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R6sumE - Nous avons d6termln@ le dlagranme de phase du monoxyde de carbone
pdr d!ffractlon des rayons X et spectroscope Raman, de 15 ii297 K et iides
presslons de 1.0 ~ 10.0 GPa, A basse temp~rature et au volslnage de 3.4
GPa, la phase connue a (groupe d’espace P213) se transform~ en une phase
nouvelle c (de structure Inconnue), au lieu de la phase prOue y (P42/mnm).
Nous avons trouv@ une transformation de CO - P (groupe d’espace P63/~c) en
une phase nouvelle d (Pm3n), au volslnage de 5.2 GPa, 5 la temperature
amblante. Au-dessus de 4.6 GPa et 80 K, environ, lorsque lrradlE par
luml~re vlslble laser, CO subit une r~actlon photochlmlque. Cette ten-
dance d r@aglr peut ~tre assoc16e avec la formation d’un polymi!rejaune qul
subslste jusqu’ iipresslon nulle. Des mesures ESCA Indlquent que le poly-
m~re est composg de sous-oxyde de carbone (C302)X.

Abstract - The phase diagram of solid carbon monoxide was determined by
x-ray diffraction and Raman spectroscopy from 15 to 297 K at pressures
from 1.0 to 10.0 GPa. At low temperature a transition occurs near 3.4 GPa
from th- known m-phase (space group P213) to a nw C-phase (structure
unknown), rather than to the predicted y-phase (P42/mnm). A transformation
from p-CO (space group P63/rNnc)Into a new 4-phase (Pm3n) was found near
5,2 GPa at room temperature. Above about 4.6 GPa anti80 K, CO reacts
photochemlcdlly when Irradiated with visible laser llght. The photoreac-
tlv~ty may be associated with the formation of a yellow polymer, which can
be recovered at zero pressure. ESCA measurements Indicate that the polymer
Is composed of c~rbon suboxide (C302)X.
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1. INTRLWCTION

The gases COand N2 cre close mOleCUlar analogues. At low pressure they condense
Into llqu!dswlth almost tdentlcal molar volumes md freeze into sollds with slml-
lssr crystal structures. Recently [1] the phase diagram of N2 was deterwlned by
Raman spectroscopy from 15 to 300 K at pressures to 52 GPa, The present study was
carried out to ●stabl:sh the P-T dl~gram nf the solid phases of CO over tile range
15-300 Kand 1.O- 10,0 GPa using x-ray diffraction and Raman spectroscopy Al-
though we find slm\larlt\@s In the physical structures of the high-pressure forms
of SOIIO CO and N?, there are striking differences In chemical behavtor, Above
about 4.6 GPa and BO K, CG forms a yellow solid that can be recovered at zero pres-
surom Chemical analysis !ndtcates that the solld may be amlxture of (C302]X and
other products resulting from chemical dlsproportlonatlon [2].

11. EXPLR[HE NTAL A~PARAWS ANO PROCIDUR{

Raman spectra were ,neasured in a f4err111-Dassett [3] cell. loaded with 99.95% pure
llquld CO by the lndlum-dam technique [4], Cell temperatures from 15 to 300 K were
controlled to t I K by a helium-flow cryostat, tie calculated pressures using the
frequency sh!fi of laser-induced fluorescence from ruby powder In the cell [1,5,6],
Both the ruby fluorescence and Raman spectra were measured ulth a Spex 1403 spec-
tromet~r uslnq Kr+ 15454-cm-1 laser radlat!on.

Our x-my studies of sol!rl COwere carried out In a Be gasket clamped between
tungsten-carbide anvils In n hydraulic press [“l], A collimated beam of Cu Km
radlatlon wns directed through the gasket, and the diffracted x rays were photo-
graphed w!th a 114.6-IIzII dlom, powder camera, W attained temperatures between 100
and 300 K by circulating I!quld nitrogen through the press Dlatens. Pressures were
dctermlncd from diffraction l!nes of lnl’&Na F, the compression of which 1s known
from shockwave experlrimnts [81,

15 order to synt,leslm a sufficient amount of CO-dlsproportlonatlon product for
cllcm!ual analysl 1, w@ modified the K-ray apparatus by Incorporatt,iq a larger volume
gasket (w0,5 nen ) made of BeCu. stainless steel, or Inconel, The anvils and
gasket were also enclosed by a metal bellows, equipped WIIII a capillary llne and
sealed against the platnns with Indlum rings, lhls arrang?mcnt allowed tha gaske~
to hr fllld with llquld Cll before prrssurlzatlon and to be emptied into a mass
sprI ronwtur for analysls of product after pressurization. Pressures w~re applled
for UP to 100 h, whlln tha plat?.ls and c?ll wore eloctrlcally heated to 345 K,

111. muILNiuu5m
Pawn spcctro, Characterlstlc nf the vlbron regions of m-, p-, d-, and E-C(I and of
the lattlco-n.odc rsqflons of CI.ICO and c-CO, alonu wllh lho Ihwnan frequ~ncles as a
func’lun of pressure havonlroady been publlshgd [2], From our pra~ant nxt~ntlon
nf this work w. can now construct the phase rftaqrnm ror CO, shown in Fig, 1. The
rip?n symbols r@ptos@nt Ifmnnn nlmnrv,ltlons and the closrsf on~s r~pr~sent cnrrobarat-
!ng x--ay dfita, Colncldent sym~ols In I:lg, I s!vnlfy phosfI boundaries, Ihe space
groups of th~ vitrlous cryslitl phissps havo hanm rqsorted IIS o-CO (P2~3) [9], p-CO
(D6~/nmIC) [10,11], dnd 6-CO (Prn311) [2]. Our results conf!rrn these structur’cs, The
tt, P, .WKi 4 form have itnalotl~os III the N2 IMSO dlhgrnm [1], which cxhlblts an
riddlt!ontl y phns@ (114?/mnm) [12,131, not seen In CO, po~slbly b~cau%e of Its much
Inr\jrr tpmlrulmlo lntlractlun enrrqy [14].
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Fig, 1. Phase d!aglam of condensed CO, open zymbols, Raman observations;
closed symbols, x-ray determlnatlons; circle, m-CO (P213);
hexagon, P-CO (P63/mmc); squdre, A-CO (Pm3n); triangle, c-CO
(R3c)7; solid l{ne, establtshcd phase line; dashed Ilne, estimated
phase llne; cross hatch, region where both 13-COand 4-CO were
observed. Colnc{dent points indicate co~xlstlng phases.

Table 1, Calculated and observed lnterplanar spac!ligsdnd reflected
lntens!tles for G-CO at 6,9 C,Faand 100 X,

t)kl
(rhomb.)

I

200 2.978 2,9U2 8
?01 2.141 2.133 6
201 2.592 2.507
21J 2.505 2,501)

10
2!1 2.404 2.399 10
211 2.351 2.351 2
220 2.103 2,182 4

first strong llnes, Tho spnce group cannot be Uniquely determined from thR pres nt
!data, but it is most llkoly RJc If the molecules e~hlb{t head-to-tall order or R c

if they are disordorod.

When CO 1s pressurized dbove about 4.6 (3Paat temperatures greet’erthan 00 K, chem-
lCR1 dlsl}rol~ortl{jrlfit!ollcat)occur, resulttng In 8 sol!d product thtitporslsts WhQn
the pres$urn Is rnmovtvl. Induction of the chem!cnl rn~ctlon ds!pgndson tempera-
ture, elapsd time, findoxpusure 10 vlslblo laser llght or x rayt, lheso fdctors
OISO aff@ct tho color nf t’ht~lolld, which vsirlrsfrom lluht yellow to uiirkred, and
Its coflsl!tot!ry,which vfir!osfrom flno-ura!ned to caramel-.llks!,All of the snm.
plIFsfirspofirodqulln porou$ end, Indeed, tho Iotol omount of sulld produrod curr~-
spondnd to only about 5-10% of the lnltlal CO charge, rhe solld Iampltsswere so?u-



ble In water, acetone, and alcohol and were degraded by dir and light.

ESCA (Electron Spectroscopy for Chemical Analys!s) measurements showed that the
jolld product cofitalnedcarboxylated carbon atoms and graphltlc carbon atoms, On
th!s basis, and from the slmllarlty of our product to poly-carbon-suboxide (C302)X
prepared chemically at 1 bar [15-19], we belteve that we have synthesized this
material from CO alone under pressure. It was first assumed that CO might undergo
chemical dlsproportlonatlon In the pressure cell according to

P
4 CO + C302 + C02, (1)

and
X C302 + (C302)x . (2)

However, mass spectrometrtc analysts of the gas released from the cell after pres-
sur!zatlon showed only unreacted CO, with no trace of C02. Furthermore, x-ray
d{ffractlon photographs of the solld gave a sharp pattern which must be associated
with a secor,d,crystalline product.

We now speculate that the reaction may proceed as

5 CO ~ C302 + C203 (3)

followed by polymerization of C302 and possibly by

2 C203 + (C203)2 (4)

wher~ (C203)2 Is a dlmer of oxalic anhydrlde. Addtt\onal studies aimed at measur-
ing far IR ahsorptlon, x-ray structure, electron spin concentration, and decomposltton
products are currently undeway.
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