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4 Université de Caen Normandie, Plateforme PROTEOGEN, SF 4206 ICORE, Esplanade de la paix, 14032 Caen, France
5 Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747AG Groningen, The Netherlands

Received 7 December 2020 / Accepted 17 February 2021
© The Author(s), under exclusive licence to EDP Sciences, SIF and Springer-Verlag GmbH Germany,
part of Springer Nature 2021

Abstract. Up to now, the response of antibiotics upon ionizing radiation has been very scarcely reported.
Here, we present the results of X-ray photoabsorption experiments on isolated rifamycin, a broad-range
antibiotic against Gram-positive and Gram-negative bacteria. A mass spectrometer has been coupled to a
synchrotron beamline to analyze cationic products of photoabsorption on protonated rifamycin dimer and
monomer sodium salts. Absorption of a single photon in the 100–300eV energy range leads to ionization of
the molecular system, followed by vibrational energy deposition and subsequent inter- and/or intramolec-
ular fragmentation. Interestingly, we observe a proton transfer from sodiated rifamycin to rifamycin, a
widely observed process in ionized molecular systems in the gas phase. Moreover, we show that another
charge-transfer process occurs in both dimer and monomer: intramolecular sodium transfer, which has not
been reported yet, to the best of our knowledge.

1 Introduction

Advances in mass spectrometry and soft ionization
techniques have over the last decades led to an enor-
mous increase of interest in the properties of isolated
molecular systems. In particular, biologically relevant
systems have attracted much interest and applica-
tions can now be found in very diverse fields, most
prominently in the so-called multiomics (proteomics,
metabolomics and lipidomics. . . ), but also in the trac-
ing of cancer cell metabolites [1] or the characteri-
zation of ligand–receptor noncovalent complexes [2].
Mass spectrometry also allows analyzing the product
ions from interactions between ionizing radiation and
biomolecular systems in the gas phase with the aim
of shedding light on the radiation-induced physical
and chemical processes on the molecular level. Con-
trolling these processes is crucial for optimizing the
efficiency of new techniques aiming at the degrada-
tion of antibiotics in water: the contemporary exten-
sive use of antibiotics combined with their poor natu-
ral degradation properties has led to a persistent con-
tamination of our aqueous environment [3]. We have
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recently studied the irradiation of vancomycin, a last-
resort antibiotic against Gram-positive bacteria, by
means of VUV as well as soft X-ray photons in the
gas phase [4,5]. Extensive fragmentation following ion-
ization and vibrational energy deposition was found to
occur. In this work, we investigate the response of iso-
lated rifamycin SV upon soft X-ray irradiation. This
molecule belongs to a family of antibiotics that are nat-
urally produced by Amycolatopsis mediterranei and has
a broad spectrum of activity against Gram-positive and
Gram-negative bacteria. One of the most severe dis-
eases that is efficiently treated with rifamycins is HIV-
related tuberculosis. The mechanism of action involves
inhibiting in a very selective manner the bacterial DNA-
dependent RNA polymerase via noncovalent binding
[6]. Rifamycin SV (abbreviated rifamycin in the follow-
ing) was the first drug of the rifamycin family to be
clinically used. Its photodegradation upon visible light
irradiation has been investigated in solution, disentan-
gling direct and indirect effects and demonstrating that
one of the mechanisms of degradation is due to direct
absorption of light [7]. However, the authors did not
identify the degradation products. Here, we show mass
spectra of the cationic products formed after X-ray pho-
toabsorption in isolated rifamycin, as well as the evolu-
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tion of their abundance with respect to photon energy,
to shed light on the direct effects of irradiation.

2 Experimental methods

Rifamycin SV was purchased from Sigma-Aldrich as a
sodium salt in powder and used without further purifi-
cation. Solutions were prepared in 50:50 (volume ratio)
water/methanol at 50 µM concentration with 1 % of
formic acid to protonate the molecules.

Collision-induced dissociation (CID) experiments
were performed using a commercial apparatus coupling
trapped ion mobility spectrometry and time-of-flight
mass spectrometry (TIMS-TOF Pro, Bruker Dalton-
ics) [8]. Protonated molecules were brought to the gas
phase by means of a modified nano-electrospray ion-
ization source (CaptiveSpray, Bruker Daltonics). The
syringe flow rate was 300µL/h, the voltage difference
between the needle and the capillary was 4500 V, and
the drying gas flow rate and temperature were 3.0 L/mn
and 200 ◦C, respectively. The capillary was kept at
room temperature. Mainly sodiated rifamycin was pro-
duced by the source. After the ions exited the capil-
lary, they were focused by a funnel and injected into
the TIMS cell where air flowed at a pressure of 2–3
mbar and at room temperature. The ions were trapped
for 309.6ms along the cell’s longitudinal axis at a posi-
tion that depends on their charge and their collision
cross section with air. Indeed, the ions are trapped when
the magnitude of the air dragging force equals that of
the counteracting electric force. After extraction, the
ions were focused by two funnels and guided through
a hexapole. Then, the ions of interest were mass-over-
charge-selected by a quadrupole (isolation width 1 Da)
and injected into a collision cell filled with nitrogen. The
collision energy was scanned between 10 and 65 eV. The
product ions were analyzed by a two-stage reflectron
and finally detected by microchannel plates. The sys-
tem was calibrated each week, and mass precision was
better than 1 ppm. Mass spectra were acquired in posi-
tive mode in the m/z 20–1000 range. In the experiments
described here, the mass spectrometer was operated in
MS/MS mode.

A home-built tandem mass spectrometer, described
in detail elsewhere, [9] has been used to record mass
spectra of the cationic photo-products from the interac-
tion between molecular systems and synchrotron radi-
ation. Briefly, protonated molecular systems are pro-
duced with an electrospray ionization (ESI) source and
transported into the vacuum chamber through a capil-
lary, which is heated to help desolvation of the molec-
ular ions, because of the absence of drying gas. Here
again, mainly sodiated rifamycin was produced by the
source. All ions created by the source are focused into
an ion funnel and guided into an octopole RF device.
Then, the molecular ions of interest are mass-over-
charge-selected with a quadrupole mass filter and sub-
sequently accumulated in a 3D radiofrequency ion Paul

trap. Trapping is facilitated by collisions with a helium
buffer gas duration injected into the ion trap during 50–
100 ms. After a 100 ms delay to allow pumping down
the helium, trapped molecular ions are then irradiated
by X-ray photons at the U49-2 PGM-1 beamline of the
BESSY II synchrotron (Helmholtz-Zentrum Berlin).
Photon beam exposure of the trap content, typically
during 100 to 1000 ms, is controlled with a mechani-
cal shutter in order to guarantee that more than 90 %
of the product cations result from the absorption of a
single photon. To do so, the irradiation time is tuned
to induce a depletion of the precursor ion below 10 %.
Since the absorption of multiple photons is a sequen-
tial process at these fluxes (1012−13s−1), the absorption
events are independent; thus, a probability p for absorb-
ing one photon gives the probability p2 for two photons.
Neglecting the absorption of more than two photons, we
obtain p2 + p < 0.1 and thus p < 0.09. Precursor ions
and cationic fragments are then extracted from the trap
by applying a high voltage pulse to the hyperbolic end
caps, analyzed by a time-of-flight reflectron mass spec-
trometer, and detected by a microchannel plate detec-
tor with a post-acceleration voltage of -5kV. The sig-
nal is recorded by a 1 GHz digitizer. Mass spectra of
the nonirradiated trap content (beam-off) and irradi-
ated residual gas are recorded as well, the latter allow-
ing to identify background peaks due to photoioniza-
tion of residual gas molecules. Then, the beam-on mass
spectrum is subtracted from the beam-off one, and the
resulting spectrum shows the precursor ion depletion
with a negative intensity. Assuming that absorption of
one photon leads to ionization and/or fragmentation of
the precursor ion, this depletion (area under the peak)
is proportional to the total photo-absorption yield. All
relative yields have been obtained by calculating the
area under each peak, normalizing by the precursor
ion depletion, by the total yield of all cationic species
formed by photoabsorption and by detection efficiency
[10].

3 Results and discussion

3.1 Sodiated rifamycin is a protonated molecular
salt

First, we will provide evidence that isolated sodi-
ated rifamycin is a protonated molecular salt, which
means that the sodium ion is bound to a deprotonated
group, forming an ionic bond that is much stronger
than other noncovalent bonds between sodium and
neutral molecules. We have investigated the lowest-
energy fragmentation channels of sodiated and proto-
nated rifamycin by means of CID on nitrogen. The
experiments have been performed with a commercial
mass spectrometer that includes an ESI source to bring
rifamycin in the gas phase (see Sect. 2 for details). Fig-
ure 1 shows the CID spectra of protonated rifamycin
(m/z 698) at collision energies of 10, 30 and 50 eV. At
10 eV, the most intense peaks are observed at m/z 666
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Fig. 1 Mass spectra of protonated rifamycin (top, m/z
698) and sodiated rifamycin (bottom, m/z 720) after CID
at different collision energies. The position of precursor ions
is noted P, loss of neutral molecules is indicated by arrows,
and the main fragments involving cleavage of two bonds are
also noted

and 606: we assign them to fragment ions formed after
loss of CH4O (698 − 666 = 32 Da) and successive loss
of C2H4O2 (666 − 606 = 60 Da). Loss of small neu-
tral molecules from protonated species is a well-known
process, observed for instance in protonated peptides
and explained by the mobile proton model [11]. Loss
of CH3OH (methanol) has been widely reported after
CID of protonated molecules, and the proposed mech-
anism implies a proton transfer to the oxygen of a
CH3O group [12–18]. Since rifamycin contains such a
group (cf. Fig. 2), the same mechanism can be inferred
here. Moreover, Komaromi et al. calculated potential
energy barriers of 1–2 eV for proton transfer followed
by methanol loss in N-acetyl OMe proline, supporting
the presence of methanol loss in low-energy CID spectra
[15]. Rifamycin also contains a CH3(CO)O group; there-
fore, one can expect that loss of CH3(CO)OH (acetic
acid) can be explained by the same proton transfer
mechanism in the fragment ion of m/z 666.

At higher collision energy (30 eV), additional peaks
appear (cf. Fig. 1). The ones at m/z 648 and 588 corre-
spond to loss of H2O (18 Da) from the fragment ions of
m/z 666 and 606, respectively, probably due to proton
transfer to an OH group, like the neutral losses seen
at a collision energy of 10 eV. m/z 273 corresponds
to the naphthofuran group (see Fig. 2) noted Naph,
which is formed by cleavage of two bonds. This frag-
ment has been observed previously in CID of depro-

tonated rifamycin [19]. If the charge remained on the
other part of rifamycin, it would form a fragment ion
of m/z 698−273 = 425. We observe many peaks in the
m/z 400-450 region of the spectrum: they are separated
by m/z 1, which is usually attributed to H scrambling
between fragments, due to activation of the molecule
by collisions with the gas. The abundance of the peaks
around m/z 425 is low, but the peaks at m/z 394, 395
and 396 are more intense: we assign them to loss of
CH3OH from protonated rifamycin accompanied by H
scrambling, cleavage of the two bonds mentioned above
and formation of a fragment noted C1. At even higher
collision energy (50 eV, see Fig. 1), peaks of high m/z
disappear and some appear in the lower m/z region,
notably at m/z 366, the most intense ones being Naph
and C1. We assign the peak at m/z 366 to a fragment
called C2, formed by loss of CH3(CO)OH followed by
loss of the Naph fragment.

The mass spectra obtained by CID of sodiated
rifamycin (m/z 720) are also shown in Fig. 1: at a col-
lision energy of 30 eV, the same low-energy processes
as those for protonated rifamycin are observed, namely
loss of neutral methanol and acetic acid. The similarity
between the two forms of rifamycin (protonated and
sodiated) also remains when collision energy rises up
to 65 eV,since the naphthofuran fragment appears and
becomes dominant. Interestingly, for sodiated rifamycin
this fragment is observed at m/z 295, which corre-
sponds to the sodiated naphthofuran fragment noted
Naph+Na (note that Na substitutes one H). This is
consistent with the structure of sodiated rifamycin pro-
vided by the PubChem database, where sodium is
bound to an oxygen of the naphthofuran group (Pub-
Chem ID 23702994 [20]). Additional fragments at m/z
574 (noted F1) and 446 (noted F2) are also observed:
they also include the sodiated naphthofuran group, and
we propose structures for them in Fig. 2. Note that the
putative fragment ion complementary to Naph and con-
taining sodium would be found at m/z 446.228, whereas
F2 is predicted at m/z 446.122, which is much closer
to the detected m/z 446.120. These observations sup-
port the fact that in both protonated and sodiated
rifamycin, the same processes are triggered by colli-
sions on nitrogen, probably proton transfer followed by
bond cleavage. This is in line with sodiated rifamycin
being a molecular salt in the gas phase, with the sodium
ion bound to a deprotonated oxygen, forming a strong
ionic bond and leaving the charge to a proton. The same
behavior has been observed for gas-phase sodiated lasa-
locid acid (another antibiotic) [21] as well as for sodi-
ated lysoglycerophospholipids [22] formed by ESI.

3.2 X-ray photoabsorption of the sodiated rifamycin
dimer

We have irradiated the sodiated rifamycin dimer con-
taining two rifamycin molecules and one sodium (m/z
1417) by soft X-rays at different photon energies in
the 100–300 eV range, and the results are shown in
Fig. 3. In the mass spectrum of cationic products
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Fig. 2 Chemical structure of sodiated rifamycin [20] (noted Rif+Na ; PubChem ID 23702994) and proposed chemical
structures for some of its fragments. Rifamycin is formed by substituting Na by H. The m/z values indicated for rifamycin
and fragments due to loss of neutral molecules correspond to protonated species. Red crosses spot the sites of lost groups

formed after absorption of one 100 eV photon, we can
observe the dominance of peaks assigned to rifamycin
monomers, with and without sodium. An enlargement
of this part of the spectrum is also shown in Fig. 3:
the most intense peaks are due to the rifamycin radical
cation at m/z 697 and sodiated rifamycin at m/z 720,
which are complementary fragments of the precursor
ion. Their formation can thus be explained by dissoci-
ation of the dimer after ionization. At 100 eV photon
energy, only valence electrons of the precursor ion are
ejected, since the 1s orbitals of lowest binding energy
are the carbon ones around 290 eV [23]. At this energy,
we have already observed extensive cleavage of nonco-
valent bonds within other molecular complexes [4,24].
Interestingly, the peak at m/z 698 is too intense to be
attributed only to the 13C isotope of the rifamycin rad-
ical cation (62% instead of 42% of the intensity at m/z
697): the difference is most probably due to protonated
rifamycin, formed after proton or H transfer from sodi-
ated rifamycin. The presence of a peak at m/z 719 (sodi-
ated rifamycin − H) supports this hypothesis. More-
over, proton transfer has already been observed many
times within gas-phase noncovalent complexes after ion-
ization, even in the absence ofH-bonds [5,25–29]. It con-

firms that it is a general process in ionized molecular
systems. Besides, it is consistent with the fact that the
dimer is a protonated molecular salt, akin to the case
of the sodiated rifamycin monomer (see Sect. 3.1).

The spectrum at the bottom of Fig. 3 also shows
peaks at m/z 688, 660 and 666: they are assigned to
loss of methanol and acetic acid from sodiated rifamycin
and methanol from protonated rifamycin, respectively,
after photoabsorption at 100 eV. The same channels
have been observed after CID of these species (see
Sect. 3.1); thus, we deduce that after photoabsorption,
the dimer undergoes ionization and some of the pho-
ton energy is transferred into vibrational energy, caus-
ing dimer dissociation, and the rifamycin monomers
subsequently lose neutral molecules. We have already
observed these processes in several molecular systems
in the gas phase, including noncovalent complexes,
after single X-ray photoabsorption [4,30]. Moreover,
the other most intense peaks are assigned to the C1

(m/z 394), Naph and Naph+Na fragments that we also
already observed in CID experiments (see Fig. 1), con-
firming that fragmentation is mainly due to vibrational
energy transfer to the system after photoabsorption.
The most interesting peak is observed at m/z 416: it
is extremely weak in rifamycin’s CID spectra, and we
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Fig. 3 Top: mass spectra of the sodiated rifamycin dimer
after absorption of one soft X-ray photon; bottom: zoom
of the mass spectrum at 100 eV photon energy in the m/z
range where peaks assigned to rifamycin monomers as well
as loss of neutral molecules are observed

assign it to C1+Na.1 Since Na is initially bound to
the naphthofuran group in sodiated rifamycin, it indi-
cates that sodium has been transferred to the other
side of the molecule. Unlike proton transfer, gas-phase
sodium transfer after ionization of molecular systems
has not been reported yet, to the best of our knowledge.
However, previous mass spectrometric studies involv-
ing sodium transfer do exist: for instance, Liang et al.
[31] have observed sodium transfer from doubly sodi-
ated glycerophosphocholine lipids to azobenzene rad-
ical anions in the gas phase, Blagojevic and Bohme

1 As stated in the experimental section, to spot background
peaks for each photon energy, we record a mass spectrum
with the photon beam on and the ESI off, and another mass
spectrum with the beam off and the ESI on. We did not find
any signal at m/z 416 in any of these spectra.

[32] studied intermolecular sodium transfer to high
proton affinity molecules, and Hoyau et al. [33] com-
bined experiments and quantum-chemical calculations
to provide accurate values of sodium affinities of organic
molecules. From our results, we cannot know if sodium
transfer within the sodiated rifamycin dimer is inter- or
intramolecular. However, we can obtain more informa-
tion by looking at the evolution of photoproducts as a
function of photon energy.

When photon energy rises up to 300 eV, the mass
spectrum of the sodiated rifamycin dimer changes quite
strongly: the intensity of peaks assigned to fragments of
monomers increase and largely dominate at 300 eV. At
the latter energy, one can notice the presence of the F1

and F2 fragments (m/z 574 and 446) already observed
in the high-energy CID spectra of sodiated rifamycin.
The evolution of the sum of the abundances of rifamycin
monomers and of the total yield of fragments after pho-
toabsorption in the 100–300 eV range is depicted in
Fig. 4: over the whole range, but more strongly from
288 eV, monomers’ abundance decreases while that of
fragments rises. This is attributed to an increase of
the vibrational energy transferred to the molecular sys-
tem for photons of at least 288 eV, the threshold for
absorption of photons by 1s electrons of carbon atoms
[23]. The amount of vibrational energy transferred has
been estimated to be roughly 20 eV for 288 eV pho-
tons [30]. Interestingly, the abundances of the C2 and
Naph+Na fragments are almost equal over the whole
energy range (cf. Fig. 4), which indicates that they are
formed by the same process. Moreover, they are com-
plementary fragments of sodiated rifamycin after loss of
acetic acid, which is more intense at high photon energy,
like Naph+Na and C2 (see Fig. 3). This would imply
that they come from fragmentation of doubly charged
sodiated rifamycin.

Let us now study the influence of double ioniza-
tion on the photoinduced processes within the sodiated
rifamycin dimer. In Fig. 4 (bottom), we plot the relative
yield of selected species as a function of photon energy
in the 288–300 eV range, where single photoabsorption
induces excitation or ejection of one electron of the 1s
orbital of a carbon atom, and subsequent Auger elec-
tron emission, leading to single or double ionization of
the molecular system, respectively. The yield of sodi-
ated rifamycin decreases in this range, but a reverse
trend is observed for the C1 and Naph+Na fragments.
Previous works have shown that the relative yield of sin-
gle ionization of ubiquitin [34] and melittin (two small
proteins) after single photoabsorption decreases in the
288–300 eV range, contrary to double ionization: in par-
ticular, Bari et al. [35] have reported a threshold of
291.4 eV for the latter process in doubly protonated
melittin, a value that agrees well with the onset of the
rise of C1 and Naph+Na fragments (see Fig. 4). There-
fore, we deduce that intact sodiated rifamycin is mostly
created after single ionization and intermolecular frag-
mentation of the sodiated rifamycin dimer, whereas the
C1 and Naph+Na fragments are formed after double
ionization. These results contrast with the enhancement
of intermolecular and reduction of intramolecular frag-
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Fig. 4 Total yield of rifamycin fragments (top) and rela-
tive yield of selected fragments (middle) together with the
yield of monomers formed after photoabsorption of the sodi-
ated rifamycin dimer, as a function of photon energy at 100,
150, 200, 250, 288 and 300 eV (top) and between 288 and
300 eV (bottom, a dashed line appears at 291.4 eV, the
threshold reported for double ionization of doubly proto-
nated melittin [35])

Fig. 5 Top: full mass spectra of sodiated rifamycin after
absorption of one soft X-ray photon of different energies.
Bottom: zoom into the low-m/z range of the 300 eV spec-
trum

mentation of peptide noncovalent complexes after single
photoabsorption that we have reported in this energy
range [36]. We attributed this behavior to a transition
between electronic excitation and ionization of electrons
in 1s orbitals of carbon (leading to single and double
ionization, respectively, after Auger electron emission),
which would lead to a lower vibrational energy trans-
fer after double ionization. Here, the precursor ion has
only one positive charge (against 6 for the peptide com-
plexes); therefore, double ionization allows three frag-
ments to be detected, against only two for single ion-
ization, since only singly charged fragments are seen in
the spectra. Thus, some neutral fragments after single
ionization become charged after double ionization and
can be detected. This might explain the higher yield of
these rifamycin fragments.
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3.3 X-ray photoabsorption of sodiated rifamycin

Let us now study the photoabsorption of sodiated
rifamycin in the same photon energy range as the
sodiated dimer (see Sect. 3.2). Figure 5 shows the
mass spectra of product cations: they mainly contain
peaks already observed in the spectra of the sodiated
rifamycin dimer, except the peaks at m/z 360 and
m/z 360.5. We attribute them to doubly charged sodi-
ated rifamycin, formed by nondissociative ionization
(NDI) of the precursor ion. This assignment is sup-
ported by the intensity of the peak at m/z 360.5 being
35% of the one at m/z 360, consistent with the con-
tribution from 13C isotopes of the 37 carbon atoms
of sodiated rifamycin. Besides, different groups have
previously reported the observation of NDI of several
molecular ions of similar size after VUV or X-ray pho-
toabsorption [4,5,24,30,37]. The NDI peaks decrease in
intensity as photon energy rise, while the peaks corre-
sponding to small fragments get more intense, consis-
tent with increasing vibrational energy deposition when
photon energy rise. In these mass spectra, we can notice
the presence of fragment ions of m/z < 150, contrary to
the case of the rifamycin dimer. This can be explained
by the existence of a threshold in m/z, below which
ions are not stored in the Paul trap where precursor ions
are irradiated (see Sect. 2). This threshold, but also the
maximum m/z that can be stored in the trap, rises with
the trap RF amplitude, which has to be higher for the
rifamycin dimer. In the region of the 300 eV spectrum
containing fragment ions of m/z < 280 (see Fig. 5),
one can see many groups of peaks separated by m/z 1,
indicating sequential fragmentation with extensive H
scrambling. We have recently reported such a pattern
after X-ray photoabsorption of vancomycin, another
antibiotic containing many substituted aromatic rings,
and we have attributed this pattern to fragments of
these rings. Rifamycin’s naphthofuran group consists of
two aromatic rings, and starting from the Naph frag-
ment (m/z 273), one can go down in m/z and find
a group of peaks roughly every m/z 14, which corre-
sponds to successive losses of the different groups or
atoms in rifamycin, e.g., CH3, CH2, CH, OH, O and
NH. The other peaks in this region of the spectrum
are assigned to fragments of the C1 and/or C2 frag-
ments. The presence of the Naph fragment indicates
that sodium can be detached from the naphthofuran
group as a result of photoabsorption. It is in line with
the peak at m/z 416 that vanishes with increasing pho-
ton energy like C1 does (m/z 394): as for the sodi-
ated rifamycin dimer, it is assigned to C1+Na. The
formation of this fragment ion after photoabsorption
in sodiated rifamycin demonstrates that intramolecu-
lar sodium transfer occurs. The same process probably
explains the presence of the same ion in the spectra
of the sodiated rifamycin dimer (see Sect. 3.2). What
also supports our assignment of the peak at m/z 416
being due to C1+Na is the comparison between CID
and X-ray spectra: all the most intense peaks in CID
spectra are also observed in X-ray spectra and can
be assigned to fragments of sodiated or protonated

rifamycin. Moreover, the additional peaks in the X-ray
spectra can be attributed to secondary fragmentation
of these fragments (cf. Fig. 5). The only peaks that
cannot be explained this way are m/z 698, 360 and
416. m/z 698 is assigned to proton transfer after ion-
ization, 360 to nondissociative ionization, and 416 to
sodium transfer after ionization, which appears consis-
tent. The fact that the latter peak is not observed in
our low-energy CID spectra indicates that ionization is
required for sodium to be moved from its binding site.
Since sodium is bound to a negatively charged group,
the photon might be absorbed by the latter, remov-
ing one electron and thus the charge, and lowering the
binding energy of sodium, leading to its transfer. More
work is nevertheless needed to probe this hypothesis
and establish if ionization-induced sodium transfer is
a widespread process. It would be especially relevant
in the context of radiation damage to biological molec-
ular systems, because sodium ions are required in ani-
mals for several key functions such as the heart activity,
communication between neurons via nerve impulses and
electrolyte balance between inside and outside the cell.
In the latter process, sodium travels across membrane
proteins such as the Na+/K−-ATPase enzyme, which
binds three sodium ions. The crystal structure of this
enzyme revealed the binding sites of sodium, [38] which
appear to involve several glutamic and aspartic acid
residues. At least some of these are deprotonated and
thus carry negative charges located close to the sodium
ions, contributing to their binding affinity. Therefore, it
seems possible that the removal of electrons from these
residues due to ionizing radiation triggers sodium trans-
fer, like in rifamycin. This might prevent the enzyme
to function normally, which would be potentially haz-
ardous for the organism.

4 Conclusions

In this report, we show that sodiated rifamycin is a
gas-phase molecular salt, by means of CID experi-
ments. Then, we present results from X-ray photoab-
sorption experiments on sodiated rifamycin dimer and
monomer. Absorption of a single photon in the 100–
300eV energy range leads to ionization of the molecular
system, followed by vibrational energy deposition and
subsequent inter- and/or intramolecular fragmentation.
Proton transfer from sodiated rifamycin to rifamycin
occurs in the dimer, a widely observed process in ion-
ized molecular systems in the gas phase, consistent with
the fact that the dimer is a protonated molecular salt.
Contrary to CID at low energy, X-ray photoabsorption
triggers sodium transfer in the rifamycin molecular salt.
Intramolecular sodium transfer is a process that has not
been reported yet, to the best of our knowledge, and is
thus worth investigating more deeply. From our results,
we cannot know if sodium is transferred as Na+ or Na,
and we do not have access to the fragmentation dynam-
ics, e.g. if this transfer occurs before or after fragmenta-
tion. Pump-probe experiments at XFEL would thus be
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valuable. Moreover, studying this system under absorp-
tion of VUV photons from synchrotron radiation would
probably allow measuring the photon energy thresh-
old for this process, in the same manner as ionization
energies or loss of neutral molecules from protonated
peptides for instance [37]. This would give informa-
tion on the energetics of intramolecular sodium trans-
fer.
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