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Phase diagram of nitrous oxide: Analogy with carbon dioxide

V. Iota, J-H. Park, and C. S. Yoo
Lawrence Livermore National Laboratory, Livermore, California 94551, USA

~Received 10 September 2003; published 18 February 2004!

We present the phase diagram for nitrous oxide (N2O) derived fromin situ high pressure and temperature
Raman and x-ray diffraction studies. Two new phases~II and IV! are discovered above 600 K between 18 and
50 GPa; both are quenchable to ambient temperature. The crystal structures and stability fields of N2O phases
are similar to those of CO2 below 50 GPa and 800 K. However, we found subtle differences in their physical
properties and crystal structures, indicating an increased disparity~or ionicity! between NuN and NuO
bonds in bent N2O-IV ~Pbcn!. The present results thus explain the divergence observed at higher pressures and
temperatures; N2O disproportionates into ionic NO1NO3

2 and N2 , whereas CO2 polymerizes into an extended
covalent solid.

DOI: 10.1103/PhysRevB.69.064106 PACS number~s!: 64.70.Kb, 62.50.1p, 71.15.Nc, 81.05.2t
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INTRODUCTION

The phase stability of simple molecular solids is genera
predicated on a well-defined separation in energy scale
tween strong intramolecular interactions, and relatively we
intermolecular bonds. At higher densities, however, this
ergy separation begins to break down, as rapid gains in e
tron kinetic energy result in increased repulsive intermole
lar interactions. This results in structural phase transition
configurations with softer potentials and more delocaliz
electrons. Electron delocalization can occur along differ
paths, leading to nonmolecular phases: covalently bon
polymers in N2 and CO2,1,2 a charge transferred solid i
H2 ,3 metallic phases in O2,4 or an ionic solid in N2O.5,6

While pressure-induced electron delocalization expla
qualitatively the molecular-to-nonmolecular phase transiti
recent studies7,8 show that, because of the existence of int
mediate phases, metastability, kinetics, and lattice strain,
detailed mechanisms of delocalization are substantially c
plex. The phase diagram of CO2, as reproduced in Fig. 1,7 is
a good example showing such complexity. For examplein
situ high pressure and temperature experiments7 of CO2
show that molecular phase I (Pa3) is only stable within a
limited range of pressures~,11 GPa! and temperatures
~,500 K! and that, at higher pressures and temperature
transforms into molecular configurations with more itinera
electrons: first to pseudo-sixfold-coordinated phase
(P42 /mnmor Pnnm! and bent phase IV~Pbcnor P41212),
both with elongated molecular bonds and compressed in
molecular distances, and finally to a fully extended phas
(P212121), made of fourfold-coordinated carbon atom
These experimental results suggest that the electron del
ization occurs gradually, via intermediate phases~II, IV, and
III to an extent! to a fully extended covalent solid~V!. The
formation of intermediary phases lowers the barrier to bre
ing the strong CvO molecular double bonds to form sing
bonded tetrahedral CO4 structures.

Recent total energy calculations of CO2, however, paint a
different picture, asserting that the high pressure, ‘‘interm
diate’’ phases may be strictly molecular and have entir
different phase stabilities as reproduced in Fig. 1 in re9
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This calculation fails to account for the stability of the be
phase IV ~Pbcn! and, instead, suggests that a molecu
Cmca structure occupies the entire stability field of pha
IV.7 This description advocates an extended stability dom
for molecular CO2 and seems to imply that the molecular-to
nonmolecular transition occurs abruptly at the interface
tween phases III and V.

The phase diagram of nitrous oxide (N2O) offers the ideal
template to resolve this disagreement; CO2 and N2O are iso-
electronic, linear triatomics with similar molecular weight
melting temperatures, and quadrupole moments. Althou
N2O has no inversion symmetry, it has been shown to re
nate between two bonding configurations with opposing
pole moments:2NvN1

vO and NvN1
vO2.10 As a re-

sult, the net dipole moment of nitrous oxide is negligib
compared to its substantial quadrupole moment.11,12 In the
absence of dipole ordering, N2O molecules are oriented ran
domly and crystallize in the same configurations as CO2,13

as phase I (Pa3) at 1 GPa and phase III~Cmca! above;5

FIG. 1. ~Color! Phase diagram of CO2 as previously determined
in the experiments in black~reproduced from Ref. 7! and theoretical
calculations in red~from Ref. 9!.
©2004 The American Physical Society06-1
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GPa. However, the one-to-one phase analogy between2
and N2O breaks down dramatically at higher pressures
temperatures. Above 35 GPa and 1000 K, CO2 forms an
extended network solid based on CO4 tetrahedra,7 whereas
N2O disproportionates to form an ionic solid NO1NO3

2 and
N2.5,6

In this paper, we report the discovery of two new pha
of N2O ~labeled II and IV in analogy with CO2) and com-

FIG. 2. ~Color online! Phase transformation diagram of N2O.
Each data point represents a pressure-temperature coordinate
the phase transformation was observed. The phase boundaries
constructed by connecting these data points. The chemical cha
of N2O above the dotted line are based on the work previou
reported in Ref. 6.
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pare their properties with those of the corresponding C2
phases; we find subtle differences in properties and cry
structure accounting for the diverging delocalization pa
for the two isoelectronic molecules.

EXPERIMENTAL METHODS

Liquid nitrous oxide samples were loaded cryogenica
into diamond anvil cells~DACs! by compressing 99.99%
pure N2O gas to 10 bars at 233 K in a home-built autoclav
The loading vessel was purged with dry N2O gas prior to
loading, in order to avoid sample contamination. Forin situ
heating experiments, we used electric coil heaters wrap
around the DAC to achieve temperatures typically up to 7
K. The temperature of the sample was continuously mo
tored during experiments by using aK-type thermocouple in
contact with one of the anvils. We estimate the error in te
perature to be less than 10 K. Pressure was determined u
the R1 luminescence line from micrometer-sized rub
(Al2O3 :Cr21) chips placed in the sample and the stand
high temperature-pressure calibration curve.14 Since the ruby
luminescence broadens significantly at high temperatures
estimate the error in pressure to be up to 10% at 750 K.

The samples were monitored visually during experime
using a microscope equipped with a charge-coupled de
~CCD! camera. Raman spectra were measured using
514.5 nm line of an Ar1 laser and a SPEX triple gratin
monochromator equipped with a CCD detector. Ang
resolved powder x-ray diffraction data of N2O phases were
obtained by using focused monochromatic x ray from
High Pressure Collaborating Access Team~HPCAT! beam-
line at the Advanced Photon Source~APS, l50.3738 Å)
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FIG. 3. ~Color online! Raman
spectra of N2O-III at high pres-
sures. Note that N2O-III shows
relatively sharp Raman feature
and remains transparent even
135 GPa. The separation betwee
the external and internal modes
apparent to well above 100 GPa
indicating a strong molecular na
ture of N2O-III. This behavior of
N2O-III is in contrast to that of
CO2-III. The n18 band emerges
into the strong diamond Rama
band above 70 GPa.
6-2
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PHASE DIAGRAM OF NITROUS OXIDE: ANALOGY . . . PHYSICAL REVIEW B69, 064106 ~2004!
FIG. 4. ~Color! Raman spectra and microphotographs of high pressure and temperature phases of N2O, measured in a heated DAC. Th
one-to-one correlation with the CO2 phases~Ref. 7! is apparent especially in the external lattice modes, suggesting largely similar con
rations for the corresponding phases.
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and Stanford Synchrotron Radiation Laboratory~SSRL, l
50.6199 Å). A series of Debye-Sherrer diffraction rin
were recorded between 2u55° and 35° on high-resolution
image plates~MAR345 at the HPCAT and Fuji BAS2500 a
the SSRL!. TheFIT2D program15 was then employed to con
vert the two-dimensional~2D! image-plate records into 1D
data for structural refinement by using the General Struc
Analysis System.16

RESULTS AND DISCUSSION

Figure 2 summarizes the results of the present exp
ments in the form of a phase transformation diagram. T
Raman spectra of phases I and III were previously descr
to 40 GPa at ambient temperature.17 In the present study, we
extended those studies to 135 GPa and found that phas
remains stable in this entire pressure range at 300 K as i
trated in Fig. 3. The sample also appears to be transpa
even at 135 GPa. Note that the external lattice modes
well separated from the internal vibration modes to w
above 100 GPa, and no softening of modes is apparen
135 GPa, the maximum pressure applied in this stu
Clearly, it indicates a strong molecular nature of N2O-III. In
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contrast, we reported that the Raman spectrum of CO2-III is
smeared considerably with pressure and becomes compl
washed out above;80 GPa.7 This was attributed to an un
usually large lattice strain in CO2-III, evident from its high
bulk modulus~;80 GPa! and large pressure gradient with
samples~;100 GPa/mm at 50 GPa!.7 Note that the broaden
ing of Raman lines in N2O is substantially less pronounce
even at 135 GPa~Fig. 3!, suggesting that N2O-III supports a
considerably smaller amount of lattice strain than CO2-III.
This result is also consistent with a relatively soft bu
modulus of N2O-III ~11–20 GPa!.6

Above;600 K, we observe two new N2O phase~labeled
II and IV in Fig. 2!. Phase II stabilizes above 23 GPa in
relatively narrow temperature range of 10–30 K. Phase
on the other hand, is obtained by heating either phase
below 23 GPa, or phase II at higher pressures. These tr
formations can be readily observed by abrupt changes in
visual appearance of the sample and in the Raman spec
~Fig. 4!. Note that, because of the absence of inversion s
metry in N2O, the bending (n2) and asymmetric stretching
(n3) internal modes are always Raman active. However,
find that the relative intensity ofn2 continuously increases in
6-3
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FIG. 5. ~Color online! Raman
spectra of quenched N2O-IV at
high pressures, showing relativel
sharp Raman features to 75 GP
This is in contrast to CO2-IV,
whose Raman spectra are entire
smeared out above 70 GPa. Th
n3 asymmetric internal mode is
split into four components in
phase IV, indicating a lower sym
metry crystal structure consisten
with four bent N2O molecules in a
primitive unit cell found in x-ray
studies~see Fig. 6!.
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N2O-IV with increasing pressures. We attribute the intens
enhancement inn2 to the bending of N2O molecules~similar
to the bending observed in CO2-IV), also evident from the
x-ray data which will be shown later in Figs. 6 and 7.

Both high temperature phases II and IV are quenchabl
room temperature even under relatively slow cooling o
several hours. At 300 K, both quenched phases remain s
on decompression down to;5 GPa where they transform
back to N2O-I. Upon compression, the quenched phase
shows high stability well above 100 GPa, bypassing the
tire stability field of phase III. The quenched phase IV a
retains its relatively sharp Raman characteristic spectrum
markably well even at 75 GPa~shown in Fig. 5!, noting
another apparent difference from CO2. The Raman spectrum
of quenched CO2-IV, for example, completely disappea
above 70 GPa, indicating the transformation to a covale
bonded amorphous solid.7 These differences in phases I
and the above-mentioned III clearly indicate that, upon co
pression, CO2 molecules develop substantially stronger int
molecular bonds~or more pronounced electron delocaliz
tion! than N2O.

Note in Fig. 2 that N2O-II can be obtained only by heatin
phase III above 20 GPa, similarly to CO2-II in Fig. 1. How-
ever, the stability field of N2O-II is substantially narrower in
temperature than that of CO2-II. This permits N2O-II to
transform directly into N2O-IV between 6 and 20 GPa. This
again, is different from CO2, for which phase III is likely
metastable and its direct transformation to phase IV is
bidden kinetically.7,9 Nevertheless, a relatively small tem
perature dependence of the III to II phase boundary
points to the presence of a large kinetic barrier and thus
large disparity between the inter- and intramolecular bond
of phases III and II.

The crystal structures of phase III and IV, as determin
from angle-resolved x-ray diffraction, also indicate sharp d
ferences in intermolecular interaction and chemical bond
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between the two phases. Because of the relatively nar
pressure-temperature stability field of N2O-II, we were un-
able to obtain a high quality, single-phase diffraction patte
of this polymorph. High quality diffraction patterns, how
ever, were obtained from N2O-III and IV ~Fig. 6!. The pat-
terns appear to be similar to those of the corresponding C2
phases, with subtle—but notable—differences. The diffr
tion pattern of N2O-III at 5 GPa and ambient temperatu
can be interpreted in terms of an orthorhombicCmca unit
cell with a54.987(1) Å, b54.533(1) Å, and c
56.220(1) Å with a few exceptions: two peaks~010! and
~110! violating ac center and a peak~102! violating a glide
along thec axis. The limited number of reflections observe
however, preclude any further refinement for any primiti
cell with four orientation-ordered molecules. In thisCmca

FIG. 6. ~Color online! X-ray diffraction patterns of~a! N2O-III
~Cmca! at 5 GPa and 300 K and~b! N2O-IV ~Pbcn! at 30 GPa and
570 K, after removing featureless backgrounds. The experime
data are indicated in symbols, the Rietveld refined results in lin
and thehkl reflections in vertical bars. CorrespondingR factors are
Rwp50.0300, R(F2)50.2776 for N2O-III and Rwp50.01 and
R(F2)50.2724 for N2O-IV.
6-4
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PHASE DIAGRAM OF NITROUS OXIDE: ANALOGY . . . PHYSICAL REVIEW B69, 064106 ~2004!
FIG. 7. ~Color online! Crystal structures of~a!
disordered N2O-IV ~Pbcn! and ~b! ordered
N2O-IV ~Pbcm! at 30 GPa and 570 K. In both
models, the N2O molecules are bent and the ce
ter N atoms occupy the fcc sites. The order
structure displays a significant disparity betwe
NuN and NuO bond lengths; this increase
ionicity in phase IV facilitates the ionic dispro
portionation of N2O previously observed a
higher pressures and temperatures~Refs. 5 and
6!.
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structure, the center N atom is at the origin and the end
and O atoms are at„0 0.2811~4! 0.3975~3!…, respectively.
N2O molecules remain linear with an average NvO and
NvN distance of 1.179~2! Å and a nearest N~center!¯O~N!
intermolecular distance of 2.842~2! Å. Note that the intermo-
lecular distance is about 2.4 times the intramolecular d
tance, a substantially greater disparity than that of CO2-III
~;2.0 times!. This result, again, indicates a stronger molec
lar character for N2O-III compared to CO2-III.

The systematic absence of peaks in the diffraction pat
of N2O-IV at 30 GPa and 570 K~Fig. 6! is consistent with an
orthorhombic Pbcn unit cell with a54.2356(6) Å, b
55.9825(10) Å, andc54.2232(13) Å. The best diffraction
profile refinement yields the center N at„0 0.256~1! 0.25…
and the end site N/O at„0.243~1! 0.349~1! 0.415~1!…. In this
orientation-disordered model@Fig. 7~a!#, the average in-
tramolecular bond distance is 1.360~4!, substantially elon-
gated from that of N2O-III, and the intermolecular distanc
is 1.891~5! Å, substantially shorter than that of N2O-III.
Similarly to CO2-IV, N2O molecules are bent with
NuNuO angle of 131.8~9!°.

The crystal structure of N2O-IV shows an important dif-
ference from that of CO2-IV. That is, the center nitrogen
atoms in N2O-IV occupy the face-centered-cubic~fcc! sites
@Fig. 7~a!#; whereas the carbon atoms in CO2-IV deviate
from the fcc packing and form zigzag chains. This differen
results in a perfect layer structure and a relatively large be
ing angle 132° in N2O, but in a large buckling of CO2 layers
and a substantially smaller bending angle 170° in CO2. We
consider the reason for the divergence to be due to the
ference in ionicity~or covalency! between N2O and CO2. To
examine this hypothesis, we have refined the x-ray diffr
tion pattern of N2O-IV based on an ordered model. Althoug
not unique,18 a reasonable solution was found inPbcmwith
a54.231(2) Å, b55.987(2) Å, andc54.237(1) Å. This
ordered crystal structure exhibits a large disparity betw
NuN @0.9615~3! Å# and NuO @1.5120~5! Å# bonds@see
Fig. 7~b!# and, thus, suggests a relatively high level of io
icity in N2O-IV. This NuN distance represents nearly th
of NwN triple bonds and the NuO distance is close to tha
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of single bonds. Note that the average distance of NuN and
NuO is approximately same as that of thePbcnmentioned
above. Furthermore, in this model the nearest neighbor of
center N is the end N at 2.3566~3! Å and the end N to the
next neighboring end N distance is 2.2787~3! Å, revealing a
channel for the disproportionation of N2O molecules into
NOuNO3 and N2 as previously observed.5,6

SUMMARY

The phase transformation diagrams in Figs. 1 and 2
lows us to compare the stabilities and properties of CO2 and
N2O phases over a wide range of pressures and temperat
Although the phase diagram of N2O is similar to that of
CO2, with isostructural polymorphs, the present study
veals several important differences.~1! N2O-III is more mo-
lecular in nature than CO2-III. ~2! N2O-IV is more ionic than
CO2-IV. ~3! N2O ionizes whereas CO2 polymerizes. The
close phase parallelism is maintained mainly in a molecu
regime where electrons are localized within intramolecu
bonds and quadrupole interactions are dominant. U
breaking or weakening of NvO (CvO) bonds, the differ-
ent nature of carbon and nitrogen enhances the ionic cha
ter in N2O phases and eventually leads to ionization of N2O
either to NO1NO3

2 and N2 or to dissociation to N2 and O2.
In contrast, in CO2-IV, higher covalency and stiffer intermo
lecular bonds lead to the formation of a fully extended co
lent solid, CO2-V.

While the existence and stability of bent CO2-IV and
N2O-IV are apparent in the present and previo
experiments,7 theoretical descriptions of such phases fa
challenges.9 Considering that transformation kinetics pla
an important role in determining the phase stability of bo
N2O and CO2 ~and very likely other molecular compounds!,
any calculation aiming to predict their phase stabilitiesmust
include molecular dynamics simulations of a large numbe
structural configurations and reaction paths in addition to
minimum energy calculations.
6-5
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