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ABSTRACT

The high proclivity of x rays to destabilize and distort molecular structures has been previously utilized in the synthesis of novel compounds.
Here, we show that x-ray induced decomposition of cadmium oxalate induces chemical and structural transformations only at 0.5 and 1 GPa.
Using x-ray diffraction and Raman spectroscopy, the synthesized product is identified as cadmium carbonate with cadmium oxalate rem-
nants, which is stable under ambient conditions. At ambient and >1 GPa pressures, only degradation of the electronic density distribution
is observed. The transformation kinetics are examined in terms of Avrami’s model, which demonstrates that despite the necessity of high
pressure for efficient x-ray induced synthesis of cadmium carbonate, the rate and geometry of structural synthesis in the 0.5-1 GPa pressure
range do not depend on the applied pressure. In addition, the possible role of intermolecular distance and molecular mobility in transforma-
tion yield is also discussed. Our experimental results indicate that x-ray induced photochemical synthetic pathways can be modulated and

optimized by specific parameter selection such as high pressure.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0168449

INTRODUCTION

Various interdisciplinary fields of science rely on comprehend-
ing the chemical and structural effects caused by x-ray induced
stimuli. For example, x rays have been shown to impair the func-
tion of vital biological molecules, prominently affecting those with
metal centers.! Furthermore, x-ray irradiation has been employed
to target cancerous cells as a means of radiotherapy.”’ In the
past several decades, it has been established that the main fac-
tors responsible for x-ray induced damage of matter are electronic
relaxation processes induced by x-ray photoabsorption. These relax-
ation cascades exhibit a strong dependence on the chemical envi-
ronment, initial charge states of atomic entities, atomic/molecular
spatial separation, and x-ray energy. Recent studies have shown
that the highly ionizing properties of x rays can be utilized to
damage simple molecular compounds, resulting in their oxida-
tion state distortion and subsequent disassociation.” For instance,
these radiation effects have been demonstrated in weakly bound

matter (hydrogen or Van der Waals bonding) such as liquids, clus-
ters, and simple molecular gases.” ° However, the competitive nature
of electronic relaxation cascades, which is based on their proba-
bilistic and ultrafast character, makes the control of their pathways
complicated.

It should be noted that x-ray induced distortion and disassoci-
ation of molecular structures significantly complicate x-ray crystal-
lographic analysis, especially pertaining to the study of solid-state
material structures and properties at high pressure (HP). Indeed,
the decomposition of cesium oxalate monohydrate at HP leading to
the synthesis of the novel structural form of cesium superoxide via
monochromatic x rays has been recently demonstrated.”* Moreover,
Goldberger et al.” showed that gaseous NO, and O, are produced
via x-ray induced damage of barium and strontium nitrate only at
~0.5 GPa. In these studies, it has been proposed that the reduced
spatial separation between atomic entities, induced by HP, increases
the rate of electronic decay processes, thereby triggering dissociation
of initial compounds.
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To further investigate the critical role of HP in x-ray induced
transformations of powdered solid-state compounds, in this work,
we examine the chemical and structural evolution of cadmium
oxalate (CdC,04) subjected to monochromatic x rays under ambi-
ent and HP conditions. We show the distinct formation of cadmium
carbonate (CdCO3) from CdC,O4 only at 0.5 and 1 GPa pres-
sure points, which is verified by angular-dispersive x-ray diffraction
(XRD) and Raman spectroscopy. Furthermore, the kinetics of trans-
formation in the frame of Avrami’s model are investigated to acquire
deeper insight into the underlying mechanism of x-ray induced
synthesis of CdCOs.

EXPERIMENTAL METHODS

All experiments were performed at the 16 BM-D beamline of
the High Pressure Collaborative Access Team (HP-CAT) facilities at
the Advanced Photon Source.!” A tunable Si (111) double crystal in
the pseudo-channel-cut mode was used as a monochromator to filter
what is labeled as “white” x-ray radiation and deliver x rays of fixed
but tunable energies. Symmetric-style diamond anvil cells (DACs)
with 250 ym thick stainless-steel gaskets were used to confine and
pressurize the samples. All samples were loaded into 120-150 ym
diameter holes that were drilled in the gasket center (which were
first indented to ~50 ym thickness) using a laser micromachin-
ing system located at the HPCAT.!! Powdered cadmium oxalate
(CdC,04) samples (City Chemical LLC, purity >99.9%) were loaded
into the DACs under ambient conditions. An ~10 ym diameter
ruby sphere was loaded with each sample for pressure measurement
purposes, and no pressure transmitting medium was used in any
experiments. All samples were irradiated for 1 h with monochro-
matic x rays at 27 keV energy (A = 0.4592 A). The horizontal and
vertical full width at half-maximum (FWHM) of the x-ray beam was
4 x 4.7 ym®. The corresponding photon flux density was 1.09 x 10’
photons/(s um?). Angle-dispersive x-ray diffraction patterns were
collected every minute during x-ray irradiation using a Pilatus®1M
detector. Afterward, all diffraction patterns were integrated in

pubs.aip.org/aip/adv

2-theta using the Dioptas® program'” to produce intensity vs 2-theta
plots. We note that all measurements were performed at room tem-
perature. In addition, the Raman spectra of the samples loaded in the
DACs at RT were measured with an Ar-ion multiline laser (532 nm)
in the backscattering configuration using an ISA HR460 spectrome-
ter equipped with a Peltier-cooled Andor® 1024 x 128 pixel> CCD
detector.

RESULTS AND DISCUSSION

Powdered CdC,04 was loaded into DACs and irradiated with
monochromatic x rays. Previously, we have demonstrated that, in
the case of cesium oxalate monohydrate (Cs,C,H,0Os5), the maxi-
mum decomposition/transformation yield is achieved when crys-
talline samples are irradiated with x-ray energy slightly above its
cation’s K-edge.® Thus, the selected 27 keV energy, which is just
above the K-edge of cadmium, 26.714 keV,"* was used to irradiate
CdC,04 at ambient and selected HPs (0.5, 1, and 2 GPa). Figure 1
shows the in situ XRD patterns of CdC,Oy at the studied pressure
points after varied x-ray irradiation times. The initial XRD pattern,
obtained after one minute of irradiation, for ambient pressure cor-
responds to the previously reported monoclinic crystal structure of
cadmium oxalate with the P2,/n space group'* [see vertical bars in
Fig. 1(a)]. The other initial XRD patterns recorded at HPs indicate
that pressure by itself does not induce formation of a new crystal
structure in the 0-2 GPa pressure range (see Fig. S1); however, an
observed gradual shift of all XRD peaks toward a higher 26 implies
a reduction in the unit cell volume with applied HP. Every initial
XRD pattern was refined to determine the corresponding lattice
parameters at ambient and HP, as presented in Table S1 (see the
supplementary material). We note that the HP behavior of CdC,04
is consistent with previous studies of oxalate salts at applied HP.”*"
Figures 1(a) and 1(d) show the in situ XRD patterns of CdC,0y4 at
ambient and 2 GPa pressure after different x-ray irradiation times,
respectively. It is evident that after a full hour of irradiation, only
a decrease in peak intensities is observed, the overall XRD peak

a b
n 60 min L\ l 60 min

A 45 min A l 45 min
2L sominl 2l 30 min
= 2
% I s 18 min| 2 | 15 min
< =

l 7 min \ 7 min
l \ 3 min A ) 3 min
o A 1 min J.J .I " 1 min

Intensity, a.u.

A 60 min
\ A 45 min
l : 30 min

ﬂ 60 min
l 45 min
A 30 min
l 15 min A \ 15 min
l \ 7 min A 7 min

3 min A A 3 min

1 min A A 1 min

Intensity, a.u.

| Lot blial, 1000 sindng Jiamn
6 8 101214 16182022 6 8 1012141618 20 22
26 260

6 8 1012141618 20 22 6 8 101214161820 22
20 20

FIG. 1. XRD patterns of cadmium oxalate, irradiated with 27 keV x rays, at different elapsed times. (a) CdC,04 at ambient pressure; vertical bars indicate the peak positions
of the previously reported monoclinic crystal structure of cadmium oxalate. (b) CdC, 04 at 0.5 GPa. (c) CdC,04 at 1 GPa. (d) CdC,0, at 2 GPa.
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positions do not change, and no new peaks are detected. This indi-
cates that monochromatic x rays at ambient pressure and 2 GPa do
not induce synthesis of novel crystalline compounds and only result
in a distortion of the electron density distribution, as visualized by
the 3-60 min patterns in Figs. 1(a) and 1(d). Similar x-ray induced
behavior was previously reported for strontium and cesium oxalates
as well as for barium and strontium nitrates.””"” In contrast, when
0.5 or 1 GPa pressures are applied, the response of CdC,O4 sam-
ples to x rays dramatically changes. As depicted in Fig. 1(b), in
3-7 min at 0.5 GPa, a decrease in the overall peak intensities as well
as the appearance of a new peak situated around 8.9° is detected. At
15 min, significant changes in the XRD pattern are observed: two
peaks located at 11.1° and 11.39° merge into one at 11.25°, and
four new peaks appear around 10.69°, 12.76°, 14.38°, and 16.66°.
Continued irradiation for 30 min induces the formation of two new
peaks at 10.21° and 13.91°. Eventually, after one hour of irradia-
tion, an additional new peak appears at 9.41°. It is worth mentioning
that all new peaks grow in intensity after their initial appearance.
Under 1 GPa pressure [as shown in Fig. 1(c)], similar spectroscopic
behavior of CdC,0y4 is observed, albeit, at later irradiation times
than 0.5 GPa. Following one hour of irradiation, the final XRD pat-
terns obtained at 0.5 and 1 GPa are completely different from the
initial diffraction patterns, implying significant structural changes
in CdCz 04.

To characterize the chemical composition of the synthesized
products, Raman spectroscopic analysis was performed. Figure 2(a)

irradiated area

Intenisty, a.u.

non irradiated
area

) ) M A
200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift, cm”

FIG. 2. (a) Picture of the recovered product after being irradiated for 1h. The
black dot is the damaged area. (b) Raman spectra of the cadmium oxalate sample
pictured in both the damaged area and the surrounding undamaged area.
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displays a picture of the recovered sample after an hour of irradi-
ation at 0.5 GPa; the black dot corresponds to the damaged area
exposed to monochromatic x rays, and the remaining unaffected
portion of the sample is the non-irradiated area. In Fig. 2(b), the
Raman spectra of both areas are displayed. Six distinct peaks located
at 520, 555, 600, 611, 843, and 918 cm™! are found in the Raman
spectra of the undamaged region. These spectral features were com-
pared to those identified in natural oxalates.'® The peaks in the
500-650 cm™! range are attributed to symmetric OCO bending,
while the peaks in the 800-1100 cm™ range correspond to the
v (C-C) stretching mode.'® In comparison, the irradiated (damaged)
area has a completely new peak at 1093 cm™ and several signif-
icantly reduced peaks from the original sample. Previous studies
regarding Raman spectroscopy of various carbonates demonstrated
that high intensity peaks in the 1050-1100 cm™" region correspond
to a symmetric stretching of a CO3 group.'” Therefore, it can be
suggested that the synthesized product is CdCO3 with remnants of
undecomposed CdC;Oy4.

To verify the x-ray induced chemical reaction pathway, as well
as to identify the crystal structure of the obtained compound, an
additional assignment of the final XRD pattern obtained at 0.5 GPa
with a reported crystal structure of CdCO3'® was conducted (see
Fig. 3). As previously mentioned, the most intense peaks in the final
XRD pattern are located at 8.9°, 9.41°, 10.21°, 11.25°, 13.9°, and
14.38°. The positions of these peaks align well with those of the
monoclinic structure of CdCO3 with the R3c space group'® (blue
vertical bars in Fig. 3). In addition, the final pattern also contains
several peaks from the initial XRD pattern positioned at 5.38°, 7°,

after 60 min of irradiation

A P

l.ll III Nat aa 4

before irradiation

18 20

6 8 10 12 14 16
20

FIG. 3. XRD pattern of cadmium oxalate, CdC,04, at 0.5 GPa before and after
irradiation. Purple vertical bars correspond to the previously reported monoclinic
crystal structure of CdC,04;'* blue vertical bars depict the monoclinic crystal
structure of cadmium carbonate, CdCOj, reported in Ref. 18.
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and 9.8° with significantly reduced intensities. However, all origi-
nal peaks in the 16°-20° range completely disappear after one hour
of x-ray irradiation. These observations together with our Raman
spectroscopic analysis confirm that the final product is indeed a
mixture of CdC,04 and CdCO3. We note that an extended irradi-
ation time (>1 h) would potentially lead to a complete conversion
of CdC,04 into CdCOs, as it was previously reported for cesium
oxalate monohydrate.”’

To measure the x-ray induced structural transformation as a
function of HP, and to garner more insights into the mechanism
of CdCOj3 synthesis, we analyzed the CdC,04 transformation yield
(TY) at 0.5 and 1 GPa as a function of irradiation time,

Area;

TY (1)

B Areay’
where Area; and Areap are the integrated areas of the XRD pat-
terns obtained after various irradiation times and after the initial first
min of irradiation, respectively. The TYs of CdC,04 at 0.5 and 1 GPa
as functions of irradiation time are shown in Fig. 4(a). After 17 min,
the TY of CdC,0O4 undergoes a decrease to 0.685 at a pressure of
0.5 GPa. At 1 GPa, the TY decreases to around 0.646 following
21 min of irradiation. However, after these initial declines, the TY
displays an upward trend at both pressures. After a full hour of
x-ray irradiation, the TY at 0.5 GPa is ~0.938, whereas at 1 GPa, its
value is ~0.763. The observed structural and chemical transforma-
tions can be described by the primary mechanism of x-ray-induced
damage, which stems from the electronic relaxation processes trig-
gered by x-ray photoabsorption.”®'”"** Essentially, when atoms of
a molecular system absorb sufficiently energetic x-ray photons,
their core-shell electrons are excited to a bound state or knocked
out/ionized to the surrounding environment, and corresponding
relaxation cascades are initiated.'””"*’ The origination and evolu-
tion of these relaxation processes are contingent on the chemical
composition and interatomic/intermolecular distances.”"”" As a
result, the x-ray irradiated system becomes distorted and destabi-
lized in terms of the oxidation states, and depending on the external
conditions (i.e., temperature, pressure, etc.), it undergoes struc-
tural and chemical transformations.””"” It should be emphasized
that electronic relaxation processes occur within the femtosecond
timescale, and their probabilistic behaviors are highly dependent
on the number of absorbed x-ray photons.”””* Consequently, the
lengthy timescale (minutes to hours) required for the comprehen-
sive transformation of CdC,04 induced by x-ray irradiation at HP
can be attributed to the limited number of x-ray photons avail-
able in our experimental setup (1.09 x 10’ photons/s ym?). The
obtained difference in the final TY values (after 1 h of irradia-
tion) and the overall x-ray induced structural/chemical dynamics
of CdC,04 at HPs suggest a critical role of HP in the synthesis
of CdCO:s.

To determine the effect of HP on the transformation rate (TR)
of x-ray induced CdCOs3 synthesis, the Avrami model was applied
for two regions: (i) the distinct decrease in TY and (ii) subsequent TY
growth. In the first region (up to 17 min of irradiation at 0.5 GPa and
21 min at 1 GPa), initial XRD peak intensities attributed to CdC,04
significantly decrease, and a few small peaks of CdCO3 appear [see
Figs. 1(b) and 1(c)]. Therefore, the observed TY reduction, seen in
Fig. 4(a), can be associated with a decrease in electron density dis-
tribution, suggesting that in this region, the decomposition of the
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FIG. 4. (a) Transformation yield (TY) of CdC,04 at 0.5 and 1 GPa as a function
of x-ray irradiation time. (b) The TY curves in the first region fitted utilizing the
modified Avrami equation, which describes the transformation rate of CdC,0;. (c)
The TY curves in the second region modified to display the beginning of phase
transformation and fitted using the general Avrami equation, which describes the
transformation rate of CdCOj3.

initial compound is the most dominant process. In the subsequent
x-ray irradiation time (second region), the considerable growth of
new XRD peaks indicates that the chemical and structural transfor-
mation of CdC,04 into CdCOs is the prevailing mechanism. The
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TY curves in the first region were fitted using the following Avrami
equation:

TY(t) =1 - [TYeo (1 —exp ((-kt)") ]. )
For the second region,
TY(t) = TYoo (1 - exp ((-kt)") (3)

where TY(t) and TY.. represent the TY at a specific time “t” and
at the end of the selected region, respectively. The variable “k”
denotes the rate constant, “t” is the specified time, and “n” is the
Avrami exponent whose value is determined by the geometry of the
crystalline structure formation.”” Originally, the Avrami model was
developed as a means of describing a phase transformation in solids
at constant temperature and later applied for analysis of polymer-
ization processes.”’*’ The equation initially described in this model
had some limitations, particularly in accurately evaluating the rate
constant “k.”** Therefore, it was later expanded by Khanna and Tay-
lor where “k” is considered a function of “n,”*” enabling a more
precise analysis of transformation kinetics. We note that the Avrami
model was designed to analyze crystalline growth, which produces
an upward sigmoid curve. Thus, to properly fit the TY decays in the
first region, the modified Avrami equation as expressed by Eq. (2)
was used. Figure 4(b) displays the fits of the TY curves at 0.5 and
1 GPa via the modified Avrami equation; the obtained parameters
are presented in Table I.

As is evident, the rate constant at 0.5 GPa is 11.93 h™', nearly
twice that at 1 GPa, and the Avrami exponent for both pressure
points are ~1.5, suggesting that the mechanism of decomposition is
diffusion-controlled.”® It should be noted that a higher molecular
mobility facilitates diffusion processes.”” Therefore, the drastic dif-
ference in the rate constants at both pressure points can be attributed
to the reduction in molecular mobility with increasing pressure.”* *”
The values of TY ., obtained from the fits at 0.5 and 1 GPa demon-
strate that a ~30% reduction in initial electron density distribution
is required before the x-ray induced structural formation CdCO;
becomes dominant.

The TY curves in the second region were fitted via Eq. (3) (gen-
eral Avrami equation), and the obtained parameters are listed in
Table II.

TABLE I. Modified Avrami equation parameters k, n, and TY - obtained from the fit
of CdC,0,4 decomposition kinetics at 0.5 and 1 GPa in the first region.

Pressure (GPa) k(™) n TY
0.5 11.93+£0.41 1.49+0.1 0.31 +£0.005
1.0 5.70+£0.11 1.56 £0.3 0.37 +£0.005

TABLE Il. Avrami equation parameters k, n, and TY o, obtained from the fit of CdC, 04
decomposition kinetics at 0.5 and 1 GPa in the second region.

Pressure (GPa) k(h™) n TY oo
0.5 1.54+0.11 1.65+0.05 0.295 +0.025
1.0 1.94 +0.32 1.54+0.13 0.156 +0.022

ARTICLE pubs.aip.org/aip/adv

It should be mentioned that in the Avrami model, the begin-
ning of transformation is considered to occur at t = 0, when the
studied molecular system is in its initial structural phase. In our
case, we recognize that the structural CdCO; formation becomes
dominant after the initial decline in TY curves observed at both
pressure points. Therefore, to properly apply the Avrami model,
t = 0 for both curves was selected at their lowest TY values; thus,
these TY values, along with the time at which they occurred (0.685
and 17 min for 0.5 GPa; 0.646 and 21 min for 1 GPa), were sub-
tracted [see Fig. 4(c)]. As presented in Table I, the rate constant
“k” at 1 GPa is slightly larger than that at 0.5 GPa. Their respec-
tive “n” values are similar to and are consistent with the “n” values
obtained for the first region, suggesting a diffusion-controlled trans-
formation growth.”® The only striking difference between the TY
evolution at both pressure points is the values of the final TY (after
one hour of x-ray irradiation). We note that the rates and efficiency
of electronic relaxation processes (which are the main factors of
x-ray induced damage) depend on the interatomic/intermolecular
distances.”” " Particularly, at smaller spatial separations, electron
transfer processes dominate over the energy transfer decays.” "
Moreover, production of slow electrons accompanies all relaxation
processes, and their presence within a chemical environment can
further destabilize the molecular system via activation of additional
radiative/non-radiative electron capture processes.””** Therefore, it
can be suggested that at higher pressures, structural and chemi-
cal transformations would be more efficient, which is consistent
with the observed XRD pattern evolutions at ambient and higher
pressures (see Fig. 1). However, reduced molecular mobility due to
increasingly higher pressures may restrict formation of CdCO; (i.e.,
the x-ray distorted CdC,0O4 system is unable to efficiently restruc-
ture itself) and explain the difference between TY at 1-0.5 GPa
as well as the absence of any structural transformations at 2 GPa
[Fig. 1(d)].

X-ray-induced stimuli present an intriguing dynamic wherein
both constructive and destructive processes appear to compete for
prominence. The optimization of x-ray-based photochemical syn-
thetic methods could potentially be beneficial for various applica-
tions, such as catalytic technologies,”’ adaptive oxide electronics,
and optoelectronics,”’ ”* where synthesis of novel compounds as
well as the formation of their unique structural forms is required.
Therefore, conducting additional studies would provide further
insights into the dynamics of electronic relaxation processes trig-
gered by x rays and potentially separate these competing mech-
anisms, offering a more comprehensive understanding of how to
optimize the synthesis of compounds (e.g., CdCO3). A potential
technique that may assist with this endeavor utilizes X-ray Free-
Electron Laser (XFEL), which uses short (femtosecond), intense
x-ray pulses.”” In addition, cold-target recoil-ion-momentum spec-
troscopy (COLTRIMS) may be suitable in such experiments to
avoid issues with the background of scattered secondary elec-
trons.” These techniques have been successfully employed in study-
ing gaseous iodine compounds and water dimers/clusters.’””""
We also note that CdCO; serves as a critical precursor for
cadmium-based semiconductors used in photovoltaic technolo-
gies,” is integral in the formulation of pigments for paints and plas-
tics, and finds essential application in electroplating processes for
protective coating.”’** Therefore, a novel means of CdCO3 syn-
thesis, presented in this work, could potentially be beneficial in
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industrial and environmental applications,” which rely on cad-

mium utilization.

In this study, we have demonstrated that the decomposition of
CdC,04 by x rays leads to chemical and structural changes only
at pressures of 0.5 and 1 GPa. The resulting product was identi-
fied as CdCO; with a small presence of undecomposed CdC,0y4, via
XRD and Raman spectroscopic analysis. The synthesized compound
is fully recoverable and remains stable under normal conditions.
We observed that at ambient pressure and pressures exceeding
1 GPa, only degradation of electronic density distribution occurs.
By examining the transformation kinetics according to the Avrami
model, we have determined that the rate and the geometry of x-
ray-induced synthesis of CdCO3 do not depend on the applied
high pressure within the 0.5-1 GPa pressure range; however, the
maximum TY value was observed at 0.5 GPa. The potential role
of reduced spatial separation between molecular entities as well
as its correlation with the efficiency of electronic relaxation pro-
cesses responsible for the transformation of CdCOs is studied. In
addition, restricted molecular mobility caused by HP is proposed
as the main factor contributing to the absence of CdCO3 forma-
tion at 2 GPa. Our experimental findings suggest that x-ray-matter
interaction can be controlled by selectively adjusting parameters
such as high pressure and directed toward the synthesis of novel
compounds.

SUPPLEMENTARY MATERIAL

See the supplementary material for (S1) the initial XRD pat-
terns of cadmium oxalate (CdC,O,) at various pressure points and
(Table S1) their corresponding lattice parameters.
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