines upon excitation on the common resonance of the two protonated
N sites in imidazole ring of histidine in the region of incident energies
401.1 eV to 402.2 eV Ry, marked in Fig. 1c. The spectrum of the N, atom
develops a intense emission line (blue) whereas the N, spectrum under-
goes only slight changes (green). (b and c¢) Orbitals associated with the
marked transitions in (a) for core holes at the N, (b) and N, (c) sites. The
core excited state lone pair orbital formation is independent of the excited
site but reflected differently in the spectra.

Table 1 Mulliken charge analysis in the ground state of the simulated
histidine structures at the investigated N sites. The N sites with the highest
charge are affected strongest by core excited state dynamics (see ESI for
simulated dynamics of basic and neutral tautomers)

N atom N, N,

Molecular species Mulliken charge

Basic N -prot./N.-deprot. —0.032267 —0.337711
Basic N-prot./N-deprot. —0.293876 —0.029615
Neutral N -prot./N-deprot. —0.000632 —0.299764
Neutral N, -prot./N.-deprot. —0.032901 —0.267361
Acidic 0.044248 0.010467

from Mulliken population analysis in the ground state (see
Table 1). For all simulated structures, the degree of core excited
state dynamics can be correlated with the local charge of the
investigated N atom. Core excited state dynamics has the most
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severe impact on the emission spectra of the protonated
imidazole N atom, which have a higher local charge than the
deprotonated imidazole N-atoms, in the neutral and basic
species (see ESIt for simulated dynamics of the additional basic
and neutral tautomers). A higher local charge in the ground state
yields a reduced possibility to screen the N 1s core hole upon
X-ray excitation, which induces a stronger repulsion of the nuclei
in the core excited state.

The detected correlation between increased local charge and
the degree of core excited state dynamics extracted from the
Mulliken charge analysis also holds for the acidic species. Both,
the N, and the N, atom exhibit a positive charge and the more
positive N, atom exhibits the most drastic core excited state
dynamics, analogous to the other pH values. The site-independent
X-ray induced N-H dissociation of the N, atom under acidic
conditions can be attributed to an overall bond destabilization
through charge increase on the imidazole ring, which is also
reflected in the positive Mulliken charges on both the N and
the N, atom. Screening of any of the N 1s holes at the imidazole
N sites causes a destabilization of the weakest bond in the
system.

4 Summary and conclusions

In this study the local valence electronic structure at the
N atoms of aqueous histidine and its X-ray-induced trans-
formation accessible through RIXS have been presented in
dependence on the inspected chemical state of the system.
The occupied valence states of the N, and N, atoms in the
imidazole ring of histidine could be probed selectively by
excitation at their well separated bound absorption resonances
in basic and neutral solutions. Under these conditions the
occupied local valence electronic structure at these N atoms
was also accessible through distinct emission channels. These
emission channels were only mildly affected by core excited
state dynamics, yielding the possibility to assign characteristic
molecular orbitals to the detected transitions and correlate
them to N protonation states. In this way the detected electro-
nic transitions highest in emission energy could be attributed
to lone pair orbitals in the plane defined by the imidazole ring
and to N-C bonding & orbitals for the deprotonated N, atoms.
In contrast, orbitals with local non-bonding out-of-plane N 2p
character contribute for the protonated N, atoms. Under acidic
conditions, an excitation-site-independent X-ray induced N.-H
dissociation makes the local occupied valence electronic struc-
ture inaccessible through N 1s emission spectra. Here, the
dissociation-induced orbital transformations have a different
impact on the spectra dependent on the excited N site, which
consequently smears out the intensity over a wide range of
emission energies at the common resonance of the two N
atoms. The degree of core-excited-state dynamics was found
to correlate with the local charge on the investigated N atoms
through Mulliken charge analysis on the simulated molecular
structures. Our findings of stronger core-excited-state dynamics
through local charge increase and thus reduced possibility of

This journal is © the Owner Societies 2017
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N 1s core hole screening are in agreement with the data by
Blum et al.>® who detect the largest dynamic effects upon core-
level excitation in aqueous glycine at N sites with the most
positively charged surroundings.

Conclusively, our results demonstrate that the inherent
temporal component of the RIXS process can be utilized to
locally probe bond deformations induced by ionizing radiation
by signatures in resonant N 1s resonant X-ray emission spectra.
The identification of the highly directional, excitation site
independent dissociation of the N.-H bond in histidine exclu-
sively under the acidic conditions demonstrates that the resis-
tance of biomolecular samples against ionizing radiation can
depend largely on their physiological state and the local chemical
environment.
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