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Phase diagram of nitrous oxide: Analogy with carbon dioxide
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We present the phase diagram for nitrous oxidg@Nderived fromin situ high pressure and temperature
Raman and x-ray diffraction studies. Two new phaskand V) are discovered above 600 K between 18 and
50 GPa; both are quenchable to ambient temperature. The crystal structures and stability figldgpbabes
are similar to those of CObelow 50 GPa and 800 K. However, we found subtle differences in their physical
properties and crystal structures, indicating an increased disgaritionicity) between N—N and N—O
bonds in bent BIO-1V (Pbcn. The present results thus explain the divergence observed at higher pressures and
temperatures; pD disproportionates into ionic NONO;~ and N,, whereas C@polymerizes into an extended
covalent solid.
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INTRODUCTION This calculation fails to account for the stability of the bent
phase IV (Pbcn and, instead, suggests that a molecular
The phase stability of simple molecular solids is generallyCmca structure occupies the entire stability field of phase
predicated on a well-defined separation in energy scale bdV.’ This description advocates an extended stability domain
tween strong intramolecular interactions, and relatively weakfor molecular CQ and seems to imply that the molecular-to-
intermolecular bonds. At higher densities, however, this ennonmolecular transition occurs abruptly at the interface be-
ergy separation begins to break down, as rapid gains in eletween phases IIl and V.
tron kinetic energy result in increased repulsive intermolecu- The phase diagram of nitrous oxide (D)) offers the ideal
lar interactions. This results in structural phase transitions téemplate to resolve this disagreement; £dd N,O are iso-
configurations with softer potentials and more delocalizecelectronic, linear triatomics with similar molecular weights,
electrons. Electron delocalization can occur along differentnelting temperatures, and quadrupole moments. Although
paths, leading to nonmolecular phases: covalently bondeN,O has no inversion symmetry, it has been shown to reso-
polymers in N and CQ,? a charge transferred solid in nate between two bonding configurations with opposing di-
H,,% metallic phases in 9% or an ionic solid in NO.>® pole moments: N=N"=0 and N=N"=0".1% As a re-
While pressure-induced electron delocalization explainsult, the net dipole moment of nitrous oxide is negligible
qualitatively the molecular-to-nonmolecular phase transitioncompared to its substantial quadrupole montéft.in the
recent studigs® show that, because of the existence of inter-absence of dipole ordering,,® molecules are oriented ran-
mediate phases, metastability, kinetics, and lattice strain, théomly and crystallize in the same configurations as, ®
detailed mechanisms of delocalization are substantially comas phase IPa3) at 1 GPa and phase I{Cmca above~5
plex. The phase diagram of GQas reproduced in Fig. 4is
a good example showing such complexity. For examiple, 2000 ' ' ' ' ' T vP222)
situ high pressure and temperature experimemts CO, _ \/pm@’__
show that molecular phase P&3) is only stable within a
limited range of pressure$<ll GPa and temperatures 1500 4
(<500 K) and that, at higher pressures and temperatures, <
transforms into molecular configurations with more itinerant~ I
electrons: first to pseudo-sixfold-coordinated phase 112 Liquid /g1 (Cmca)
(P4, /mnmor Pnnm and bent phase I\Pbcnor P4,2,2), ‘g 1000 L N
both with elongated molecular bonds and compressed inte & "IV (Pbcn)

molecular distances, and finally to a fully extended phase \ & It (P4,/mnm)

(P2,2:2,), made of fourfold-coordinated carbon atoms. e
These experimental results suggest that the electron delocd= 500 | _ - li(P4/mnm) d
ization occurs gradually, via intermediate phadéslV, and

Il to an extenj to a fully extended covalent soli¢l/). The I (Pa3) Il (Cmca)

formation of intermediary phases lowers the barrier to break

ing the strong €O molecular double bonds to form singly Y@ 2 = @ %
bonded tetrahedral CGstructures. Pressure (GPa)

Recent total energy calculations of €Chowever, paint a
different picture, asserting that the high pressure, “interme- FIG. 1. (Color Phase diagram of Cas previously determined
diate” phases may be strictly molecular and have entirelyin the experiments in bladkeproduced from Ref.)7and theoretical
different phase stabilities as reproduced in Fig. 1 in%ed. calculations in redfrom Ref. 9.
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FIG. 2. (Color online Phase transformation diagram of®l
Each data point represents a pressure-temperature coordinate whéhe R; luminescence line from micrometer-sized ruby
the phase transformation was observed. The phase boundaries wgil ,O5:Cr?*) chips placed in the sample and the standard
constructed by connecting these data points. The chemical changhjigh temperature-pressure calibration cuty8ince the ruby
of N,O above the dotted line are based on the work previouslyuminescence broadens significantly at high temperatures, we

reported in Ref. 6.
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pare their properties with those of the corresponding, CO

phases; we find subtle differences in properties and crystal
structure accounting for the diverging delocalization paths
for the two isoelectronic molecules.

EXPERIMENTAL METHODS

Liquid nitrous oxide samples were loaded cryogenically
into diamond anvil cellsDACs) by compressing 99.99%
pure N,O gas to 10 bars at 233 K in a home-built autoclave.
The loading vessel was purged with dry@l gas prior to
loading, in order to avoid sample contamination. Fositu
heating experiments, we used electric coil heaters wrapped
around the DAC to achieve temperatures typically up to 750
K. The temperature of the sample was continuously moni-
tored during experiments by usingkatype thermocouple in
contact with one of the anvils. We estimate the error in tem-
perature to be less than 10 K. Pressure was determined using

estimate the error in pressure to be up to 10% at 750 K.
The samples were monitored visually during experiments

GPa. However, the one-to-one phase analogy between CQ@sing a microscope equipped with a charge-coupled device
and N,O breaks down dramatically at higher pressures andCCD) camera. Raman spectra were measured using the
temperatures. Above 35 GPa and 1000 K,,Cforms an
extended network solid based on g@trahedrd, whereas
N,O disproportionates to form an ionic solid NBO;~ and

N,.5®

514.5 nm line of an Af laser and a SPEX triple grating
monochromator equipped with a CCD detector. Angle-
resolved powder x-ray diffraction data of,8 phases were
obtained by using focused monochromatic x ray from the

In this paper, we report the discovery of two new phasediigh Pressure Collaborating Access Te@rPCAT) beam-
of N,O (labeled Il and IV in analogy with C§) and com-

line at the Advanced Photon Sour¢aPS, \=0.3738 A)

A ¥ 12500
| 1356Pd 135 GPa i
\A {2400
12300 FIG. 3. (Color online Raman
| v, ] 1300 spectra of NO-III at high pres-
A 65 GPa sures. Note that pO-lll shows
. aa “-; relatively sharp Raman features
v, & S and remains transparent even at
65 GPa ~ 112008 135 GPa. The separation between
B i § the external and internal modes is
v - apparent to well above 100 GPa,
3 V2 Z indicating a strong molecular na-
I | ’M&%&&Bmf 600> ture of N,O-lIl. This behavior of
v, 16 GPa ’ -l 7 N,O-lll is in contrast to that of
L I.X Dumjgﬂﬂﬁ 500 _COZ-III. The v} pand emerges
= gd M‘ into the strong diamond Raman
16 GPa - = 1400 band above 70 GPa.
N L f. i 4300
2 /D
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FIG. 4. (Color) Raman spectra and microphotographs of high pressure and temperature phagesmebisured in a heated DAC. The
one-to-one correlation with the GhasegRef. 7) is apparent especially in the external lattice modes, suggesting largely similar configu-
rations for the corresponding phases.

and Stanford Synchrotron Radiation Laborat¢8SRL, N contrast, we reported that the Raman spectrum of-@Os
=0.6199 A). A series of Debye-Sherrer diffraction rings smeared considerably with pressure and becomes completely
were recorded betweeng2Z5° and 35° on high-resolution washed out above-80 GPa’ This was attributed to an un-
image plateMAR345 at the HPCAT and Fuji BAS2500 at ysyally large lattice strain in C@III, evident from its high

the SSRI. TheFiT2p progrant® was then employed to con- bk modulus(~80 GPa and large pressure gradient within
vert the two-dimensional2D) image-plate records into 1D samples~100 GPa/mm at 50 GPA Note that the broaden-
data fo_r structuraﬁl refinement by using the General Structurﬁ1g of Raman lines in BD is substantially less pronounced
Analysis Systent. even at 135 GP&Fig. 3), suggesting that pO-1l supports a
considerably smaller amount of lattice strain than,a.

This result is also consistent with a relatively soft bulk

Figure 2 summarizes the results of the present experimodulus of NO-IIl (11-20 GPa®
ments in the form of a phase transformation diagram. The Above ~600 K, we observe two new D phaselabeled
Raman spectra of phases | and Ill were previously describel and IV in Fig. 2). Phase |l stabilizes above 23 GPa in a
to 40 GPa at ambient temperatdfdn the present study, we relatively narrow temperature range of 10-30 K. Phase 1V,
extended those studies to 135 GPa and found that phase bh the other hand, is obtained by heating either phase Il
remains stable in this entire pressure range at 300 K as illudelow 23 GPa, or phase Il at higher pressures. These trans-
trated in Fig. 3. The sample also appears to be transparefarmations can be readily observed by abrupt changes in the
even at 135 GPa. Note that the external lattice modes anrdsual appearance of the sample and in the Raman spectrum
well separated from the internal vibration modes to well(Fig. 4). Note that, because of the absence of inversion sym-
above 100 GPa, and no softening of modes is apparent tmetry in N,O, the bending #,) and asymmetric stretching
135 GPa, the maximum pressure applied in this study(v;) internal modes are always Raman active. However, we
Clearly, it indicates a strong molecular nature giNIII. In find that the relative intensity af, continuously increases in

RESULTS AND DISCUSSION
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N,O-IV with increasing pressures. We attribute the intensityoetween the two phases. Because of the relatively narrow
enhancement im, to the bending of BO moleculegsimilar ~ pressure-temperature stability field ob®HI, we were un-
to the bending observed in GAV), also evident from the able to obtain a high quality, single-phase diffraction pattern
x-ray data which will be shown later in Figs. 6 and 7. of this polymorph. High quality diffraction patterns, how-
Both high temperature phases Il and IV are quenchable téver, were obtained from JO-IIl and IV (Fig. 6). The pat-
room temperature even under relatively slow cooling oveiterns appear to be similar to those of the corresponding CO
several hours. At 300 K, both quenched phases remain stabhases, with subtle—but notable—differences. The diffrac-
on decompression down te’5 GPa where they transform tion pattern of NO-Ill at 5 GPa and ambient temperature
back to NO-I. Upon compression, the quenched phase Ivcan be interpreted in terms of an orthorhomB@imca unit
shows high stability well above 100 GPa, bypassing the encell with a=4.987(1) A, b=4.533(1) A, and c
tire stability field of phase Ill. The quenched phase IV also=6.220(1) A with a few exceptions: two peakd10) and
retains its relatively sharp Raman characteristic spectrum rd110) violating ac center and a peakl02) violating a glide
markably well even at 75 GPéhown in Fig. 5, noting  along thec axis. The limited number of reflections observed,
another apparent difference from €Orhe Raman spectrum however, preclude any further refinement for any primitive
of quenched C@IV, for example, completely disappears cell with four orientation-ordered molecules. In th3nca
above 70 GPa, indicating the transformation to a covalently
bonded amorphous solidThese differences in phases IV
and the above-mentioned Il clearly indicate that, upon com-
pression, C@molecules develop substantially stronger inter- I 5GPa, 300K
molecular bondgor more pronounced electron delocaliza- l g N,O-ll (Cmca)
tion) than N,O. | -
Note in Fig. 2 that NO-II can be obtained only by heating
phase Ill above 20 GPa, similarly to GO in Fig. 1. How-

— 010
— 110
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ever, the stability field of BIO-11 is substantially narrower in 30GPa, 570K
temperature than that of GAI. This permits NO-II to - N,O-IV (Pben)
transform directly into NO-1V between 6 and 20 GPa. This, 1 A ‘ o e &
again, is different from C@, for which phase I is |Ik6|y | ] ] |ﬁ—|| NI T (AT
metastable and its direct transformation to phase IV is for- 3 ' 10 2é 0 15 ' 20

bidden kinetically® Nevertheless, a relatively small tem-

perature dependence of the Il to Il phase boundary still g g (Color onling X-ray diffraction patterns ofa) N,O-Ill
points to the presence of a large kinetic barrier and thus to fcmcea at 5 GPa and 300 K an) N,O-IV (Pbcn at 30 GPa and
large disparity between the inter- and intramolecular bonding7o K, after removing featureless backgrounds. The experimental
of phases Il and 1. data are indicated in symbols, the Rietveld refined results in lines,

The crystal structures of phase Ill and 1V, as determinedind thehkl reflections in vertical bars. CorrespondiRdactors are
from angle-resolved x-ray diffraction, also indicate sharp dif-r,,,=0.0300, R(F?=0.2776 for NO-Ill and R,,=0.01 and
ferences in intermolecular interaction and chemical bondingr(F?)=0.2724 for NO-IV.
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FIG. 7. (Color onling Crystal structures dfa)
disordered MNO-IV (Pbcn and (b) ordered
N,O-IV (Pbcm at 30 GPa and 570 K. In both
models, the BNO molecules are bent and the cen-
ter N atoms occupy the fcc sites. The ordered
structure displays a significant disparity between
N—N and N—O bond lengths; this increased
ionicity in phase IV facilitates the ionic dispro-
portionation of NO previously observed at
higher pressures and temperatufBefs. 5 and
6).

¢

€ %

(") Oxygen @ Nitrogen (center) (@ Nitrogen (end)
structure, the center N atom is at the origin and the end Nof single bonds. Note that the average distance-efMNand
and O atoms are a0 0.28114) 0.39793)), respectively. N_—O is approximately same as that of tRecnmentioned
NoO molecules remain linear with an average=lD and  ahove. Furthermore, in this model the nearest neighbor of the
N=N distance of 1.17@) A and a nearest (¢entei---ON)  center N is the end N at 2.356B A and the end N to the

intermolecular distance of 2.843 A. Note that the intermo- next neighboring end N distance is 2.2787A, revealing a

lecular distance is about 2.4 times the intramolecular d'séhannel for the disproportionation of ,® molecules into

tance, a substa_ntially greate_r d_isp_arity than that of,-@O NO—NO; and N, as previously observetf
(~2.0 timeg. This result, again, indicates a stronger molecu-

lar character for BO-IIl compared to C&-II.
The systematic absence of peaks in the diffraction pattern
of N,O-IV at 30 GPa and 570 KFig. 6) is consistent with an SUMMARY

orthorhombic Pben unit cell with a=4.2356(6) A, b The phase transformation diagrams in Figs. 1 and 2 al-
=5.9825(10) A, andt=4.2232(13) A. The best diffraction |ows us to compare the stabilities and properties of, @ad

profile refinement yields the center N € 0.2581) 0.29 N0 phases over a wide range of pressures and temperatures.
and the end site N/O 40.2431) 0.3491) 0.4151)). In this Although the phase diagram of,0 is similar to that of

orientation-disordered modgFig. #a)], the average in- CO,, with isostructural polymorphs, the present study re-
tramolecular bond distance is 1.380) substantially elon- . . )

ated from that of MO-IIl, and the intermolecular distance veals several important differenceg) N,O-Ill is more mo-
g ' lecular in nature than C@IIl. (2) N,O-1V is more ionic than

is 1.8915) A, substantially shorter than that of,®-lII. o :
Similarly to CO-IV, N,O molecules are bent with CO,-IV. (3) N2O ionizes whereas COpolymerizes. The

N—N—O angle of 131.8)°. close phase parallelism is maintai.ned mgiqu .in a molecular
The crystal structure of )O-IV shows an important dif- regime where electrons are Ioca_hzed within mt_ramolecular
ference from that of C@IV. That is, the center nitrogen P0nds and quadrupole interactions are dominant. Upon
atoms in NO-IV occupy the face-centered-cubiicc) sites ~ Preaking or weakening of &0 (C=0) bonds, the differ-
[Fig. 7(@]; whereas the carbon atoms in GO/ deviate €ntnature of carbon and nitrogen enhances the ionic charac-
from the fcc packing and form zigzag chains. This differenceter in N;O phases and eventually leads to ionization gON
results in a perfect layer structure and a relatively large bendeither to NO'NO; ™ and N, or to dissociation to Bland Q.
ing angle 132° in NO, but in a large buckling of CQlayers  In contrast, in C@-1V, higher covalency and stiffer intermo-
and a substantially smaller bending angle 170° in,C®/e  lecular bonds lead to the formation of a fully extended cova-
consider the reason for the divergence to be due to the difent solid, CQ-V.
ference in ionicity(or covalency between NO and CQ. To While the existence and stability of bent &@O/ and
examine this hypothesis, we have refined the x-ray diffracN,O-IV are apparent in the present and previous
tion pattern of NO-IV based on an ordered model. Although experiments, theoretical descriptions of such phases face
not unique'® a reasonable solution was foundRbcmwith  challenges. Considering that transformation kinetics plays
a=4.231(2) A,b=5.987(2) A, andc=4.237(1) A. This an important role in determining the phase stability of both
ordered crystal structure exhibits a large disparity betweeiN,O and CQ (and very likely other molecular compounds
N—N [0.961%3) A] and N—O [1.512a5) A] bonds[see any calculation aiming to predict their phase stabilitiesst
Fig. 7(b)] and, thus, suggests a relatively high level of ion-include molecular dynamics simulations of a large number of
icity in N,O-IV. This N—N distance represents nearly that structural configurations and reaction paths in addition to the
of N=N triple bonds and the N-O distance is close to that minimum energy calculations.

064106-5



IOTA, PARK, AND YOO PHYSICAL REVIEW B 69, 064106 (2004

ACKNOWLEDGMENTS University of Hawaii, the University of Nevada—Las Vegas,

We thank Dr. Baer, Dr. Cynn, Dr. Evans, Dr. Lipp, and and the Carnegie/DOE Alliance Cent@DAC). We thank _
Mr. Visbeck of the High Pressure Physics Group at thethe .HPCAT staff,_ Dr. So_mayazu_lu and Dr. Hausermann in
LLNL, for their experimental assistance. The x-ray eXperi_partlcular, for their technical assistance. The work has been
ments were done at the 16ID-B beamline of the HPCAT atuPported by the LDRD and PDRP programs at the LLNL,

the APS. The HPCAT is a collaboration among the Camegié,lniversity of California under the auspices of the U.S. DOE
Institution, the Lawrence Livermore National Laboratory, theunder Contract No. W-7405-ENG-48.

1A. F. Goncharov, E. Gregoriantz, H. K. Mao, Z. Liu, and R. J. 10, Pauling, Nature of the Chemical Bon@Cornell University

Hemley, Phys. Rev. LetB5, 1262(2000. Press, Ithaca, NY, 1940
2V, lota, C. S. Yoo, and H. Cynn, Scien@83 1510(1998. 1B, Kuchta and R. D. Etters, J. Chem. Phg§, 5399(1991).
3R. J. Hemley, Z. G. Soos, M. Hanfland, and H. K. Mao, Nature?p E. Stogryn and A. P. Stogryn, Mol. Phykl, 371 (1966.
(London 369, 384 (1994. B3R, L. Mills, B. Olinger, D. T. Cromer, and R. LeSar, J. Chem.
4G. Weck, P. Loubeyre, and R. LeToullec, Phys. Rev. L&8, Phys.95, 5392(1991).
 035504(2002. . 143, Yen and M. Nicol, J. Appl. Phy§.2, 5535(1992.
M. Somayqzulu, A. Madduri, A. F. Goncharov, O. Tschauner, andisp  p Hemmersley, ESRF Report No. 98HAOLT, 19@ipub-
P. F. McMillan, Phys. Rev. Let87, 135504(2001). lished.

6C. S. Yoo, V. lota, H. Cynn, M. Nicol, T. Le Bihan, and M.
Mezouar, J. Phys. Chemi07, 5922 (2003.

"Please see our previous studies V. letal., Phys. Rev. Lett83,
5527(1999; 86, 5922(2001); 86, 444(2001); Phys. Rev. B55,
104145(2002; (to be publishef

16a. C. Larson and R. B. von Dreele, Los Alamos National Labo-
ratory Report No. LAUR 86-748, 199%npublishedl

17H. Olijnyk, H. Daufer, M. Rubly, H.-J. JodI, and H. D. Hochhe-
imer, J. Chem. Phy€3, 45 (1990.

8M. L. Erements, R. J. Russell, H. K. Mao, and E. Gregoryanz,18An equally gqod fit is obtained by using an orderédllzlz
Nature(London 411, 170(2001). structure. This alternate model shows oqu mlqor d!fferences

°S. Bonev, G. Galli, and F. Gygi, Phys. Rev. Ledtl, 065501 from the Pbcmand hence all subsequent discussions in the text

(2003. hold.

064106-6



