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A method combining X-ray synchrotron radiation and mass spectrometry is presented. Size-
selected ammonium bisulphate cluster ions in a linear ion trap exhibit well-defined core-level
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Abstract

A method for spectroscopic characterization of free ionic clusters and nanoparticles utilizing
X-ray synchrotron radiation is presented. We demonstrate that size-selected ammonium
bisulphate cluster ions, NH, (NH4HSO,),, captured in a linear ion trap, exhibit well-defined
core-level absorption edges in the reconstructed fragment-ion abundance spectra. In addition
to the specific photo-fragmentation pathways observed at the N1s-, Ols- and S2p-edges,
dissociation also occurs as a consequence of clusters colliding with helium present as buffer
gas in the ion trap. Separate off-beam experiments were conducted to establish the activation
kinetics of these collision induced dissociation processes. Furthermore, it is demonstrated that
the electrons released upon photoionization of background helium are too few in number to
produce multiply charged cluster ions, and thereby induce fragmentation the salt clusters, to
any significant degree. The mechanisms for photon absorption and subsequent cluster
fragmentation are analysed and discussed. In addition to its inherent element specificity, the
method holds promise for cluster structure elucidation resulting from the sensitivity of the

near edge absorption structure to the local chemical environment of the excited atom.
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Introduction

Gas-phase clusters constitute the logical bridge between the gaseous and condensed phases,
and the study of cluster properties as a function of size provides fundamental insight of
importance to chemistry and physics.! Mass spectrometry has been invaluable for cluster
research, because it allows for sensitive and unequivocal identification of the clusters
according to their mass-to-charge ratio. Both initially neutral and inherently charged clusters
can be studied; the large selection of mass spectrometric instrumentation available allows for
ion formation, manipulation, reaction and characterization of a wide range of cluster types.
With the advent of high-pressure ion sources® and ion flow tubes® starting from the 1960s it
became possible to study ion—molecule reactions leading to association, and thereby also
cluster formation, in a more systematic manner than previously. In due course, this historical
development resulted in the production of a substantial amount of thermochemical data on the
binding of monomer units in ionic molecular clusters.*® A complementary approach to
studying cluster thermochemistry by association is collisional induced dissociation (CID);
although it should be pointed out that the latter is a kinetic rather than an equilibrium

thermodynamic method.”

Besides photoionization and electron impact/chemical ionization, charged clusters are

conveniently formed using common ionization techniques like fast atom bombardment, '’

11-13

electrospray ionization (ESI), matrix-assisted laser desorption/secondary ion mass

14-16

spectrometry, and by laser desorption/ionization in association with supersonic

. 17.18 .. C . . .
expansion. " ° In addition, a range of more specialized experimental techniques can also be

used for this purpose.19

The chemical reactivity of ionic clusters has been a research field with abundant activity,*’
including also the particular relevance of metal clusters to catalysis.”"*** The structure of ionic

25,26
=Y and

clusters can be inferred from ion mobility measurements,” ** by electron diffraction,
from energies by consideration of the variation in cluster abundance with size (magic
numbers).”’>! With the exception of laser induced fluorescence,*” it is challenging to perform
absorption spectroscopy for ionic clusters present in a mass spectrometer because of the low
target density. However, the mass spectrometric method offers an alternative approach,
namely to study cluster dissociation as a function of wavelength, sometimes termed "action
spectroscopy", in the infrared region (by multiphoton absorption or single photon absorption

33-37 -

using noble gas atom "tagging"), in the ultraviolet/visible region,***!

and in the X-ray
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region using both linearly*>* and circularly***

polarized radiation. Insight into the
electronic properties, including magnetism, has also been obtained by electron
photodetachment.*® The interpretation of structural and spectroscopic data of clusters has been

greatly facilitated by the use of computational quantum chemistry.*”*

The fine structure of the X-ray absorption spectra provides unique insights into the electronic
structure of molecular systems; core electron binding energies are particularly sensitive to the
local chemical environments (chemical shift). Efforts in X-ray action spectroscopy of ionic
clusters have been focused on atomic clusters, and we are not aware of any studies of this
kind for molecular clusters. While the interest in metal clusters has been focused on catalysis,
electron delocalization and magnetic properties, molecular clusters typically display localized
electronic structures. Clusters held together by hydrogen bonds are especially fascinating, and
it would be valuable to establish an X-ray spectroscopic method to study hydrogen bonding
and protolysis within clusters of this kind, in particular for a better understanding of

atmospheric water nucleation and hydrogen bonding in biological molecules.

In an effort to develop an experimental approach for this purpose, we build on an existing
method for protein- and peptide-ion characterization in which a commercial ion-trap mass
spectrometer equipped with an ESI ion source is combined with a tuneable source of
synchrotron radiation. As a test system we have selected the cationic ammonium bisulphate
clusters, NH; (NH4HSOy),, hereafter abbreviated by A"(AS),. These clusters are relatively
easy to produce in good abundance by electrospray, and are directly relevant for nucleation of
tropospheric particles. Observations suggest that sulphuric acid and ammonia play key roles
in the first nucleation steps due to a combination of their gaseous nature and their strong

bonding to water.”*°

Our long-term goal is to establish the detailed interaction mechanisms between
ammonia/amines, sulphuric acid and water molecules and elucidate the structures of clusters
formed among these species. In the present context, we will limit ourselves to present our first
experimental findings, and to discuss the nature of the processes involved in ion activation
leading to cluster fragmentation, including the interaction with the helium contained in the ion

trap.

Results

Page 4 of 21
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In the experiments, size selected A"(AS)s clusters were stored in the mass spectrometer ion-
trap and exposed to X-rays for 550 ms, after which the resulting fragments and remaining
parent ions were detected (please refer to the Section Experimental methods for details). The
measurements showed that dissociation generally results in the formation of smaller A"(AS),
(n < 6) clusters. Small amounts of H'(AS), fragments were also detected, but with
abundances one order of magnitude lower than the abundances of the corresponding A"(AS),
fragments. The Supplementary Information contains a mass spectrum showing the cluster
distribution resulting from electrospray ionization, i.e., before size selection (Fig. S1); there is
also a mass spectrum showing the detected ions after a size selected cluster A"(AS)s has been
exposed to X-rays (Fig. S2). Peaks in the abundance spectra corresponding to the loss of 1-4
AS units were normalized to the reactant ion intensity, and are given as functions of photon

energy in Figs. 1-3 below.
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Figure 1. Relative intensity of fragmentation peaks corresponding to the loss of 1 AS unit (panel a), 2 AS units
(panel b), 3 AS units (panel ¢) and 4 AS units (panel d) from the A"(AS); cluster ion in the energy region of the
oxygen-1s absorption edge. Original measurement in black (data points lost for 534.2-535.4 eV); completing

measurement in red. The vertical dotted line is included to guide the eye.
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Figure 1 shows the result of the measurement on the A"(AS)g clusters in the photon energy
range of 525-550 eV, corresponding to the oxygen-1s (O1s) absorption. Some data points
were lost during the original measurement (see the Experimental methods section); this is
observed as gaps in the black curves. An additional measurement, shown in red, was
performed immediately afterwards in order to complete the set. The curves for A"(AS); and
A"(AS), (panels ¢ and d) corresponding to the loss of 3 and 4 AS units, respectively, display
distinct adsorption edges similar to a molecular O1s photoabsorption spectrum. The two peak
shapes are equal within experimental uncertainty. However, the curve for A"(AS)s (panel a)
resulting from the loss of a single AS unit is almost featureless, and the signal is orders of
magnitude stronger than the others. On these grounds it seems unlikely that the ion
fragmentation process in which only one AS unit is lost is the result of a specific excitation
process involving the Ols electrons. The nature of this process will be further discussed
below. For all intents and purposes the same points can also be made for the spectrum
reproduced in Fig. 1b for A"(AS)4, although the signal is one order of magnitude weaker than
that of A"(AS)s. The disjointed nature of the completing measurements for A"(AS)s and
A"(AS), shown in red colour is interesting. The completing measurement was performed
immediately after the original measurement; for Fig. 1a and Fig. 1b, the signal levels of the
completing measurement (red curves) correspond to the high-energy ends of the original
measurement (black curves). This indicates that the slow decrease in intensity of these two
fragment signals during data acquisition is dependent upon other factors than photon energy.
Such factors could be He pressure and temperature, suggesting that these processes are
background induced rather than X-ray induced. In contrast, the perfect overlap of the

completing measurement and the original measurement in Fig. 1c and Fig. 1d should be noted.

The reconstructed spectra corresponding to the measurement for photon energies in the range
396415 eV, corresponding to the nitrogen-1s (N1s) absorption, are reported in Fig. 2. Also in
this case data were lost for a narrow photon energy range, and one data point was re-measured
immediately after the first scan; the corresponding data point is shown as a red dot. Just like
in the Ols experiment of Fig. 1, distinct absorption edges were obtained for the fragments
A"(AS); and A"(AS);, (Fig. 2c,d). Also for this energy range the spectrum for A"(AS)s lacks
fine structure, as seen in Fig 2a. However, there is a jump in the detected intensity of the
A"(AS)s fragment occurring at the point of data loss. This shift in intensity is not observed in
Fig. 2¢ or Fig. 2d. Interestingly, some structure can be seen for A"(AS), (from the loss of 2AS

units), in Fig. 2b. An absorption edge can be identified, likely superimposed on a signal due to



a pressure/temperature dependent process. Aligning the fragmentation curve after the jump to
the curve before the jump (shown as a dashed blue line in Fig. 2b) clearly reproduces the

shape of the absorption edges as seen in Fig. 2c,d.
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Figure 2. Relative intensity of fragmentation peaks corresponding to the loss of 1 AS unit (panel a), 2 AS units
(panel b), 3 AS units (panel ¢) and 4 AS units (panel d) from the A"(AS), cluster ion in the energy region of the
nitrogen-1s absorption edge. Original measurement in black (a single data point lost at 407.6 eV); completing
measurement shown as a red dot. The dashed blue line in Panel b is a copy of the solid line translated

downwards. The vertical dotted line is included to guide the eye.
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Figure 3. Relative intensity of fragmentation peaks corresponding to the loss 1 AS unit (panel a), 2 AS units
(panel b), 3 AS units (panel ¢) and 4 AS units (panel d) from the A"(AS), cluster ion in the energy region of the
sulphur-2p absorption edge. The vertical dotted line is included to guide the eye.

Figure 3 shows the results of the fragmentation of A"(AS)s in the photon energy range 167—
180 eV, corresponding to sulphur-2p (S2p) absorption. Again, we can see the same general
trends as observed for the O1s and N1s energy ranges: distinct absorption edges for A"(AS);
and A"(AS), (Fig. 3c,d) and an essentially featureless spectrum for A"(AS)s (Fig. 3a). The
fragment A"(AS), (Fig. 3b) can here be seen to contain the absorption edge just like A"(AS);

and A"(AS); although there is more noise in the signal.

During the measurement sessions it became evident that the loss of AS, and to a minor degree
the loss of 2AS, could be due to a He pressure dependent process, most likely due to CID.
Helium is present at a pressure of approximately 10~ mbar, and is necessary for trapping and
stabilization of the ion trajectories within the linear quadrupole ion trap. The low mass of
helium only allows for relatively little energy transfer and we envisage a slow heating process
due to subsequent collisions between the trapped clusters and helium, leading to dissociation

as follows:

At (AS)n slow heating [A+ (AS)n]* dissociation At (AS)n_l further heating (1)

Separate experiments were performed for each of the clusters A"(AS), with n = 1-6 to
investigate the kinetics of dissociation in the absence of X-rays; the results are shown in
Figure 4. It is seen that at a fixed He pressure the decay of the ion is exponential (linear in the
semi-logarithmic plot), indicating in all cases a quasi-unimolecular process, in accordance
with a collision induced process. It is noteworthy that the dissociation rate varies with the
cluster size, with the smallest sizes (n = 1 and 2) giving rise to the slowest dissociation.
However, the dissociation rate does not increase monotonically with cluster size, as is evident

from Fig. 4.

It should be mentioned that in the measurements there was an isobaric overlap of the ions by
the doubly charged ions of twice the mass, for instance, the ion A,>"(AS);, overlapped
A"(AS)s in the mass spectra. This is detected by the formation of fragment clusters larger than

the nominal parent ion, e.g., A"(AS)s, A"(AS)y, A"(AS)o. Fortunately, the presence of the

Page 10 of 21
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overlapping ions can be detected also by changes in the isotopic pattern of the ion we wish to
study, and this fact can be used to separate the two. Generally, the presence of doubly charged
clusters was greater for the larger clusters. For most sizes, the overlapping ion was no more
than 10% of the detected parent ion intensity; the maximum value was 35% and was observed
for n = 4. Nevertheless, a comparison of the data in Fig. 4 before and after compensating for
the isobaric overlap showed that the effect on the results was very small. The overlapping ions

were also not found to influence the results of the X-ray experiments.
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Figure 4. Relative intensity of the parent ions A"(AS), (with n = 1-6) for different ion-trap storage times. Cluster

size n is also indicated next to the data series for clarity. Note the semi-logarithmic scale.

The exponential decrease with time of the populations of all six different cluster sizes
measured poses a strong hint about the heating mechanism in the cluster-helium collisions and
the relative stability of the clusters. The exponential decrease of concentrations is observed
also for short times, which means that the clusters equilibrate to a stationary energy
distribution rapidly compared with the time scale of the decay, and that the distribution is
maintained during the whole ten seconds of the experiment for the surviving clusters. The
energy distribution is different for each cluster. The equilibration time can be estimated as
follows: the helium—cluster collision frequency is the product of the helium atoms thermal
speed (1400 m/s); the density of helium at 10~ mbar (2.4 x 10" m); and the cluster—helium
collision cross section, for which we will use the geometric value, 27x102°xn > m?. This

3

gives the collision frequency v = 9000 n>” s™'. This neglects to take into account the motion

of the ions in the trap, which would raise the frequency.
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For the average energy transfer in a single collision between a helium atom and a cluster at
temperatures Ty and 7, respectively, we will use the value —2kg(7—T5.), corresponding to an
average heating for 7' < Ty. For the heat capacity of the cluster, C, we assume that only the
six frustrated rotational and translational degrees of freedom of each of the # ion pairs and the
ammonium ion are thermally active. The intramolecular vibrations are considered too high in
frequency to be excited under the present conditions. In the high-temperature limit of the
harmonic model, this gives a heat capacity of C = (6(n+1)—6)kg = 6nkp after subtracting the

contributions from the rotational and translational degrees of freedom of the whole cluster.

Thus, we get a cooling rate of % = % = —V2kg(T — Tye), O % = —3000 n~/3(T -

Tye) Ks™', where v is the gas-cluster collision frequency calculated above. Thus the difference
in cluster and gas temperature decreases exponentially with the time constant 0.33 n'* ms.
After n'” ms the difference is reduced to 5% of the initial value. Thus the time needed to
reach a stationary energy distribution is considerably shorter than any measurement time,

even if allowing for liberal corrections to this estimate.

The translational energy of the ions is not equilibrated to the trap temperature and the
stationary state internal energy distribution is consequently not thermal at 300 K. It is
therefore not possible to extract absolute activation energies from the measured decay rate
coefficients. It is possible to find the activation energies relative to an effective temperature

using an Arrhenius expression for the decay rate coefficient:
EJksTe=In(Q/k,), (2)

where F, is the activation energy, T the effective temperature, ky the measured rate
coefficient and (2the Arrhenius frequency factor. Using £2=n 2 0'6 sfl, T.=300 K and %,
values between 6.27x10 * and 2.48x10" s™' one gets activation energies between 1.0 and 1.2

eV (96-116 kl/mol).

The hypothesis that CID is the main physical process behind the featureless —1AS loss signals
of Fig. 1-3 is substantiated by the data gathered in Fig. 5. It shows the relative signals for the
measurements on —1AS obtained in the presence of X-ray irradiation for each of the clusters
A"(AS), with n = 3-6 (the data for A"(AS)s in Fig.5 is identical to the data in Fig. 3a). For all

measurements it is clear that the relative signal varies during the long measurement periods,

Page 12 of 21
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for some clusters extending to 10 h. For each single measurement point the cluster ions are
trapped for a period of 600 ms (irradiated for 550 ms), which in comparison with Fig. 4 is
short, indicating that the CID should be most important for —1 AS, but that also some —2AS
should be observed. However, the relative amount of —1AS for each cluster size in Fig. 5

should be roughly proportional to the slope of the curves in Fig. 4, and this is clearly the case.

2x10-01 " n " 1 n L " n 1 " " " 2 1
S2p edge, -1AS -
— A'(AS)yf
5 L
< ]
2 1,109 4 i
3 1x10 _ — AAS)[
(]
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0 ] — A"(AS)[
170 175 180

Photon energy (eV)

Figure 5. Relative intensity of the fragmentation peaks corresponding to loss of a single AS unit loss from the

clusters A"(AS)s, A"(AS)s, A"(AS), and A"(AS); in the energy region of the S2p absorption edge.

We have also considered other background processes besides CID that may cause unspecific

dissociation. The helium in the trap will be ionized in a non-resonant process:

He+hv—He +e¢ 3)

While, in principle, the recombination energy (or, equivalently, the first ionization energy) of

He" of Iie = 24.6 ¢V is sufficient for exothermic charge transfer to occur according to e.g.:>’

He' + A"(AS), = He + A(AS),”" = A"(AS),1 + AS" 4)

we consider it unlikely that the cross section of the first step of Reaction (4) would be of
considerable significance since the trapped ions will have insufficient translational energy to
overcome the barrier due to the Coulomb repulsion between the reactant ions.”® However, the
electrons formed by photoionization of helium are energetic and constitute a possible source

for further ionization of the target ions by electron impact, eventually producing short-lived
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doubly charged species that may fragment to give A"(AS), ions. This will be discussed in the

following.

Photoionization of target ions takes place at a rate of n; = ¢, aip (E)N;, where ¢, is the
photon flux, N; is the number of ions in the part of the trap that is illuminated by the X-rays
and aip (E) is the cross section of ionization of target ions at the photon energy E. A similar
expression may be formed for the rate of photoionization of helium, nze = ¢y age (E)Nye,
where the subscripted quantities are defined in a completely analogous manner as for the
target ions. The photoelectrons emitted from helium have a kinetic energy E — I,, and at a
sufficiently high pressure of helium, these photoelectrons may compete with X-ray photons
with respect to ionizing the target ions. Factors that favor electron-impact ionization are the
possibility that the cross-section for electron-impact ionization may be significantly larger
than that for photon-induced ionization, i.e., af (E — Iy.) > aip (E), and that the number of
target ions exposed to photoelectrons may be much larger than the number of ions exposed to
photons. The first item is difficult to assess due to lack of data on absolute cross sections of
either kind. The necessary information is however available for helium and with the photon
energy used for ionization at the S2p edge (165 eV) as an example, the ratio o (E — Iy,)/

crip (E) is near 270.%

The difference in effective sample volume between the two ionization processes must be
considered along with the difference between electron and photon fluxes. This may be done in
terms of a simple analytical model that is based on an idealized geometry of the ion trap as a
cylinder of radius R; and containing constant ion and helium number densities p; and

Pre = Pue/KpT such that p; < py,.. The sample is exposed to a rather narrow beam of X-rays
such that the beam is co-centric with the trap and has a radius R, < R;. An additional,
simplifying assumption is that helium photoelectrons are emitted in a radial direction, i.e.,
normal to the axial direction of the trap, which is a good approximation in the case of
unpolarized photons. While the full derivation of the model is given as Supplementary
Information, we will make use of the resulting tight upper bound to the ratio of electron-

impact to photo-ionization rates of the target ions, given by

Page 14 of 21
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77? _ Uie(E_I e)
i Uip—(EI;O'ge(E)pHeRt - (%)

At the relevant experimental conditions: a helium pressure of 10~3 mbar at 300K,
corresponding to pye = 2.4 X 101 m™3; a photon energy of 165 eV, such that g}, =
0.123 Mb = 0.123x 10722 m?;> and a trap diameter of 2 mm, we get n¢/n? = 3 x 1077 x
of (E — Iye)/oF (E) . Assuming a value for of (E — Iye) /o7 (E) of 1000, which is more
than thrice the value for helium, electron impact accounts for only 0.03% of all target

ionization events.

After having discussed how the spectra are influenced by cluster ionization and fragmentation
due to collisions and photoelectrons, we will now return to discuss the X-ray absorption at the
core-shell edges. The profiles observed for the —3AS and —4AS spectra displayed in Figures
1-3 are characteristic for the resonant X-ray absorption spectra in the vicinity of core-shell
absorption edges (K-edges for nitrogen and oxygen and L-edge for sulphur). In the —3AS and
—4AS spectra for nitrogen and oxygen a pre-edge feature is clearly observed. The excitation
of a core electron by the absorption of an X-ray photon is a well-documented process from X-
ray absorption spectroscopy of neutral species.®’ Briefly, in the case of a singly charged
cluster-ion, the core electron is excited either to a low-lying, initially empty orbital, or it is
ionized to the continuum. In either case, the core hole will be filled by a valence electron
within a few femtoseconds, either accompanied by the emission of an energetic Auger
electron or accompanied by X-ray emission. Since the branching ratio between Auger and X-
ray emission is strongly in favour of the former in the currently studied energy range, the
resulting species will be either doubly- or triply-charged and very likely dissociate by a
Coulomb-explosion process. As a matter of fact, we find that among the “clean” X-ray
induced spectra (—4AS, —3AS and to some extent —2AS), the one corresponding to the
smallest ionic fragment, A"(AS),, is the most abundant. This finding is consistent with a
Coulomb-explosion process, which is expected to lead to small singly charged fragments.
Unfortunately, due to restrictions on the lower m/z limit imposed by the experimental setup,
we were not able to probe the mass range corresponding to the smallest species, A" and

A'(AS),.



RSC Advances

16

As stated above, in addition to the above processes, we have also considered a flux dependent

baseline in the resonant X-ray induced fragmentation, which was found to be insignificant.

Experimental method

The experiments were performed at the SOLEIL synchrotron radiation facility (France) at the
soft X-ray PLEIADES beamline® dedicated to the ultrahigh resolution studies of isolated
species, from atoms,* molecules,* and ions,” to clusters®® and nanoparticles. We used a
linear ion-trap mass spectrometer (LTQ XL, Thermo Electron, San Jose, CA, USA) connected
to the beamline. We used the same general scheme of coupling the beamline and the mass

. . . . . 67 . .
spectrometer described in earlier publications,”’ but with some improvements.

Ammonium bisulphate cluster ions A"(AS), were produced using an electrospray ionization
probe (HESI II, Thermo Scientific), by spraying a 17 mM solution of ammonium sulphate in
water/methanol 1:1. The ion source was at a temperature of approximately 30 °C and operated
at 4.5 kV (100 pA current) with a flow rate of 10 pL min_'. The capillary temperature is
tuned according to a trade-off between ion intensity and preserving the larger clusters; it was
set to 275 °C. All the ion optics parameters were tuned automatically to maximize the cluster
ion signal. The ions were transferred to the linear, cylindrical ion trap of length 30 mm and
diameter 2 mm, where a single cluster size was selected and all other ions expelled. The mass
spectrometer was tuned in CID mode with the collision energy tuned to zero. The m/z width
for the selection of a single ion was set to 15 Th (Da per elementary charge). The mass
spectrometer low mass cut off is determined by the instrument specific activation parameter,
0, which was adjusted to 0.18 in order to observe the lighter clusters. Normal scan rate was
used. The instrument maintained a pressure of approximately 10~ mbar of helium in the ion

trap in order to collisionally slow down the stored ions as they enter the ion trap.®®

For the X-ray measurements, ion clusters of size n = 6 were stored in the ion trap for 600 ms.
The activation trigger of the LTQ was connected to the input of a digital delay generator
(DG645 from Stanford Research Systems, Sunnyvale, CA, USA); the output of the delay
generator was connected to a photon shutter on the beamline.”” The delay generator opened
the shutter for 550 ms. Hence, after 550 ms irradiation, the ions were stored for an additional
50 ms before detection. This procedure has proven useful to strongly reduce the background
noise coming from the parasitic ionization of the background gases in the vacuum manifold

containing the ion trap. Indeed, the photon energy range of the present study is above the
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ionization energy of helium. For each photon energy, data were accumulated for two minutes
on the selected ion and then averaged; this corresponds to approximately 220 individual
tandem mass spectra. Subsequently, the photon energy was incremented and the procedure

repeated.

The fragment-specific photoabsorption spectra were recorded over three ranges of photon
energies: 167—180 eV (with an energy step of 0.15 eV), 397415 eV (0.20 eV step), and 525—
549 eV (0.20 eV steps), corresponding to the S2p, the N1s and the O1ls absorption edges,
respectively. In the S2p and N1s measurements, the photon beam was monochromatized by
means of a gold-coated silicon diffraction plane grating with 400 lines/mm, varied line
spacing and varied groove depth. With the exit slit set to 400 um and 200 pm, this provided
photon bandwidths of 0.12 eV and 0.22 eV around the S2p edge and the N1s edge,
respectively. For the Ols edge measurements a diffraction grating with 2400 lines/mm was
used instead, providing an approximate bandwidth of 0.28 eV with an exit slit of 400 pum.
The photon beam cross section area at the sample was 3.7x10~* m* with the 200 pm exit slit

and 5.9x10°® m? with the 400 pm exit slit.

Synchrotron beam loss occurred at certain points during the allotted measurement time,
mainly due to local thunderstorms. This resulted in some measurements being lost or unusable;
however, completing measurements were collected immediately after the completion of the

original experimental run.

When exploring the time-dependency of the collision induced fragmentation processes
occurring in the trap in the absence of X-rays, the ions were stored in the ion-trap for a
defined duration of time. Ammonium bisulphate clusters with n = 2—6 were selected and
stored for 100, 250, 500, 750, 1000, 2000, 3500, 5000, 7000 and 10000 ms. In each

measurement, data was accumulated for 5 minutes.

The mass spectrometric abundances were normalized to the reactant ion intensity. Corrections

for variations in photon flux were deemed unnecessary for the current purposes.

Reagents
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Ammonium sulphate: 99.5%, Sigma-Aldrich, Saint-Quentin-Fallavier, France. Methanol:
Chromasolv, Sigma-Aldrich, Saint-Quentin-Fallavier, France. Water was purified using a

milli-Q system (Millipore, Saint-Quentin en Yvelines, France).

Conclusions
Based on our experimental results and the theoretical considerations presented above a clear
picture concerning the X-ray induced fragmentation of small cluster-ions has emerged, with

the following characteristics:

(i) Resonant X-ray induced dissociation (RXID)—the process of primary interest in this
context—is observed to take place, as is evident from the spectra reconstructed from the
photon energy dependent variation in the abundances of fragment ions. These spectra,
recorded around the N1s, Ols and S2p absorption edges, display similar characteristics to X-
ray photoabsorption spectra. As a result of the X-ray absorption, small fragment ions are

formed, typical for Coulomb explosion of doubly and triply charged clusters.

(i1) Considerable fragmentation is also observed to take place resulting from collisional
activation by the background carrier gas (helium), as probed in separate off-line experiments.
This fragmentation is showed to result in an exponential decay of cluster abundances. It is a
rather slow process (on the time scale of the irradiation period) with sequential loss of
monomer (here: AS) units; it has a major influence on the appearance of the fragment ion
spectrum due to inducing abundant loss of a single monomer unit, and, to a smaller extent,
two monomer units. For the smaller fragments (loss of 3 or 4 AS) this process can be
neglected, and the corresponding fragment ion spectra can be considered to be results of X-

ray induced processes only.

Careful analysis indicates that the electrons generated by the photoionization of background
helium are only a minor source of fragment ions formed in the experiments described here.
We also have observed that flux dependent baseline in the resonant X-ray induced

fragmentation is insignificant.

On this basis we conclude that we have established a novel experimental protocol for X-ray
absorption spectroscopy of ionic clusters that is ripe for being developed into a general-

purpose method for detailed structure analysis of small clusters. In this respect, the sensitivity

Page 18 of 21



Page 19 of 21

RSC Advances

19

of the core electron resonant excitation and ionization energies and spectral profiles to the
chemical environment is the key factor. In particular, for clusters of relevance to nucleation
processes in the atmosphere, this could become an ideal tool for probing delicate details of

hydrogen bond patterns and intramolecular protolysis within such clusters.
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