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. A MASS SPECTRCOMETRIC STUDY
OF THE SUBLIMATION OF CHROMIUM TRIOXIDE

. "Charles Adelbert Washburn
Inorganic Materials Research Division, Lawrence Radiation Laboratory
Department of Material Science and Engineering, College of Engineering

Unlver31ty of California, Berkeley, Califarnia

ABSTRACT

CrOB(é)'is metastable, even at room temperature; relative to decomposi—'
tion to Cr205( ) and 02(.). However the decomposition reaction is strongly
klnetlcally suppressed, and, in fact, CroO 5 (s ) sublimes congruently or nearly
congruently below its’ meltlng p01nt (196°C). The vapor species in addition

%30 O3np B = 3, h,‘and 5. In addli

tion, small quantities of Cr'uOll and Cr 08'are probably present in the vapor.

to 02 are Cr_O n=73, L4 5, and 6, Cr O

3

The oxygen partial pressure in a Knudsen cell containing 0.5 grams CTOB( )

 and fltted with a 1 mm dlameter orlflce is less than 10 -10 time the pressure

expected from thermodynamics.
In addition to ions corresponding to the molecules mentioned above, ilons
of the following compositions were detected in the mass spectrum resulting

from the subllmatlon of CrO 5 (s) but were determlned to be fragments of heavier

] ot of ot of +
molecules: Cr)0 9? Cru 8’ Cr),0 7 Cr506, Cr505, Cr5 W Cr205, Cr Oh’ and
+
ora 3

Considerable evidence was found‘that the chromium containing melecules,
unlike oxygen, evaporate with evaporation_coefficients near unity eﬁd that .
the gaseous chromiﬁm-containingvmolecules are_in.eqﬁilibrium,among them-r
selves but not with oxygen. The partial pressures of the six most import-
ant chromium-containingvspecies are givem by the following equatioms between

415.1°K and 468.1°K:



tog P(Croj)5 (atm) = - (L:243 % 0.280) X10" (15 0p + 0.5u)
log By, o (atm) = - AZIDEOIENXNIO 4 (19.15 x 0.35)
log P, (atm) = = (6.849 * 0‘150)*-10 +  (13.70 * 0.3h4)
(crog)), | | o
> R T 5 S
log PCr o (atm) = - (7983 * 0.12M)X 107 4 (19 17 £ 0.28)
4710 , . T ~ -
: | 3 |
log P - (atm) = - (6.836 * o.r1‘52v)>< 19 + (13.08 % 0.34)
(Ccro,) .
‘ 3’3 o T
Log Py, o (atm) = -~ (7.465 ilo.095)>< ;o -+ (15.09 * 0.22)
I‘5 v o _ o

I _ T
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vapor over Cr

T, ]1\T'I‘RODUCTION

- In 1961 Ackermann and '_l‘hornl commented: "Unfortunately the vapori-

zation of chromium oxides has not been studied so no discussion of these

oxides is given herein." . Since then several important papers on the

v. . ‘-:.' 2
.subject have been published. 1In 1961 Grimley, Burns, and Inghram pub-

lished a high temperatUre.méss épectrometric study of the vaporization

of Cr O5 They found that Cr, CrO Cro

ga seous spe01es in equlllbrlum with Cr Oj and determlned the dissociation

s O, and O, were the principle

2 2

enefgies Dg (CrO)n= 161.7 * 7 kcal/mol and Do (CrOQ) = 227.1 * 15 keal/mol.
Grimley, Burns, and Inghram'also detécted Cr05(g) when oxygen was released
into thelr cell, and on the basis of data at three teﬁpefatures,7set

Dg (CrOB) =341 £ 20 kcal/mol; The work of Grimley; et al., confirms

the work of Wang, et-al.,5 who studied the“Langmuir sublimation rate of
Cr205 and found ﬁthatvthé rate of suﬁlimétion wa.s s1ightly higher thap

n

predicted for decomposition to the elements” and suggested that small

amounts of complex molecules; e.g. Cr0 and Crog, were present in the

205. The wofk of Wang and associates also furnished good
evidence that Cr 0, is congruently vaporizing. Caplan and CohemlL did

273
a qualltatlve tranqplratlon study on Cr 0, at 1000°C to 1200 C in var-

273
ious atmosphere. They noted an increased rate of W81ght logs when wet
or dnfvoxygen was used in préference to dry argoh. |
| Glemser, et al.,5 have pubiished resulfs'of tréns?iration'studiés on
CrOB( ) They used oxygen as a carrier gas and studled the.vaporlzatlon
rate over the range 4h8 to L68°K. Presenting their results és a vapor
pressure equation for the assumed reacﬁionﬁv |

(1)

.y = C o
5(s) T %(g)
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they wrote:

' 5
5 10.3 X 107 . |
log PC'O.(torr) - 20,1 (2)
] T . :
which,frecélculated in atmospherés is:
Cteg B . o L 1030X107 5)
°8 Cros(étm) T - : _

Reaction (1) was postulated because Grimley, et al., had detected CrOB(g)
over CTQOB(S) under oxidizing conditions.  Mu1tiplying through equation

(3) vy (-4.576 T) to obtain an equation for AFgub’ we obtain:

0 3
AFD = W7.2 %X 107 - 78.95T (&)

Therefore, Glemser; Muller, and Stockner's data-indicatés, for reaction
(1):

o : _ ' _:
A Hsub(CrQB) = 7.2 keal/mol.
. Szub'(9?°5)‘=' 78.95 eu

‘In 1960 Ackermann,.et al., summarized the available data for the.
entropy of sublimétion of the polymeré of MoO5 andiWOB. These dafa,'to_
gether with more recent sublimation entropies for the tungsten trioxide
p@Lymefs taken from the work of Ackermann and Rauh7 ére summariied in
‘Table I. .Cﬁmparison of the entropy of‘sublimation of»(CrO5)(S)‘déduéed_
from eQuation-(E)vwith the déta in Table I leads to the conclusion that
the'vaborjoyer CrOB(S)_is prgbably composed ﬁdt of CrOB(g), but‘of’mole_
cules whose compleiity-is comparable with that of the trimer and ﬁetraméf;
Similér:considerations led Schafer and Rinké8 to examine the'mass spec-
'--trum pfoduced by the véporization of Cro0,. .

3

'The work of Schafer and Rinke was limited to measurements at one



Table I. Literature values of the entropies of sublimation of thevpolymers

. v - Co of MOOB(S) avnd WOB(S).

. . Assub, eu
n . (M°°5)n - L <W-°3)n ) (_woi)n
1 T ko
2 | 54.0
3 65 69 B35
b % g2 60.8

5 . 85

a. Data from reference 6, temperature 1050°K.
b. Data from reference 6, temperature 1400°K.

c. Data from reference 7, temperafure 1400°K.
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temperature in the neighborhood of the melfing poiﬁt of CrOB, and does not
include é&aluation of thermodynamic.Stabilities. Although most of the
..iqns that they detected were also found in the presentvstudy, se&eral
¥pro@inen£ differences exist between the tWo studies:

. (é) Schafer and Rinke reported that MR68 (Cr30+) was ﬁhe most in-
tense peak in the mass'spectrum,'Whereas in fhe preéentfstudy'M568 (Crholg)
was always the mpét"inﬁense peak (except at»éome temperatures in the
double céll experimeﬁfs).

(b). Schafer énd Rinke reﬁorted detecting peaks corresponding to

Cr+; Cr0+,~Crog; and-Cr2

even when the”dOUble call’was used.

Og, none of which weré detected in this study,

(c) Schafer and Rinke reported metaétable pea ks corresponding to

" the decomposition of the ions Cr Crholg’ and Cr_0.t with an electron

o,
_ 379’ 5715
energy of 16 ev, and additional metastable peaks corresponding to the

decomposition of the Cr o} and CruOig'ions when 50 ev electrons were nsed.

377
In every case they attributed the metastable peaks to decomposition by

the:léﬁsvof two oxygen atoﬁs“(or an 02 molecule). None of these metas-
ﬁable peaks %erﬁ'observed in the present wofk.

(a). Figure 1 is a plot of the ratio §f the intensity of a given
_peak as measured in this éﬁudy using 7O ev electrons to the intensity
by Schafer and Rinke using 50 ev electrons'vé; the mass number of the ion.
For some unkﬁown reason; the relative inténéitieé Schafer aﬁd Rinke re-
ported fof the higher ﬁdlecular Qgightvspeéies are far less than were
' foﬁnd in the -current study. A poésible explanatioﬁ ié that the graphite
used for theiﬁ Khu&sen cell material was Véry aggressive at reducing Cro,.

5

A seéond‘mass spectrometrié study of the sublimation of Croh(s) has

9. They concluded that the only

been publishéd bylMcDoﬁald and Margrave



A

vapor species present over CrOB(s) were.the pelymers, (croB)n, with n = 3,
L, or 5. The appearance potentials reported by McDonald and MargraVe'
are listed in Table IV and are, in most cases, in reasonable agreement
with the results of this study. Regerding thelr conclusion that the only
species present in the neutral vapor were the polymers, McDonald and Mar-
grave stated: "Appearance potentiale show that trimers, tetramers and
pentamers of CrOj are parent species with CrXO5x

by dissociative ionization. The ionization efficiency curVe for the Cruolg

+ ' .
;2 and similar ions formed

ions did not show breaks or unusual shapes and thus, the ion is assumed

to arise from a single precursor." This conclusion is in direct opposi-

tion to the conclusions of the present study that the CrXOBX_g species,

and probably the Cr of species (not reported by‘McDonaId and Mérgrave),

3 -1

at low electron energies arise from simple ibnization. Evidence of several

types bearing on the queetlon of whether the Cr O3 '2
of the corresponding Cr_0O ‘molecules is discussed later in this thesis.

n3n.

A point not mentioned in the papers of Schafer and Rinke and of Mc~

qpecies are fragrents

Donald and Margrave is that the species observed during vaporization of
Croa(q).cannot be the most stable possible vaporization reaction prodﬁcts.
In hig review article of 1950, BrewerlO discuesed the.probable vapori-

zation behavior of CrO,. He pointed out ". . . the higher.oxides of

5

chromium all loee oxygen without appreciable 1ose>tb chromium to ferm
Cr O .ﬁ .Bre'Werl'O also noted that the heet of formation then available
indicated that even at room temperature CroO 5 (s) is metastable relative
to decomPOQ1t10n to CrOB( ) and oxygen. The redetermination of the heat
of formatlon of CrO ( ) by Margrave and Neugebauerll confirmed that this
is'trUe. The~reported observations of CrO ( ) vaporlzatlon to pOlymers
of Cr0, is 1ncons1stant with -the thermodynamlc predlcatlon of dlss001a—

5.

tion. An 1mportant question to be settled, therefore, is whether or not



6

the observed vapor species are in metasteble equilibrium with solid CroO

3

and with each other.

In addition to his transpiration study uéing oxygen as the carrier
! . i . .

gas, Glemser, toéether‘With Mhiler}g, studied the vaporization of CrO3
in the presence of wet exygen or wet nitrogeﬁ over the tempefature range
155-185°C. They concluded that Cro, (OH)Q( ) was formed under these con-
" ditions. Slnce the mass _Spectrometric studles of the sublimation of CrO5
indicate that the vapor contains oxlde polymers, it 1s probable that the

reaction of Ci'O3 with water vapor produces a complex assortment of poly-

meric oxyhydroxide molecules.
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IT. EXPERTMENTAL

A, Mass Spectrometers

An Atlas CH-4 mass spectrometer (240 mm radius, 60° sector, single
focusing) equipped with a Knudsen-céll was uged. for all of the studies
except the double cell experiments. The Aﬁias mass spectrometéer was

equipped with a 16 stage eiectron'multipliér,vusihg'copper;beryllium

.dynodes}

A Nuclide Analysis Associates HI nass'speqtrometer (12 inch radius
60°,sector, single focusing) wag used for the double cell studies. The

Nuclide masg'spectfometervwas equipped with a 12 stage electron multiplier, .

~using copper-beryllium dynodes.

B.. Sample Material

The chromium trioxidé used in this study was Baker and Adamson' s ,

reageht grade. A spectrbgraphic analysis detected no metallic impurities.
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IITI. SPECIES IDENT IFICATION

The first scan of the mass spectrum resulting from the vaporization

of Cr0 revealed a bewildering complexity of ions. Fortunately, chromium

3
has four isotopes.of appreciable abundance‘ﬁhich allowed unambiguous identi-
fication of the chemiéal composition of the observed ions. The relative
abundances of Cin, n=1 to 6, are tabulated in Appendix A. The Atlas CHY
mags spectrometer was equipped with a "mass meter" which allowed'thev’
iocation of a given peak to within a féw mass units. By éomparing the
relative peak.intensitiesvin'a-given séries of peaks with thé abundanCes
tabulated in Appendix‘A,vit was possible to identify the numbef of chfomium
atoms present in a given sefies of ions. From the approximate mass number
and the number of chrémium atomé, it was possiblé to establish the number

of oxygen atoms present in a given series'oflions,'and henée the chemical
composition of the ions;-

‘Téble IT summarizes the compositions of ions idehtified‘in the-mass
spectruﬁ. Each ion is reported in terms of the‘mass number of its moét
abundant isoiope. The same ion peaks ahd the same relative ion intensities
(at a given cell temperature) were found with either an A120

3

Knudsen cell liner. However, except for the cell ekhaustion experiment

or a graphite

which used a' graphite liner and the double cell experiments which used a

stainless steel -and copper cell, Al 0, liners were used in all of the

273

quantitative measurements.reported in this thesis.



Table IT, Identifiéation of chromium-containing ions from a Knudgen cell
' containing CrO » ‘ '

-
. Composition = - Mass Number of most - 'Composition - - . Mass Number of most
of ion ' _ abundant dion - - of ilon v ' abundant ion
' CrQO; ' : ‘M152 (a) o - '.CruO$ o . M320 (b)
CrEQZ.;”'_f" | ss o 'CT50§ | - ». - 56
crof | sk om0y 552
orof S NEéd'(b) S o w68
orgot » w236 | cr0F | ek
Cr30§ o | - M52 o (CrOB)Z , C Mhoo
e s oroyd L e
. erog ; N oo . we8k - _‘(Crog); o | M500
‘ (cgo5); B - NBOOi - AR (cx0)E b M500 (b)

(é); This ion was present'ih tGO'low'a_COncentration to allow accurate measurement of its appearance potential.

(b). These ions were detected only in Very‘lowAconcentrations and then_only when the sample tehperature wa s

highrgCros‘ above its melting point) and the electron energy was of the order of 50 to 70 ev.
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Iv. bFRAGMENT IDENTIFICATION

A. Introduction

The'great compleXity of the maés spectrum resulting from the vapori;

zation of CrO is'in.sharp contrast with the mass spectrum resulting from

3

the evaporation of MoO, or W_ .
3 05
Berkow1tz, Inghram, and Chupka

._,

B found the following ions and appear-

ance potentlals when MOOB( ) was vaporlzed from a molybdenum cell (MoO

3 5

10.9 ev; (MoO )LL , 10.9 ev; (Moo, )T 15 9 evs (MoO )2, 13.5 ev.

575 3
They concludedzthat the first three ions represented gimple ;onlzation of

10. 9 ev; MoO

perent'molecules wﬁile fhe'laet two ions resultéd principally from frag-
mentation of the first three ions, and stated:e’"Essenfially'the same
results were obteined using electron kinetic energies of 15, MO, and 150 ev."
In their.study Of‘the sublimation of molybdenum dioxide from au'alumi—
num oxide Knudeen cell, Burns, DeMaria, Drowart, and I]rnlgl'lra‘mllL found the
following ions and aopearance potentials: Moog, 12.0 evg (MoO )+,'12.l'eV;
Moog, 9.4 ev; (MOOB);’ 12.0 ev;.Moeog,-lO.-ev, Mo Ou, and Mo 08, l2.2 ev.
They concluded, on the basis of appearance potentials and ionization effi-
ciency curves, that MoO (MoO )+,.and (MoO )f resulted from simple ioni-
zation of the neutral moleculec, and that part of the MoO 1on current
resulted from simple ionlzatlon of the neutral molecules, and that part
- of the MoQ2 ion current'resulted from simple ionization'of the neutral
"molecule. Furthermore, they also concluded that part of the Mo 5 d ' Y
Moaog ion peak< resulted from 31mple ionization of moleculeq of the same |
composition, but that "The presence of a parent Mo,0) molecule must be

considered doubtful." These authors apparently used 17 ev ionizing elec—

trons.
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Ay

W,0f, 15.8 ev; (WO
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Berkowitz, Churka, and Inghraml5 also investigéted the sublimation

. of tungsten trioxide. Here again the equilibrium species were concluded

to be the trimer, tetramer, and pentamer of the trioxide. Berkowitz, et

al., also noted: "Ion peaks having mass numbers corresponding to W0; and

weog appeared, buﬁ were due largely,.if not entirely, to dissociative

ionization of the higher polymers." Their study was performed with 60 ev

electrons.

7

In their study of the qubllmatlon of WO Ackermann and Rauh

2,967 °
observed WOY, wo WOB’ W205’ W,0%, w5o8, 50;, W),0, 7 )0 12, and W0, 2
ions of whlch WO WO+ WOB, and most of the W O; ions dlqappeared when
eleCtron.energias below 30 ev were used. The authors then commented: AT~
though a part of the W 06 and W7O8 ion currents could have resulted from

fragmentatlon of the maJor species W 09, the pr1n01pal gaseous spec:Leq

5
above all tungsten oxides studied here appear to be W206, 3 8’ w509, and

Norman and Staleyl6 detected wo*, wot , wgo;, (W03>;% W5O8’ and_(wo )+
ions when a tungsten trioxide-silicate solution wag heated in an iridium

cell. The appearance poteﬁtials found were: Wog, 14, 2 ev; WOB’ 12.1 ev;

13.4 evy W508’ 15.5 evé.andw(WQB)3,113.5 ev. They

251 32}

concluded: "It was apparent from a study of the appearance potentials
and appeafance potential curves that the principal geseouq species under
the conditions of the study were WO,, (Woﬁ)g,‘and (WO5) s and that W5 %
wgo;, and Wogewere essentially'fragﬁent ions." These investigators used
20 ev. electrons for-ionization. |

‘The immediate problem in the study of the sublimation of chromiﬁm

trioxide was to identify the ions that were fragments and to determine
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an electfon energy thétvcould be used fpfvvapor pressure measurements:
ﬁhat was lowlenough,sb’thétbfragmentation‘was negligible but high enough
so that the ion intensities were adequate to allowvaccuraﬁé ion iﬁtensity
measure@ents. | N
| Several types of experiments can be used to obtain infofmation use-
ful for the identification of pareht ioh—fragment ion relationships:
I). Measurement of appearaﬁce potehtials and.ionization éffici;ncy

curves,

II). .Measurements of heats of sublimation (slopes of I vs. 1/T plots).

III). Experiments with reduced activity of one or more.of the elemenfé
" present in_the éolid, épecifically:
l. Use of é campound containing chromium and oxygen, with
the éctivity of one or both reduced below its acti#ity in
Cr03. 
2. Cell exhaustion experiments.
"‘IV). Experimenfs that pfovide for undersaturation of the gas phase
while using & solid of unit activity.
1. Use bf the double ovén technique
2. Use of the nested cell technique
V). Expérimentsfthaﬁ increase the activity of one of the elements
above ifé éctivity in the solid, suchvés by réleésing oxXygen
 intoTthe cell. o | |

VI). Molecular beam profile studies.

, The Atlas CHh:mass spectrometer which was used during this phaée of
“the study isvequipped'with an electro-magnetic molecular beam shutter

that does not have a manual over—ridej hence experiments of type VI

k4
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were not possible. Attempts were made to examine the spectrum resulting
from the evaporationlof several cohpoundS'that would Hgve an agtivity
of CrO5 lower than that of‘CrOB(S)g The .compounds- used inéludéd Cr508
PbCrOA, NaQCrOu, and CrOE. None of these experiments were successful in
'giving useful information. In every case the oxygen pfessure rosé'so
rapidly upon heating that polymers of Cr05.w¢re not oﬁéerved in the mass
spectrum before the éompound'had been reduced to a lowar‘oxide.vSinée each
- of thesé solids should have a lower oxygen activity than Croj(s), fhese
results clearly confirm the prediction from thermochemical measure@ents
that O2 should be the principal equilibrium gaseous product when C%Q5<S>
is heated. The obser&ed pdlymeric gaseous oxides may be in metastable
equilibrium.ﬁith the solid,.but they are’not the egﬁilibrium react;on
products. In addition,ran attempt was made to use a reducing cell ﬁaterial
but surprisingly, the mass specﬁrum observéd when a graphite cell liher
was used for.experimeﬁts up to the melting point of CrO5, 196°C, was
indistinguishable from that observed when an aluminum oxide cell liner
was used. Since graphite 18 a reducing agent, this fesuif implies that
the gaseous oxides as WellAas the éolid Crb3 do not rapidly establish
equilibrium oxygen pressures.

Consequently, identificatioﬁ.of the‘parent-fragment reléfiqnships
was made by use of appearance potentials, heats of'sublimgtién,'nestéd

cell experiments, double cell experiments, and cell exhaustion experi-

ments.

B. Appearance Potentials

Appearance potentials of the chromium contéining lons detected in
this study are listed in Table III. ' Both absolute appearance potentials,

made using mercury as a standard and taking the spectroscopic ionization



Table III. Appearance pofentials of‘chromiumrcontaining ions in the mass-spectrumiresulting,from th

sublimatiqn'qf Croj.
;.Appgarance Poténtial_ | ‘, : . .> . _Appearance Potential
Species R ‘Reléfive to Absolute | e .Specieé \ Relative to Abéolute
| Crholg o . Vvolts . “vf.ﬂ - P Crholg - | volts
.(Cr65)5 . -0.8 .'_11.o | | ;. . _A; Cr0g | .u.9" .: | 16f7
| (Cr05)4> 0.7 S oo N 16,7
‘ (CrC3)5 _ I -0.3 - 11.5 L - 0n)0 | 5.5 | }17.5
Cro0y5 - -0.1 1.7 ' Cr 0, 5.7 17.5
cr)0, | 0.0 1.8 - | X | 5.7 175 o
Cr,0 | 1.0  12.8 o cr 0 7.1 18.9 =
37 | | | 25 N . L
Cruoll . . 3.5 15.% _ Cr506 7.8 19.6




-15~

potential (lO.hB ev)l of mercury as its appearance potentlal and appear-
ance potentials relative to Cr)0, ] * (M368) are tabulated. The appearance
potentialg of the chromium containing specieS“Were,determined*reiative to
CruO by use of the extrapolated differences method.18 The difference
between the appearance potential of'CrhOlO and ng 2+'Was then determined
by the same techniqUe.“ As a check on the reliability of using the Cruolg.’
ion intensity as in 1nternal standard ! the appearance potentlals of the
ionsg CrBO7 (CrO );} (cro )h’ CrlL 15, and (Cro )5 were all determined
- directly relative to Hg 02+. The agreement of the direct determination
With the indirect determination was:within 0.l ev in all cases except for
CrBO;; where the difference wasg 0;3 ev. Table IV is’a comparison ofv
appearance potentlal values determined in this study with values reported
by Schafer and Rlnke8 and by McDonald and Margrave9.

5 :
Grimley, Burns, and Inghram found the following values for the

dissociation energles of chromium oxides.

Dg(CrO) = 10I keal/mol (4.4 ev)
Dz(Crog) = 227 keal/mol (4.9 ev/bond)
D(O)(CrOB) = 3b1 kcal/mol (4.9 ev/bond)

Thus the Cr-O bond energy can be taken at about 4.4 ev. Examination of
the results of work on other MO3 polymers (MsMo,W) shows that the poly-

merization energy is usuallyabout 85% of the bond energy. _’The vall,‘leof
”>A f298(o( )) selected for the rev1sed Clrcular 500 is. 29. 555 kcal.19
These data will be used to consider the energetlcs of several poss1ble
fragmentatlon processes. | |

For tne‘reaction:t

T :
XY +e = X +Y + 2e



Table IV.
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Comparison of observed appearance potentials.
Appearaﬁce Potentials
(electron volts)
Species §§E§£§r and Mﬁg?giiiegnd : This study
(Cr05); 12 11.0
Cr, 0,7 14,2 11.7
(CrOB)Z ~ 12 (a) 11.9 11.1
CruOlI (v) : 15.3
crod ~ 12 12.8 11.8
cr\0] 17.3
- Cr0f 16.7
(ICrOB); ~12 12.4 | 11.5
Cr,0F (v) 16.7
'c'rao? ~ 12 15.8 12.8
V»CrBOg 15.6 19.6
CrBO; | (b) 17.5
Crgo; 18.9
creo: ~ 19 19.4 17.5
CreO; | 174 |

(a). Schafer and_Rinke reported that their Valﬁes were uncorrected.

(b). - These ions were not reported by McDonald and Margrave.
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the appearance potential of the X+, AP(X+), will be:
AP(X+) = D(X-Y) + I(X) f>K +E | : (5)
where:
D(X-Y) is the X-Y bond energy
i(X) ig the ionization ﬁotential éf‘X (from thé grouéd stqfe
‘to the particular. ionic state produced). ) |
K, E are the éxcess energy'éarried‘off by the fragments (kinetic

and eledtronic energy) .
20 L -
Stevenson = has shown that the equality:
AP(X) = DX -Y) + I(X)

will hold ir nearly all cases if I(X) < I(Y). However, we will not make
this assumption, but will always keep the quantity (K + E) on the right
side of equations of the form of (5). The quantity (X + E) will not be

included explicitly,: but its presence will be indicated by the sign >.

Example I. Assume (CTOB)Z arises from:

f‘(Cro5)5 te = (CrOB)Z +'Cro3 +2e

Then the above considérations lead to the expectation that: .
+ . . . v
AP ((CrO > D((Cr0O -- Cr0_) + I(CroO

v Pagt experience on a wide range of inorganid systems suggests that thé
ionization potentials of these complex chrémium—oxygen molecules should

all be roughly the same. Hence we would except: -

AP((CrOB)Z) - AP((CrOB); > _D(foO;)h -- 0r0))
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2 0,85 x L.k

> 3.7 ev

Thus thevdifferenge:ﬁetWeen the appearance potentials of the tetramer
and pentamer would be expectéd to be at least 3.7 ev if the tetramér
arises:frém fragmentation of the ﬁentamer. iExpefimentally this differ-
ence 1is fqund.tb be.Qfl ev. Thus the appeafance potential results indi-

cate that (CrOB)I does not arise from the fragmentation of (Cr05)57

Example II.
Assume Crﬁolg- arises from:

(CrOB)lL te = c;hplg + 2 o(g) '+ Pe
In this case:
_AP(CruOlg) - AR((CrOB)p > 2 D(Cr-0)

> 8.8 ev.

If the fragmentation process prodﬁces O2 rather'than.two okygen atoms;
Dz should be sﬁbtracted ffom the abovg result, yiél&ing Q.SF- 5.2 >
3.6 év for the diffe?ence betweep the appearance poﬁenﬁials of Crholg
and (Crbj)Z' Experimentally this difference was ngnd to be 0.7 evf'
Fragmentation of the teframer can be reasonably ruléd ouf as.the gource
of Cruolg.. Fragmentation of molecules more;coﬁplex_than.the tetramef
' té form CrhOlg‘ﬁouid require.even larger engrgiés. '

Other exampies of this type of afgument can be,found ihisection D,
.‘"Doubie Cell Experiments" where the conclusions drawn from the appearance v
_potential data are'cheéked agaihst‘cohclusions drawn from the double ceil

experiments.
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From consideration  of a large number of examples such as those

- illustrated, the appearance potential data sﬁggest that the equilibrium

specles are:

: (Crog)xr. x = 3, 4 5

(cr.o, .) x = 3, h% 5.

X A%x=2

Likewise, the appearance potential data suggest that the following ions

are fragments:

+ + + + o~ ot +
CrQO R Cr205, Cr505, Cr506, Cr508’ Cruo9, and Cru

o.t.
11
Of course, if high ionization electron energies are used, contribu-

tions to the observed intensities of laver molecular weight species can

arise not only from simpleﬁioniZation, but also from fragmentation of

'higher molecular weight species.

'C. Cell Exhaustion Experiment

Previous experiments had shown that the relative proportions of the
{

various -ions composing the mass spectrum resulting from the vaporization

of Cr0, were the same when a graphite cell was used as when an alumina

3

cell was used. Apparently there was a kinetic barrier to feduétion ‘
ofxbro5 golid andvéhe vapor polymer molecules by graphite at>fhe relatively
low temperatures of these experiments. |

During attempts to study fhe'vaporizatibn beﬁéviofvof PbCrOu, a éell
exhaustion expefiment wa.g perférmed which produced highly undérsaturated
vapor conditibns.. A grébhité cell With.a tight-fitting gréphité 1id was

used  in this experimeht. The orifice diameter was approximately 1 mm.,

"~ A 17 ev beam of electrons was used.
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Lead chromate was loaded into the cell and packed; a small quantity
of Cr05'was added on top of the PoCr0) and the 1lid was installed. The

'intehded purpose of the CrO3 was primarily to provide easily detectable:
vapor at iow teﬁperatﬁres to aid aiignment of ?he spectrometer. The .
plan was to evaporafe away tht.avCrO5 at low ﬁémperatures,‘then to heat to-
higher temﬁeratUres and search fbr chromium-containing molecules ariéing
from the vaporization-pf'thé PECrOh. The ion intensities were rééorded
at‘various'times.as the‘CrO5 was évapérated with the expectation thatvthe
undersaturated vapor conditions would provide useful data for fragment
idenfification.

‘The results'of the high temperatureiportion of the‘expefimént were
negati&e—-as thé sample was heatedvaﬁbve‘500°C, the oxygen pfessdre in-
creased rapidly with temperature and.no chromium-containing species were
detected. |

The cell exhaustion experiment 1tself was divided into two parts;
an isothérmalvberidd of over four hours during which the sample was‘held
at 225°C, and 2 beridd in which the ﬁemperature‘of_the cell wag ralsed
in a se?ies of steps to about 400°C. ‘Ionizing eleétronsvof 17 ev eneréy
_were used.

The intéhsity of the ion peaks began to fall shortly“affer the temperé—
ture reached 225°C and-continued to fall for Several hours While the saﬁple

was held at 225°. ‘For example, the intensity of M268 (Cr o?) was reduced

, 5 A
by a factor of 14 and the intensity of M5OOA((CrO5);) decreased by a fac-

tor of 3k4. Obviously, highly undersaturated vapor conditions developed as

the Cr0, in the céll'was_exhausted._ Figure 2 and Table V. summarize

3
the variation of the ion intensities of Cr,07F, Cruolg, and (CTO5)I with

time. -~ Ion intensity ratios at various times are listed in Tables VI and



- Table V. Ion intensities from the isothermal,portion of the cell exhaustion experiment.

(Sample temperature = 225°C)
Ton Intengities (a)
(arbitrary units)

elapsed + + + + + +

time I I : I I I

S 268 300 _;368 400 L68 500

0 0.161 0.185 0.7hb 0.0495 o 0.075 '  4.9 % 107
0.28 0.135 0.155 0.595 '0.0590 0.057 3.9 x»lof5
0.75 0.105 0.119 0.435 0.0285  0.039 . . 2.5 x 107
- 1.20 0.077 0.088 - 0.305 0.0198 0.025 1.7 % 107
2.12 © 0.0%9 0.068 0.20k 0.0135 0.015 ~_ 1.0 x 10'3
$2.90 0.040 0.0k6- 0.120 0.0081 0.0081 6 x 107
5.7 0.626 0.030 0.069 0.0086  0.0057 2 x 207
ko . 0.013 0.015 0.028 0.0018  0.0011 memmmmomeee

(a) electron,volfage'= 17

bl ¥



. Table VI. Ion.‘Intensity ratios from the isothermal portion of the cell exhaustion experiment.

(Sample Temperature = 225°C).

‘ + o+
Ion Intensity Ratios, (IM /IM Y M, /M,
i . 1

J s
Ei;ifed 268 300 koo - 8 500 | 300 koo
. houry. . 368 368 368 568 568 . 7268 . 268
0 | 0.216 0.2k 0.067 0.101 6.6 x 107  1.15 B 0.308
0.8 o.207 0.260  0.0655 0.095 6.6 X107 1.15 0.290
0.3 0.236 0.27% . 0.0655  0.090 5.7 X 10"? 1.15 0.276
120 0255 0.289 0.0650  0.08L 5.6 X 107 1.14 0.258 :
2.12 ~0.290 .d.jsu o.Q§58 0.075 4,9 % 107 1.16 0.228 $
. 2.90 _ 0.356_ 0.383 . .o.oé75 0.068 - 5,0 X 16"5  1.16 0.205' e
- 3.73 : 0.381 - 0.bw8 ”0.367 0.05k4 2.9x 107  1.12 0,180
4ho 0.47 | . 0.53 i | _ o.d65 0.0b0  mmmmeeem - 1.1k 0.1k0

L €



Table VII. Ion intensity ratios from the isothermal portion of the cell exhaustion experiment

(Sample Temperature

225°C).

+ ,+ e
Ton Intensity Ratios, (I /I, ); M./M,
o Mi N% 173

0.085

E?apsed» 468 500 500 500 400 468
h”“e 268 268 160 168 300 - Too
ours ) .
’ | 2 2 -2

0 0.465 3.1 X 10 9.9 X 10 6.5 X 10 0.267 1.52

0.28° 0.420 2.9 X 107 1.0 x,lofl' 6.9 X 1072 0.251 1.45
0.7 0.380 ~ 2.1'x 107 8.8x10° 6.4 x 1072 0.2h0 . - 1.37
1.20 0.320 2.2x 107 8.6x10° 6.9x107 0.225 1.2k

2.12 10.260 1.7 ><_”10"2 7.5 X 1072 6.5 x 107 0,197 114

2.90 0.205 1.5 x 107 7.4 x_lo'2 7.k x 1072 0.180 - 1.00

3.73 ©0.1k0 0.8x 1072 bhx102 5.k x107 0.16 - 0.81

nho . 0.085 ¢ e m————————— m————— 0.12 0.61

-¢e-
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VII.

A serious.questioﬁ:that must be asked'is whether equiiibrium exiéted
among the various ch&omium containing molecules under the ccmditions of
severe underséturafion;._Strong evidence fhat equilibrium did exist can
be found by considéring\the five independeﬁt equilibria that can be written
involving the siﬁ éhromium—contaiﬁing gasebus species that were detected
'in this exper iment. Several qhoices of these five eéuilibria can be made,

among which is the followingt

. : : + (CxO = 0 .
I_ (CrOB)j(g) (cx )5( ) - 2(Cr0g), 0
K (Cro3)u . Thoo +
I :
II. ‘-Cr 07( ) ?r 015( ) _ ,Ti_ ->5?Crﬁé;q(g) rrrrrr
P ‘ o
K - %0 L 368+
R 3 X P_. : T X I
. Cr507 Cr5o15 o 2§8+ u68+
IIT. -CrBOY(g) + (0#05)h(g) ’ = (Cr )5( ) + Cr1 lO(g)
' P X P :
111 Ferjo, P(cr‘OB) . Tegs+ ™ Tuoor
P 2
oo 0 (o) T X Tyoor
v P X P. S T X T
- (CrOB)h Cr5o15 e'e 468
' ~ = 0 +
Ve emP @ = % @) " N10(e) + (ex0,)50,)
. x Py X B, '
K, = Crs0, ru,lo €r05)5  Inggy XIzgpy
P v 458+

Cr5O13 .

IBOO+
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In the above equations, the equilibrium constants have been written
as proportional to ion intensity products; In>geherel, the paftial pressures
will be proportional to the‘preducts of fhe ion intensities aﬁd the abso-.
‘lute temperature;el .If care 1s taken to calculate and compare equilibrium
constants only at a single'fempefature, thevequilibrium‘constants_ean be
written as being proportioﬁal to tﬁeir respective ion intensify products.
Ion intensity products'are listed as a functioh‘of time in Table VIII, It
is apparent from Teble VIII thet_the'six species (Cro )

3%

4, and 5 were in equilibrium throughout the isothermal portion of ‘the experi-’

3 Crx05x~2’ X =23,
ment even though the individual ion intensities Were reduced by faetors

as large as 34 below their saturation values; The data corresponding

to the longest times should be discounted beceuse the exﬁiemely low ion
intensities corresponding to these points had'high‘inherent errore.

“ Thebconstency of the ion intensity factors canhot, by themselves,';
be‘taken ae'conelusiﬁe eyidehce that ail of these speciee result from
simple ionization of molecules of the same compositions as the respective
iogs. For example, if‘each ef the speciles in equilibpium COnstant'KII
(iﬁvolving the ions of M268, M368; and M468) resulted from fragmentation
of the correspondiﬁg (CrOB)x polymef ﬁoleculee (maSSee‘Mgoo, MLOO, and MS500
respectively), then the ion intensity product I§68/[i268><,1h68] would

v : : 2 » .
be constant as long as the ion intensity product IAOO/[IBOO X I5OO] re-

mained constant. (HoweVer in this particular case the heat of vaporization

(M500), hence

. ) + : .
| data show that Cruo15 (M468) ‘is noﬁ a fragment of Cr5Q15
. the constancy of KII is evidence that CrBOi and Cruolg are notefragments
{ .

of (CrO5)5 ard <Cr03)h’ respectively.) In fact, the ion ratios IhOO/I3685
, I3OO/I268, and 1500/1%8 behave differently than the other intenelty ratios

during the isothermal series (Tables VI and VII). The constency of these -



Table VIII. Ion intensity products from the isothermal portion of the cell exhaustion exp_exr'iment.‘

Ko = : =

' . K.= . K. =, . Koo = = -
 clepsed It t ‘I§68+ | -I3I££+ Segt Lggt Igoo"'. IéZea 568 oo
Chouwrs - Bodt Tsoot Togst  Tusg™ - Togg™ oot Tyoot  Tuest - (Tyggt)®

o - 2;70_ : h.56 x 10t ' 1.72 X 1ol 1.k2 3.94 X 102
0.8 2,52 h.6h x 10T 1.76 % 10% R SR 3.90 X 10°
L 0.7% o 2,73 | b, TL X 10t { 1.76 % 10t 1.31 o 3.5 >21102

120 .. 2.6 L9l X 10T 1.76 X 10=. . 1.22 3. x 107

2.12 2.64 .60 x 10T 1.76 x 10" 1.3k 3.5 X 10%.

2.90 2.4 ’ 4,50 x 10t C 1.3 X 10t 1.27 3.3 X 107

3.7% | 3.6 : 4,89 x 107 1.68 x 107 1.34 ' 3.9 X 10° -

ko —— 5.31 X 1.7% X 10° 1.39 . : k.3
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ion ratios was originaliy interpreted a8 evidence that a large_part of the
ion currents of M268, M368, and ML68 were due to fragmentation of molecules
of ‘molecular weights 300, 400, and 500 respeetively{ ’Howevef, furﬁher
exper iments showed that When:l7 ev electrOne are used for ionizatlon this
iﬁferpretation is not correct and that Cr50$; F?holg » aqd Cr5OI3 drise
primarily‘from simple ionization of the corresponding moleeules.

After the ien\intensities droppedrﬁe levels.toe.ioﬁ fer;aecurate measure -
ments With the sample at 225°C; the cell temperature was raised in a.eeries
of “steps, reeulting in even.more highly undersaturated vapor. In the ex-

treme case, the ratio I268/6 was 2.7 compared with the saturation

IBOO
. + + +
value of 0.157. Ions corresponding to (CrOB)M’ Cr_0.F, and (CrOB)5 soon

5713
' became undetectable,.but ;ons corresponding.to-Cr50$, (CrOB); and‘CruOlg
remained detectable for several steps of temperature inc¢reases. The;
results are summarized in Table IX for the ion intensity ratios‘IBOO/IE68,
I5OO/IM68’ and IMOO/568' The contihual decline of these ratios cannot be
explained in terms of fragﬁehtation. :

If one‘arguee that'the decreese'of, for instaeee,;the'rafio i355/1268
es‘the temperature is raised is due to fragment contributions to M268
. from moleculee such ae (CTOB)M and (CrOB)5 as ﬁell as (CrOB)B’ two‘diffieulties
are immediately encountered. First the intensities of MLOO and M500
would be expected to decrease relative to M300 as the.more,highly under-
saturated vapor conditions develop, and this expectation is verified by
the dafa. Hence the contributions of higher molecular weight species
to M268 should decrease as the temperature is ircreased, causing the in-
tensity of M268 to aﬁp%each'a constant value relati&e to M300,  but it
does not. Secondly, the data taken under isothermal cenditionseshow a

~constant ratio of the intensity of M268 only relative to M300. This fact



Table Ix; Cell exhaustlon experlment Ton intensity ratios 1500/1268’
11 .
1400/1368 and I5OO/Ih68 as cell temperature is increased

Ion ihtensity Ratios

N | | Toen Des Tig
225 | _ 1.15 ~0.066 ~ 0.065
265 . 0.87 | 0.033 | N

266 | ) 0.8k 0.033 Rt
285 E o8 e
295 | . 0.79 0.0235 10.023
504 | . 0.2 0.0206 S
25, 0.3 B | U

| 570 | o8 | — e

os o3k e R
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means that the higher molecular weight species cannot be making significént

contributions to M268. Hence the isothermal portion of the cell exhaustion

is independent of CruOlg, (CrO >ﬁ’ Cr5o13

experiment shows that Cr,0

5 7

.(CrO )+, while the series of data recorded w1th rising temperature shows

1that Cr50$ is independent of (CrO ) Similar argument apply regarding

the questions of pOSSlble relationships betWeen the ion pairs Crh lO - -

(CrOB) and Cr5Ol3 - - (Cro )g

The cell exhaustion experiment confirms that (CrO )+ nd

chOBX g, x =3, 4 5 are all independent species.

D. Double.Cell Experiments -

1. Introduction
Two series of intensity measurements (Series C and Series E) were
made using a double.Knudsen cell to produce undersaturated vapor; in
both of these series, the lower cell was held at an approximately constant
temperature, while the upper cell was heated to produce undersaturated
vapor effusing from the upper cell into the ion source.
The low cell (which held solid: or liquid'CrOB)

during the Series C measurements, with the upper cell being varied from

was held at 189 +

201 to M)O C. In the series E measurements, the lower cell was held at
194 6° C, while the upper cell temperature was varied from 177 to 382°C.

The measurements of -Series C were made using 17.5>end 25 ev ionizing

~electrons,_while'those of Series E were made nsing 21 and 25 ev electrons;

Only the six low appearance potential peaks (M268, M3500, M368, Mh0O, M46S,

and M500) could be studied with 17.5 ev electrons, while intensities of

all chromium-containing species that have been detected were recorded us-
ing 25 ev electrons. The intensities of all chromium-containing species

except Creog (M152) and Crgog (M184) were measured with 21 ev electrons.
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The value of the double cell method lies in the fact that if én ion
of mass Mx is a fragment of a molecule of mass My, or if both‘of these
are fragments of a pafént of mass Mz, the intensity ratiQn I:/I; will be
a constant value regardless of the pressuré of the neutral.molecules of
mass My or Mz. HOWever, if Mz and My both result from simple ionizgtion
of molecules of the same composition as the réspective ions, or if She
of thém,results from fragmentation of a molecule of mass Mz, . or if both
Mx and My are fragmeﬁts, but bf different parent molecules, the ratio
I;/I+'will change as the chemical potentiais_of their camponent elements
are ghanged by varying the temperature of the upper Knudsen cell.

It is true that nearly nothing is knowh about the temperature depen-

22,23

dence of mass spectra. But thermal'energy,_kT, at 800°K is 0.067 ev,

while thermal energy at 500°K is 0.042 6¥. The difference (0.025 ev) is
so small relafive tb typical bond energies (4 to 5vev) or to the electron
energies (10 ev and higher) that the cell temperature differences used

in thesé experiments are uﬁlikely.to have appreciable inflvence on the
fragmentation cross. sections. The assumption that fragmentation patterns
are teméeratufe-independent over relatively narrow temperature ranges is
‘made on this basis.

Possible témperaturé effects on the fragmeniatibn patterns could be
avoided by'holding'the upper cell at a fixed temperature (above the high-
est ﬁemperature reachéd by the lower cell) and varying‘the degree of under-
saturétion in the'upﬁer cell by adjusting the ﬁemperature of thé lower cell.
This approach was .attem'pted, but the relatively narrow tempefatu_re range
reachable by the IOWer:cell togethér with difficulties in héiding the

uppef cell'temperature constant led to abandonment of this variation
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of the double cell method.

In the discussion of the double cell results, the ffagment-parent
relationships deduced'from fhe double cell results are checked against.
the meésured appeérancé pofentials to determine if'the two kinds of results
are compatible. .Durihg the discussion of'appearance fpotentials,'the
 assumption is fréquen#ly made that large Crgoy mo;ecules all have approxi-
mately the same ionization potentials (within a few electron volts). This
assumption was verified fqr the molecules Cr507, (CrOB)B’ Cruolo; (Cr03)u,

Cr5015, and (Cr05)5.

2. Description of the Double Cell .

| Figure 3 shoﬁs atsketCh of the dduble cell at a scale of 2:1. The
entire asgembly was fabricated froh stainless steel except foyvthe barrel
of the lower céil which was of copper. A screen of 8Q ﬁesh platinum
.gauze was 1lnserted into the_upper cell. _A disc of-O.lOﬁ thick platinum
gspot-welded to the platinum gauze»preventéd effusionvdirectly ffom the
lower cell to the orifice of the upper cell.

Heating wires were wrapped around the upper cell, the coﬁnecting

tube, and the lower cell. Platinum/platinum—lo rhodiuﬁ thermocouples .

were spot welded to the upper and_lowér cells..

3. Discussién

In this sectiog a mplecule is reférréd to by its»ccmposition (e.g.,
(Cr93)5), while thé ions of this mole?ﬁle my - be referred_to eithef by
indicating their coﬁposiﬁibn (e;g.,.(CrO5);)vor by‘iﬁdiééting the mass
number of thg most abundaﬁt ion (the peak studied) of that composgition

(e.g.y M5QO for (CrOE); ovaMOO for (erﬁ)ﬁ).
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(CrOB);' (M500)

The pentamer of Cfo5 was the highestvmoiecular‘weight species detected
in this study at temperatures below the ﬁelting point of Cr0,, 196°C. In
early single~cell expetiments.aboye the melting point of CrOB, indication
of a series of low intensity peaks at about MG0OO was observed. Presumébly
these peaks corresponded to (CrOB)g. It was not possible to detect these
peaks as long as the temperature of the sanple was held below about 210°C.

Pressures were too low in the ionization chamber for (CrO )+ to
have been fo?med by anbion-neutral molecule addition reaction. The
appearance betential,_isothermal intensity variatiOn relative to other
ion peaks, and calculated enthalpy of‘subliﬁetion relative to those of'
other vapor species all are cons1stent with the conclus1on that (CrO3 5
appears as‘a result of s1mple ionization of a neutral molecule of the

same eompos1tlon, rather than by fragmentatlon‘of a heavier parent

molecule.

+
CrsO15 (Mh68)

Column 1 of Table X is a llstlng of the ratio Ih68/I5OO as avfunctlon

of temperature difference betWeen.the upper and lower cells, as obtained
from the series C 17'5 double cell experiments. There is no evidence in

the double cell results that Cr5o13 is a fragment ofv(CrOB)é. The diffe-

rence of the heats of sublimation of Cr5015 and (CrOB)5 is about 6 kcal,

which is three times as large as the sum of the standard deviations in
the heats.
Thus both (CrO5 ; and Cr5O13 ions result from simple ionization.

' of molecules of the same composition as the respective ions.



Table X. Ion intensity rat_iqs calculated from data of double cell series Cl7.5. -

(1) (@) ) ONNC) (6) (1)___(8) (9) (10)

- §§%nt' TU—Téé) ;ggg iuoo ihoo_ i§68 i568 i368 iaoo ' $5oo A,§300 | iBOO

' °c “500 500 LE8 - 500 468 Loo 500  ~L68 koo . 7368
8-c 15 8.2 7.8 0.96 7k 9.1 9.5 15 1.8 1.9 0.20
e 38 12.5 9.k 0.76 125 10 3.2 26 21 2.8 | ool

. 9-C ué» 7.3 9.6 1.3 '156 18.5 14,2 31 u;2' ‘3.5 : 0.23
1-C - 63 18 12 0.67 21k 11.6 17.3 60 3.3 b9 0.28
6-C 69 20 13 o.62‘ 270 12:5 20k 83 '3.9 6.2 © 0.31
2-C '8o 28 12 S 0.k 292 io.7 25 83 - 3.0 7.1 . 0.29
5-C 109 52 18 0.35 716 13.9 39 250 k8 1k 0.35
3-C . 132 - - —— ——— 19.4 65 ——— 6.9' eé: , | 0.35
10-C 162 . —— e — 17 8l — 700 35 o
h-C 165 — —— ———— . 2Q‘ - 8k — 77 32;"7 0.38
11-C 216 — —— S 25 125 — 13 61 0.53
12-C - 2ke _——— — m——— e 37 —— ——— 22 ——— 0.59

(a) Ty~T, = upper cell temperature minus lower cell temperature.
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Table XI. Ion intensity ratios'calculated from data of double cell
series C17.5. 3

O @ & o o)

§§?”ﬁ TU'féa) | Eéé_ | Egéﬁ To68 To68 68

| ¢ 500 Tuss oo T3es Tso0

8-C 15 8.9 1.1 1.1 0.12 0.60
7-c 38 18 1.h 1.9 0.1k 0.67
9-C . ug | : ggv‘ o 3.0 1 370 0.16 0.71
1-C - 63 L3 - 2.k 3.5 - 0.20  0.72
6-c 69 61 2.8 L6 0.22 0.73
2-C 80 . 69_'», 2.5 5.9 0.24 0.83
5-C 109. 25 u8 1 0.35  1.00
3.0 132 - - 10 33 0.52 1.5
110-C 162 PO 11 57 0.67 1.6
L 165 . 12 B2 0.62 1.6
11-C | 216 o 28 o L1 2.1
12-C 216 v»~--5 65 . eme- L7 2.9

| (a) Ty -I, = Upper cell temperature minus iowér cell temperature.
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(CrOB)Z (_Muoo)'

Values of the ratio I, /I are listed in column two of Table X.

500

These data show that the tetramer is not correlgﬁed with the pentamer.

Ratios of IMOO/Ih68 from Series C17.5 are listed in column three
of Tablé X. The results clearly show that the tetramer is not a fragment

of Cr5015. The difference in their heats of sublimation is approximately

11 kcal, some seven times the sum of the standard deviations in the heats.

(CrOB)t ions also result from simple,ionization of neutral molecules

of the same composition as the lons.

| CruOlI (M38k) and Cruol; (M368)

. The measured difference in appearance potentials between CrhOlI{
and (CrOj)Z is 4.2 ev which is in good agreement with the value of 4.h ev

which-is predicted if CruOlI is a fragment of (0305)4. But the data from

Series E 21 columns 1 and 2 of Table XII show that M38L is not correlated

with M46E8, or M500 when 21 ev electrons are used for ionization. Figure
4 shows that M38L is not correlated with M40O. Figure 5 plots the inten-

sity ratio I§8h/I568 obtained in series E21, and E25. The CrMQIL 1nt§n_

 sity is about 1% of the Crholg intensity when 21 ev ionizing el ectrons

are used.
| Ir Crholo were formed as a fragment of Cr4Oll! as Fig. 5 suggegts,
then the following line of argument developing the difference in the -
ionization potentials of M368 and M38: should be approximately correct.
) - | + '
Assume: . Crholl is the.pgrent of CruOlO.
‘ L N ‘
. Crholl t e = Crholl + 2e

AP[Cruolfj e IP[CruOll]
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‘ ?’%%1-* e = ICriLolgr. ,+‘O + 2e
aplCr, 0,1 > IP[Crh_OlO] + Dz(CrO)
803 AP[CruO|+] - AP[CruO +] + Dg(Cr-O) > IP[Cru 11]. - IP[CruolOJ
Thus fheeabove‘assumotion implies that
IP[CrlL ll] - le[Cr;OlO] = 3.5 +L4Lh = 7.9ev

’.whlch is an extraordlnarlly large difference in 1on1zatlon potentlals
for two molecules of as 31mllar conposition as Crh 11 and Cr, 10° Taklcg
the appearance potential of the assumedvperent, Crholl’ as its ionization
potential, the above conclusion implies that the ionization potential
of CrhOlO‘ﬁould oefleSS than or equal to 7.5 ev if it is formed as the
result of ffagmenteﬁion of Crholl.

A possible, but very unlikely, source of the CruOlI ion ie'a mole—

cule-ion reaction occuring in the ion source:

Cr, 0.+ + = + +
Cr08 * O = Cr0f *O
This reaction would imply that the appearance‘poteﬁtial difference should‘

be approximeﬁely:

AP[Cr 0.1 - AP[cr)0.41 = D (0,) - D (Cr-0)
= 5.L£ ~ 4.k
= 1.0 ev.

The actual value was found to be 3.5 ev.
Figure 6 presents a comparison of the appearance‘potential curves
of M368, M38%L, and MLOO; all with the inteneities adjusted to make the

uppef parts of the curves approximately parallel. These data leave little
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Table XII. Ion intensity ratios from double cell run E-25 (25 ev electrons).

e m%T s s he
500 468 HYelo
10-E B & R 1.1 0.k o.072
3-E -k - | 0.13 - o.i1
19-E "5 15 | " 0.086
2F | 28 v‘ - 0.1k 0.13
8E 29 2.8 . 0.10
17 30 , 3.2 - 0.1L
9E B 35 0.9 0.1k
16.E L6 : 6.0 0.17 0.18
1-E 52 | 0.15 019
hE % | o | 0.20 0,16
15 88 ’» 0.2k A‘V 0.21
8-F 97 ) . _» ' 0.25_‘ 0.7
5E 108 | - C o D 0;29
6-E - ..léé | SR 0.22 0.32
bR 3E . om 0.28
= 155 - o Q.BOV_J:_ 0.30
11E BT R | | 0.39 R ""0.52
13-E 176 o ok o
12-E 189 | o o6

(a) TU-Tﬁ ‘= temperature difference between upper and lower cells.
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doubt thét more.thah Oﬁe process contribuﬁes to the ion intensities of
M568‘When_eleCtrdn enefgiés'of five.volfs or so above thebthréshold ére
wsed. But ghé‘curQeé éo not indigate the nature pf‘thé reacfions.

If the proceéé-thét produces most of %he Crholg at 21 ev and above
is'assuméd to,be#.

'Cruoii te7 = or0F *t0+2d

the apbearaﬁéeypdténtial.that wpﬁld-correspaad,to‘this process can be
estimatéd as aboutilh.B ev by'cémparison wifh the appearance potential
of (CrOB)ﬁ (Table IV) and the shape of the‘ionization efficiency cur#e

for (Cr05)+‘ Then:

v + '__ o= + + - A = + .
Cr)0,, + e | Cry0.4 +0*+2e E ‘ 14.3 ev
i +‘+ - = | . + - -= -
Cr,0, &+ 2e CruOlO e AR ll.8»¢v
- Cr + . & o,
Cr)+Oll 7 Crholo.. 0 AR 2.5 evv

compared to 4.4 ev for the dissociation energy of one Cr-0 bond. Hoﬁever,
the Cr-0 bonds frcm which thié'valué'(h.h ev) is calculatedvinvoivé
oxygens ﬁhiéh are.bondéd.to one Cr atom only, while the polymers must
contain some oxygens that are bonded to two Cr atoms.. it is poSsibie
that the.CrhOlo moleéules, while having less oxygen than.Cthll, may have v
mbre oxygen.atomslwhich'aie bonded to two.Crtatoms with avconseQuent gain
in_stability;

| 'F%om'this'giscﬁ5sion, the probability that some neutral Cr,0,
. exists in the-vapof effusing fram tﬁe«Knudsen cell seems high, but the-
CruOll‘proBably is not fhg source of the Crﬁolg wheﬁ'elegtron'energies
under about 20 ev‘are.uséd. At 25 ev, the Cry0,#% may result mainly from

vIdlSS?C}@tlve 10n;z§tlon Qf CruOll,.
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The data listed in columns 4, 5 and 6 of Table X show that M368

5ol%r) , or M500

Cr0,)+) if an ionizing electron energy of 17.5 ev is used.
3°5

(Cruolg) is not correlated with M400 ( (Cr05)+,) ML68 (Cr

If M368 did arise from M4OO (the ion intensity ratios indicate that °

it does not)due to the reaction:
+ - o+ + B
(Cr05>h 3 e CrhOlO + O2 2e

The expected appearance poténtial difference would be:

+] . +1 > °(¢r-0) -D°
AP[CruolOJ AP[CI'OB)LL] > 2 DO(Cr 0) DO(OQ)
> 2(kh) - 5.2
> 3.6 ev.
The measured value for.thisapﬁéérancé potential difference is 0.7 ev.

© Thus Cru015 observed at less than 20 ev arises from simple ioniza-

tion of neutral molecules of the same composition as the ion.

Crho; (MB52) .
As Fig. 7 shows, M352 is correlated with M368 (and therefore with

M38L4) when 25 ev electrons are used.

L . - . . +'
If Cruoll ig the parent of Clu09.

+e” = Cr0Of +0. +02e”
Crholl e Cr;{_O9 + O2 2e .

This reaction would have'an expectéd appearance potential difference of:

AP[Cruog] - AP[CrhOlbl-] >,’ D, (Cr--O),

3 L.k ev,
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The actual.differencevin appearance potentials of M368 and M352 is 5.5 ev.

Figure 8 plots the ion intensity ratio T /138u,asvrecorded with

352
21 ev electrons. At 21 ev, M352 is seen to be about as well correlated.

with M384 as with M568.. The data listed in column three of Table XII shows

that M552 is not correlatedrwith M+OO.

It 1s not poss1ble to saJ for certain whether Cru 10 or Cru 11 ~is the

pL1n01pal parent of Cruog, but Cru ll is the more probable,
At electron energies of 21 ev, the M552 ion intensity is less than

1% of the M568 ion intensity.

' Cruog (M336) | ' i

Flgure 9 shows that M368 is probably the parent of M336. Presumably
I

the formation rea‘ction is: o

A

| . .
Cf%Qlo te - ECer+ +0, +2e
This reaction leads tO'the'follOW1ng relationships between the appearance
potentiais:
AP(Cr),0%) ;.AP(Crholg)’ > op° (cr-0) - p2(0,)
‘ ! o oz
2 3.bev
. ' :
The éctﬁal.differencé in the appeérence potgntials of CrhOg ande?uOlgv
is 4.9 ev. . | -
‘With an_ionizing electfon energy of 21 volté? fhe M336 intensity is
less than 2% of the. M368 1ntens1ty. R
Flgure 10 shows, of course, that M336 appears to be correlated w1th
M38L4.  If M38L were the parent of M356, the formation reactlonvpresumably

' would be:

: ‘ . ' + '
Crholl t e - -CruOS + 02 + Q‘+ 2e
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This reaction leads to the following expected relationship between the
~ appearance potentials:
+y - + > ) O‘ o) o
AP(CrhO8) AP(CruOll) > 3 Do(Cr 0) DO(OE)
2 8.0 ev

The actual difference in the appearance potentials of Cruog and Crholg
is 4.9 ev.

With an ionizing electron energy of 21 volts, the M3%6 intensity
is less than 2% of the M368 intensity.

Figure'lo shows of course, that_M536 appears to be correlated with

M384. If M384 were the parent of M336, the formation reaction presumably

would bes
+ . + + 0 _+0+
Crholl e = CruO8 O2 0 + 2e
This reaction leads to the foilowing eipected relationship between

the appearance potentials:

+ + I ©
AP(CrhO8) - AP(CrL}Oll > 3 DO(Cr-O) - DO(QE)

> 8.0 ev.

P

The actual difference in the appearance potentials of M384 and M336 is
1.4 ev. '

Thus Crhog is a fragment,and its parent is probably Crholo'

+
(Cr03)5 (300)
The data listed in columns 7 through 10 of Table X show that the
. . . .= . " -+ A+ + +
trimer is not corrglated with CrhOlO’ (CTOE)h’ Cr),03, or (Cr05)5.
Similar résults'Were found in all four sets of double cell data, recorded

using electron yoltages ranging from 17.5 to 25 ev.
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+
Cr508 (M28L) and Cr 507 (M268)

Figure 11 shows the ratio IQSL/I calculated from intensity data -

300
recorded at 21 and 25 ev. The 21 ev data show a temperature trend, the

value of i28h/1500 increasing With.temperature,' The 25 ev datae show little
if any temperature trend, indicating correlation of MESH to M300 at -
1onizing ‘electron energles of 25 ev. .
Figure 12 shows the ratio I28h/1268 calculated from data recorded
“at 21 and 25 ev. The data taken with 25 ev electrons show a clear tem-
perature trend 1ndicating 1ndependence of M268 from M28L when 25 ev ioniz-
ing electrons were used. However, this is probably an artifact gince
M28h is correlated with M300 at this electron enengy. The 21 ev data
show a reduced.temperature.ﬁrend.
A po<31ble explanation for this behavior is that some Cr3 g 1
'.present in the neutral vapor, but at an ionizing electron energy of
25 ev, a predominant contribution to the M28L peak'is_made by fragmentation
of the trimer. | | |

If the trimer (M300) is the parent of Cr Og (M28L), the formation

3

reection would presumably be:’

(croy), + e = Cr508 + 0 +2e

Which implies an appearance potential difference of:

+ Ofem
AP Cr508 - AP Cro3 3 > DO(Cr-O)
3 l&.h eve

The actual difference wasvfound fo be 5.2 ev.
Figure 12 can be interpreted as indicating that the principle source
of M268 when 21 ev electrons are used is fragmentation of M28L, If this

were so, the followirng line of argument should”indicate the approximete



difference to be expected in the appearance potentials of M268 and M28L:

Assume that Cr O8 is the parent of Cr ot:

3 Tt
Cr,0p +e = Crﬁog + 2o
AP CrBOg - I Cr, O
Cry0g + e = 'cr5o; F 0+ gé o
AP[CrBO;Jl = Telor,07] + DX(Cr-0) + (K + E)
so: . Aplcry0p] - APlor,0F] + DO(Cr-0) + (K +E) =
IP[Cr5Oé] - 'IP[CrBC7]
Thus the assumption that CrOg is the parent of CrBO; implies that:
Plers0g] - IP[cr307] > 3.9 + kb
> 8.3 ev.

This value (8.3 ev) is an extraordinarily large difference in ionization

potentials fér two»mp%eculegwpf-as similar composition as_Cr308 and Cr307.

This means that the ionization potentiaiuéf'CrBO would have to be about

8.3 ev. It is extremely unlikely that Cr 08 is the pareht of the CrBO7

measured at low electron energies.
As was the case with the question of a M368-M38k realtionship,

a possible but unlikely source of Cr305 is a molecule-ion reaction occur-

ing in the ion source:
+ ¢
Cry08 + O

+ L
(Crg0p *+ 0, =

This reaction implies that the appearance potential différence should

be approximately:

+ o+ o, O
AP[chQSJ_ - AP[Cr307] = DO(OE) - DO(Cr—O)
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5.2 - 4.4

1.1 ev.

"

The actual difference is 3.9 ev.
Figure 13 presenﬁéta plot’of'the appearange potential curves of M268,
M284 and M500. Clearly; more than one ﬁfdcess is contributing to the
. MP68 and M28k ion intensities, but these curves do not eliminate the
pOSS1b111ty that M268 and M28Y4 near their thresholds, are due to simple
ionization of neutral molecules of the same comp031tlon as the respective
ions. ' | |
An extrapolationvthat assumes thé high iptensity region of the CrBO+

7

ionization efficiency curve results from fragmentation of Cr 08 with a

5

curvatufe like tﬁat of the CrBOg ionizationefficiency curve at low

intensities glves an appearance potential of about 16 5 ev for Cr_O

3 7

being formed by the process:

Cr_0 = ox + T+ AR = .
r5 8 Cr5 7 ‘ 2e 0 E 16.5 ev
+ . - ) :
cr.ot + o = Crg0, + : LB = -l12.
r30- e - Cr 0, te R E = 12 8vev
Cr,04 = Cr,0, + MR =3,
r5 8 r5 7 0 v F 5.7 ev

dompgred ﬁo anbexpectedlvalue of bk ev. If the CrBO7 molecule hae more -
0xyg¢n atoms With'bonds to two Cr atans than does Cr308, the difference‘
betwéen the predictgd value and that calculated is reaéoﬁable.

- The data lndicaté that at an ionizing electron energy of 25 ev,
the prlnclpal parf of the M28L peak is due.to fragmentatlon of M300.
However, g small'quantlty of Cr3 g may be present in the neutral vapor

effusing from the Knudsen cell. Frégmentatibn of Cr%O8 is probably not

an'important_source of M368 at low electron energies, but mey become an



hse

important source af electron energies above 25 ev. With anvibnizing
electron energy of 21 ev, the MR8k peak was less fhan 1.5% as intense as
the MP68 peak.

The double cell data with 17.5 ev electrons (Columns 1 through 5 of
Table XI) indicate that Cr,0F observed at lqwkvoltages is independent

377

+ s
of (Cr03)5, Crh lO’ (CrOB)u, Cr5015, and (Cro,j)5 (all of .which have been

previously concluded to arise by simple lonization of molecules of the

same composition as the iong). The appearance potential of Cr of

507 is only
1.3 ev above that of (CrOB)3 If. Cr30$ resulted from fragmentation of
the trimer, the minimum appearance potential difference would be expected
to be:
(Cro t e = Crot + o + 2
(Cr 5)5 e 507 A e
+ : o] o
- > - -
AP[Cr507] Apﬂbr05)3] >~ 20 (cr-0) - D (0,)

'2> 3.6 ev.

This argument does not, of course, eliminafe the possibility that M300
makes substantial contributions to the M268 ioﬁ inténsity at eleétron
energies a few voitskabove the M268 threshold. Indeed, the iong tail of
the_M268. ionization efficiency curve in Fig. 13 is evidence that more
than one pfocess (one of Which is probably frégmentation of C£308 or
(CrO ) ) does contribute to the M268 ion intensity at electron energies
a few volts above threshold. Figure 14, which is a plot of 1268/1500
with electron energies of 17. 5, 21, and 25 ev, also 1ndlcates that M300
does contribute to M268_at‘suff1c1ently hlgh electron energies. The

decreasing slope -of I268/I ratio in Fig. 14 as the eleétron energy is

300 | .
raised would be expected'if-MBOO were cbntributing to the M268 ion inten-

sity at 21 and 25 ev. The ratio of (Cr0,),/Cr,0. in the neutral vapor
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will decrease as the ubper‘ceil temperature is increased, so at higher
electron energies (and ﬁhus at lerger coﬁﬁ?ibﬁtions ef'ffagments of MBOO
to the M268 ion'infensity){ the slope of éhe I268/I5OO ratio should be
1ess than its slope at lower energies. |

At low electron.éﬁergiee,'0r30$ results f?om simple ionization of
molecules of the'same;eempesition;_but at higher electron energies,
significent contribﬁtion is made to tﬁe MP68 ion intensity by ffagments
of 28k and/or M300.

CrBOg (m252)

Figure 15 based on double cell data obtained with an ionizing electron
energy of ?l eV3'indicatestEat MR52 ie much ﬁore closely correlated with
M268 (whieﬁ appee?s to erise mainly from fragmentation of Cr.O8 at this
electron energy)_than with»MBOO. The formaﬁion ef CfBOg .by fragmentation
| of Cr,0g would be expected to lead to: Ap[cr gl - apler,08] = 3.4 ev,
the.aétual difference'being12.9 ev. The:formation of CrBOg by framentation
of CrBQ7 would be exéected to lead to,AP[CrBOZ] - AP[C?BO$] = h.é ev,
the actual difference being 5.8 ev. Thus, appearancebpotentials do not
help decide whether.CrEQ? or Cr508 is the parent ova_r3

However, the 25 ev data (Fig. 16) indicates that beth‘Cr3O7 and

Og at an ionizing electron energy of

+
06'

(CrQB)B_may act as parents of Cr3 |
25 ev. The temperature dependence of the ratio 125é/1500 in Fig. 16'is

. greatly reduced compared with that of Fig. 15;-'The ratio“I252/I268Ashows
a decreasing trend'with increasing temperature at 25:ev,vas,wou1d be
expeéted if some of the M252 ions resulted from fragmentation of MjQO

molecules (M300 becomes less important relative to MP68 as the temperature

of the upper cell is increased).
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The formation reaction of CrBOg fromb(CrOB)‘3 would presunmably be:
. ) + ' _
(Cr05)3 + e = Cr506 + 0, t 0 + 2e

The difference in appearaﬁce potentials would thus be expeéted to be:

‘AP[CI_BO%'] - AP[(’CroB);’] > 3 Ds(CrsO),-f:Dg(Oe)
25 8.0 ev.

The actual difference waé found to be 7.1 ev.

The intensity of the ME52.peak wag abouf 1% of the infensity of the
M268 peak when 21 ev ionizing electrons were used; .

At eleéfron energies near its threshold, érBOg apﬁarently is a frag-
mgnt of Cr,0. or Cr'On but as the electron énergy is increased, (Cr05)3

e 5

may become ah important parent of Cr306.

.c%og (1236)
Figﬁrg 17 isaplot of I256/1268 and 1256/I300vbased on data obtaiﬁed
with 21 and 25 ev electrons. ‘
The 21 ev data in particular‘show that MEB6_is correlated'with'M268
- but no£ with‘MEOO. 'This-ihdicates,that at eléctron‘énergies of 21 ev

or less, Cr,0 is'thg predominant parent of M236. For formation from

3°7
CrBO7 the reaction presumably is:
Cr,0, +e = Cr,0f + o, + 2e
3T "33 .2 ,

Thevexpected appearance potential dif ference is thus:

AP[Cr3o;] - AP[Cr0F] 3 2 DQ(Cr-o)‘- D2(0,)
> 2(k.k) -5.2
P

3.6 ev.



The actual difference was 4.7 ev.
As the electron energy is increased from 21 to 25 ev, the temperature

dependence of 1236/I is sharply[decreased; This is a strong indication -

300
that at 25 ev M300 has become a significant parent of M336. Note (Fig. 18)

that at 25 ev the ratio 1256/1268 decreases sllghtly with 1ncrea31ng
temperaturé, as would be expected if M300 makes a significant contribution
to the M236 ion intensity. |

‘The M236 ion intensity is' about 1% of the M268 ion intensity at an

ionizing electron energy of 21 ev. Near its threéhold, cr,0t is a frag-

35

ment of Cr but at higher electron energies (CrOB)5 may become an

3072
impoftant parent of CrBO;f
Crgo; (M18h)'

Flgure 19 shows that ML8L is a fragment of MBOO not of. M268 or
M368. All of these_data are‘based on 25 ev 1on121ng electrons, Largely
becauee cf the high appearence potential ova18h; the.intensity ofvthe

M18L ion current was too lcw to allow accurate measurements at 21 ev. The

" appearance potential of Cr. 0l is 7 k ev above that of . (CrO

, 2 5 3 5
The intensity of the M184 peak was of the order of 0.5% of the M500

peak when 25 ev ionizing electrons were used. The double cell data indi-

)

cate that Cr OF (M18L4) is a fragment of (CrO

2v5 33"

Cr 0y (1168).

-

I I
Figure 20 presents the ion 1nten31ty ratio I168/I268’ 168/ 5688nd 1168/ 300
calculated from the double cell data of Series E using 25 volt electrons. )
These data indicate that M168 is correlated with M300. The appearance

potential of M168 is 6.0 ev above that of M300.
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The ion intensity of M168 was about 10% of the M300 ion intensity
when 21 ev ionizing electrons were used. The double cell data indicate

; ‘ +
that (CrOB)3 is the parent of Cr 0.

+
Cr 0% -(M152)

Intensify_data on M152‘wefe recorded only atv25 év; its ihtensity
wags too low to record ﬁhen 21 ev electrons'were used.‘ Because of its
Tow intensity, no reiiable appearance potential was determined for M152.
Figure 21 presents the ion intensity ratios 1152/1268 and41152/1500'
FProm these figures, M52 appears to be correlated With M268, but it cannot
be said for certain.that Cr, 0. is the parent of Cr,.0F

377 77 273"
the M152 peak was less than 1% of the intensity of the M268 peak when

The intensity of

25 ev ionizing electrons were used.

4., Summary and Conclusions

The double cell experiments indicate that the following icns are
formed by simple ionization of neutral molecules of the same composition
ag the ion when an ionizing electron ehergy near the threshold for these
ions is used:

Cr’BO7

(cxoy)3
Cr),005
(cx0y)y,
Cr5Ol;
(Cr03);
In addition to thé molecules corresponding to the above ions, small

qdantities of Cr508 and Crholl probably are'present in the vapor from the
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Knudsen cell.

The following ions were found to arise from molecules with molecular
weights larger than'thejrespective ions:
+
r203
+
Cr0,
E
v9r205 -

. ”
.Cr505 _

+
5%

-

v .
+
9

These conclusions based on double cell data are consistent with the

Cr)_l_O

appearance potential data.
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V. VAPCR PRESSURES MEASUREMENTS

‘ -A. Experimental

Aluminum oxide Knudsen cell liners were éhbsen for %his wofk'because
of their inertness. AlthOugh heatihg chfomiumfériokidé~in alﬁmihum 6xide
discolors the aluminum oxide, no evidenceiof gross attack or'detérioration
of the aluminum oxide was found.. Aluminum okide cells suppliéd by Morganite
Refra;tories and Coors Porcelain Company were used; no dif%efehce in
behavior was noted between cells from the two suppliérs.

The AlEO 'Knudsen cell was held in a massive aluminﬁm cell holder

5
which was,desighed to have a relatively large heat cabacity_to damplout
temperature drift. The celi‘was heated‘gy_iﬁsulafed resistance wire

which was wfappea around'the outside surface.of the cell holder. Figure

20 is a cross section of the cell holder and cell.

The cell holder was supported oﬁ three sections of mullite or alumina
tubing; Either of these materials offered much lower thermal ¢onductiVity |
than the more conventional refractory metal sup?orts.

Two Pt/Pt-10% Rh (type S) thermocouples were attaghéd to thé‘ceil
holder opposite one andther, one near the top of the.pell hélder, the
other near the bottom. Té assume good thermal contact‘Betwéeh the cell
holder and thermocouples, the thermocouples were inserted H'tb 5 millimeters
. into holes drilléd throﬁgh the wail of the‘ceilbholder;Sﬁhere they wérev :
held in place by tapéred aiuminum.pins. IThe’type S thermocouple wires
were led-éut of the vacuum chamber through ceramic lead~throughs.  The
temperature of the thermocouples was measuréd with a Leeds and Northrup
potentiometer, model nﬁmber 8686,‘serial number 1690549. The same potentio-

meter was used for calibration of thermccouples as well as experimental
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temperature measurements.

The thermocouples werevcalibréted inrplace undér ﬁaguﬁm conditions by
comparison with a calibrated chromei-alumel thermocouple pléced inside
the Knudéen cell. The_chromelfalumel thermocouple was calibrated at the
tin point; two successive cooling curves produced identical arrests.
The arrests occufred_at an indicated temperature less than 0.1°C below
the established tin point, 231.9°C.2" The tin used for calibration pur-
poses wds Baker and Adamson's reagent grade, 99.9+vSn.v

To assure that the chromel-alumel thermocouple would accurétély
indicate the temperéture of the cell, it was necessary to devise a means
of assﬁring excellent thermal contact_beﬁweeh the thermocbuple-and the
cell. This was dbne by fusing reagent grade'lead in the alumina céll
and freezing the 'end (two fo‘four millimeteis) of the chrémel-alumei thermo;
couple in the lead. Calibration tests performed after'annealing for
several days at 250°C (while frozehvin lead) showed that this'treatﬁenﬁ
did not affect the calibration of the chromei—alumel thefmocoﬁple. There-
fore, during calibration tests the éhromel—alumel tﬁermocouple wés held
frozen in 1ead in an aluminum.oxide cell which was in turﬁ held in the
aluminum cell holder. The spectrometer was pumped doﬁn.to aboud:_lo_5
torr. vThe average of fhe readings of the two types S thefmécoﬁples was
compared with the reading of the_chromel-aiu@el thermocoﬁple at a series
of.temperatureé_over the range of interest. A typical_sét éf readings

is shown'below.
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Typical comparison of type S thermocouple
readings and chromel-alumel thermocouple reading

temperature measured with average of temperature.
chromel-alumel t.c. inside - measured with. two Pt/Pt;lOth'
the alumina cell, °C. ! t.c.'s in cell holder, C.

k.2 ’ 16.0

178.4 © 180.0

237.4 o 239.3

135.1 | - 137.1

1h.1 . - 15.8

Within the reproducibility of thé readings (O.EOC), no temperature trend.
of the apparent temperature difference between the chromel -alumel thermo-
couple and the average of,f?e fwo type S thermocouples was discernable.
Hence a correction‘(in this:typical case) of -1k micfbvolts (about -2°C)
wag applied to thé averége of the reédings of the type S thermocouples.
This calibration procedure was repeated whenever the experimental arrange-
ment was changed.

The two type: S thermocouples frequently éave slightlyvdifferent
readings. The difference between'the readings ﬁersisted to room
temperature, where isothermal conditions existed because the Knudsen
cell chamber is surrounded by a water-cooled Jjacket.. Hehce the difference
in the readings is attributed to differences between the two*thermocéuplés.-
The apparent difference Qasfﬁ&pically equivalent to about one degreé.
Simple heat ﬁransfer éal&ulations indicated that the cell holder vas

massive enough to assure essentially isothermal conditions.'Thé absolute

o

accuracy of the temperafure measuréments was placed at * 2°C,

Cadmium was selected as an appropriate material with which to verify
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the experimehtal arrangement. .Cadmium has a vapor pressure in the range
expected for the system'under investigation, and its vapor pressure is

25.

known with consider;bly accuracy.’ Baker and Adamson reagent grade cad-
mium was used; powder was obtained‘by filing a cadmium.stick.

, Four%eén data poihts were recorded over the temperature range from
431.5° to 513.6°K.» Ihé electron multiplier was used to detect the ion
current of Cdllu+, the cadmium ions being produced by 70 ev electrons at
an emission current of:ﬁO microampere. Data were recorded at decreasing
temperatures, then increasing temperdtures, then decreasing tei@eratures.
' Table XIII lists_the temperatures, the inténsities of the Cd11u+ ion.signal,
and the products of the intensities and the temperatures. The heat of
sublimation is equaivto.ur576 times the slope of the log(ItT) vs. l/T
plot (Fig. 23): The freehand line drawn through the data has a slope of

26.8 kcal/mole, and a least-squares computer calculation gave a slope of

26.70 * 0.25 kacl/mole. These values should be compared with the following -

values selected by Hultgfen, et al.,25
. _ . =+
AHZOO = 26f580 0.150
] - i_ .
AHZ 26.413 * 0.150 kcal/mol

‘The slope of a line drawn>through a ﬁlot (vs. 1/T) of the logarithms of
their selected pressures from 416° to 550°K is.26.55 keal/mol. The
agreement is interpreted as being satisfactory verification.of the tem-
peréture dalibration'ahd measurement system and the experimental arrange-
ment. |

It.is éf,interestfto nofe that the total vapor pressure of cadmium

at the lowest temperature used in this test (431.5°K) is 2.8 x 1078

25

mn

o L -
atmospheres. Since the isotopic abundance' of Cdll is 28.86%, pressure
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Table XIIT

Cadmium 114 Vapor Pressure Data

°K M o1ts) (T'r)
508. 4 1.11 5.64 X 10°
491.0 0.385 1.89 x 10°
481.8 0.263 T 1.07 x 10°
462.3 0.0837 3.87 x 10T
hhg.6 0.6578_ 1.70 X 10t
heg.7 0.0096 i1
Lho,2 - 0.0201 8.85
Ls9.1 0;0698» 3.20 x'lbl
CW76.5 0.189 9.01 x 10%
490, L 0.kl 2.16 X 10°
502.7 | 0.883% 4,19 x 10°
515.6 1.332 6.8u'x 10°
506, 4 0.918" 4.65 x 10°
oo 4 0.h1h 2.04 x 102
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as low as 8 l x lO -9, atmospheres were measured.-

: The vapor pressure of cadmlum at the hlghest temperature used 1n
ths ‘test is 4.5 X 10-6 a.tmospher‘es.g5 Using the simple hard spheres
formula for the mean free path of atons.in‘e gansg.6 and an'assumedicadmium

a3 ' 3 27
atom diameter of 2.98 A, '.

the mean free_path.corresponding to this con-
“'dition was calculated to be about 4.0 centimeters. Since the diameter of
the orifice was O;l'centimeter;"the.Knudsen condition for effusive flow

‘was satisfied.

B,"Behavior of 6xygen

) AS’wes‘mentioned in the'introduction; Cro 5 (s) is metastable reletlve
to Cr203( ) even at room temperature. The pressure of oxygen in equili-
brlum with CrO ( ) and Cr 05( ) at L450°K was calculated from the heat of
. formation of Cro 3 (s) reported by Neugebauer and M’argravell end'the esti~-
.mated entropy of CrO ( ) ‘given by Wicks and’ Block 28 to be about 700 atmoe
spheres. All other data necessary for the calculation were taken from ﬁ

29

Lewis, Randall, Pitzer, and Brewer. At Ls50° K, the pressure of oxygen}

observed in this study when about 0.5 gm of CroO 5 () powder was heated in
a Knudsen cell w1th a 1 mm® dlameter orifice was approx1metely 6 X 10 -8
atmospheres. The vapordzatlon data indicate a remarkably high kinetic
barrier tofthe_equiliorium'decomposition. | |

. "At temperatures just below.the melting point of CrOB, oxygen was

1released fror'nvCrO3 in very intense bursts of short duration‘and apparently
-:random.time intervals. At temperatures_above the melting point, the bursts
became so intense that measurements could not be made. In the case of the
cell exhaustion experiment (which was carried out.above the melting

3

point of CrOB) the combination of a small quantity of CrO, mixed with a
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large quantity of ].'-’bCrOLL (which was probably inert)-prevented.this problem.

No detailed studies were made to learn if the observed chromium—con-
taining species have evaporation coefficients appréciably less thén unity.
However, one piece of evidence indicates that the éhromium4contaiﬁing .
species have evaporation coefficients near unity (or at least that all of
the chiomium-containing species have about the same evaporatioh coefficients).
Twé experiments were performed with the lid of the Knudsen celi liner and
the_covér of the Knudsen cell holder removed. In one of these experiments
the sample was powdgréd CrOB, in the other fhe sample was CrO5 which had
been melted and allowed to freeze in the Knudsen cell liner. The relative
ion intensities were not changed significantly in these experhnents from
those in experiments‘with the 1lid in place using powdered CrOB,

5

a new cell which was then heated in the mass spectrometer at a temperature

One experiment was performed in which 40 mg of Cr0, were loaded into

below the melting point of CrOB. After evéporating to "dryness" the cell
and 1id were reweighed (together wiFh the residue). ngr 99% of the
ofiginai mass of the CrO5 was lost by evaporétion. This experiment pro-
vidéd further evidence of the high degree of kinetic suppression of the

decomposgition of CrO to Cr.0O and indicates that the uncatalyzed
posi’ 3(s) 2% () Y

sublimation reaction is congruent.

c. Pressure Calibration

1. Cross-Sections for Ionization by Electron Impact

Three simple choices of relative cross-sections are possible: 1)

the much used, but much -criticized5o’51

i

cross-sections of Otvos and

. 2 . |
S.tevenson5 ; 2) cross-sections assumed to be proportioml to the total
rmumber of electrons in the molecule; and 3) the cross-sections assumed

to be proportional to the number of valence ' electrons in the molecule.
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Table XIV éompares the cfoss—sectionéiobtained by these thfeé assump-
tions, all adjusted so that the cross-section of CrBO7 is taken as unity.
Table XIV shows that, for these chromium-antaining,moiecules,‘thé relative
Otvos-Stevenson cross sections are nearly fhe same as‘those‘obtained'by
assuming that the ionization créss—section is proportional to the total
number of electrons. The difference between the first two sets of cross-
sections and the set based on the assumption of pfoportionality between
ionization cross~section and the numbervofkvalence electrons invthe ﬁole—
cule is not great. There is no really substantive information to guide
a choice innassumptions for complex inorganic molecules. 'Furthgrmore,
all three ofythese méthﬁds bf'deriVing relative cr&ssisections use the
assumptioﬁ that the ionizatipn créss-section'is equal to the sum of the
atomic cross-secﬁions; this has been shown_not to be literally true.53
Howe?er, we note the comment of ihghram and DrowartBu: MThus, until
- further theoretical and experimental work.ié done, it is felt that the
most consistent way of treating the daté ig to use both the additivity
postulatevand the ioniZétion qross-segtions given by Otvos and Stevenson."
Consequently, the Otvos-Stevenson crosé-sections have been rather arbitra-

rily adopted for this work.

2. Calculation of Relative Partial Pressures :

The partial pressure of a partiéular vapor species can be calculated

) ) +
from the ion intensity of one of its isotopes, ICr 0 by use of the
- ) - Oy _

following equation:

(6)

P, = .
Cr O N
Y ~ GJ%ro) %r 0 Scr o Cer o0
. Xy X Tx
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Relative ionization cross-sections calculated by three diffe~

rent assumptions>(normalized to o = 1.00).
. Cr_O
: 3°7

Otvos-~ proportional to proportional to

Species Stevenson total number of number of valence
‘electrons electrons
o2 0.075 0.118 0.286
Cr,0 .00 . .
r50, 1 , 1.00 1.00
(CrOB)B 1.08 1.06 1.29
Cr),004 1.36 | }1.55 | 1.43
(cro,) 1.43 1.h1 1.72
3L

cr5o15 1.72 1.70 1.86
'(01«05)5 1.79 1.77 2.1k4
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where:

K = instrument calibration factor (independent of ion species
-and sample temperature). -

T = absolute temperature of the solid in the Knudsen cell.
E = energy of the ionizing electrons.
A = appearanée potential of the ion Cr Of,
Xy
%r 0 = relative ionization cross'sectiOn of Cr O .
Xy Xy
S = isotopic abundance of the particular isotope of
Cr O . . . X :
xy - of CrXOy whose intensity is being measured.
G = relative electron multiplier gain of species
Cr_ O ) , . :
Xy Crxoy. : _

The calculation of

¢

1

(E’ACr 0 ) (OCr 0 )' Ser 0 Yor 0
- Xy Xy Xy X'y

for various spécies involved is summarized ih Tables'XV, XVI and XVIT for
15.5, 15.5 and 16.h ev eleétron energies. The relative electron multiplier

gains (normalized to G ) were calculated from several sets of experi-

: €010
mental gain checks except for G(Cro )2 which could not be measured be-
cause of the low intensity of (CrOB);. Consequently the assumption
G(Cr05)5 = G(CrOB)u was made. Also the gssumptlon was_@ade that_G(Og) =
G(Crholo)' One experimental gain chetk was made which indicated that
this assumption is accurate to within 25%, but because of the low iﬁten—
+ ' :

sity pf’bg the gain check was not very reliable.

Two mass spectrometer runs were made with the same cell ahd érifice

which were used in the weight ioss experiment. The data of Run C were



=61~

Ta‘ple XV. Calculatiog of [ TEE) 1 S50 ] for 13.5 ej eleqtrons.

Species (E-A) S G | o [(8-A) 8 o 1™

Crs0, 0.6 0.5940  1.06 107.4 2,46 X 1of?

(CrOS)B 1.4 0.59L0  1.23 = 11k.0 8.58 X 107

, | 5

Cr)004 1.2 F .o.5ou8‘ 1.oov 5. 1.1k X 10

(CrOB)LL 1.7 0.5048  1.12 152.0  6.84 x 107

Cr5013 1.5 0.4326 0,923 = 183.4  9.11 X 107

(cz0,)., 1.9 0.1326 1.12  190.0 = 5.72 X 107

_ v 1

Table ;XVI Calcul?,tiqn ‘o'f [ (E—A) 3 CAE ] for 15.5 ev el’ectrong.
 Species (E-A) S ¢ o . [(E-A) s' 0o a1

cr,0, 2.6 0.5040  1.06 107.4  5.69 X 107

(Cr65)5 3.4 0.5940  1.23 11k.0 53.53 X 10‘5'

Cr,014 3.2 0.50L48 1.00 145k .26 x 107

(CrOB)u 3.7 0.5048  1.12 152;0 5,14 x 107

Cr 0,5 3.5 - 0.4326 0.925  183.4 3.90 X 107

. ; : . —5

(Cr05)5 ,' 3.9 L 0.h326 0 1.12 190.0 2.79 X 10
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59

. Table XVII. Calculation of [ (E-.i) e 1" for 16.4 ev electrons.
Speciesv (E-A) V'S G o [(E-A) 8 o G] =
Cr507 3.5 0.5940 1.06 107. 4 h.oo x 1070
(Cro5)5 4.3 0.50k0  1.23 11%.0 2.79 x 107
Cr),0 u.; . 0.5048  1.00 145.4  3.32 X 10
(cro5)4 4.6 - 0.5048  1.12 - 152.0 2.5% X 107
Cr),05 w 0.4326 0.923 '185.u 3.10 X 1df5

.(Cr03)5 4.8 0.1326. 1.12 190.0  2.26 x 107
0 | 1.00  (1.00) 6.58 3.90 x 107°
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recorded using 15.5 and 16.4 ev electrons; while those of run D Weré

recorded using 13.5 and 16.5 ev electrons. An incomplete set of points

were taken in run C15.5, hence the scatter of this.set of data ié relatively
high. Oxygen intensitiesvwere'recorded ohly"in the 16.H3ev runs.The
‘multiplier gain.during run C was 3.38 X loéb(for Cruolg while the multiplier
gain during run D was 3.77 X 106 (for'CruOlg). For.cohvenience in comparing
data, a factor of 0.898 was appliéd to all of the run D data to normalize

it to the same gain as was encountered in run C.

In order to obtain relative pressures of the various vapor species,

the product: : , + _
i ICT 0 T
P = = = Xy
E-Aor 0 %ro Scro Ccro
Xy Xy Xy y

was calculated;by machiné for each point in.these four séts of data. The
- slope of'the.log'(P°/K) vs 1/T relationship was also calculated. Thie
slope, multiplied by h,5758, is the heat of vaporization of the particular-
.! species. The igtéréept of the log @°/K)v§s l/T'line was also calculated.

This intercept, when multiplied by 4.5758; gives not the entropy of

©

sublimation AS _,
- “sub

but a gquantity A3', The following expréssiohs demon -

strate the relationship between AS' and Assu :

b’
_ AH . : .

o sSu ~©

- = EWaf
4.5758 log P P qub (7)

but here: P° = P' X K, ‘hence:

h5T8 log Bto= —22 - 4 - - (8)
and: . -L.5758 log K = AS' - AS° S (9)

sub
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3. Pressure Calibration Factors Based on Weight-Loss Experiments

Two weight-loss guns were. performed using the same Knudsen cell and
1id as were used in thé femperature-dependent partial pressure measure-
ﬁenf runs; The 1id had:beén lapped by the use of diamond paste to fit
.tﬁe cell. The cell and- sample were first hééted for 24 hours, cooled in
vacuum, transferred to a weighing bottle and weighed, heated for.the first
run, weighed again by ﬁhe same procedure, heated for‘the second.run, then
.weighed again. The conditions of these two weight loss rﬁns’and fheir re-
sults are liéted in Table XVIII.

The equation relating the'pressure of ah unknown substance, PCr 0
to the pfeSsure (P;td) and ion intensity.(I:£d) of a standard substaiczv

is:
. o :
_ -A _ G, .
o . _ BAba V[ Fsta \[ sta \[ Ssta \ std
Cr_O - Cr O ! E-A ot J\o S G
z . LT 0 0 0
g v Xy CrXOy IStd «td CrX y Cr / Cr
ot —_— - (10)
CrXO’ v v K
oy |- — . (11)
( Crxoy') (OCr 0 ) SCr o GCr 0
. Xy Xy Xy
where:
+ !
I, = dion ‘intensity of species i at temperature T, (°k)
E = energy of ionizing electrons, volts.
Ai = appearance'potential of ion 1.
std vgpor pressure of standard substance at Tstd
o, = ionization cross-section of species i.
'Si = isotopic abundance of species i.
G, = relative multiplier gain of species i.

K = pressure calibration factor (same for all 'unknown' species).
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Table XVIII Conditions and results of CTOB(S) welght-loss experiments.

. Expt. No. 1 | Expt. No. 2
Temperature, °K » 455,1, o Ly .7
time, sec. o 2.30 X 10° . 2.02 X 107
gms. CrO3
vaporized - 0.21381 0.06435
orifice area, cm - o.0351 . 0.0351
orifice L/R . 2.4 . 2.4k
Clausing Factor, W_ ' 0.4682 o 0. 468°
apparent CrO Y

pressure, (atm.) , ' 2.77 X 10~ 9.31 X 10~
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For a Knudsen experiment

: \1/2 n /2'- '
P = M<—-——27;,IRT> = NRETS 55 <'f—,_[>1 (12)

where:
'm = weight loss per unit area per unit time.
- mx |
T
o . - -
m' = grams evaporated in t seconds from an orifice of area a
(cm™) and Clausing Factor W
Mi = molecular weight of vapor species i.

v , ol : E .
The total rate of weight loss (gm/cm /sec) when several species are pre-
sent will be given by:

| | m N 3 .Pi JMi | (}5)

Where the  summation is over all vapor spécies effusing from the cell.
Using the factor in equation‘(il), exclusive of K, the relative pressures

P' of the vapor species can be calculated.

Since:
?° = P XK
1 1
© hhsEKc . o ' o

bh33 2 Po N
v
Wh.33 (a Wt) 2 P,

i

(15)

116)

| Using the values listed in Table XV for the first weight loss experiment :
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0.21581  (hsh.})L/2

(0.0351) (0.4682) (2.30 X 107°) (4k.33)[Z N
1

2.72 X 1072

T T PLIM
> PVM

1

Four sets of relétive pressu;e datavare avallable for use to evaluate
Pi*fﬁi: the data taken with 16.4 volt and 15.5 volt ionizing electrons in
run C and the 13.5 énd>16.h ev data of run D. The ion intensities from
these two experiments are tabulaﬁedwin Tables XIX, XX, XXT and XXII. Be-
cause of the low ionization cross-section.of oxygen, the oxygen ion inten-
sities were measured only at 16.4 ev.

Exactly the same calculation was éarried out using the data obtained

in the second weight-loss éxperiment. In this case:

9;21><'1o'6 ? |
= - Wu
i i i

Tabie XXIIT present the eight K-values baéed ubon’the first and second
welght-loss experiments. As is seen in Table XXIII,Fthe K-values cal-
culated using the 13.5'ev daté are roughly 1/5 larger than the K-values
based on the 16.4 ev data. - The most impdrtant reaséns for this are,

. first the possible fragment contributions to the Cruolgvand CrhO$ ion

peaks when 16.4 ev electrohs‘were» ﬁééd. The second factor to be considered
is the fact that the uncértaintieél in thé appearéhce potentialé and non- -
,vlineérity of the ionization efficiency cufves near the threshold are more
important (Sincé (E-A) will be smallef) in evéluating the 13.5 ev data

than the 16.L4 ev data.



. Table XIX. Ion Intensity Data, Knudsen Cell Run C 15.5. All

from the electron multiplier.

intensity data are in volts

ouput

°K To68 300 368 Tho0 Thes 500
hhk 9 7.90 X 107 1.58 % 107 6.16x 10°  1.18 x 10” 5,40 X 107 9.60 X lO_u
57.8 2.55 X 107 5.05 X 102 2.04 x 107 3.57 % 102 2.20 x 107 3.k0 X 107
L66.7 k2 % 1072 7.88 X 107 3,76 X 107+ 5.21 ><,1o~2 b1 X 1072 5.90 X 107
428.0 1.60 x 107 L.30 x 102 1.01 x 107 3.30 X 107 8.00 X 1o'h. 2.30 X 1o'u
115.1 s0x 107 10x 107 3.45x 107 1.10 X107 170 X 1077 6,00 x 107
L3k, 5 3.20 X 107 7.00 X 107 2.40 X 1072 5.60 x 107 1.80 x 107 4,50 x 107"
L35 .6 3.75 X 107 - 7.95 X 107 2.90 X 1072 6.&5 X 1of3a 2.0 X 107 5;00 X 1o“h ‘
L2, 9 - 7.ho X 107 1.68 x 1072 5.72 X 1072 1.26 x 1070 5,10 X 107 1.05 X 107
451.6 1.50 X 1072 3.22 X 1072 1.19 X 1070 2.3k4 x 1072 1.23 X 102 2.30 x 107
L57.3 2.50 X 1072 4,05 X 1072 2.01 x 107F 3.65 X i0“2 2.16 X 10'2» 3.80'x 107
47,0 1.01 x 107 2.01'x 102 8.o5~x 1072 1.68 x 107 7.40 X 107 1.h0 x 107
u56.o 3.95.% 10:3 1.01 x 1072 3,30 X 1072 7.90 x 107 2.70 X 107 5.00 X JLo"LL
h26.1 1.70 X 107 440 X 1070 1.31 X io‘el 3.5h0 x 107 8.50 % 10—& 2,50 X 1o"LP
Lok L 1.25x 107 3.25 X 107 9.15 % 107 2.60 X 107 5.00 % 10" 1.00 x 107"
416.8 6.00 X 1o”u 1.50 X 107 4,25 X 107 1.15 X 10 2.00 X lo‘LF m—————
468.1 uﬁzxwe' 7.50 X 1072 3.80 X 107 4.85 X 107 x 107 5.50 x 107

h.5§.
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Table XX Ion Intensity Data, Knudsen Cell Run C .16.k.

All inténsify data are in volts output from the electron

multiplier.
T emf) .
°x I268 L300 68 Tho0 Tu68 T500 Lo
sl 2 B.SOX10’2“ 5.5ox1052” 2.61;10'1 3.80x10" -1 2.24K10'2 3.70x10'3 1.80;<10"5
.60 7.53x10“2 9.03%10 -2 u.52x10‘1 5. 95><10'2 u.18x10‘2 6‘50<10f3 5.5Qxlo“3
465.7 9:45x107F 1.25x107T  6.65%107" 7.95x10°  6.L47107" 8.10x107 5,90 107
418.3 | 1.40x10 > z.hoxlo'5 7..60><:Lo"3 1.80x10 - l;.ooxlo"LL e mem . meeme———
426.0 2.955107 b.851070 1.73y10'2 3 45107 91oox10'u , 2.0©<1o'u ——————
Lk .9 1.59%10 - 2 1oxlo'2 1 ouxlo“l C1.k7xa0 -2 7.8<>><1o"3 1;25x10'5_ 8.00x10
457.8 L 90le 2 6.65X10"2 3 u5x10’l u.35xlo‘2 ' 5;02X10"2 h,5bxlof5 ' 2.20¢10™
466.7 . 9.50x10 1.25X10'l' 6.75%10 -1 7.65x10'2 6.55xlo’2 '8‘7Ox10-5 ' u.70>1o'5 i
428.0 5.o5xao'3‘ 5.30%10 S, 8910~ -2 . u.loxlo'5 1.05><10'5 2,50x10 = mmeemee- - é?
415.1 1.05510™ 1.9o><10’5 5.55%10 -3 1. 3oxlo“3 2 ooxlo”u mmmmmmme mmmmmmeen
Uzl .5 6.25x10‘5 1.o5><1o“2 L. 55}10_2 ' 7.05%10 > 2. 7510 > _ 6.00x10‘”' ---------
Lz5.6 8.10x10™ 1.17x10 - 5.10%10 2 8.40x10™ 3,20x10 -3 6. OQxlO_h e
bh2 .9 1.67x10"2v 2.70x10 2 11607t 1.97x10 - 8.40x10™ 1.60w107 —————
L51.6 3.15x10 7 4.80x10C  2.295a07F 5.40x10™0  1.89x107° 3.50¢10™ 1.70<10™
457.3 5.20x10"2 | 7,70xlo'2 3,80x10‘l 5.20%10 -2 3. hox10” 2 © 5,40x10 > m——————
47,0 ‘2;16x10_2 3 30><lo"2 1.48510™F 24051072 1.19x1o’2 1.25x10 - 1.20X10'3
4z6.0 9.50x10‘5- 1.50%10 -2 5.90xio‘2 1.11x107° 4.00X10™ 8.00x10 u
261 3,805107 6.30x10™°  2.35x107° 5.90x10™°  1.30X107 3.00¢10™" i
Lok, k 2.95x107 4.85%10 -3 1.75x10—2 5;5Ox10—5 9.50xlo“h 2 c>0xlo'LL ---------
416.8 1.50x107  2.30x107  8,70x10™ 1705070 3.50x10™F  mmecme eemeee
468.1 1.07x107% 1.32X107F 8,080t 8.20%07%  8.05x107° 9.005107 7.20X10-)



“Table XXI.

All intensitv data are in volts output from the electron

9.60x10™

3.70 sTol

u.uylo"B

‘Ton intensity daté;vKnudsen cell run D 13.5.
mltiplier -
>
Temp I I I I, 1, I
ox 268 300 368 Loo L68 500
453 L . | 3. u5><10 = 1.u7><Lo"2 l!‘.6_9><LO—2 1.25x10 2. 5. 90><1o D e
453.6 3.50X10™ 1.36x107°  L.70%10™ 1181072 6.12¢10™ 1.30x10™
M@ .6 2.25X10 2 gaox0” 2. 76&0'2 7. 57><10 S 10x10 5 6.50><10'L‘
- LL4B.9; . 3.35%07 1.25X107° k27072 1. ol;xlo 5.00x10 > 1.05¢107
L5k, 1 h.95%07t 161407 6.26%107° 135107 8.05¢10™ 1.40x10™
1463.9 1.07x0%  3.22%07% 1317007 249107 1.92¢1077 2.95%10™
435.6 .50 x0™" 2.85x107 7 .60 X107 2.78¢107  7.80x10 o 2.50x10 -4
40,9 8.00 ><L0‘"LP ) -i+.‘15><10'5 1.22X1072 l+.02><10"5 1.3o><10‘5 3, 5o><10'“
449 .0 2.75%07  1.11x07 3.72><10‘? 1,010 L5510 9.5c>><1o‘LL
L58.9 6.50%10 > e.eoxlo'2 8..5o><10'2 1,82><1o'2 _ 1.17><1o'2 2.o5><1o“3 g
461.5 7.48x07  2.48x10F  1.o1a07t 2.15107  1.hix10™ 2.40x10™0 '
L62.6 18.16X0" =3 2.56><Lo'2 1.06%07T 2.02¢10 2 :L.53><‘io'2 2.57><'1o‘3 ’
427.6 e 113107 h.30%07 1.2%107  3.20¢10" —————
 4ho.2 »l.l5><LO-3 5.10X10  1.hhx0™2 3.65¢10" -3 1.45¢107 2.5o)<io"5
432.3 6.oo'><Lo“.LF \ 2.&3><LO-5 7.50><.Lo'5 2024107 ‘6.oo><1o'lL e
136.,0 9.6o><Lo“lL 35.60X107  1.20%07° 3.13x 10 > 1.10¢107 1.50xlo‘l‘
Lsh L 3..50><Lb"5 ' 1.24x10™° u.la5>§Lo'2 1.05¢ 10 2 5.u@<10_“5- ' 1.15)<10’?'
4554 3.55X07 1.19x107 M.h_5><_LO;2 9.6x107  5.63107 1.10¢10™
463.1 6.25%107 . 2.06x107 7.8o>1o‘2 1.610°  1.10¢107° 2.00¢107
b3 1.10%07 4.30X10™  1.46X07° 3.7 107°  1.50<1070 2.8010~"
42,8 2,75%10" -3 > 2 8.3¢10™ -5



Table XXIT Ton Intensity Datay Knudsen Cell Run D 16.k.

‘electron multiplier

All intensity data are in Volts output from the

Temp v : o
°K Tr68 Iaoo ’1568 Tho0 Tues I5oo ,132

< h53 Ll u.85x10'2 6.40x10™ 5,u7x1o'l &;h3x1o‘2 3,05X10 -2 L, 5010 5 l.EOle-B
453 .6 b.TOX10™0 5.75¢10™° 5;u8xlo’l 4.05%10°  3.10x1072 4.225107 e.ooxio’5
43,6 2.48¢107 %, 15107 1;7Ax1o'l 2.30x10™° 1.29x1072 2.00x107 : 7..00><:Lo'LL
4h8.9 '3.75x10‘2 b 810 2.67107t 3.eoxlo'? 2,110 3.00x10™ 8.00510™"
b5k, 1 5.3810™ 5.92x10°  3.8x107t Ch05x10° 3.22x107 L.15x10"™ - 1.40x10™>
463.9- 1.11x10°" -1.19><1o'l 8.20x10"* 7.6ox1o'2_ 7_.82><1o"2 8.55x10 B -65><10'3
435,6 1.08>s10“2 1.Llx10™7 6.82x10~° 1.09x10‘? h.7o><10~5 8. 50xlo“h _________
4ho.9 1.x10™ 2.17x1o'2 1.oT><1o"l 1.49x10" 7.62><10’3 1.10x10 -5 u.od'xlo"LL
Lhg.0 3, 25xlo“2. A.h@x1o"2 2..L+o><1o‘=l 3.25x10f2 2.oo><1o'2 3.,05%10 - 5. 30x10'u P
158.9 6. 6@<10'2 8.15xlof2 5.oo><1o“l 5.6ox10;2 u.76x10“2 6.00x10™ 1.30%x10 -3 v
461.5 7.81x102  9.2%102  5.75¢107% 6.10x10™°  5.80x1072 7.05x10™ 1.30%10™
L62.3 8.33x107° 9.63x10'2 6.63x107" 6.40x10™°  6.h5x107 7.22X10 3 1.60x10™
LL2,8 2. 98xlo"2 3.67x1o”2_ 2.29x1o'l 2.57x10 2 At 2.58x10" 3 2.5ox10'u
427.6 3.92¢10 -3 5.u0x1o‘5 2.72x1o'2 4. 00X10™ 1.5o><:Lo"3 S, R
LLo b 1. 25x1o'2 . 1.55<1o"2‘ 9,93x10'2 1.12xlo'2 6.5o><10’5 9.oo><1o‘lL 2.20x10
432 .3 - 6.50x10 2 9.oo><10"5 u.st1o'2 6..75><1075 e ;5.oo-><1o“1L e
u36.o 9.60x10"™ 5 1.18¢107° 6.5’5><10'2 8.20X10™ u.25><1o'5 8. oo><1o'LL 2.OOxlO-A
L5k, 0 3.b3x10'2 : u.65x10'2 2.69><1o'l "3.eox1o"2 --------- 3.25x10 > l+.2c.>><1o'LL
4554 5.75x1o"2 b hox10™2 2.85><10'l 5.05X1o*2 ---------- 3 18x10" > '2.00x10"
463.1 6,510 7.61x10™°  L4.g3x107t 4.9X10™°  oiemee- - 5, 48x10™ 9.00x10™"
Lhh,3 e 1.5%107  g.1%10™ 1.17x10™2 m——————eee 1.02x107 5.50x10‘”
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Table XXITI. Summary of pressure calibration factors (K-valﬁés) .

K-value

Partial Weight-loss Run No. 1 Weight-l@ss Run No. 2
Pressure ' '
Expt.
; S 5 : .6
€15.5 3.25 %X 10 : 3.30 X 10
c16.h 2.35 >< 10'6 | 2.16 x 1070
D13.5 ‘ 379 X 107 3,40 X 107
D16.4 252X 10'6 o . 2.56 X 10‘6

- 2.95 ><_:Lo’6 |

Average K




D.’ Heats and Entropies of Sublimation and Partial Pressures

Tables XXIV throﬁgh XXX list heats and entropies of sublimation for
the various species. In addition teo the data from experiments C15.5,

C16.4, D13.5 and D16.k4, heat of sublimation data from experiments E13.5

" and E16.4 are also included. The "E" series exper iments were performed

using a smaller orifice, The orifice used in the E series (r = 0.0546 cm)
had an effective area 5.53 times smaller than the orifice used in the C
and D experiments. The change in orifice had no gignificant efféct on
the measured heats. |

‘Standard deviations of the heats and entropies are significantly
smaller in the C16.L4 data than in any of the other data. Becausé of
this, the C16.4 data was used as a basis for calculating vapor pressure
curves. It might be argﬁed that it the C16.L4 data are to be used fbr the
final pressure calculations; then the calibration factor from_thg Cl16.k
data (2.%0 X 10_6) should be used rather than the average of the eight
values (él95 X 10‘6) which was ﬁsed. If this is done, all of the reported
entropies would be reduced by 0.42 ev. Tﬁis entropy differehce is equiva-
lent to a pressure difference of less than 25h.

Table XXXI summarizes the selected heats and enﬁropies of sublimation
of the various species. Figure 2L plots the partial pressures ovef the
temperature range ueo_u7o°K; | |

9

McDonald and Margrave” reported heats and entropigs of sublimation

for (CrOB)x’X = 3, 4, 5. Their values for (CI'OZ))5 were based on the

+
0,2
515

(crOB)S). Their values for (CrO

average of two runs for Cr (which they assumed to be a fragment of

). were based on the average of two rums
3’3 : . .
)5) and one run for (CrOB);.

for Cr30$ (assumed to be & fragment of (Cr0y



Table XXIV. - Partial Heats and Entropies of Sublimation of Cr,0

377"

AP b » © 8td. Deviation - ' £s° b Std. Deviation
Expt. No. _ su , _ ‘ o h su °

kecal . _ of AHqub L eu of Assub
C15.5 34,16 o3 NG 0.99
C16.h . 34,58 B 0,51 7 L5.62 1.16
D13.5 36,18 - 2.62 | 47.9k 5.83
D16 | 33,21 o 1.67 R - h2u75 3.75
E13.5 . 36.03 - 107
E16.4 35.79 ' o 0.6k
Table XXV. Héats and Entropies of Sublimation of (Cr05)5
ﬁxpt__No. ] AH:ﬁb | Std. Deviation ' 282 Std. Devistion

keal 4 , of AHZub' . eu of Aszub

€15.5 31.28 - - 0.69 . 38.85 1.58
C16.4 32.43 ' ' 0.56 o 40.75 1.27 .
D13.5 _ 3247 . 1.75 ' ‘ 40.21 3,85
D16.h4 31.58 ' - 1.85 . 38.68 b2
E13.5. - . . 33.31 : 1.1

E16.L 33,78 - 1.37

“fl=



' Table XXVI.  Partial Heats and Entropies of Sublimation of Cr)0. .

Expt; To. e Std. Deviation B 08?2 | Std. Deviation
| o o]
keal of AHsub o _eu of Assub
€15.5 | 35.67 0.53 S  50.68 ' 1.20
C16.L4 1 36.53 0.57 5% .28 - 1.28
- D13.5 - o 35.7h _ 1.99 ‘ 50.54 Loub
D16.L o 35,382 1.h5 | 50.8% 3.23
E13.5 . - 3T.2h | - 0.70
E16.L 3725 0.82

Table XXVIT. Heats and Entropies of Sublimation of (CrOB)h'

_QL—

Expt.'No. | Angb Std. Deviation As:ub Std. Deviation
kca; ) | of AH:ub | B ' _ : eu ~of ASZub

c15.5 30,02 | . 0.81 | %418 1.85

C16.4 o313k 0.69 ‘ 3736 1.55

DI13.5 - 28.99 3.60 31.92 | 8.03

D16. k4 o 30.08 ' 1.8k C kikLs b.11

F13.5 31.01 . 1.30 SN IR |

‘E16.h 32,64 1.37




Table XXVIII. ‘Partial Heats and Entropies of Sublimation of CrBOE.

| sHC Std. Deviation £s° . Std. Deviation
sub sub
Expt. No. _ ' o o
kcal/mol of -AHsub : _ ew . .Assub o

€15.5 . kst 10.78 ©61.03 1.77

ci6.h L2.89 . 0.7L 62.2h : . 1.60

D13.5 42,35 2.2 60.58 .95

D16.L | - ket 1.0k 626 2.33 .

E15.5 _ 41.30 | 0.99 | |

‘E16.L4 - h2.56 - 0.9L

gh-



Table XXIX. Heats and Entropies of Sublimation of_(Cr05)5.

- Expt. No. 86 | Std. Deviation of 2820 Std. Deviation
kcal/mol AHZub N , eu of AS:ub

C15.5 -35.54 , 1.26 - - hi. k2 2.84

S C16.Lh 56.35  1;10 43 .43 2.48
S13.5 31.73 5.45 o . 33.08 12.11
D16.L 33.99 .22 38.29 b9k

E13.5 35.52 5.20 a
E16.L 39.02 | 2.36

Table XXX. Partial Heat

and Entropy of Activation for Sublimation of 02 from CrO

. A 1 . o . .
Expt . No. Hsub - Std. Deviation of | _ Assub ‘Std. ngiatlon
_ A o
kcal/mol S _ eu of AS_
C16.4 35, 4o | 1.92 - 45,87 4,18
D16k - 13.71

29.40 - 6.19 30.81




Table XXXI. GSelected Partial Heats and Entroples of Sublimation of Species Effusing from a Knudsen

Cell Comtaining Cro5(s),<a) .
Partial Heat of Std. Deviation of Partial Entropy: of 8td. Deviation of
Species Sublimation ‘ Heat of Sublimation Sublimation Entropy of Sublimation
Kcal/mol ' | Keal/mol - : eu . ~-  . eu
c‘rfjo7 © 34,58 . 0.5L . 45,62 | ‘ 1.16
(Cr05)5 . ‘ 52.&5. - Q.56 . Lot ' LT
Cr),0. 4 - 36.55 - 0.57 53.28 . 1.28
(Cro5)h - 31.34° 0.69 : - 37.36 1.55
Cr5015‘ - L2 .89 . 0.7L o 62.24 ‘ 1.60
(Crp )5 - 36.35 | - L.10 ' L3 .43 : - 2.48
0, (v 35,42 , e 45,87 B 4,18

_QL-.
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LikewiSe”.the value théy report fof (CTOB)A is based oﬁ two rﬁné for Crholg
and one run for_(CrOE)ﬁ.

- The values they reported are tabulated and éompared with the results
of this study in Table XXXII. Note that if the valﬁe McDongld and Mar-
grafe report for AH:ub (Cr05)5, L % 5 keal, is compared with the‘value
found in thi; study, Angb (CrOB)5 = 36.35 £ 1.10, the agreement is poor,
‘but when compared with the value found in this study for‘Aﬁzub (Cr5015) =
42,89 *0.71, the agreeqent is very good. Similarvcomparisoqs should be
made with the entropy values and the reported heat values. In every
case, the valueé feported by McDonald and Margrave are in much better
agfeement with theivalues found in this study for the corresponding

Cr 0 than with the values for the (Cr0.). .
TR B3x-2 3%

E. Toﬁal Pregsure

Figure 25 presents the total pressure as determined in experiment
Cl6.4 of this study. Also included in this figure are a curve correspond-

ing to Glemser's5 measured pressure (based on CrO )) as being the gas-

3(sg
eous species) and a line corresponding to Glemser's pressures divided by
four (to approximately aécount for the complekity of fhe.vapor).

Table XXXIII compares the‘total entropy and heatAéf sublimation as
determined in this study with the values derived-froﬁ Glemser's vapor
pressure equation dnd'those reported by McDonald and Margrave. 'Glemsef’s
entropy values apparently should be reduced by 4,576 log 4 to account

for vapor complekity, but this does not significantly decrease the devia-

tion between the two studies.



Table XXXII.

- Comparison of‘partiai heats and entropies of sublimation with the results of McDonald and

‘Margrave..

'Second Law Partial S Second Law Partial

.Cr307

) Heats of Sublimation . Entropies of Sublimation
| kcal/mol ; L o kecal/mol

:Spécies Mand M This'Study M and M : "Thisisfudy.

1(cr03)5 L+ 5 36.35 * 1.10 - 62 T 13 b3 43 + 2 48
Cr 0,5 k.89 * 0.71 . 622k £1.60

(cro,), 39 2 31.34 £ 0.69 56 + 5 37.36 = 1.55

. Cr)0, 36.53 * 0.57 S B 5%.28 + 1,28

- (orog), 36 %2 32,43 + 0,56 U8 £ 5 40.75 £ 1.27

| 34,58 £ 0.51 . ' 45,62 * 1,16

-

i

- 08-



Table XXXTIT. Comparison of reported heats and enbtropies of-:sublima.t ion of CrOB( )’
‘This Study: Glemser, >M¢Donalld
: Stocker, and
and Muller Margrave
 Heat of
Sublimation : _ -
‘kcal/mol 35,26 £ 0.67 “h7.2 Lo %2
entropy of - _
sublimation, _
eu 51.36 + 1.51 78.95 not L
reported k-




" of moles of O

-8o.

F. Stoichiometric'Balance

If the assumption is made that CrO )'vaporizes congruently in this

3(s _
experiment (as it must nearly do), then the sum of the number of moles
of Cr307, Cruolo and Cr5O15 effusing from the cell should equal the number

5 effusing from the cell. The experimentally'determined
“value of the ratio'of_the sum of the numﬁer of moles of CrnOBn—Q species'
to the number of moles of oxygen is 4.6 at the midpoint of the temperature
range. If the oxygen data from run C16.4 is combined with the data‘for

the CrnO species from run D13.5, the value of this ratio is found

3n-2
to be 4.9, which is not significantly different from:thé earlier value.
Four factors adversely affect the accuracy of the axygen pressure
data: »
‘v'l) lhe oxygen ion'cﬁrrent was always small so that no accﬁfate

electron multiplier gain could be measured for 02. The assumption was

‘made that G. = G }
T 02 Crh'olO

2) There is probably much more.uncertainty'in the oxygén ioﬁization
'cross~sé¢tion relative to the cross-section_for‘tﬁe chrbﬁium-containing
specieévthan from one chromium-containing species.to another}‘

3) Background oxygen intensities Weré approximately 10%-50% of
the total oxygen intensitiésl This made measuremenﬁ of thé oxygen ion
intensity difficult--Eackground may have beenvovérCOrrected for;_

Ly The lo% 6xygeh ioh.intensity prpduéed vefy scatteredndata. This
:is evideﬁcé by the high standard deviations of the partial ﬁeat and en-
tropy of sublimation of‘oxygén; Once again it should be emphasized

2

that thé éntropy and.heaﬁ of sublimation of 0, are activation, not equili-

brium, values.
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'VI. SUMMARY AND CONCIUSIONS

'A. Species Identification

- Double cell experiments, cell exhaustion experiments, and heat of
sublimation measurements indicate that at low electron energies, the ionic

species (CrOﬁ): and Cr_O

n Bn-; (n = 3, L4, and 5) all result from simple

ionization of molecules of the same composition as‘the ions. In addition,
+ ' .
Qg and (Cr05)6 were observed in small quantities and small quantities of

C n=3or 4) my be present in the vapbr,v These conclusions are

I'nOBn-l (
to be contrasted with those of McDonald and Margrave who decided ions of
species other than of the (CrOB); type are fragments. It may be well to
Summarize the evidence that neutral specles of formulas CrnOBn—E are im-

portant vapor species.

1. Appearance potentials

The appearance potential differences of the ilon pairs in question

are reported in the two studies as follows!:

appearance potential difference

. (volts)
ion pair , this study McDona ld and Margrave
. <+  N 4 . -

AP[(Cr05)5] f.AP[Cr5015] -0.7 _ _..< - 2.2

' + + ' : .
_ AP[(CrOB)u] - AP[CruOlO] R , - 0.9

: +] . o+v | o 1.3 . _
ap[(cro,)7] - APlCr, o) S 3.4

+

Bécause both studieé found the ion CruOlO to be the most abundant ion in

the mass spectrum arising from CroO

5

the most interest. The small appedrance potential difference found in

iy . + + s
» the ion pair (CrOB)h - Cr),0,F is of
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both studies for the (CrOB)Z - CruOlg ion pair, when combined with data
for the Cr-0 bond energy2 and the dissociation energy of OE(g)’ tends

to indicate that fragmentation is not involved in this case.

2. JTonization efficiency curves

The ioniz;tion effiqiency curves for (CrOB)I and Crholg are shown in
Fig. 6. The‘curve for Crholg appears to show a tail, indicating that more
than one lonization process is involved in the formation of this ion.
Figure.26 is an extrapolated difference piotjggcompariné the ionization
efficienéy cur#es of (Crog)t.andCrgolg. Unlike the results reported by
McDonald and Margrave, there is‘clear evidence héré/that more than one

process does éontribute to‘the'CrAOlg ion current. Figure 13 is a plot
*
o
37
is an extrapolated differences plot for these ions. The evidence indicates
N .
0
37

shows somewhat different behavior. Figure

of the ionization efficiency cﬁrves of (CrOB); and Cr and Fig. 27

that more than one source contributes to the Cr ion current. The:cése
of the ion pair (Cr05); - Cr501;‘ ‘
28 is an extrapolated differences plot for this pair of ions, and it shows
no breék. An extrapolated differences plot which shows nd break is sub-
ject to two very different interpretations: (1) both ions result from
simple ionization énly, or (2) both ions arise from the same parent

(one can be the parent of the oﬁher) and have.only one source. For com-
parison pufposes, Fig. 29 shows the extrapoldted difference51piot for the
ion péiy (CrOB); -_(CrOB):; two ions which both-studies,concludeaarise

from simplé ionization of molecules of the same composition as the ions. -

,3; Experiments with undersaturated vapor conditions °

3 . . .' s 'v . . " + + + + '
Table IX lists the ion intensity ratios 1500/1268’ Iu00/1368 and
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5oo/IM68 (correrondlng to the- prlnc1ple peaks of I 05 /IC 03 B

with x = 3, h, and 5 respectlvely) during a cell exhaustion experiment

‘as the temperature of the cell was being raised with the activity of

(cro (l)> less than unity. The sharp temperature-trend is strong evidence
that.the ion pairs in. question are not correlated. Other evidence that the

species Cr O "+ do not arise from fragmentatlon of the correrondlng

n Bn-

Cr O molecules was found in the results of a series of double cell

n in

1

experiments. Column 1 of Table X is a list of the ratio I468/I5OO

temperature of the upper cell (the lower cell was held at a fixed tempera-
ture). Similar lists for the i tios To /I a 1T /1t duri
ure) . imilar lists for the ion ratios 368/ Thoo an 300 1068 uring
double cell experiments‘appear in Table X and XI. All of these data demon-

strate that the spe01es Cr O d@ not arise from fragmentation of the

+
n 3n-2

respective molecules of the type CrnOBH; The data from the cell exhaus-

.tion experiment and the double cell experiments are considered to be much

more reliable evidence of the parent-fragment relatioﬁships than appearance

potentials or ilonization efficlience curves.

L. Heats'ofAvaborization
As noted in the abstract and in Table XXXI the heats of sublimation

of the various ions differed appreciably, which indicates that they are

not correlated. The clearest case is for the ion pair (CrOB) - Cr_O

5 15
for which the heats of sublimation were found to be 36.35 * l,lO and

7&2.89‘i 0.71 respectively.

As in any mass spectrometric study, the possibility of strongly
témperature~dependent.fragmentation cross-sections exists. The above

species-fragment "identifications have been made by assuming that the
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fragmentation cross-sections are not highly temperature dependent.

B. Cadmium : ' ' -

+ : ,
The ion intensity of Céllll'r was measured from h51.5°K to 513.6°K »

.-,

with the same Knudsen cell and termperature measurement system used in the
‘measurement of the partial pressures of the chromium-containing ions. The
measured second~law heat of sublimation of Cd was 26,70 * 0.25 kcal/mol,

25

in good agreement with -the following values selected by Hultgren 7:

AP =. 26, + .

oo 26 589 0.150 kcal/mol
o . +

AH5OO = 26.413 * 0,150 kcal/mol.

The direct verification of the system by meagurement of the heat of sub-
limation of cadmium lends considérable confidence to the temperafure-

dependent parts of the partial pressure equations reported below.

C. Paréial Pressures of Chromium-Contalning Molecules

P
z

The following equations for the partial pressures of the various
chromium-containing molecules are based on ion intensity mea.surements’

made from 415.1°K to 468.1°K:

log P (atm) = - ([:943 20.2M0) X 107 | (15 0p + o.51)
_ (Cr03)5 7 N :
. - 3 . ,

log Py, o (atm) = - (0.37 * O.;5h) X100 4 (19.13 £ 0.35) -

Crsfis T | ]
log P, .. (atm) = . —(6:B49 % 0.150) X 107 , (13 45 & o.31) -

(CrOB)u , 7 .

log By, o (atm) = - {LIBEOAB X 4 (177 £ 0.26)

10 T
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: ' ) ,
log P (atm) = - (8836 %0.13) X107 (43 45 1 ¢ 3))
(cro,) S
373 T .
o |
log Py o (atm) = - - ﬁz’u6? t0.095) X 107 (15.09 * 0.22)

37 T
The pressures are dependent, of course, on estimated relative cross sections.
The methods of estimation which were used are usually claimed to be reli-

-~ able within a factor of two or three, but the claim is imperfectly supported.

D. Behavior of Oxygen

In this gystem, oxygen is not even apprqximately in equilibrium
with the solid, The meaéured O2 préssﬁre 1s less than lO_lO times the -
calculated,pressure. Futhermore, oxygen is probably not in équilibrium
with the various’ chromium~-containing gaseous species, although they.appear
to be in equilibrium with. each other, since theif'relative pressures gave
good fité to equilibrium constants éxpression5<during_cell exhaustion
expefiments‘in which ion intensities decreased by more than a'factor of

10 o
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APPENDIX A.

ISOTOPIC ABUNDANCES, Cr , n =1 -5.

Isotopic Abundance

Mags ' % of - . % of

No. : total. L max.
50 . b31 ‘., 5.15
52. 83.76 ' 100 .
53 9.55 - 11.40

5k o 2.38 2.8k

Tsotopic Abundance .

Mass % of % of
No. ' total . max.
100 0;1858 _ 0.26k
12 7220 10.29
| 103 0.8230 o 1.17
104 o, T0.362 | 100
105 . h15.998 22.8
RETY I 4899 6.96
107 N 0.45k46 |  o.6u5_i

| 108 : 0‘0566 V 0.0805
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Isotopic Abundance

Mass % of v . % of

 To. © total  max.
150 . 0.0080 © 0.0135
152 o ome69 - 0.786
155 o o.om2 | 0.0897
154 9.0846 - 15.31
155 | v2.o685 C 3.9
156 | 59.397 100
157 © 20,159 IS 33.95
158 7082 1231
159 L 1.9k 2.08
160 0.2073 - 0.349 -
161 . 0.0162 - 0.0273

162 10.0014 0.002k



Lo

Isotopic Abundance

Mass - % of R

No. = total . mex.
200 <107

202 0.027

20% 10.003

20h 0.78k. LS5
205 . 0179 0.35
206 10.18% 2018
207 . S 3. 6.88°
208 ¢ , 50.478 100

209 22,46k ; Ll 51
210 9.&69 , 18.75
a1 2.209 438
212 o 0.466 i - 0.93
213 0.61 o2
215 0.008 |

215 107

| S

216 : <10
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Isctopic Abundance

Mass % of . % of
No. total max.
250 1.5 X 107
252 1.k x 107
253 | 1.7 X 1o'LL
25 '0.06 0.14
255 0.01

256 1,10 2.5k
257 10.38 0.88
»258 ‘ 10,7k 2k.82
259 4,86 11.2%

. 260 B 43,26 100

261 2L, 00 - 55.47
262 11.32 26.16
263 3.30 - 7.63
264 0.83 - 1.92
265 0.15 0.35
266 0.02
267 2.7 % 1070
268 - »1.5 X JLO"LL
269 10“6
270 < 10'6
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11.

12,

15.

1h.

..'Cr of (1585) and(Cr03)3 (1300).
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FIGURE CAPTIONS

Cbmperison of Ion currents at ﬂigh elecfron energies reported by Schafer

and Rinke8 with the resuits of this study. : &
Ton currents of ME68, M368, and M4OO during the constant ‘temperature.

Schematic diagram of fhe double cell. ' |

Double cell results;. IBBM/IMOO VS, difference.iﬁ temperature between

the. upper and lower'cells. Series E 21.

. Double cell results.v’138h/1368 vs. difference in temperature between

the upper and lower cells. Serie< E 21 and E 25.
Tonization efficiency curves for the pr1n01ple peaks af CrhOlo (M368),-
and (CrO )+ (MMOO)

Double cell results. 1352/I368 vs. difference in temperature between

the upper and lower cells. Series E 21 and E 25.

Double cell results. 352/138h vs. dlfference in temperature betWeen

the upper and lower cells. Series E 21.

‘Double cell results. 1356/I38h ve. difference in temperature between

the upper and lower cells. Series E 21 and E 25.

Double eell results. T 56/ gy Vs- difference in temperature between

" upper and lower cells. Series E 21 and E 25

Double cell results. 28M/IBOO vs. difference in temperéture between

the upper and lower cells. Series E 21 and E 25.

‘Double cell results. IQBh/IE68 vs. difference in temperature between

the upper and lower cells. Series E 21 and E 25.
* (me68)

Ionlzatlon efficiency curves for the principle peaks of Cr,0

377

ki

Deuble cell results. ‘268/1300 vs. difference in temperature between

the upper and lower cells. Series C 17.5, E 21, and E 25.
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16.

17.
18.

19.

20.

2l.

2.

23.

eu._

5.

26.

7.

" Double cell results. 1252/1268 and I
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252/1300 vs. difference in

temperature between the upper and lower cellé. Series E 21.

Double cell results. 1252/1268 and T VS, dlfferegce in

252/I500r

temperature between the upper and lower cells. Series E 25.
Double -cell results. I236/I268 and I236/IBOO vs. difference in

temperature between the uppéf and lower cells. Series E 2].

Double cell results. 1236/1268 and 1236/1300 vs. difference in

_témperature between the upper and lower cells. Series E 25.

Double gell results. 118u/1268’ Il8u/IBOO and IlBh/I568 Vs,

difference in temperatﬁre between the upper and lower cells. Seriles

. C 25.

Double cell results. 1168/I268’ ;168/i300’ and 1168/;368'VS'.

‘difference in temperature between the upper and lower cells. Series

E 25.

Double cell results. Il52/I268 and I vs. difference in

152/I3oo

temperature between the upper and lower cells. Series E 25.

Schematic diagram, Knudsen cell and cell holder.

Plot of log [(Iga 1) T wvs. 1/T.

Partial pressures of chromium-containing molecules and oxygen in

. a Knudsen cell containing CrOB(S) vS. l/T.

Total pressure of vapor sgpecies in a Knudsen cell containing CrOB(S)
vs. 1/T.
Extrapolated differencés plotbfor the prihciple peaks of the ion

. + + ' . '
pair (CrOB)h - Crholo. B
Extrapolated differences plot for the principle peaks of the ion

. + +
pair (CrOB)5 —,Cr507;
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29.
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Extrapolated differences plot for the principle peaks'of the ion
. RS +
CrO -~ Cr 0, .
pair (CrOg)y - Cro0yz. o
Extrapolated differences plot for the principle peaks of the ion

. N +
_ pair (CrOB)5 - (CrOB)h'
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Ton Intensity (Arbitrary* Units)
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Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-

- tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or
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