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Absorption of sufficiently energetic X-ray photons by a molecular system results in a cascade of ultrafast electronic relaxation

processes which leads to a distortion and dissociation of its molecular structure. Here, we demonstrate that only

decomposition of powdered cesium oxalate monohydrate induced by monochromatic X-ray irradiation under high pressure

leads to the formation of cesium superoxide. Whereas, for an unhydrated form of cesium oxalate subjected to the same

extreme conditions, only degradation of the electron density distribution is observed. Moreover, the corresponding model

of X-ray induced electronic relaxation cascades with an emphasis on water molecules' critical role is proposed. Our

experimental results suggest that the presence of water molecules in initial solid-state systems (i.e. additional electronic

relaxation channels) together with applied high pressure (reduced interatomic/intermolecular distance) could potentially

be a universal criteria for chemical and structural synthesis of novel compounds via X-ray induced photochemistry.

Introduction

Since the beginning of 20th century, X-ray radiation has been
widely utilized for analysis of electronic and structural
properties of matter.> 2 However, the high proclivity of X-rays
to ionize and destabilize atomic/molecular entities via
activation of electronic relaxation processes induces damage in
matter.3-7 After the discovery of Auger decay in 1922 and 1925
by Meitner® and Auger®, many more electronic decay processes
have been revealed which are driven by electron/electron -
Coulomb interaction.’® These relaxation processes can be
distinguished on local (occur within an atomic or molecular
entity) and nonlocal (involvement of separated neighboring
entities) electronic decays. For instance, during Auger decay,
the initially excited atom undergoes autoionization by emitting
an electron with a characteristic energy, whereas radiative
decay proceeds via emission of characteristic X-rays. Both of
these local decays are well-studied and widely used in X-ray and
electron-based spectroscopies.' 12 On the other hand, only in
1997, Cederbaum and co-workers predicted that in weakly
bound matter, for cases where local Auger decay is
energetically forbidden due to strong Coulombic repulsion, an
excited atom or molecule is able to decay via energy transfer to
an atomic or molecular neighbor resulting in its ionization.?3
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They termed this process interatomic (or intermolecular)
Coulombic decay (ICD). Subsequently, the occurrence of ICD in
loosely bound matter was experimentally demonstrated.4-16
Similar to ICD, a further decay route in loosely bound matter
was predicted in 2001 which predominantly occurs in
heteronuclear systems; especially in cases where the involved
atoms differ strongly in their energetics.’” This relaxation
process was termed electron transfer mediated decay (ETMD).
During this decay, an inner-valence or core-shell vacancy in one
entity is filled by an electron transfer from a neighboring atom
or molecule and the released energy is transferred either to a
donor itself or to another neighboring species further ionizing
it. Both ICD and ETMD processes depend strongly upon the
internuclear/intermolecular distancel® 1720 gnd result in the
production of slow electrons which can subsequently ionize the
surrounding chemical environment.21-23

For the past two decades, electronic relaxation processes have
been comprehensively studied from the experimental and
theoretical points of view.1% 18 Particular intention has been
devoted toward investigation of the mechanism of ICD and
related electron relaxation processes in weakly bound (van der
Waals or hydrogen bonding) simple molecular systems in the
form of small and large clusters,® 24 liquids,?*> 26 as well as in
various biological systems.?”- 28 Nevertheless, the ultrafast and
probabilistic nature of electronic relaxation processes induced
by X-ray photoabsorption,® as well as their competitive
character (especially for multiphoton induced ionization??)
significantly complicate the development of experimental and
theoretical approaches for their pathways process control. In
spite of this, our recent results demonstrate that by a specific
selection of initial conditions such as applied high pressure (HP),
X-ray source type and X-ray energy, the X-ray induced damage
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can be controlled and used as a novel approach for materials
synthesis.30 31

Previously, we investigated the synthesis of a novel structural
form of cesium superoxide (CsO,) via the synchrotron X-ray
induced decomposition reaction of powdered cesium oxalate
monohydrate (Cs,C,H,0s) at moderate HPs (< 0.5 GPa).3! It has
been observed that under monochromatic X-ray irradiation
with energies slightly above or below the K-edge of cesium
Cs,C,H,05 at ambient pressure does not undergo any structural
transitions. Whereas at pressures p < 0.5 GPa X-ray irradiation
at the same energies induces molecular and structural
transformation of the initial material even after several minutes
of irradiation. The maximum transformation yield was achieved
when samples were irradiated at 36 keV, which is slightly above
the K-edge of cesium suggesting that the energy resonance
between absorbed X-ray photons and core-shell electrons plays
an important role in X-ray induced photochemistry. Although
we have demonstrated that HP is a necessary parameter for
activation of structural transformations, its role remained
unclear. Moreover, the impact of water molecules in the initial
compound on the photochemical synthetic pathways has
largely been disregarded.

Here, we show that X-ray induced synthesis of CsO, proceeds
only from the hydrated form of cesium oxalate (Cs,C,H,0s)
subjected to HP and no structural and chemical transformations
are observed in the case of unhydrated cesium oxalate
(Cs,C,04) at the same extreme conditions. Our new
experimental results clearly demonstrate that a combination of
HP and the presence of water molecules in initial compounds is
a critical requirement for synthesis of CsO,. Furthermore, in this
work, we propose a model of a cascade of electronic relaxation
processes triggered by X-ray photoionization where we
emphasize the critical impact of water molecules. Finally, the HP
role is examined in terms of the variations of interatomic
distances and X-ray induced transformation rates. We note that
cesium oxides are low-work-function semiconductors that play
an important role in engineering photoemissive devices3? and in
the activation of catalytic reactions.3?? Therefore, the proposed
photochemical synthetic method with its optimized parameters
can be suggested for synthesis of novel structural forms of
metal oxides which could find wide application in
optoelectronics,3* adaptive oxide electronics,3>-37 and catalytic
technologies.3®

Experimental methods

X-ray-based experiments were performed at the 16 BM-D
beamline of the High Pressure Collaborative Access Team (HP-
CAT) facilities at the Advanced Photon Source.3® A tunable Si
(111) double crystal in pseudo-channel-cut mode was used as a
monochromator to filter ““white’” X-ray radiation and deliver X-
rays of fixed but settable energies. Symmetric-style diamond
anvil cells (DACs) with 250 um thick stainless-steel gaskets were
employed to confine and pressurize the samples. All samples
were loaded into stainless steel gaskets with 100-150 um
diameter holes that were drilled with the Ilaser
drilling/micromachining system located at the HPCAT#? in the
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preindented 50 um thickness gasket centers. Powdered cesium
oxalate (Cs,C,04) samples (Sigma-Aldrich, purity >99%) were
loaded in DACs inside a positive pressure glove box, whereas for
investigation of X-ray induced transformations of cesium
oxalate monohydrate (Cs,C,H,05), additional Cs,C,04 samples
were loaded in DACs at ambient conditions (outside of a
glovebox). We note that Cs,C,0,4 is extremely hygroscopic;
therefore, all Cs,C,04 samples loaded at ambient conditions
were immediately transformed into Cs,C,H,O0s. This was
confirmed by X-ray diffraction. A ruby sphere was loaded with
each sample for pressure measurement purposes. No pressure-
transmitting medium was used in the experiments. All samples
were irradiated for 60 min with monochromatic X-rays at 36 keV
energy (A= 0.3444 A). The horizontal and vertical full width at
half-maximum (FWHM) of the X-ray beam was 5.7 x 4.8 um.
The corresponding photon flux density was 1.08 x 107
photons/(secxum?). Angle-dispersive X-ray diffraction patterns
were collected every minute during the X-ray irradiation using a
Pilatus®1M detector. The diffraction patterns were integrated
in 2-theta using the Dioptas® program,*! to produce intensity
versus 2-theta plots. Interatomic distances were obtained via
the CrystalMaker® software.

Results and discussion

Samples of powdered Cs,C,0, were loaded into DACs and
irradiated with monochromatic X-rays at 36 keV energy which
is slightly above the K-edge of cesium (35.987 keV)*? at ambient
and at high pressures (1.2 GPa and 2.3 GPa). The choice of X-ray
energy was defined by our previous study regarding the
monochromatic X-ray induced decomposition of Cs,C,H,0s5
where the maximum transformation yield was achieved when
samples were irradiated at 36 keV.3! Fig. 1a displays in situ XRD
patterns of Cs,C,04 at ambient pressure after different X-ray
irradiation times. The first XRD pattern, after one minute of
irradiation, corresponds to the previously reported monoclinic
crystal structure of cesium oxalate with P2,/c space group and
the following lattice parameters: a = 6.62146 A, b = 11.00379 A,
c=8.61253 A, and 8 = 97.1388° (vertical bars in Fig. 1a).43 Upon
further irradiation, the XRD peak intensities decrease which
indicates a distortion of the electron density distribution (XRD
patterns 3 - 60 min in Fig. 1a). After 60 min of X-ray irradiation,
the overall XRD peak position does not change and no new
peaks are detected indicating the absence of formation of a new
crystal structure. When Cs,C,0, is subjected to HP, a distortion
of the electron density distribution under X-ray irradiation
becomes even more pronounced. Figs. 1b and 1c depict in situ
XRD patterns of Cs,C,04 pressurised to 1.2 GPa and 2.3 GPa
after different X-ray irradiation times, respectively. From the
initial XRD patterns recorded at ambient and HP after 1 min of
X-ray irradiation (Fig. 1 and Fig. S1t) it is evident that pressure
by itself does not induce any phase transitions of Cs,C,04 in the
0 — 2.3 GPa pressure range. At HP, all XRD peaks undergo a
gradual shift towards higher 26 indicating a reduction of the
unit cell volume. This gradual shift causes the merging of peaks
positioned around 5.1° into a single peak and no appearance of
new spectral features are detected. The observed HP behaviour

This journal is © The Royal Society of Chemistry 20xx
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Fig.1. XRD patterns of cesium oxalate after different X-ray irradiation times at 36 keV. (a) Cs,C,04 at ambient pressure; vertical
bars indicate peak positions of previously reported monoclinic crystal structure of cesium oxalate.*® (b) Cs,C,0,4 at 1.2 GPa and

(c) Cs,C,04 at 2.3 GPa.

of Cs,C,0,4 in the 0 — 2.3 GPa pressure range is consistent with
previously reported HP-induced structural evolution of oxalate
salts.3% 44 As can be seen in Figs. 1b and 1c after 60 min of X-ray
irradiation, all XRD peaks exhibit much lower intensity in
comparison to the initial spectra including the peak at 6.2°
which was found to be the most intense peak after 60 min of
irradiation at ambient pressure (See Fig. S27). In both HP cases,
consistent with ambient pressure, no formation of new XRD
peaks is detected during X-ray irradiation demonstrating that
the combination of HP and monochromatic X-rays does not
induce synthesis of novel crystalline compound from Cs,C,0,.
We note that the same X-ray induced behaviour was previously
observed for strontium oxalate, barium nitrate and strontium
nitrate.*> 46

The picture dramatically changes when the hydrated form of
cesium oxalate such as Cs,C,H,0s is used as the initial material.
Fig. 2 displays in situ XRD patterns of Cs,C,H,05 at ambient
pressure, 0.8 GPa and 2.4 GPa after various X-ray irradiation
times at 36 keV. The first XRD pattern obtained after one minute
of irradiation at ambient pressure matches with the previously
reported monoclinic crystal
monohydrate with C1,/c1 space group and lattice parameters:
a=10.075 A, b = 6.6473 A, ¢ = 11.2997 A, and 8 = 107.189°
(vertical bars in Fig. 2a).#” Upon further irradiation of Cs,C,H,05
at ambient pressure, only a decrease of the XRD peaks’ intensity

structure of cesium oxalate

is observed indicating a distortion of the electron density
distribution (XRD patterns 7 - 60 min in Fig. 2a). The XRD peaks’
positions do not change and no new peaks are formed even
after 60 min of X-ray irradiation, demonstrating that X-ray
exposed Cs,C,H,05 at ambient pressure does not undergo any
This X-ray induced structural
behaviour is similar to the previous examples of Cs,C,0, at
ambient and HPs indicating that the presence of water
molecules in the initial compound does not, in itself, affect its

structural transformations.

This journal is © The Royal Society of Chemistry 20xx

response to X-ray irradiation. However, when Cs,C,H,05 is
subjected to HP, substantial X-ray induced structural
transformations occur. Figs 2b and 2c display diffraction
patterns of Cs,C,H,05 at 0.8 GPa and 2.4 GPa after different X-
ray irradiation times, respectively. From the initial spectra (1min
in Fig. 2 and Fig. S3t), it is apparent that there are no pressure
induced structural transformations according to the observed
similarity between the patterns. Only a gradual shift towards
higher 26 is noticed indicating the reduction of the unit cell
volume with applied HP. Nevertheless, in the first 4 min of X-ray
irradiation, at both 0.8 GPa and 2.4 GPa pressures, the
diminishing of intensity of all small peaks and merging of the
most intense sets of peaks located at near 4.5° and 6.3° are
detected (1-4 min patterns in Figs. 2b and 2c). From the 4 min
XRD patterns, five of the most intense spectral features located
at 4.5°, 6.3°, 7.6°, 8.8° and 9.9° can be distinguished. Upon
further irradiation up to 60 min, these XRD peaks undergo a
significant growth and at 10 min, a new peak at 11° appears.
After 60 min of irradiation, the XRD patterns of Cs,C,H,05 at 0.8
GPa and 2.4 GPa contain only new peaks and completely
different from the initial diffraction patterns as well as from the
final XRD pattern of Cs,C,H,05 at ambient pressure (see Fig. 2
and Fig. S4t). We also note that in the absence of X-ray
irradiation no HP induced structural and chemical
transformations of Cs,C,H,05 are observed even after 60 min of
applied pressure (see Fig. S5 and Fig. S6). Using in situ Raman
spectroscopy and DFT calculations we have previously
demonstrated that the final product of X-ray irradiated
Cs,C,H,05 at < 0.5 GPa is a mixture of Cs-O derived compounds
and its most dominant component cesium superoxide (CsO;)
was found in the bcc structural form.3! The obtained new XRD
patterns of Cs,C,H,05 at 0.8 GPa and 2.4 GPa (60 min in Figs. 2b
and 2c) perfectly correspond to this bcc structural form of CsO,
with space group Pm-3m and lattice parameter a = 4.5018 A.

J. Name., 2013, 00, 1-3 | 3
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Fig.2. XRD patterns of cesium oxalate monohydrate after
different X-ray irradiation times at 36 keV. (a) Cs,C,H,05
at ambient pressure; vertical bars indicate peak positions
of the monoclinic crystal structure of cesium oxalate
hydrate*’ (b) Cs,C,H,05 at 0.8 GPa and (c) Cs,C,H,05at 2.4
GPa. Diffraction peaks of the final XRD patterns at 0.8 GPa
and 2.4 GPa are labelled with Miller indices of Cs,0
structure with Pm-3m space group.3!
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Therefore, our results which include both X-ray induced
structural evolutions of Cs,C,04 and Cs,C,H,05 at ambient and
HPs, allow us to conclude that only a combination of HP and the
presence of water molecules in initial compound leads the X-ray
induced decomposition towards synthesis of a novel structural
form of CsO,.

As mentioned above electronic relaxation processes induced by
photoionization are the main factors that cause X-ray induced
damage of matter. Therefore, to better understand the critical
roles of water molecules as well as HP in X-ray induced
photochemistry we have developed a model of the
corresponding electronic relaxation cascades triggered by X-ray
photoabsorption (see Fig. 3). This model is based on previously
reported studies of electronic relaxation processes triggered by
X-ray photoionization in weakly bound matter.3-> 10, 17, 25 We
also note, that earlier, we have proposed another model which
describes how electronic relaxation pathways activated in
Cs,C,H,05 depend on the absorbed X-ray energy.3! We assumed
that the energy and electron transfer processes could proceed
between the ionically bonded metal cation and oxalate anion.
However, electronic relaxation processes such as ICD or ETMD
have been theoretically predicted and experimentally observed
only in weakly bound matter, where the electronic states of
each molecular/atomic entity are localized allowing
electron/energy transfer between such entities to take place.
On the other hand, when two chemical units are strongly bound
(e.g. ionic bond between cation and anion), they cannot be
considered as being electronically distinct, thus electron/energy
transfer between them is not feasible. Therefore, here we
provide a revised model of electronic relaxation processes
induced by X-ray photoionization where we also emphasize a
critical role of loosely bound water molecules, based upon the
experimental results reported in this work. We note that due to
the complex nature of ultrafast (femtoseconds) electronic
relaxation steps (especially when multiphoton absorption is the
main driving phenomenon of X-ray induced damage) it is
extremely challenging to cover all possible electronic relaxation
pathways. Therefore, in our model we consider the electronic
relaxation pathways activated via absorption of one X-ray
photon by a metal cation within a single molecule.
Nevertheless, we show that even in those cases when the metal
cation returns to its initial charge state before photoabsorption,
the molecular destabilisation is substantial and the surrounding
environment contains a large amount of produced free
electrons.

Fig. 3 displays a proposed schematic representation of the
electronic decay processes triggered by the absorption of one
X-ray photon by a Cs atom, when the photon energy is slightly
above the cesium K-edge. X-ray photoabsorption by one Cs*
cation removes its core shell electron into the surrounding
environment and activates a cascade of electronic relaxation
steps.3® The pathways and efficiency of electronic relaxation
processes depend on the ionization potential of the created
excited states.? In the case of unhydrated Cs,C,0,, there are
two possible decay processes (step 1 in Fig. 3): (i) Auger decay*®
(typically dominant in metals) during which an electron with a
characteristic energy is emitted by a Cs*2 ion which, in turn,

This journal is © The Royal Society of Chemistry 20xx
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Fig.3. Schematic illustration of the electronic decay processes induced by the absorption of one X-ray photon with energy
slightly above the K-edge of Cs by one Cs,C,0,4 or Cs,C,H,05s molecule. Labels 1 and 2 represent two major sections in the
model: step 1 depict electronic relaxation processes in Cs,C,0,4, whereas both steps 1 and 2 display electronic relaxation
processes in Cs,C,H,0s. After each relaxation step, the change of molecular oxidation states with the type of excited free
electrons are presented. ETMD(x) represents the relaxation processes during which an H,O molecule donates an electron to
the Cs*? cation and the excess energy ionizes the donor itself (x=2) or (C,04)? anion (x=3). 2ETMD(x) represents the relaxation
processes during which H,0 molecule donates two electrons to the Cs*3 cation.

accumulates a positive charge: Cs*3; and (ii) radiative decay created unbound electrons may then secondarily ionize the
when the excited Cs*? cation decays via the emission of surrounding environment depending upon their kinetic
characteristic X-rays (hv). At the end of both of these decays energy.?123 The observed electron density distortion (reduction
the Cs cation is in the excited state (Cs*3 or Cs*?) and contains of the XRD peaks) depicted in Fig. 1 can be explained by this
several free electrons in its vicinity, whereas the negatively oxidation state destabilisation mechanism within Cs,C,04
charged (C,0,4)% anion remains its original oxidation state. The molecules induced by X-ray photoabsorption.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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When the irradiated system contains weakly bound (hydrogen
bonding) water molecules (Cs,C,H,0s), additional electronic
relaxation processes become possible (step 2 in Fig.3).3 Namely,
after initial photoionization (Cs* > Cs?*), besides the Auger and
radiative decays, an interatomic/intermolecular Coulombic
decay (ICD) can be initiated.’® There are two main contributions
of ICD.23 4° The direct term during which the Cs*2 vacancy is
filled by its own outer-shell electron and the excess of energy is
transferred to the neighboring H,O molecule via the classical
Coulomb interaction. This interaction is dipole-dipole in type
and thus can be viewed as a virtual photon transfer leading to
the ionization of the neighbour ((H,0)° = (H,0)*). And, the
exchange term in which the Cs*? vacancy is filled by an electron
from an H,O molecule and the excess of energy is used to
release a valence electron from the initially ionized Cs atom.
After both ICD contributions, the initial oxidation state of
Cs,C,H,05 is identically modified: the Cs cation has a charge
state of +2, the C,0,4 anion remains its original 2- charge state
and the water molecule is ionized to +1 oxidation state.
Afterwards, ICD as well as radiative decay entail an additional
relaxation cascade called electron-transfer-mediated-decay
(ETMD).Y” During ETMD, the H,0 molecule donates an electron
to Cs*? and the excess of energy ionizes the donor itself
(ETMD(2)), or the C,04 anion (ETMD(3)). Moreover, in the
presence of water molecules in the initial compound, after
Auger decay, several additional ETMD processes are possible:
the H,0 molecule donates two electrons to Cs*3 and the excess
of energy is used to doubly or singly ionize itself or the C,0,4
anion (2ETMD(2), 2ETMD(3) and 2ETMD(2,3)). As depicted in
Fig.3, at the end of all ETMD steps, the cesium atom reverts to
its original charge state, the surrounding environment is even
more multiply ionized (in comparison to Cs,C,0,4 case) and
contains a larger amount of free electrons suggesting that the
presence of water molecules in initial compound plays a critical
role in the X-ray induced photochemical reaction pathways.
Indeed, our experimental results reported here support this
statement as X-ray irradiation led to the formation of crystalline
CsO, only in the case of Cs,C,H,0s. However, X-ray induced
structural transformations were only observed at HP (Fig 2),
thus only the combination of HP and the presence of water
molecules in the initial compounds is a necessary condition for
chemical and structural synthesis via monochromatic X-ray
irradiation.

To understand the HP role, it is important to note that the rates
of electronic relaxation processes strongly depend on the
interatomic/intermolecular distances (R). For instance, the rate
of the direct ICD term, which is based on the dipole-dipole
interaction, scales with 1/R%.1° On the other hand, in the
exchange ICD contribution, orbital overlap is required for an
efficient electron transfer, thus, the exchange ICD rate decays
exponentially with R.2> Therefore, the exchange contribution
dominates over the direct term at smaller distances. As in the
case of ICD and based on the number of involved entities, the
decay rate of ETMD also depends on the
internuclear/intermolecular  distance: ETMD(2) decays
exponentially with R, similar to exchange ICD, and ETMD(3) is a
superposition of exchange and direct ICDs.%”: 20 Such strong R-

6 | J. Name., 2012, 00, 1-3

dependence of the ICD and ETMD rates suggests that by
modulating molecular/atomic separation, for instance via
application of HP, it is possible to control the efficiency of the X-
ray induced transformation rate.

As discussed earlier, HP by itself does not induce any structural
transformations of Cs,C,H,05 in the pressure range between 0
— 2.4 GPa (Fig.2 and Fig. S4). Therefore, to obtain more insights
about the role of HP in X-ray induced photochemistry, every
initial XRD pattern of Cs,C,H,05 (1 min patterns in Fig. 2) were
refined and corresponding lattice parameters together with the
values of the unit cell volume at 0 GPa, 0.8 GPa and 2.4 GPa are
presented in Table 1. Moreover, variations of the interatomic
distance between Cs* cation and H,0 were obtained via
CrystalMaker® software (see Table 1). It is evident that applied
pressure reduces the unit cell volume as well as the spatial
separation between Cs* and H,0 molecules. Therefore, to
understand how this effect influences the X-ray induced
structural/chemical transformation rate we examined the
Cs,C,H,05 transformation yield (TY) as a function of irradiation
time:

TY = (Area;x 100%) / Area;,; (1),
where Area; and Area;,; are the integrated areas of the XRD
patterns obtained after various irradiation times and after 1 min
of irradiation, respectively. The X-ray induced TY of Cs,C,H,0s5
at 0.8 GPa and 2.4 GPa as a function of irradiation time is
presented in Fig. 4a. During the first 4 min of X-ray irradiation
the TY at both HP points decreases to the same value of ~75 %.
However, during the subsequent 56 min of irradiation, the TY at
both pressures increases. Moreover, at the end of X-ray
irradiation the TY of Cs,C,H,05 at 0.8 GPa only reaches a value
of ~78.1 %, whereas the TY of Cs,C,H,05 at 2.4 GPa after 60 min
of irradiation equals to ~97.3 %. We note that although
electronic relaxation processes such as Auger, ICD and ETMD
are all in the range of femtoseconds their probabilistic nature
strongly depends on the amount of absorbed X-ray photons.
Therefore, the observed time scale (minutes to an hour) of the
complete  X-ray induced chemical and  structural
transformations of Cs,C,H,0;5 at HP is due to a small number of
X-ray photons provided in the experiment (107
photons/(secxpum?)). Nevertheless, a drastic TY difference of X-
ray induced evolution of Cs,C,H,05 suggests that HP is not only
required for initiation of the structural transformations but also
strongly impacts their rates. To obtain the transformation rate
(TR) - time dependencies every TY curve was fitted with a
polynomial approximation and the first derivatives of these fits
were calculated as function of irradiation time. As depicted in
Fig. 4b, at 4 min of irradiation, the TR of Cs,C,H,05 at 2.4 GPa is
~17 times larger than at 0.8 GPa. During the following
Table 1. Values of the lattice parameters, unit cell volume and

interatomic distance between Cs* cations and H,O molecule of
Cs,C,H,05 at 0 GPa, 0.8 GPa and 2.4 GPa.

HP, a(A) b(A) c(A) B(°) V (A3) Cs-H,0
GPa distance
(A)
0 10.22 6.59 11.34 107.68 728.21 3.217
0.8 10.14 6.51 11.26 108.04 707.84 3.190
2.4 10.05 6.39 11.12 108.98 677.03 3.152
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Fig.4. (a) Transformation yield (TY) of Cs,C,H,05 at 0.8 GPa
and 2.4 GPa as function of X-ray irradiation time. The fit
curves (red and blue lines) were obtained via polynomial
approximation. (b) Transformation rate of Cs,C,H,05 at 0.8
GPa and 2.4 GPa as function of X-ray irradiation time
obtained via differentiation of the fit curves.

irradiation, both rates decay and after 60 min, their ratio is a
factor of four. As mentioned earlier, the rates of electronic
processes strongly depend on the
interatomic/intermolecular distances. Particularly, at smaller
spatial separations
exchange ICD and ETMD prevail over the energy transfer

relaxation

electron transfer processes such as
decays. Therefore, from our experimental results, we can
suggest that with the increase of pressure (reduced Cs-H,O
distance, see Table 1) electron transfer processes between Cs
cations and H,0 molecules become more efficient, leading to
much more rapid structural transformations of the X-ray
irradiated system. It is also important to note that in all ETMD
and ICD processes, additional slow electrons are produced. In
the presence of a chemical environment, these electrons can be
captured by the neutral or ionic entities, activating either
nonradiative (due to long-range Coulombic interactions of the
electrons)?! or radiative interatomic/intermolecular Coulombic

This journal is © The Royal Society of Chemistry 20xx

Physical.Chemistry Chemical Physics

electron capture processes (ICEC)?? which further destabilize
the molecular system. Therefore, the higher rate of exchange
ICD and ETMD induced by HP would result in production of a
larger concentration of free electrons causing additional
multiple ionizations of the environment and its subsequent
dissociation/transformation. We should note that in living
tissues, radiation damage occurs within an aqueous
environment, therefore, a significant amount of efforts have
been devoted for investigation of the water response to ionizing
radiation at ambient pressure.?> %% 51 Moreover, the formation
of an O,—H, alloy from H,0 molecules subjected to X-ray
irradiation and HP has also been previously demonstrated.>?
Our results suggest a new potentially useful property of water
in X-ray induced photochemistry at HP, where H,O molecules
play a key role as the main electronic relaxation centers.

It is worth mentioning that the X-ray induced decomposition of
Cs,C,H,05 could potentially be investigated by using short
intense X-ray pulses provided by X-ray Free-Electron Lasers
(XFEL) sources.>3 In this case, an additional information about
the dynamics of X-ray induced electronic relaxation processes
involved in the chemical mechanisms of CsO, formation is
expected to be obtained. However, as it was discussed in ref. 54
depending on the pulse duration (e.g. longer than several
femtoseconds), the photoelectrons emitted from the ionized
atoms could become the dominant destructive forces causing
an ejection of the valence electrons from the neighbouring
atoms and activating a cascade of the surrounding environment
ionisation. For avoiding issues with background of scattered
secondary electrons and for investigation of a critical role of
electronic relaxation processes in X-ray induced synthesis, for
instance ICD, the use of coincidence spectroscopy techniques,
such as a cold-target recoil-ion-momentum spectroscopy
(COLTRIMS) experiments can be suggested, similar to those
conducted on ICD in water dimers/clusters by Jahnke et al. and
Mucke et al.>> 56

Conclusion

In this work, we experimentally demonstrated that a
combination of HP and the presence of water molecules in
initial solid-state compound is a necessary requirement for X-
ray induced structural and chemical synthesis. Particularly, only
the distortion of electron density distribution was observed
when unhydrated Cs,C,04 at ambient and HPs was subjected to
monochromatic X-ray irradiation and no formation of a novel
crystalline compound was detected. On the other hand, only at
HP, the X-ray irradiation of Cs,C,H,0s5 led to the synthesis of
CsO, with a bcc structure. In addition, we proposed a model of
electronic  relaxation processes triggered by X-ray
photoabsorption in a single Cs,C,H,05 molecule with an
emphasis on the key role of water molecules. Finally, the critical
impact of HP on the X-ray induced transformation rate was
examined. Based on the experimental results, it has been
suggested that the reduced spatial separation between Cs
cations and H,O molecules increases the rate of electron
transfer decay processes, thereby magnifying the rate of X-ray
induced synthesis of CsO,.
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