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Hard x-ray radiation induced dissociation of N, and O, molecules and the formation of ionic
nitrogen oxide phases under pressure
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Applying hard x-ray photon radiation to a mixture of liquid N, and O, contained under pressure in a
diamond-anvil cell, we break the strong covalent bonding of the molecules and form ionic compounds of
complex nitrogen oxide ions at a pressure as low as 0.5 GPa previously expected for molecular phases. A new
ionic NO*NO;~ phase has been discovered at around 2 GPa. Structural characterization of the high-pressure
ionic NO*NO;~ phase with Rietveld refinement reveals an interesting layered monoclinic P2,/m structure with
large elastic anisotropy, offering promises for generating materials with interesting properties and providing the

basis for future theoretical studies.
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Compounds formed from the second-row elements (e.g.,
0,, N,, CO, CO,, NO,, CH,) exhibit extraordinary proper-
ties and intriguing behavior at high pressure. Typically exist-
ing in condensed molecular phases at low pressures with
strong covalent intramolecular interaction and weak van der
Waals intermolecular interaction, these compounds are ex-
pected to undergo phase transformations in which electrons
within intramolecular bonds are delocalized to form ex-
tended covalent framework or polymeric solids in intermedi-
ate pressure ranges and metallic phases at high pressures.'~¢
Of the second-row compounds, nitrogen oxides have dis-
played more complex and poorly understood behavior. In-
stead of forming a framework or polymeric structure at high
pressure, both N,O and N,0O, were found to transform to an
ionic broken-symmetry phase NO*NO;™ at high pressures
and temperatures (above 20 GPa and 1000 K).”-' At room
temperature and low pressures, there was an apparent con-
sensus among previous studies that nitrogen oxide existed in
molecular forms. Stability studies by Song et al.®? found
NO*NO;™ as the stable phase at high pressures, while pro-
viding evidence that suggested a molecular-phase transition
at 1 GPa via an amorphous state of NO*NO,~ between 1 and
7 GPa. An earlier study!' did report a cubic molecular com-
pound (@-N,0,) by condensing liquid N,O, at 0.46 GPa;
however, it was stable to at least 7.6 GPa when compressed
at room temperature, although an ionic phase of NO*NO;~
could be formed at about 3 GPa from a noncubic molecular
phase (B-N,0,) produced by radiating a-N,O, with a blue
laser. On the other hand, a very recent study by Sihachakr
and Loubeyre'? has reported a crystalline NO*NO,~ phase
synthesized at 5 GPa well within the previously reported
amorphous region.® These previous studies have provided
substantial information about the behavior of nitrogen-oxide
compounds, but clearly left unsettled questions regarding the
stability region for the molecular phase and pointed to a
potential kinetic issue associated with the transformations in
nitrogen-oxide phases when pressure is the only variable.
Moreover, despite the importance of the high-pressure
nitrogen-oxide ionic species, no full-structure analysis has
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been reported previously. All the previous x-ray-diffraction
studies”31012 of NO*NO,™ have only indexed their x-ray-
diffraction patterns due to the limited data quality. While
agreeing on the orthorhombic symmetry for samples synthe-
sized in the pressure range from 5 to above 20 GPa, these
studies have resulted in inconsistent unit cells and different
proposed structure models.

In this study, we report: (1) the synthesis of ionic
nitrogen-oxide phases at room temperature and high pres-
sures by hard x-ray radiation-induced dissociation of nitro-
gen and oxygen molecules and the reaction of nitrogen and
oxygen radicals; and (2) the characterization of the spectros-
copy and structural properties of the ionic nitrogen-oxide
phases using Raman scattering and synchrotron x-ray dif-
fraction. Our study is carried out in a pressure region from
0.5 to 2 GPa, previously expected for a molecular phase. In
the contrary, we have found the formation of ionic
NO,"™NO;™ at 0.5 GPa from a mixture of N, and O,, a phase
previously observed only at low temperatures and ambient
pressure, and the decomposition of NO,"NO;~ to a new
ionic NO*NO;~ phase of monoclinic symmetry with further
compression. Issues related to kinetics, ionic phase formation
in nitrogen oxide, and x-ray photon radiation-induced disso-
ciation of N, and O, are discussed.

A mixture of high-purity O, and N, (34% +5% N, in the
mixture) was cryogenically loaded and sealed, inside a low-
pressure container with vacuuming and gas-purging capabili-
ties, into a sample chamber in a beryllium gasket compressed
in a panoramic diamond-anvil cell. After warming up to
room temperature, the sample was further compressed to
1.5 GPa based on the shift of the ruby fluorescence R; line
with pressure, and the sample purity was confirmed by Ra-
man spectroscopy measurements. At this pressure, both O,
and N, are in liquid state; the mixture was, therefore, trans-
parent when observed under a microscope. Samples were
radiated by a 10.2 keV synchrotron x ray to induce the room-
temperature reaction of O, and N, and to facilitate phase
transformations with further compression. Raman spectra
were recorded using the 514.5 nm excitation line of an Ar-
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FIG. 1. (Color) Microphotographs of the high-pressure nitrogen-
oxide phases. (a) The solid NO,*NO;™ phase formed by x-ray pho-
ton radiation of a transparent liquid mixture of N, and O,. The
horizontal band is the mark induced by an x-ray beam of 60
X 30 uwm and after a prolonged exposure time of 25 h. The sample
is approximately 150 wm in diameter and 40 wm in thickness. (b)
The NO*NO;™ phase decomposed from NO,"NO,™ as pressure is
increased. The transition was facilitated by further radiating the
sample with an x-ray beam of 150X 40 wum. The x-ray beam size is
defined by FWHM; the base width of these beams was typically
2-3 times that of the FWHM.

ion laser. Angle-dispersive x-ray-diffraction measurements
were carried out with a focused 30.162 keV monochromatic
synchrotron x-ray beam (15X 15 wm) and a MAR345 image
plate detector to record the diffracted x rays. The diffraction
patterns were processed with FIT2D,!3 Peakfit 4.0, Endeav-
our 1.1, and GSAS (Ref. 14) with an EXPGUI graphical
interface.'> All synchrotron experiments were conducted at
the high-pressure collaborative access team (HPCAT) of the
Advanced Photon Source (APS); Raman-scattering measure-
ments were carried out at the GeoSoilEnviro Consortium for
Advanced Radiation Sources (GSECARS).

Due to the large covalent bond energy of the molecules,
nitrogen and oxygen do not react at ambient temperature; the
liquid mixture of O, and N, is transparent at 1.5 GPa (note:
one of our samples was left for weeks, the sample remained
as a transparent liquid mixture of the two molecules). How-
ever, after radiating the sample with a 10.2 keV synchrotron
x-ray radiation for at least 6 h, we observed marked changes
in the visual appearance of the sample. In contrast to the
starting transparent appearance, the sample became mostly
opaque and displayed grain textures as shown in Fig. 1(a).
Pressure measurements indicated a significant pressure de-
crease in the sample from 1.5 to 0.5 GPa, consistent with a
liquid-solid transformation that involves a large volume re-
duction. Using Raman spectroscopy and synchrotron x-ray
diffraction, we identify the formation of N 02+NO3_, an ionic
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FIG. 2. Representative Raman spectra obtained during the in-
vestigation process. (a) and (b) were conducted on the sample
shown in Fig. 1(a) with the top spectrum representing measure-
ments in off-beam mark locations and the bottom spectrum within
the beam-mark area; and (c) on the sample shown in Fig. 1(b). The
intensity of the first-order diamond peak at 1335 cm™! is partially
blocked out in these spectra for clarity. (a) NO,"NO;™ at pressures
from 0.5-1.7 GPa. The modes associated with NO," and N-N
stretching are labeled as V2N0,* V1-NO,*s and wyy; vibration modes
in the top spectrum without a label are attributed to NO;™. Addi-
tional Raman modes in the beam-mark area are due to the meta-
stable molecular 3-N,O,, which is an intermediate product of the
reaction process. (b) NO,"NO;™ at 2.0 GPa showing the appearance
of the NO* peak at 2236.5 cm™! and the disappearance of the mo-
lecular B-N,Oy peaks. (¢) NO™NO;™ at 1.7 GPa after the sample in
(b) was further radiated by a 10.2 keV x ray. The characteristic
peaks of NO;™ are labeled as vy, v,, and vy, and that of NO* as

VNO*-

phase of N,Os previously only observed at low
temperatures.'®!” In Fig. 2(a), we have shown the Raman
spectra representing measurements at multiple locations in
the sample. The presence of NO,"NO;™ is confirmed by the
characteristic peaks of NO,” at 724.5cm™ (v;) and
1054.0 cm™ (7)), and by those of NO," at 523.8 cm™ (1)
and 1397.5 cm™! (v,). These observations are similar to pre-
vious spectroscopic studies of the low-temperature ionic
NO,"NO;™ phase.!® The nitrogen vibration mode at
2259.4 cm™! (v;) indicates an excess of nitrogen in the sys-
tem after the formation of NO,"NO;”. X-ray-diffraction
measurements at different locations within the sample show
an identical pattern in Fig. 3(a) that is readily indexed as the
known P63/mmc structure with two NO,"NO;™ per unit cell
for the low-temperature NO,"NO,” phase.!” At 1.75 GPa,
the hexagonal unit cell is determined to be a=5.3389(4) A,
c=6.2964(7) A, and V=155.42(2) A3

214107-2



HARD X-RAY RADIATION INDUCED DISSOCIATION OF...

= J
3
5 J
E -
5 | [ woorn owiER IIIIII III AL . ll I-Illllll--lll i
s Py
2 —t——
2 L J
8 (a)
£ | 4
B 1 1 1 n 1 1B ma IR mn 7
Lk M ‘L
L i J
L L 1 " 1 " 1 i
5 10 15 20 25

2-0(degree)

FIG. 3. (Color online) Observed (cross) and calculated (solid
line) x-ray-diffraction patterns of the high-pressure hexagonal
NO,"NO;~ phase at 1.75GPa (a) and the new monoclinic
NO*NO;™ phase at 1.70 GPa (b). The Rietveld refinement of the
monoclinic NO*NO;~ phase was conducted based on the structure
mode described by the space group P2;/m with N and O atoms at
special 2e and general 4f positions (Table I). Tick marks for the
NO*NO;~ phase (upper) and Be (lower) are shown below the pat-
tern. The difference curve is shown at the bottom. The calculated
pattern for NO,"NO,™ in (a) is the LeBail refinement!* using the
structure of the low-temperature NO,"NO;” phase at ambient
pressure.!”

The formation of NO,"NO,~ clearly points to a nitrogen-
oxygen reaction induced by the x-ray photon radiation,
which dissociates the molecules into ions or atomic forms. It
is known that the triple bond of nitrogen and the double bond
of oxygen can be broken by ultraviolet and x-ray photons of
energy equal to or higher than 9.80 and 5.17 eV,
respectively.!® Ultraviolet and soft x-ray photon radiation-
induced fragmentation of diatomic molecules including N,
and O,, as a means of studying the inner states of the mol-
ecules, has been reported previously.'?? Unlike ultraviolet
photons, which break the bonding of the molecules by ion-
izing the valence electrons, a soft x-ray photon (up to a few
keV of energy) produces an inner-shell core hole; the frag-
mentation of the molecules is caused by a valance (bonding)
electron filling the core hole.?>?> The mechanism for hard
x-ray photon-induced dissociation of N, and O, should be
the same as that by soft x-ray photons, but with a smaller
absorption cross section.”> In fact, hard x rays of
9-10.2 keV have been used to excite core-level electrons in
inelastic x-ray-scattering studies.’*

A minor molecular phase of N,O, has been identified by
both Raman [Fig. 2(a) (lower spectrum)] and x-ray-
diffraction measurements in the sample radiated by a sharply
focused x-ray beam and for a prolonged exposure time of
25 h [Fig. 1(a) (the beam mark area only)], but not in the one
radiated by a wide x-ray beam and for a short exposure time
of 6 h. The diffraction image of this phase from one mea-
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FIG. 4. (Color online) Crystal structure of NO*NO,™ at
1.7 GPa.

surement displays a few isolated weak-diffraction spots, con-
sistent with small single crystals. When all the integrated
diffraction lines from multiple measurements are considered,
they are well indexed by an unstable monoclinic form of
N,0, (B-N,0,) (Refs. 25 and 26) with unit-cell parameters
a=5.851(8) A, b=4.622(7) A, ¢=6.298(8) A, and B
=116.5(1)°. The fact that this phase exists only in the x-ray-
beam mark area after a long exposure time and disappears
with a slight increase in pressure from 1.7 to 2.0 GPa [Fig.
2(b)] further confirms that it is a metastable form either from
the intermediate reaction process or induced by the excess
exposure of the sample to an intense x-ray beam.

The observed ionic-phase formation from atomic nitrogen
and oxygen at a pressure as low as 0.5 GPa indicates that the
ionic phase, instead of its parallel molecular forms, is the
thermodynamically stable phase at low pressures. Comparing
the densities for NO,"NO;~ plus 0.25N, and the molecular
N,O, phases at the same pressure, we estimate that the
NO,"™NO;" plus 0.25N, system is about 5% and 6% denser
than the corresponding a-N,O, and B-N,0,, respectively.
This implies that the formation of the ionic phase has a lower
free energy. The formation of this phase only from nitrogen
and oxygen radicals is indicative of a substantially high ac-
tivation barrier for the transition from a molecular to an ionic
phase. As a consequence, when the gas phase of N,O, is
cryogenically loaded into a diamond-anvil cell,!! the molecu-
lar structure persists and the high-pressure solid phase retains
the structure of a molecular compound.

A remarkable feature of nitrogen-oxide chemistry is its
ability to form thermodynamically stable configurations of
atoms by decomposition. For example, at above 20 GPa and
1000 K, instead of transforming to a high-pressure phase of
N,O, the thermodynamically stable configuration of atoms
for a N,O composition is NO*NO;~ plus N,;” NO was found
to decompose to molecular phases of N,O, and N,O at low
temperatures.?” For the NO,*NO;~ phase of this study, it is
certainly an interesting question whether this atom configu-
ration is stable at elevated pressures, especially considering
that both N,O and N,O, compositions adapt a NO*NO,~
configuration at high pressures.

Increasing pressure slightly to 2.0 GPa, we found
NO,"™NO;™ becomes unstable and eventually decomposes to
an ionic NO*NO;~ phase that has not been previously de-
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TABLE I. Refined atomic position and unit-cell parameters for the high-pressure monoclinic phase of

NO*NO;™ at 1.7 GPa.
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Atom Position X y Z
NO* N1 2e 0.1757(10) 0.2500 0.0358(14)
0O1 2e 0.4450(11) 0.2500 0.1587(10)
NO;~ N2 2e 0.2690(14) 0.2500 0.5353(10)
02 2e 0.4997(10) 0.2500 0.8038(10)
03 4f 0.1750(9) 0.0370(5) 0.4058(7)
Space group: P2,/m, Z=2

R,,=0.012
Unit-cell parameters:
a=5.5594(8) A, b=5.1169(7) A, ¢=6.8214(9) A,

B=136.635(7)°, and V=133.24(2) A3

scribed in the literature. In Fig. 2(b), we show Raman spec-
troscopy measurements at 2.0 GPa. Although NO,"NO;™ is
still the major phase, the spectra display a characteristic peak
for NO* at 2236.5 cm™!, indicating an instability of the
NO,"™NO,™ phase. To facilitate the transition, we further ex-
posed the sample to a 10.2 keV x-ray radiation for 12 h. As
shown in Fig. 1(b), the sample displays evident changes in
color and texture, accompanied by a slight pressure drop
from 2.0 to 1.7 GPa. Raman measurements conducted on the
sample shown in Fig. 2(c) clearly reveal the formation of an
ionic phase NO*NO,~, with the strong NO* peak at
2235.4 cm™! and the complete disappearance of the v, and v,
fundamentals of NO,*. The NO;~ fundamental modes at
716.5 cm™" (vy), 820.1 cm™ (v,), and 1050.6 cm™ (v,), are
slightly different in positions from those in NO,"NO;". The
formation of NO*NO,™ is also accompanied by the disap-
pearance of the N-N stretch mode, consistent with a reaction
of the nitrogen with the oxygen from the NO,"NO;~ decom-
position. The observed Raman lines of NO*NO;™ are in rea-
sonable agreement with the NO,;~ fundamental modes at
715.8 ecm™!, 819.9 cm™', and 1052.5 cm™!, and the NO* peak
at 2234.0 cm™!, predicted for 1.7 GPa from the previous
spectroscopy studies of the high-pressure NO*NO,~ phase
formed by CO, infrared laser heating of N,O and N,O, to
1000-2000 K under high pressures of 10—30 GPa.”? How-
ever, in contrast to the previously suggested amorphous
state,® our x-ray-diffraction study shows a well-formed crys-
talline phase of NO*NO;™.

The diffraction pattern of NO*NO,™ is markedly different
from that of the hexagonal NO,"NO,™ (Fig. 3), and can be
best indexed by a monoclinic unit cell with a=5.5594(8) A,
b=5.1169(7) A, c=6.8214(9) A, B=136.635(7)°, and V
=133.24(2) A3 at 1.7 GPa. Further structural analysis yields
a crystal structure described by a centrosymmetric space
group P2;/m with two NO*NO;™ per unit cell and nitrogen
and oxygen atoms occupying special 2e and general 4f po-
sitions (Table I). Rietveld refinement of the structure shows
good agreement between the observed and the calculated
x-ray diffraction-patterns [Fig. 3(b)] with R,,,=0.012.

An interesting feature of the NO*NO,™ structure is that
the planar NO,~ anions form layers stacking in the a-axis
direction (Fig. 4) with NO* cations located between NO,~

groups within the layers and the NO* bond at a near 60°
angle from the NO;~ plane. Such a structure usually pos-
sesses anisotropic structural and elastic properties with weak
interlayer interaction, which provides the opportunity for
new material formation by adding metal atoms or organic
radicals between the layers.?® Furthermore, it may be prone
to framework structure formation with further compression
and to phase transitions induced by rotation disorder at suf-
ficiently high temperatures.”’ The density values of the two
ionic phases NO,"NO,;~ and NO*NO,~ are comparable,
2.30 g/cm® and 2.294 g/cm?, at the transition pressure, sug-
gesting the decomposition transition from NO,"NO;~ to
NO*NO;™ is driven by the formation of stronger chemical
bonding at high pressure. Being isoelectronic with N,, NO*
has a bond order of 3 and the shortest bond distance among
the nitrogen oxide species; accordingly, it is a more stable
configuration than NO,". As a consequence of replacing the
symmetric NO," with a nonsymmetric NO* unit, it is ex-
pected that the overall structure symmetry of NO*NO;™ is
lower than that for the hexagonal NO,"NO," structure.

In conclusion, the x-ray photon-induced dissociation of
N, and O, molecules and the synthesis of the nitrogen-oxide
phase under pressure lead to new findings. First, we demon-
strate that, without or with reduced kinetic barrier, nitrogen
and oxygen form ionic compounds instead of the expected
molecular phases at a low-pressure region. More importantly,
the high-quality x-ray-diffraction data reveals a new
nitrogen-oxide phase with an interesting layered monoclinic
structure of NO* and NO;™ ions; the structural characteriza-
tion provides the basis for future theoretical studies of
nitrogen-oxide phases at high pressure. Furthermore, the
x-ray photon-induced reaction of N, and O, offers a unique
way to study nitrogen-oxide materials at high pressure,
avoiding potential issues of ion disordering at high tempera-
ture and the data quality degradation by IR laser heating.
These findings provide new insight into the nature of
nitrogen-oxygen bonding under pressure and open new re-
search areas of low-z and molecular systems at high pressure
relating to kinetics, x-ray photon-radiation effects, and its
application in new material synthesis.
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