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A MASS SPECTROMETRIC STUDY 
OF THE SUBLIMATION OF CHROMIUM TRIOX]])E 

·charles Adelbert Washburn 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Material Science and Engineering, College of Engineering 

University of California, Berkeley, California 

ABSTRACT 

Cro
3

(s) is metastable, even at room temperature, relative to decomposi­

tion to Cr2o
3

(s) ~nd o2 (g). However the decomposition reaction is strongly 

kinetically suppressed, and, in fact, Cro3(s) sublimes congruently or nearly 

congruently below its'melting point (196°C). The vapor species in addition 

n = 3, 4, 5, and 6, Cr o
3 2 n n-

n = 3, 4, and 5. In addi-

tion, small quantities of cr4o
11 

and cr
3

o8 are probably present in the vapor. 

The oxygen partial pressure in a Knudsen cell containing 0.5 grams Cro
3

(s) 

-10 . 
and fitted with a 1 mm diameter orifice is less than 10 time the pressure 

expected from thermodynamics. 

In addition to ions corresponding to the molecules mentioned above, ions 

of the following compositions were detected in the mass spectrum resulting 

from the sublimation of Cro
3

(s) but were determined to be fragments of heavier 

+ + + + + . + + + molecules: cr4o
9

, cr4o8, cr4o
7
, cr

3
o

6
, cr

3
o

5
, cr

3
o4, Cr

2
o

5
, Cr

2
o4, and 

+ Cr203" 

Considerable evidence was found that the chromium ccntaining molecules, 

unlike oxygen, evaporate with evaporation coefficients near unity and that . 

the gaseous chromium-containing molecules are in equilibrium among them-

selves but not with oxygen. The partial pressures of the six most import-

ant chromium-containing species are given by the following equations between 
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I. JNTRODUCTION 

In 1961 Ackermann and Thorn
1 

commented: "Unfortunately the vapori-

zation of chromium oxides 0as not been studied so no discussion of these 

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

subject have been published. 
2 

In 1961 Grimley, Burns, and Inghram pub-

lished a high temperature mass spectrometric study of the vaporization 

of Cr
2

o
3

. They found that Cr, CrO, Cro2, o, and o2 were the principle 

gaseous species in equilibrium with Cr2o~ and determined the dissociation 
. ' . 

energies D~ (CrO) = 101.7 ± 7 kcal/mol and D~ (Cro
2

) = 227.1 ± 15kcal/mol. 

Grimley, Burns, and Inghram also detected Cro
3

(g) when oxygen was released 

into their cell, and on the basis of data at three temperatures, set 

D~ (cro
3

) = 31+1 ± 20 kcal/mol. The work of Grimley, et al., confirms 

the work of Wang, et al., 3 who studied the Langmuir sublimation rate of 

Cr
2

o
3 

and found "that the rate of sublimation was slightly higher than 

predicted for decomposition to the elements" and suggested that small 

amounts of complex ~olecules, e.g. CrO and Cro
2

, were present in the 

vapor over Cr
2

o
3

. The work ofWang and associates also furnished good 

4 
evidence that Cr

2
o

3 
is congruently vaporizing. Caplan and Cohen did 

a qualitative transpiration study on Cr2o
3 

at l000°C to 1200°C in var­

ious atmosphere. They noted an increased rate of weight loss when wet 

or dry oxygen was used in preference to dry argon. 

Glemser, et aL, 5 have published results of transpiration studi~s on 

Cro
3
(sr They used oxygen as a carrier gas and studied the vaporization 

rate over the range 448 to 1J68°K. Presenting their results as a vapor 

pressure equation for the assumed reaction: 

Cro3 · ) 
~s 

(1) 
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they wrote: 

= + 20.14 (2) 

which, recalculated in atmospheres is: 

log P Cro
3 

(atm) = + 17.26 (3) 

2 
Reaction.(l) was postulated because Grimley, et al., had detected Cro

3
(g) 

over Cr
2

o
3

(s) under oxidizing conditions. Multiplying through equation 

(3) by ( -4.576 T) to obtain an equation: for 6F
0 

b' we obtain: 
su 

6Fo 
sub 

(4) 

Therefore, Glemser, Muller, and Stockner 1 s data indicates:, for react ion 

(1): 

·o 
~ S (CrO ) = 78.95 eu 

sub ·• 3. 

. 6 . 6 
In 19 0 Ackermann, et aL, summarized the available data for the· 

entropy of sublimation of the polymers of Moo
3 

and wo
3

• These data, to­

gether with more recent sublimation entropies for the tungsten trioxide 

polymers taken from the work of Ackermann and Rauh7 are summarized in 

Table I. Comparison of the entropy of sublimation of (cro
3
)(s) deduced 

from equation (3) with the data in Table I leads to the conclusion that 

the vapor over Cro
3

(s) is probably composed not of Cro
3

(g)' but of mole­

cules whose complexity is comparable with that of the trimer and tetramer. 

Similar .considerations led Schafer and Rinke 
8 

to examine the mass spec-

trum produced by the vaporization of Cro
3

• 

The work of Schafer and Rinke was limited to measurements at one 
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Table I. Literature values of the entropies of sublimation of the polymers 

1.-,Q· of Moo3 (s) and wo3(s). 

b.s eu ..,. __ subz 

n (Moo3 )~ (wo3 )~ (wo3)~ 

1 4o 4o 

2 54.0 

3 65 69 53.5 

4 76 82 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, temperature 1400°K. 
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I 

r 

temperature in the neighborhood of the melting point of Cr03' and does ncrt 

include evaluation of thermodynamic stabilities. Although most of the 

ions that they detected were also found in the present study, several 

prominent differences exist between the two studies: 

(a) Schafer and Rinke reported that M268 (cr3 o~) was the most in­

tense peak in the n:ass spectrum, whereas in the present· study M368 (cr4o16) 
was always the most 'intense peak (except at some temperatures in the 

double cell experiments). 

(b). Schafer and Rinke reported detecting peaks corresponding to 

+ + ' + + ' Cr , CrO , Cr0
2

, and Cr
2

o
2

, none of which were detected irt this study, 

even when the double cell was used. 

(c) Schafer and Rinke reported metastable peaks corresponding to 

the decomposition of the ions Cr
3
o;, cr4o1~, and cr

5
o

1
; with an electron 

energy of 16 ev, and additional metastable peaks corresponding to the 

decomposition of the Cr3o~ and c:r4o1~ ions when 50 ev electrons were used. 

In every- cage they attriquted the metastable peaks to decomposition by 

theloss of two oxygen atoms (or an 0
2 

molecule). None of these metas­

table peaks we:r\e observed in the present work. 

(d) Figure 1 is a plot of the ratio of ttJ,e intensity of a given 

pea:k as measured in this study using 70 ev electrons to the intensity 

·by Schafer and Rinke using 50 ev electrons vs. the n:ass number of the ion. 

For some unknown reason, the relative intensities Schafer and Rinke re-

ported for the higher molecular we,ight species are far less than were -

found in :the -current study. A possible explanation is that the graphite 

used for their Knudsen cell material was very aggressive at reducing cro
3

. 

A second mass spectrometric study of the sublimation of CrO!~(s) has 

been published by McDonald and Margrave9. They concluded that the only 
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vapor species present over Cro
3

(s) were the p~lyme1s, (Cro
3

)n' with n = 3, 

Lf, or 5. The appearance potentials reported by McDonald and Margrave 

are listed in Table Dr and are, in most ca.ses, in reasonable agreement 

with the results of this study. Regarding their conclusion that the only 

species present in the neutral vapor were the polymers,· McDonald and Mar-

grave stated: "Appearance potentials shaw that trimers, tetraniers and 

'' + 
pentamers of Cro

3 
are parent species with Crxo3x-~ and similar ions formed 

by dissociative ionization. The ionization efficiency curve for the cr4o16 
ions did not show breaks or unusual shapes and thus, the ion is assumed 

t • f • 1 II o ar~se rom a s~ng e precursor. This conclusion is in direct opposi-

tion to the conclusions of the present study that the Cr o3 ~ species, 
X X-c: 

' + 
and probably the Cr o

3 1 
species (not reported by McDonald and Ma.rgra ve), 

x x-

at low electron energies arise from simple ionization. Evidence of several 
i 

+ types bearing on the question of whether the Crno
3

n_2 species are fragll'Ents 

of the corresponding Cr o
3 

molecules is discussed later in this thesis. 
n n 

A point not mentioned in the papers of Schafer and Rinke and of Me-

Donald and Margrave is that the species observed during vaporization of 

Cro
3

(s) cannot be the most stable possible vaporization reaction products. 

10 
In his review article of 1950, Brewer discussed the probable vapori-

zation behavior of Cro
3

. He pointed out ". . • the higher oxides of 

chromium all lose oxygen without appreciable loss to chromium to form 

10 
Brewer also noted that the heat of formation then available 

indicated that even at room temperature Cro
3 

( s) is metastable relative 

to decomposition to C~o3 (s) and oxygen. The redetermination of the heat 

11 
of formation of Cro

3
(s) by Margrave and Neugebauer confirmed that this 

is true. The reported observations of Cro
3

(s) vaporization to polymers 

of Cro
3 

is inconsistant with the thermodynamic predication of dissocia­

tion. An important question to be settled, therefore, is whether or not 
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the observed vapor species are in metastable equilibrium with solid Cro
3 

and with each other. 

In addition • to his transpiration study using oxygen as the carrier 
i 

gas, Glemser, tJ;ether with Muller12, studied the vaporization of Cro
3 

in the presence of wet oxygen or wet nitrogen over the temperature range 

They concluded that Cro2 (oH) 2 (g) was formed under these con-

ditions. Since the mass spectrometric studies of the sublirra tion of Cro
3 

indicate that the vapor contains oxide polymers, it is probable that" the 

reaction of Cro
3 

with water vapor produces a complex assortment of poly­

.meric oxyhydroxide molecules. 
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II. EXPERIMENTAL 

Ao Mass Spectrometers 

An Atlas CH-4 mass spectrometer (240 mm radius, 60°'sector, single 

focusing) equipped with a Knudsen cell was used for all of the studies 

except the double cell experiments. The Atlas mass spectrometer was 

equipped with a 16 stage electron multiplier, using copper-beryllium 

dynodes. 

A Nuclide Analysis Associates HI' m ss spectrometer (12 inch radius 

60° sector, single focusing) was used for the double cell· studies. The 

Nuclide mass spectrometer was eqUipped with a 12 stage eleGtron multiplier, 

using copper-beryllium dynodes. 

B. Sample Material 

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

reagent grade. A spectrographic analysis detected no metallic impurities. 
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III. SPECIES IDENTJJi'ICATION 

T:he first scan of the mass spectrum resulting from the vaporization 

of Cro
3 

revealed a bewildering complexity of ions. Fortunately, chromium 

has four isotopes of appreciable abundance which allowed unambiguous identi-

fication of the chemical composition of the observed ions. The relative 

abundances of Cr , n=l to 6, are tabulated in Appendix A. The Atlas CH4 
n 

mass spectrometer was equipped with a "mass meter" which allowed the 

location of a given peak to within a few mass units. By comparing tl!e 

relative peak intensities in a given series of peaks with the abundances 

tabulated in Appendix A, it was possible to identify the number of chromium 

atoms present in a given series of ions. From the approximate mass number 

and the number af chromium atoms, it was possible to establish the number 

of oxygen atoms present in a given series of. ions,· and hence the chemical 

composition of the ions. 

Table II summarizes the compositions of ions identified in the mass 

spectrum. Each ion is reported in terms of the mass number of its most 

abundant isotope. The same ion peaks and the same relative ion intensities 

(at a given cell temperature) were found with either an Al
2

o
3 

or a graphite 

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

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

stainless steel and copper cell, Al
2

o
3 

liners were used in a 11 of the 

quantitative measurements reported in this thesis • 

. I. 

-· 



( 

"· Compos it ion 
of ion 

+ Cr
2
o
3 
+ Cr

2
o4 

Cr o+ 
2 5 

+ cr
3

o4 

Cr o+· 
3 5 

Cr o+ 
3 6 

+ cr
3

o
7 

cr
3
ot 

(Cro3 )~ 

,., 

Table II. Identification of chromium-containing ions from a Knudsen cell 
containing Cro

3
. 

Mass NUmber of most ·Compo sit ion 
abundant ion of ion 

Ml52 (a) cr4o~ 
·.r· 

M168 .cr3 o~ 
M184 "cr4o9 

M220 (b) + . 
Cr3010 . 

M236 Cr4olt 

M252 (Cro
3
)t 

M268 Cr5013 

M284 (cro
3
); 

M300 (cro )+· 
3 6 

~" ~\: 

Mass Number of most 
abundant ion 

M320 (b) 

M336 

M352 

M368 

M384 

M4oo 

M468 

M500 

M6oo (b) 

(a), This ion was present in too low a concentration to allow accurate measurement of its appearance potential. 

(b). These ions were detected only in very low concentrations and then only when the sample temperature 1vas 

high ~Cro3 . above its melting point) and the electron energy was of the order· of 50 to 70 ev. 

I 
\0 
I 
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IV. FR4.GMENT IDENTIFICATION 

A. Introduction 

The great complexity of the mass spectrum resulting from the vapori-

zation ·of Cro
3 

is in sharp contrast with the mass spectrum resulting from 

the evapor~tion of Moo
3 

or w0 • 
3 13 Berkowitz, Inghram, and Chupka found the following ions and appear-

ance potentials when Moo
3
(s) was yaporized from amolybdenum cell: (Moo

3
); 

. + + 
10.9 ev;. (Moo

3
)4, 10.9 ev; (Moo

3
)
5
, 10.9 ev; Moo

3 
13.9 ev; (Moo

3
);, 13.5 ev. 

They concluded that the first three ions represented simple ionization of 

parent molecules while the last two ions resulted principally from frag-

mentation of the first three ions, and stated: "Essentially the same 

resu·lts were obt~ined using electron kinetic energies of 15, 4o, and 150 ev. 11 

In their study of the sublimation of molybdenum dioxide from an alumi-

. 14 
num oxide Knudsen cell, Burns, DeMaria, Drowart, and Inghram found the 

followin~ ions and appearance potentials: Moo;, 12.0 

Moo;, 9.4 ev; (Moo
3
);, 12.0 ev; Mo2o;, 10. ev; Mo

2
ot; 

They concluded, on the basis of appearance potentials and ionization effi­

ciency curves, that Moo;, . (Moo
3 

);, and (Moo
3
); resulted from simple ioni­

zation of the neutral molecules, and that part of the Moo; ion current 

resulted from simple ionization of the neutral molecules, and that part 

of the Moo; ion current resulted from simple ionization ·of the neutral 

molecule. Furthermore, they also concluded that part of the Mo2o; and, 

Mo3o~ ion peaks resulted from simple ionization of molecules of the same 

composition, but that "The presence of a parent Mo
2

o
4 

molecule must be 

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

trans. 
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Berkowitz, Chur;ka 7 and Inghram15 also investigated the sublimation 

of tungsten trioxide. Here again the equilibrium species were concluded 

to be the trimer, tetramer, and pentamer of the trioxide. Berk:owitz, et 

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

w
2

o6 appeared, but were due largely, if not entirely, to dissociative 

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

electrons. 

In their study of the sublimation of wo2 o 96, Ackermann and Rauh7 

01:)served Wo+, wo+ wo+ w o+ . w o+ w o+ w o+ w o + w o + d w o + 
2' 3' 2 5' 2 6' 3 8' 3 9' 4 11' 4 12'. an 5 15 

ions of which wo +, wo;, wo;, and most of the w2o; ions disappeared when 

electron energies below 30 ev were used. The authors then canmented: "Al­

though a part of the w2o6 and w:
3
o; ion currents could have resulted from 

fragmentation of the major species w
3

o
9

, the principal gaseous species 

above all tungsten oxides studied here appear to be w
2

o6, w
3

o8, w
3

o
9

, and 

W4°12·" 

ions when a tungsten trioxide-silicate solution was heated in an iridium 

cell. The appearance potentials found were: wo;, 14.2 ev; wo;, 12.1 ev; 

. w2o;, 15.8 ev; (wo
3
);, 13.4 ev; w

3
o;, 15.5 ev; and.(wo

3
);,_13.3 ev. They 

concluded: "It was apparent from a study of the appearance potentials 

and appearance potential curves that the principal gaseous species under 

the conditions of the study were WOy (wo?) 2, and (wo
3
)

3
, and that w3 o~, 

+ + . -
w

2
o

5
, and wo

2 
were essentially fragment • II 1ons. These investigators used 

20 ev- electr.ons for -ionization. 

The immediate problem in the study of the sublimation of chromium 

trioxide was to. identify the ions that vrere fragments and to determine 
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an electron energy that could be used for vapor pressure measurements 

that was low enough so that fragmentation was negligible but high enough 
' ' 

so that the ion intensities were adequate to allow accurate ion intensity 

measurements. 

Several types of experiments can be used to obtain information use-

ful for the identification of parent ion-fragment ion relationships: 

I). M~asurement of appearance potentials and ionization efficiency 

curves. 

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

III). Experiments with reduced activity of one or more of the elements 

present in the solid, specifically: 

l. Use of a canpound containing chromium and oxygen, with 

the activity of one or both reduced below its activity in 

Cro
3

. 

2. Cell exhaustion experiments. 

IV). Experiments that provide for undersaturation of the gas phase 

while using a solid of unit activity. 

1. Use of the double oven technique 

2. Use of the nested cell technique 

V). Experiments that increase the activity of one of the elements 

above its activity in the solid, such as by releasing oxygen 

into the cell. 

VI). Molecular beam profile studies. 

T?e Atlas CH4 mass spectrometer which was used during this phase of 

· the study is equipped with an electro-magnetic molecular beam shutter 

that does i1ot have a manual over-ride; hence experiments of type VI 
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were not possible. Attempts were made t? examine the spectrum resulting 

from the evaporation of several canpounds that would have an astivity 

of Cro
3 

lower than that of Cro
3

(s)_. The compounds used included cr
3

o8 

PbCro4, Na
2
cro4, and Cr0

2 • None of these experiments were successful in 

giving useful information. In every case the oxygen pressure rose so 

rapidly upon heating that polymers of Cro
3 

were not observed in the mass 

spectrum before the compound had been reduced to a lower oxide. Since each 

of these solids should have a lower oxygen activity than Cro
3 

(s )' these 

results clearly confirm the prediction from thermochemical measurements 

that 02 should be the principal equilibrium gaseous product when c~.o3 ( s) 

is heated. The observed polymeric gaseous oxides may be in metastable 
t' 

equilibrium with the solid, but they are not the equilibrium reaction 

products. In addition, an attempt was made to use a reducing cell material 

but surprisingl;)1 the mass spectrum observed when a graphite cell liner 

was used for experiments up to the melting point of Cr03' 196°C, was 

indistinguishable from that observed when an aluminum oxide cell liner 

was used. Since graphite is a reducing agent, this result implies that 

the gaseous oxides as well as the solid Cro
3 

do not rapidly establish 

equilibrium oxygen pressures. 

Consequently, identification of the parent-fragment relationships 

was made by use of appearance potentials, heats of sublimation, nested 

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

ments. 

B. Appearance Potentials 

Appearance potentials of the chromium containing ions detected in 

this study are listed iri Table III. Both absolute appearance potentials, 

made using mercury as a standard and taking the spectroscopic 



Table III. Appearance potentials of chromium-containing ions in the mass spectrum resulting from the 
sublimation of Cro

3
. 

Appearance Potential ~Eearance Potential 

Species Relative to Absolute Species Relative to Absolute 
+ 

Cr4010 volts + 
Cr4010 . volts 

(cro
3

) 
5 

-0.8 11.0 cr
3
o8 4.9 16.7 

(cro
3

) 4 -0.7 11.1 cr4o8 4.9 i6.7 

(cro
3

)
3 

-0.3 11.5 cr4o
9 5.5 17.3 

Cr5013 -0.1 11.7 cr2o4 5.7 17.5 

Cr4010 0.0 11.8 cr
3

o
5 5.7 17.5 

Cr
3

o
7 

1.0 12.8 Cr2o
5 

7.1 18.9 

Cr401l 3.5 15.3 cr
3
o6 7.8 19.6 

'· ... 
~ ... 

.I 
I-' 
.j::"" 
I 
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potential (lO.lf3 ev) 17 of mercury as its appearance potential, and appear­

ance potentials relative to cr4o1~ (M368) are tabulated •. The appearance 

potentials of the chromium containing species were determined relative to 

cr4o16 by use of the extrapolated differences method.
18 

The difference 

+ 202+ between the appearance pdti:mtial of ·cr4o10 and Hg was then determined 

by the same technique.· As a check on the reliability of using the cr4o16 
ion intensity as in 'internal standard,' the appearance potentials of the 

ions Cr3 o~ (cro
3
);, 

directly relative to 

+ + Crho
13

, and (Cro
3

) 
5 

were all determined 

The agreement of the direct determination 

with the indirect determination was within 0.1 ev in all cases except for 

+ . 
Cr

3
o

7
, where the difference was 0,3 ev. Table TV isa comparison of 

appearance potential values determined in this study with values reported 

by Schafer and Rinke
8 

and by McDonald and Margrave9 • 

2 
Grimley, Burns, and Inghram found the following values for the 

dissociation energies of chromium oxides. 

D0 (Cr0) 
0 

101 kcal/mol (4.4 ev) 

D~(Cro2 ) 227 kcal/mol (4.9 ev/bond.) 

D~(Cro3 ) 341 kcal/mol (4.9 ev/bond) 

Thus the Cr-0 bond energy can be taken at about 4.4 ev. Examination of 

the results of work on other Mo
3 

polymers (M=Mo,W) shows that the poly­

merization energy is usually about 8~ of the bond energy. The value of 

. .6H~298 ( O(g)) select,ed for the revised Circular 500 is. 59.553 kcaL l9 

These data will. be used to consider the energetics of several possible 

fragmentation processes. 

For the reaction: 

+ 
XY + e X + Y + 2e 
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Table IV. Comparison of observed appearance potentials. 

"" 

Appearance Potentials 
(electron volts) 

Species Schafer and McDonald and This study Rinke8 Margrave9 

(cro
3
); 12 11.0 

+ 
Cr5013 14.2 11.7 

(cro
3
)t - 12 (a) 11.9 11.1 

Cr40li (b) 15.3 

+ Cr4010 -12 12.8 11.8 

+ cr4o
9 

17.3 

+ cr4o8 16.7 

(cro
3
); -12 12.4 11.5 

+ Cr
3

o8 (b) 16.7 

. + Cr
3
o

7 
-12 15.8 12.8 

+ cr
3

o6 15.6 19.6 

+ cr
3

o
5 

(b) 17.5 

+ cr2o
5 

18.9 

+ Cr2o4 - 19 19.4 17.5 

+ Cr2o
3 

17.4 . 

(a). Schafer and Rinke reported that their Vaiues were uncorrected. 
y. 

(b). These ions were. not reported by McDonald and Margrave. 
~-c.-

',. 
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the appearance potential of the X+, AP(X +), will be: 

+ 
AP(X ) = D(X-Y) + I(X) + K + E (5) 

where: 

D(X-Y) is the X-Y bond energy 

I(X) is the ionization potential of X (from the ground state 

to the particular ionic state produced). 

K, E are the excess energy carried off by the fragments (kinetic 

and electronic energy). 

Stevenson20 has shown that the equality: 

D(X - Y) + I(X) 

will hold in nearly all cases if f(X) < t(Y). However, we will not make 

this assumption, but will always keep the quantity (K +E) on the right 

side of ec~uations of the form of (5) . The quantity (K + E) will not be 

included explicitly, but its presence will be indicated by the sign~· 

Example I. Assume (cro
3
)t arises from: 

(CrO ) + e = 
3 5 

Then the above considerations lead to the expectation that: 

Past experience on a wj de range of inorganic systems suggests that the 

ionization potentials of these complex chromium-oxygen molecules should 

all be roughly the same. Hence we would except: 
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> o.85 x 4.4 

> 3. 7 ev 

Thus the difference between the appearance potentials of the tetramer 

and pentamer would be expected to be at least. 3. 7 ev if the tetra.mer 

arises from fragmentation of the pentamer. Experimentally this differ-

ence is found to be 0.1 ev. Thus the appearance potential results indi-

cate that (Cro
3
)t does not arise from the fragmentation of (cro3 ) 5 ~ 

Example II. 

Assume Cr 0 + arises from: 
4 10 

= 

In this case: 

> 8.8 t;V. 

If the fragmentation process produces o2 rather than two oxygen atoms, 

D
0 

should be subtracted from the above result, yielding 8.8 - 5.2 > 
0 . 

3.6 ev for the difference between the appearance potentials of cr4o
1
6 

and (cro
3
)4. Experimentally this difference was found to be 0. 7 ev. 

Fragmentation of the tetramer can be reasonably ruled out as the source 

Fragmentation of molecules more complex than the tetramer 

to form cr4o16would require. even larger energies. 

other examples of this type of argument can be found in section D, 

"Douple Cell Experiments" where the conclusions drawn from the appearance 

potential data are checked against conclusions dravm from the double cell 

experiments. 

""' 

l~ 
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From cons.ideration of a large number of examples such as those 

illustrated, ·the appearance potential data suggest that the equilibrium 

species are: 

(cro
3

)x. x = 3, 4, 5 

(Crxo3x_2 ) x = 3, 4, 5. 

Likewise, .the appearance potential data suggest that the following ions 

are fragments: 

Of course, if' high ionization electron energies are used, contribu-

tions to the observed intensities of lower molecular weight species can 

arise not only from simple .ionization, 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 Cro
3 

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

cell was used. Apparently there was a kinetic barrier to reduction 

of Cro
3 

solid and the vapor polymer molecules by graphite at the relatively 

low temperatures of' these experiments. 

During attempts to study the vaporization behavior of PbCro4, a cell 

exhaustion experiment was performed which produced highly undersaturated 

vapor conditions. A graphite cell with a tight-fitting graphite lid was 

used. in this experiment. 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 

The of Cro
3 

was added on top of the PbCro4 and the lid was installed. 

intended purpose of the Cro
3 

was primarily to provide easily detectable 

vapor at low temperatures to aid aligP..ment of the spectrometer. ·The 
I 

plan was to evaporate away the Cro
3 

at low temperatures,- then to heat to 

higher tei!lperatures and search for chromium-containing molecules arising 

from the vaporization of the PbCro
4

• The ion intensities were recorded 

at various times as the Cro
3 

was evaporated with the expectation that the 

undersaturated vapor conditions would provide useful data for fragment 

identification. 

The results of the high temperature portion of the experiment were 

0 . 
negative--as the sample was heated above 500 c, the oxygen pressure in-

creased rapidly with temperature ~nd no chromium-containing species were 

detected. 
·--.- -- . ~~ -·-·-- -

The cell exhaustion experiment itself w~ divided into two parts; 

an isothermal period of over four hours during which the sample was held 

at 225°C, and 9. pe:riod in which the temperature of the cell v.ra.s r:~iserl 

in a series of steps to about 400°C. Ionizing electrons of 17 ev energy 

were used. 

The intensity of the ion peaks began to fall shortly after the tempera-

ture reached 225°C a.nd continued to fall for several hours while the sample 

was held at 225° • ·For example, the intensity of M268 ( Cr 
3 
0~) was reduced 

by a factor of 14 and the intensity of M500 ((cro
3

);) decreased by a fac­

tor of 34. Obviously, highly undersaturated vapor conditions developed as 

the Cro
3 

in the cell was exhausted. Figure 2 and Table V. summarize 

the variation of the ion intensities of cr
3

o7, cr4o
1
;, and (cro

3
) t with 

time. · Ion intensity ratios at various times are listed in Tables VI and 
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Table V. Ion intensities from the isothermal portion of the cell exhaustion experiment. 

(Sample temperature== 225°C) 

---
Ion Intensities (a) 
(arbitrary units) --

elapsed + + + + + + time I268 I300 · :S68 r4oo I468 Isoo 
hours. ./ 

0 0.161 0.185 0.744 0.0495 0.075 4 -3 .9 X 10 

0.28 0.135 0.155 0.595 0.0390 0.057 3.9 X 10-3 

0.73 0.103 0.119 0.435 0.0285 0.039 2.5 X 10-3. 

. 1.20 0.077 0.088 0.305 0.0198 0.025 l. 7 X 10-3 

2.12 0.059 o.o68 o.2o1~ 0.0134 0.015 1.0 X 10-3 

. 2.90 0.040 0.046 0.120 0.0081 0.0081 6 X 10-4 

3. 73 0.026 0.030 0.069 o.oo46 0.0037 2 X 10-4 

4.40 0.013 0.015 0.028 0.0018 0.0011 --- ---------
i 

(a) electron voltage == 17 

~i 
~ ~ 

~~ 

--

I 
f\) 
1-' 
r 



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

(Sample Temperature= 225°C). 

-
+ + M./M. Ion Intensity Ratios, (IM/IM_); 

J. J 
J 

elapsed 268 300 4oo 468 500 300 4oo time, 368 3b8 %8 %8 368 .. 2'b8 ~ hours. 

0 0.216 0.249 0.067 0.101 6.6 X 10-3 1.15 0.308 

0.28 0.227 0.260 0.0655 0.095 6.6 X 10-3 1.15 0.290 

0. 73 0.231) 0.274 0.0655 0.090 5. 7 X 10-3 1.15 0.276 

1.20 0.253 0.289 0.0650 0.081. 5.6 X 10-3 1.14 0.258 
I 
[\) 

0.334 0.0658 4 -3 1.16 0.228 
[\) 

2·:12 0.290 0.075 .9 X 10 . I 

2.90 0.330 0.383 0.0675 o.o68 5.0 X 10-3 1.16 0.205 
I 

2.9 X 10-3 3. 73 0.381 o.4w8 0.067 0.054 1.12 0.180 

4.40 0.47 0~53 0.065 0.040 ---------- 1.14 0.140 

•; 
i 
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Table VII. Ion intensity ratios from the isothermal portion of the cell exhaustion experiment 
(Sample Temperature= 225°C). 

Ion Intensity Ratios, (I: /I~); M./M. 
i j 1. J 

elapsed . 468 500 500 500 4oo 468 
time 2m 268 4oo 46E 300 4oo 
hours --
0 0.465 3.1 X 10 

-2 9·9 X 10-2 6.5 X 10-
2 

0.267 1.52 

0.28 0.420 2.9 X 10-
2 1.0 X 10-1 6.9 X 10-

2 
0.251 1.45 

o. 73 0.380 ' 2.4· X 10-2 8.8 X 10-2 6.4 X 10-2 0.240 1.37 

1.20 0.320 2.2 X 10-2 8.6 X 10 
-2 

6.9 X 10 
-2 

0.225 .1.24 

2.12 0.260 1. 7 X 10 
-2 

7.5 X 10-
2 6.5 X 10-

2 
0.197 1.14 

2.90 0.205 1.5 X 10-2 7.4 X 10-2 7.4 X 10-2 0.180 1.00 

3. 73 0.140 o.8 x 10-2 - 4 •. 4 X 10-2 5.4 X 10;_2 
0.16' 0.81 

L>.40 0.085 ---·------ ----------- -------·-- 0.12 0.61 

--

~ 
\JJ 
I 
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VII. 

A serious question that must be asked is whether equilibrium existed 

among the various chXomium containing molecules under the conditions of 

severe undersaturation. Strong evidence that equilibrium did exist can 

be found by considering the five independent equilibria that can be written 

involving the six chromium-containing gaseous species that were detected 

in this experiment. Several choices of these five equilibria can be made, 

among which is the following: 

I. 

II. 

IV. 

K 
I 

= 

p2 
(Cro

3
) 4 

= 

= 

p 
Cr4010 

p ( cro
3

) ~-

2 
I4oo + 

2 
I 368+ 

I X I .
8 300+ 36 + 

I268+ X I 400+ 

I268+ X I3 68+ X I3 OO+ 

I 468+ 



.. 
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In the above equations, the equilibrium constants have been written 

as proportional to ion intensity products. In general, the partial pressures 

will be proportional to the products of the ion intensities and the abso-

' t 21 lute tempera ure. If c.are is taken to calculate and compare equilibrium 

constants only at a single· temperature, the equilibrium constants. can be 

written as being proportional to their respective ion intensity products. 

Ion intensity products are listed as a function of time in Table VIII. It 

is apparent from Table VIII that the six species (Cro
3
)x' Crxo

3
x_2 , x 3, 

4, and 5 were in equ1librium throughout the isothermal portion of the experi-

ment even though the individual ion intensities were reduced by factors 

~ large as 34 below their saturation values. The data corresponding 

to the longest times should be discounted because the extremely low ion 

intensities corresponding to these points had high inherent errors. 

The constancy of the ion intensity factors cannot, by themselves, 

be taken as conclusive evidence that all of these species result from 

simple ionization of moiecules of the same compositions as the respective 

ions. For example, if each of the sp.ecies in equilibrium constant KII 

(involving the ions of M268, M368, and M468) ·res-ulted from fragmentation 

of the corresponding (Cro
3 

\ polymer molecules (masses ~00, M4oo, and M500 

respectively), then the ion intensity product I;68/[I268 x I 468 J would 

be constant as long as the ion intensity product I~00/[I300 X I
500

] re­

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

' + 
data show that cr

4
o

13 
(M468) is not a fragment of cr

5
o

15 
(M500), hence 

the constancy of KII is evidence that cr3 o~ and cr4o1~ are not fragments 

of (cro
3

)
3 

ar.d (Cr0
3
\, respectively.) In fact, the ion ratios I 400/I368

, 

I 300/I26S' and I 500/I468 behave differently than the ather intensity ratios 

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



Table VIII. Ion intensity products from the isothermal portion of the cell exhaustion experiment. 

K = 
KII = ~68+ KIII.= K = 

~oo+ 
5f= 

elapsed I ~ + :]68+ 
IV 

:S68 :Soo · I300+ I268+ I268 
time 00 .• 

hours :Soo+ I500+ I268+ I468+ I268+ I4oo+ r4oo+ I468+ (I468+) 2 

-
0 2.70 4.56 X 101 1.72 x 101 1.42 3.94 X 10

2 

· · o.28 2.52 4,64 X 101 1. 76 x 101 1.47 3.90 X 10
2 

o. 73 2. 73 4.71 X 101 1. 76 X 101 1.31 3-5 X 102 

~-.91 >< 101 1 .. 
X 102 1.20 2.62 1. 76 X 10- 1.22 3.4 

2.12 2.64 4.60 X 101 
1. 76· X 101 1.34 3.5 X 102 

2.90 2.4 4.50 X 10 1 
I 1. 73 X 101 1.27 3.3 X 102 

3.6 
1 l 1.34 X 102 

3. 73 4.89 X 10 1.68 X 10 3.9 
l~ .40 5.31 X lOL 1. 73 X 101 4.3 X 102 ~ ---- 1.39 0'. 

I 

.. 
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ion ratios was originally interpreted as evidence that a large part of the 

ion currents of M268., M;368, and Ml~68 were due to fragmentation of molecules 

of molecular weights 300, 4oo, and 500 respectively. However, further 

experiments showed that when 17 ev electrons are used for ionization this 

interpretation is not correct and that cr3 o~, cr4o16., and cr
5
ot

3 
arise 

primarily from simple ionizatlon of the corresponding molecules. 
·, 

After the ion intensities dropped to levels too low for accurate measure-

. 0 

ments with the sample at 225 c, the cell temperature was raised in a series 

of steps, resulting in even more highly undersaturated vapor. In the ex­

treme case, the ratio I 268;r300 
was 2.7 compared with the saturation 

value of 0.157. Ions corresponding to (cro
3

)7;, Cr
5

o
1
;, and (cro

3
); soon 

became undetectable, but ions corresponding to Cr
3
ot, (Cro

3
)t and Cr4016 

remained detectable for several steps of temperature increases. The 

results are summarized in Table DC for the ion intensity ratios r
300

/I26S' 

I 500/I468' and I2~00/3 6S" The continual decline of these ratios cannot be 

explained in terms of fragmentation. 

If one argues tbat the decrease of, for instance, the ratio r
300

/I26S 

as the temperature is raised is due to fragment contributions to M268 

from molecules such as (Cro3 ) 2~ and (cro
3

)
5 

as well as (Cro
3

)
3

, two difficulties 

are immediately encountered. First the intensities of M400 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 data. Hence the contributions of higher molecular weight speCies 

to M268 should decrease as the temperature is increased, causing the in­

tensity of M268 to app~oach a constant value relative to M300, but it 

does not. Secondly, the data taken under isothermal conditions show a 

constant ratio of the intensity of M268 only relative to M300. This fact 
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Table IX. Cell exh~ustion experiment; Ion intensity ratios :r;-00/I;68, 

rtoo(r;-68 ~nd r;oo/It68 as cell temperature is increased. 

Ion Intensity Ratios 

+ I+ +-----· 
Temp. I300 I500 oc . 4oo 

+ + -+-
I268 :S68 I468 

225 1.15 o.o66 0.065 

265 o.87 0.033 

266 0.84 0.033 

285 0.82 0.026 

295 0. 79 0.0235 0.023 

304 0.72 0.0206 -----
325 o. 73. -------
370 o.4H ------
405 0.34 ------
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means that the higher molecular weight species cannot be making significant 

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

experiment shows that cr3o~ is independent of Cr 4 016, (cro
3 
)t, Cr 

5
o

1
; and 

(Cro
3

) +, while the series of data recorded with rising temperature shows 
5 . 

that cr3 o~ is independent of (Cro
3

)3· Similar arguments apply regarding 

the questions of possible relationships between the ion pairs cr4o
1
6 

(Cro
3
)t and cr

5
o13 - - (Cro

3
)5. 

The cell exhaustion experiment confirms that (cro
3
); and 

Cr o
3 2+, x = 3J 4, 5 are all independent species. 

x x-

D. Double Cel~~eriments 

l. Introduction 

Two series of intensity measurements (Series C and Series E) were 

made using a double. Knudsen cell to produce under saturated 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 Cro
3

) was held at 189 ± 3° C 

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

201 to 430°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 and 25 ev ionizing 

·electrons, while those of Series E were made using 21 and 25 ev electrons. 

Only the six low appearance potential peaks (M268; M300, M368, M4oo, M468, 

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

all chromium-containing species that have been detected \\'ere recorded us-

ing ~~5 ev electrons. The intensities of all chromium-containing species 

except Cr2ot (Ml52) and Cr2o~ (Ml8l+) were measured with 21 ev electrons. 



-30-

The value of the double cell method lies in the fact that if an ion 

of mass Mx. is a fragment of a molect::le of rmss My, or if both of these 
I 

+ + 
are fragments of a parent of mass Mz, the intensity rat ion I /I will be 

X y 

a constant value regardless of the pressure of the neutral molecules of 

mass My or Mz. However, if Mz and MY both result from simple ionization 

of molecules of the same composition as the respective ions, or if one 

of them results from fragmentation of a molecule of mass Mz, or if both 

MX and MY are fragments, but of different parent molecules, the ratio 

I +/I+ will change as the chemical potentials of their component elements 
X y 

are changed by varying the temperature of the upper Knudsen cell. 

It is true that nearlY nothing is known about the temperature depen-

22 23 0 
dence of mass spectra. ' But thermal energy,. kT, at 800 K is 0.067 ev, 

while thermal energy at 500°K is 0.042 ev. The difference (0.025 ev) is 

so small relative to typical bond energies (4 to 5 ev) or to the electron 

energies (10 ev and higher) that the cell temperature differences used 

in these experiments are unlikely to have appreciable influence on the 

fragmentation cross sections. The assumption that fragmentation patterns 

are temperature-independent over relatively narrow temperature ranges is 

made on this basis. 

Possible temperature effects on the fragmentation patterns could be 

avoided by holding the upper cell at a fixed temperature (above the high­

est ~emperature reached by the lower cell) and varying the degree of under-

saturation in the upper cell by adjusting the temperature of the lower cell. 

This approach was attempted, but the relatively narrow temperature range 

1~achable by the lower cell together with difficulties in holding the 

upper 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 fragment-parent 

relationships deduced from the double cell results are checked against 

the measured appearance potentials to determine if the two kinds of results 

are compatible. During the discussion of appearance potentials, -the 

assumption is frequently made that large Cr 0 molecules all have approxi-
- X y 

mately the same ionization potentials (within a few electron volts). This 

assumption was verified for the molecules cr
3

o
7
, (Cro

3
)y cr4o

10
, (Cro

3
) 4' 

cr
5

o
13

, and (Cro
3

)
5

. 

2. Description of the Double Cell 

Figure 3 shows a sketch of the double cell at a scale of 2:1. The 

entire assembly was fabricated from stainless steel except for the barrel 

of the lower cell which was of copper. A screen of 80 mesh plat inurn 

gauze was inserted into the upper cell. A disc of 0.1011 thick platinum 

spot-welded to the platinum gauze prevented effusion directly from the 

lower cell to the orifice of the upper cell. 

Heating wires were wrapped around the upper cell, the connecting 

tube, and the lower cell. Platinum/platinum-10 rhodium thermocouples 

were spot welded to the upper and lower cells. 

3. Discussion 

In this section a molecule is referred to by its composition (e.g., 

(Cro
3

) 
5
), while the ions of this molec,Ule my be referred to either by 

indicating thetr composition (e.g., (Cro
3
);) or by indicating the mass 

number of the most abundant ion (the pes.k studied) of that composition 

+ -
(e.g., M500 for (cro

3
)

5 
or M400 for (Cro

3
)t). 
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(M500) 

The pentamer of Cro
3 

was the highest molecular weight species detected 

in this study at temperatures below the melting point of CrOy l96°C. In 

early single-cell experiments above the melting point of Cro
3

J indication 

I 

of a series of low intensity peaks at about M6oo was observed. Presumably 

these peaks corresponded to (cro
3
)6. It was not possible to detect these 

peaks as long as the temperature of the sample was held below about 2l0°C. 

Pressures were too low in the ionization chamber for (cro
3
); to 

have. been formed by an ion-neutral molecule addition reaction. The 

appearance potential, isothermal intensity v~riation relative to other 

ion peaks, and calculated enthalpy of sublimation relative to those of· 

other vapor species all are consistent with the conclusion that (Cr6
3
); 

appears as a result of simple ionization of a neutral molecule of the 

same composition, rather than by fragmentation of a heavier parent 

molecule. 

Column l of Table X is a listing of the ratio r
468

;r
500 

as a function 

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 cr
5

o13 is a fragment of (cro
3
)5· The diffe­

rence of the heats of sublimation of cr
5

o
13 

and (Cro
3

)
5 

is about 6 kcal, 

which is three times as large as the sum of the standard deviations in 

the heats. 

Thus both (CrO:); and cr
5

o13 ions result from simple ionization 

of molecules of the same composition as the respective ions. 

.. 



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

---·-·---
(1) (2) (3) (4) (5) (6) (7) (82 ~22 ~lQJ 

Point T -T(a) 1468 I 14oo 1
368 

1
368 

1
368 ~ 1

300 -~ ~00 No. U L 4oo 
oc 1500 1500 1468 · 1500 1468 14oo 1500 Il.~68 I4oo 1368 

----
8-C 15 8.2 7.8 0.96 74 9.1 9.5 15 1.8 1.9 0.20 

7-C 38 12.5 9.4 o. 76 125 10 13.2 26 2:.1 2.8 0.21 

9-C 42 7.3 9.6 1.3 136 18.5 14.2 31 4.2 3.3 0.23 

1-C 63 18 12 0.67 214 11.6 17.3 6o 3.3 4.9 0.28 

6-C 69 22 13 0.62 270 12.-5 20.4 83 3-9 6.2 0.31 ~ 
Vl 
I 

2-C 80 28 12 0.42 292 10.7 25 83 3.0 7.1 0.29 

5-C 109 52 18 0.35 716 13 ·9 39 250 4.8 14 0.35 

3-C. 132 --- -- ----- __ .,.._ 19.4 63 --- 6.9 22 0.35 

10-C 162 --- --- ----- ---- 17 84 --- 7 .o' 35 0.41 

4-C 165 --- --- ----- 20 . 84 ---· 7.7 32· 6.38 

11-C 216 --- --- ----- ----- 25 125 --- 13 61 0.53 

12-C 246 --- --- ----- ----- 37 ---- --- 22 --- 0.59 

(a) Tu- TL upper cell temperature minus lower cell temperature. 
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Table XI. Ion intensity ratios calculated from data of double cell 

series Cl7.5. 
._, ----

(1) ' (2) (3 2 11+ L ~) 

Point T -T (a) 
I268 .=..268 

1268 1268 
1
268 No. U L 

oc 
I500 I468 14oo ~68 1300 

8-C 15 8.9 1.1 1.1 0.12 o.6o 

7-C 38 18 1.4 1.9 0.14 0.67 

9-C 42 22 3.0 3.0 0.16 0.71 

1-C 63 43 2.4 3.5 0.20 0.72 

. 6-C 69 61 2.8 4.6 0.22 0. 73 

2-C 80 69 2.5 5.9 0.24 0.83 

5-C 109' 250 4.8 14 0.35 1.00 

3-C 132 10 33 0.52 1.5 

10-C 162 11 57 0.67 1.6 

4-C 165 12 52 0.62 1.6 

11-C 216 28 140 1.1 2.1 

12-C 246 63 1.7 2.9 

(a) TU -TL = Upper cell temperature minus lower cell temperature·. 

--~~------------------------------------------------------------

• 
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Values of the ratio I 400/I500 
are listed in column two of Table X. 

These data show that the tetramer is not correlated 11ith the pentamer. 

Ratios of. I 400/I468 from Series Cl7 .5 are listed in column three 

of Table X. The results clearly show tha.t the tetramer ·is riot a fragment 

of cr
5

o
13

• The difference in their heats of sublimation is approximately 

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

(Cro
3
)t ions also result from simple ionization of neutral molecules 

of the same composition as the ions. 

The measured difference in appearance potentials between cr4 o11, 
and (cro3 )~ is 4.2 ev which is in good agreement with the value of 4.4 ev 

whichis predicted if cr4o
1
r is a fragment of (cro

3
) 4 • But the data from 

series E 21 columns 1 and 2 of Table XII show that M384 is not correlated 

\'ii'ith M468, or M500 when 21 ev electrons are used for ionization. Figure 

L~ shows that M384 is not correlated with M4·oo. Figure 5 plots the inten­

sity ratio I
384

;I
368 

obtained in series E21, and E25. The cr4 o11 int en­

sity ·is about 1% of the cr4 o1
6 intensity when 21 ev ionizing electrons 

are used. 

If cr
4

o
1
6 were formed as a fragment of cr4o

11
, as Fig. 5 suggests, 

then the following line of argument developing the difference in the 

ionization potentials of M368 and M384 should be approximately correct. 

Assume: cr4o
11 

is the parent of cr4o1~ • 
. Cr4o11 + e = c~4o1t + 2e 

AP[Cr 4o
1
fJ ~ IP[cr4o

11
J 
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cr4o11 + e = Cr4o
1
6 + 0 + 2e 

AP[Cr4o10J ~ IP[Cr~_o10 J + D~(CrO) 

Thus the above assumption implies that 

3.5 + 4.4 7.9 ev 

which is an extraordinarily large difference in ionization potentials 

for two molecules of as similar composition as cr4o
11 

and cr4o
10

. Taking 

the appearance potential of the assumed parent, cr4o
11

, as its ionization 

potential, the above conclusion implies tbat the ionization potential 

of Cr 1~o10 would ~e less than or equal to 7.5 ev if it is farmed as the 

result of fragmentation of Cr4o
11

• 

A possible, but very unlikezy, source of the cr4o
1
t ion is a mole-

cule-ion reaction occuring in the ion source: 

= 

This reaction would imply that the appearance potential difference should 

be approxim~tely: 

5.4 - 4.4 

= 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, M)8~-, and Ml.~OO; all >'lith the intensities adjusted to make the 

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

Point T -T (a) 1
384 

1
384 I352 No. U L · oc 1500 I468 I4oo 

10-E -11 1.1 ·o.l4 0.072 

3~E .4 0.13 0.11 

19-E 5 1.5 0.086 

2-E 28 O.ll~ 0.13 

18-E 29 2.8 0.10 

17-E 30 3.2 0.14 

9-E 43 3-5 0.19 0.14 

16.E 46 6.0 0.17 0.18 

1-E 52 0.15 0.19 

4-E 76 0.20 0.16 

15-E 88 0.24 0.21 

8-E 97 0.25 0.27 

5-E 108 0.23 0.29 

6-E 122 0.22 0.32 

14-E 134 0.21 0.28 

7-E; 153 0.30 0.30 
·~ 

11-E 171 0.39 0.32 

"'-',·; 13-E 176 0.54 0.41 

12.-E 189 0.55 0.56 

~-----

(a) TU-TL = temperature .difference between upper and lower cells. 

---
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doubt that more th~ one process contributes to the ion intensities of 

M368 when electron energies of five volts or so above the threshold are 

used. But the curves do not indicate the nature of the reactions. 

If the process that produces most of the cr4o
1

(5 at 21 ev and above 

is assumed to be: 

the appearance 1x>tential that would correspm d tO' this process can be 

estimated as about 14.3 ev by comparison with the appearance potential 

of (CrO)t (Table IV) and the shap~ of the ionization efficiency curve 

for (Cro
3
)!· Then: 

Cr40ll + e = cr4o13 + 0 + 2e ~E = +14.3 ev 

Cr4016 .'+ 2e - Cr4010 + e 6E -11.8 = ·- ev 

Cr40ll = Cr4010 + 0 6E ~ 2.5 ev 

compared to 4.4 ev for the dissociation energy of one Cr-6 bond. However, 

the Cr-0 bonds from 'Which this value (4.4 ev) is calculated involve 

oxygens which are bonded to one Cr atom only, while the polymers must 

contain some oxygens that are bonded to two Cr at ems. It is possible 

that the cr
4

o
10 

molecules, while having less oxygen than cr4o
11

, may have 

more oxygen atoms which are bonded to two Cr atoms with a· consequent gain 

in stability. 
' ' 

From this discussion, the probability that some neutral cr4o11 

exists in the vapor effusing fran the· Knudsen cell seenLS high, but the 

cr4o11 probably is not the source of the cr4o1(5 ivhen electron energies 

-under about 20 ev are used. At 25 ev, the cr4o1() niay result mainly from 

dissociative ionization of cr4o
11

• 
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The data listed in columns 4, 5 and 6 of Table X shaw that M_368 

(cr4o1~) is not correlated with M400 ((cro
3

)t,) M468 (cr
5

o1_3), or M500 

( (cro
3
)5) if an ionizing electron energy of 17.5 ev' is used.· 

If M_368 did arise from M~·OO (the ion intensity ratios indicate that 

it does not) due to the reaction: 

The expected appearance potential difference would be: 

2 D0 (Cr-O) - b 0 (0 ) 
0 0 2 

2(4.4) 5.2 

?;:. . 3.6 ev. 

The measured value for this appearance potential difference is 0. 7 ev. 

Thus cr4o
1
t observed at less than 20 ev arises from simple ioniza­

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

As Fig. 7 shows, M352 is correlated with M_368 (and therefore with 

M38l~) when 25 ev electrons are used. 

This reaction would have an expected appearance potential difference of: 

> D0 (Cr-0) 
........ 0 

~ 4.~- ev . 
. · ..... 
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The actual difference in appearance potentials of M368 and M352 is 5:5 ev. 

Figure 8 plots the ion intensity ratio r
352

/:S84 as recorded with 

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

with M384 as with M368. The data listed in column three of Table XII shows ~, 

that M352 is not correlated with M4oo. 

It is not possible to say for certain whether cr4 o1~ or cr4 o1
r ···is the 

principal parent of cr4o~, but CrL~o11 is the more probable. 

At electron energies of 21 ev, the M352 ion intensity is less than 

1% of the M368 ion intensity. 

Figure 9 show.s that M368 is probably the parent of M336. Presumably 
I 

the formation reaction is • I 

! 

-7 fcr4o~ + o2 + 2e 
I . 

I 

This reaction leads to the following relationships between the appearance 

potentials z 

>, 3.6 ev 

The actual difference in the appearence potentials of cr4o~ and cr4o16 
is 4.9 ev. 

With an ionizing electron energy of 21 volts, the M336 intensity is 

less than 2% of the.M368 intensity. 

Figur~ 10 shows, of course, that M336 appears to be correlated >vi th 

M384. If M38L~ were the parerrt of M336, the formation reaction presumably 

would be: 

·•· 
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This reaction leads to the following expected relationship between the 

appearance potentials: 

> , 

~ 8.0 ev 

The .actual difference in the appearance potentials of cr4o3 and cr4o1; 

is 4.9 ev. 

With an ionizing electron energy of 21 volts, the M336 intensity 

is less than 2% of the M368 intensity. 

Figure 10 shows of course, that M336 appears to be correlated with 

M38lf. If M384 were the parent of M336, the formation reaction presumably 

wculd bel 

This reaction leads to the following expected relationship between 

the appearance potentials: 

~ 8.0 ev. 

The actual difference in the appearance potentials of M384 and M336 is 

1.4 ev. 

+ Thus cr4o8 is a fragment,and its parent is probably cr4o10• 

The data listed in columns 7 through 10 of Table X show that the 

' + ( ')+ + ( ) + trimer is not correlated with cr4o10, Cro
3 4, Cr4o

13
, or Cro

3 5
• 

Similar results were found in all four sets of double cell data, recorded 

using electron voltages ranging from 17.5 to 25 ev. 
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Figure 11 shows the ratio I 281ji300 
calculated from :intensity data 

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

value of r284/I300 
increasing with temperature. The 25 ev data show little 

if any temperature trend, indicating correlation of M28lf to M300 at 

ionizing electron energies of 25 ev. 

Fi~re 12 shows the ratio I 281JI
268 

calculated from data recorded 

at 21 and 25 ev. The data taken with 25 ev electrons show a clear tem-

perature trend indicating independence of M268 from M284 when 25 ev ioniz-

ing electrons were used. However, this is probably an artifact s:ince 

M284 is correlated with M300 at this electron energy. The 21 ev data 

show a reduced temperature trend. 

A possible explanation for this behavior is that some cr
3
o8 is 

· present in the neutral vapor, but at an ionizing electron energy of 

25 ev, a predominant contribution to the M284 peak is rrade by fragmentation 

of the trimer. 

If the trimer (M300) is the parent of cr3 o~ (M284), the formation 

reaction would presumably be: 

+ b + 2e 

Which implies an appea-ran:::e potential difference of: 

~ 4.4 ev. 

The actual difference "ivas found to 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 M284. If this 

were so, the following line of argument should indicate the approximate 

". 
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difference to be expected in the appearance potentials of M268 and'. ]'11284: 

Assume that Cr
3
o8 is the parent of cr3o~x 

AP[Cr
3
o;J. 

so: AP[Cr
3
o;] 

+ IP[Cr
3
o

7
J 

- AP[Cr3 o~] 
+ D

0
(Cr-0) + (K + E) 

0 

+ D0
(Cr-O) + (K + E) ~ 

0 . 

Thus the assumption that Cr
3
o8 is the parent of Cr

3
o; implies that: 

~ 8.3 ev. 
"' 

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

potentials for two m_o\eculei:J ?~ ~s._similar composition as cr3o8 and Cr3o
7 

. 
.... ·-- -. 

This means that the ionization potential of cr
3
o

7 
would have to be about_ 

8.3 ev. It is extremely unlikely that cr
3
o8 is the parent of the cr3o~ 

·measured at low electron energies. 

As was the case with the question of a M368-M384 realtionship, 

a possible but unlikely source of cr
3

oS is a molecule-ion reaction occur­

ing in the ion source: · 

This reaction implies that the appearance potential difference should 

be approximately: 
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= 5.2 - 4.4 

... 
= 1.1 ev. 

The actual difference is 3 .9 ev. · 

Figure 13 presents a plot of the appearance potential curves of M268, 

M284 and M)OO. Clearly, more than one process is contributing to the 

M268 and M284 ion intensities, but these curves do not eliminate the 

possibility that M268 arid M284 near their thresholds, are due to simple 

ionization of neutral molecules of the same composition as the respective 

ions. 

An extrapolation that assumes the high intensity region of the cr
3

o7 
ionization efficiency curve results from fragmentation of Cr 

3
o8 with a 

curvatu_;e like that of the cr3o~ ionization efficiency curve at law 

intensities gives an appearance potential of about 16.5 ev for cr3o~ 
being formed by the process: 

Cr
3
o8 + e 

Cr3o~ + 2e 

= 

= 

+ 0 

+ 2e +o 

6E -12.8 ev 
----'-------

3. 7 ev 

compared to an expected value of 4.4 ev. If the cr
3
o
7 

molecule has more 

oxygen atoms with bonds to two Cr atans than does Cr
3
o8, the difference 

between the predicted value and that calculated is reasonable . . 
The data indicate that at an ionizing electron energy of 25 ev, 

the pri:r;:icipal part of the M284 peak is due ,to fragmentation of M300. 

However, a small quantity of cr
3
o8 may be pre·sent in the neutral vapor 

effusing from the Knudsen cell. Fragmentation of cr
3
o8 is probably not 

an important source of M368 at low electron energies, but rny become an 



important source at electron energies above 25 ev. With an ionizing 

electron energy of 21 ev, the M284 peak was less than 1.5% as intense as 

the M268 peak. 

The double cell data with 17.5 ev electrons (Columns l through 5 of 

Table XI) indicate that Cr
3
o7 observed at low voltages is independent 

of (cro
3
);, cr4o

1
6, (Cro

3
)t, cr

5
o

13
, and (cro

3
); (all of which have been 

previously concluded to arise by simple ionization of molecules of the 

same compos it ion as the ions). The appearance potential of cr3o~ is only 

1.3 ev above that of (Cro
3

);. If Cr
3
07 resulted from fragmentation of 

the trimer, the minimum appearance potential difference would be expected 

to be: 

(Cro
3 

)
3 

AP[Cr3o~J 

+ e 

AP [(c ro
3 

) ; J 

~ 3.6 ev. 

This argument does not, of course, eliminate the possibility that M300 

makes substantial contributions to the M268 ion intensity at electron 

energies a few volts' above the M268 threshold. Indeed, the long tail of 

the M268. ionization efficiency curve in Fig. 13 is evidence tmt more 

than one process (one of which is probably fragmentation of cr
3

o8 or 

(Cro
3

)
3

) does contribute to the M268 ion intensity at electron energies 

a few volts above threshold. Figure 14, which is a plot of I
2
68/I300 

with electron energies of 17.5, 21, and 25 ev, also indicates that M300 

does contribute to M268 at sufficiently high electron energies. The 

decreasing slope -of I 268/I
300 

ratio in Fig. 14 as the electron energy is 

raised would be expected if :M.)OO were contributing to the M268 ion inten-

sity at 21 and 25 ev. The ratio of (Cro
3

)
3
/cr

3
o

7 
in the neutral vapor 
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will de.crease as the upper cell temperature is increased, so at higher 

electron energies (and ~hus at larger contributions of fragments of MBOO 

to the M268 ion intensity), the slope of' the r268;r300 
ratio should be 

less than its slope at lower energies. 

At low electron energies, Cr3o~ results from simple ionization of 

molecules of the same .. compos it ion, but at higher electron energies, 

significant contribution is made to the M268 ion intensity by fragments 

of M284 and/or M300. 

Figure 15 based on double cell data obtained with an ionizing electron 

energy of fl ev, indicate.s that M252 is much more closely correlated with 

M268 (which appeaps to arise mainly from' fragmentation of cr
3
o8 at this 

electron energy) than with M)OO. The formation of 

of cr
3
o8 would be expected to lead to: AP[cr

3
oeP 

the actual difference being 2.9 ev. The format ion 

of cr
3

o
7 

would be expected to lead to AP[Cr3 o~] 

cr3 o~ by fragmentation 

- AP[Cr3 o~] = 3.4 ev, 

of cr3o~ by framentation 

. . + . 
AP[cr

3
o7J = 4.4 ev,. 

the actual difference being 5.8 ev. Thus, appearance potentials do not 

help decide whether Cr
3
o
7 

or cr
3
o

8 
is the parent of Cr3o~. 

However, the 25 ev data (Fig. 16) indicates that both Cr
3
o

7 
and 

(Cr0
3

\ may act as parents of cr3o~ at an ionizing electron energy of 

25 ev. The temperature dependence of the ratio r
252

;r
300 

in Fig. 16 is 

. greatly reduced compared with that of Fig. 15. The ratio .. r252/r26B shows 

a decreasing trend with increasing temperature at 25 ev, as would be 

expected if some of the .M252 ions resulted from fragmentation of M300 

molecules (M300 becomes less important relative to M268 as the temperature 

of the upper ce 11 is increased) ~· 

' •! 
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The formation reaction of cr
3
ol from (cro

3
)
3 

would presura1ably be: 

= 

The difference in appearance potentials would thus be expected to be: 

::;;. 8.0 ev. 

The actual difference was found to be 7~1 ev. 

The intensity of the M252 peak was about 1% of the intensity of the 

M268 peak when 21 ev ionizing electrons were used. 

At electron energies near its threshold, cr3o~ apparently is a frag­

ment of cr
3

o
7 

or Cr
3

o4 but as the electron energy is increased, (cro
3

)
3 

may become an important parent· of cr
3
ol· 

Figure 17 is a plot of' r
236

jr268 and r
236

;r
300 

based on data obtained 

with 21 and 25 ev electrons. 

The 21 ev data in particular show that M236 is correlated with M268 

but not with M300. This indicates that at electron energies of 21 ev 

or less, Gr
3

o
7 

is the predominant parent of M236. For formation from 

Cr
3

o
7 

the reaction presumably is: 

Cr 0 + e = 
3 7 

+ 2e 

The expected appearance potential difference is thus: 

~ 2 D~(Cr-0) - D~(o2 ) 

~ 2(4.4) -5.2 

~ 3.6 ev. 
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The actual difference was 4.7 ev. 

As the electron energy is increased from 21 to 25 ev, the temperature 

dependence of ~;36;r;00 is sharply ,decreased. This is a strong indication 

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

that at 25 ev the ratio r
236

jr268 decreases slightly with increasing 

temperature, as would be expected if M300 makes a significant contribution 

to the M236 ion intensity. 

The M236 i?n intensity is about 1% of the M268 ion intensity at an 

ionizing electron energy of 21 ev. Near its threshold, Cr
3
o; is a frag­

ment of Cr
3

o
7

, but at higher electron energies (Cro
3

)
3 

may become an 

+ important parent of cr
3

o
5

• 

Figure 19 shows that M184 is a fragment of I-1300, not of. M268 or 

M368. All of these data are based on 25 ev ionizing electrons. Largely 

because of the high appearance potential of M184, the intensity of the 

Ml84 ion current was too low to allow accurate measurements at 21 ev. The 

appearance potential of Cr2o; is 7.4 ev above that of (Cro
3
);. 

The intensity of the M184 peak was of the order of 0.~ of the J-1300 

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

+ + + + + + 
Figure 20 presents the ion intensity ratio r168/r268, r168;r3

68 and Il68/I300 

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 1V1300. 



The ion intensity of Ml68 was about lCf'/o of the M300 ion intensity 

when 21 ev ionizing electrons were used. The double cell data indicate 

Intensity data on Ml52 were recorded only at 25 ev; its intensity 

was too low to record when 21 ev electrons were used. Because of its 

lmv intensity, no reliable appearance potential was determined for Ml52. 

Figure 21 presents the ion intensity ratios r
152

/r26S and r152/I300 . 

Fran these figures, Ml52 appears to be correlated with M268, but it cannot 

be said for certain that cr
3

o
7 

is the parent of Cr2o;. The intensity of 

the Ml52 peak ·was less than 1% of the intensity of the M268 peak when 

25 ev ionizing electrons were used. 

4. Summary and Conclusions 

The double cell experiments indicate that the following ions are 

formed by simple ionization of neutral molecules of the same composition 

as the ion when an ionizing electron energy near the threshold ~or these 

ions is used: 

cr3of 
(Cro

3
); 

Cr4016 

{Cro3) ~ 

cr5o1; 

'(cro
3
); 

In addition to the molecules corresponding to the above ions, small 

quantities of Cr
3

o
8 

and cr4o
11 

probably are present in the vapor from the 
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Knudsen cell. 

The following ions were found to arise frcm molecules with molecular 

weights larger than the respective ions: 

These conclusions based on doUble cell data are consistent with the 

appearance potential data. 

;. 
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V. VAPOR PRESSURES MEASUREMENTS 

A. Experimental 

Aluminum oxide Knudsen cell liners were chosen for this work because 

of their inertness. Although heating chromium trioxide in aluminum oxide 

discolors the aluminum oxide, no evidence of gross attack or deterioration 

of the aluminum oxide was fotmd. Aluminum oxide cells supplied by Morga.nite 

Refractories and Coors Porcelain Company were used; no difference in 

behavior was noted between cells from the two suppliers. 

The A1
2

0
3 

Knudsen cell was held in a massive aluminum cell holder 

which was designed to have a relatively large heat capacity to damp out 

temperature drift. The cell was heated by insulated resistance wire 

which was wrapped around the outside surface of the cell holder. Figure 

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

The cell holder was supported on three sections of mullite or alumina 

tubing. Either of these materials offered much lower thermal conductivity 

than the more conventional refractory metal supports. 

Two Pt/Ft-10% Rh (type s) thermocouples were attached to the cell 

holder opposite one another' one near the top of the cell holder, the 

other near the bottom. To assume good thermal contact between the cell 

holder and thermocouples, the thermocouples were inserted 4 to 5 millimeters 
' - . . . 

into holes drilled through the wall of the cell holder, where they were 

held in place by tapered aluminum pins. The type S thermocouple wires 

were led out of the vacuum chamber through ceramic lead-throughs. The 

temperature of the thermocouples was measured 1vi th a Leeds and Northrup 

potentiometer, model number 8686, serial number 1690549. The same potentia-

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

The thermocouples were calibrated in place under vacuum conditions by 

comparison with a calibrated chromel-alumel thermocouple placed inside 

the Knudsen cell. The chromel-alumel thermocouple was calibrated at the 

tin point; two successive cooling curves produced identical arrests. 

The arrests occurred at an indicated temperature less than O.l°C below 

the established tin point, 231.9°C.
24 

The tin used for calibration pur-

poses was Baker and Adamson's reagent grade, 99.9+ Sn. 

To assure that the chromel-alumel thermocouple would accurately 

indicate the temperature of the cell, it was necessary to devise a means 

of assuring excellent thermal contact between the thermocouple and the 

cell. This was done by fusing reagent grade lead in the alumina cell 

and freezing the ·end (two to four millimeters) of the chromel-alumel thermo-

couple in the lead. Calibration tests performed after annealing for 

several da~s at 250°C (while frozen in lead) showed that this treatment 

did not affect the calibration of the chromel-alumel thermocouple. There-

fore, during calibration tests the chromel-alumel thermocouple was held 

frozen in lead in an aluminum oxide cell which was in turn held in the 

aluminum cell holder. -5 The spectrometer was pumped down to about 10 

torr. The average of the readings of the two types S thermocouples was 

compared with the reading of the chromel-alumel thermocouple at a series 

of temperatures over the range of interest. A typical set of readings 

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

temperature measured with 
chromel-alumel t.c. inside 
the alumina cell, °C. 

14.2 

178.4 

237.4 

135.1 

14.1 

average of temperature 
measured with. two Pt/Pt;lORh 
t.c.'s in cell holder, C. 

16.0 

180.0 

239-3 

137.1 

15.8 

Within the reproducibility of the readings (0.2°C), no temperature trend. 

of the apparent temperature difference between the chromel-8.lumel thermo-

couple and the average of, the two type S thermocouples was discernable. 

Hence a correction (in this typical case) of -14 microvolts (about -2°C) 

was applied to the average of the readings of the type S thermocouples. 

This calibration procedure was repeated whenever the experimental arrange-

ment was changed. 

The two type S thermocouples frequently gave slightly different 

readings. The difference between the readings persisted to room 

temperature, where isothermal conditions existed because the Knudsen 

cell chamber is surrounded by a water-cooled jacket. Hence the difference 

in the readings is attributed to differences between the two thermocouples. 

The apparent difference was typically equivalent to about one degree. 

Simple heat transfer calculations indicated that the cell holder was 

massive enough to assure essentially isothermal conditions. The absolute 

.accuracy of the temperature measurements was placed at ± 2°C. 

Cadmium was selected as an appropriate material with ~orhich to verif".Y 
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the experimental arrangement. Cadmium has a vapor pressure in the range 

expected for the system under investigation, and its vapor pressure is 

known with consider~bly accuracy. 25 · Baker and Adamson reagent grade cad-

mium was used; powder was obtained by filing a cadmium stick. 

Fourteen data points were recorded over the temperature range fran 

431.5° to 513.~K. The electron multiplier was used to detect the ion 

114+ 
current of Cd , the cadmium ions being produced by 70 ev electrons at 

an emission current of 40 microampere. Data were recorded at decreasing 

temperatures,. then increasing temperatures, then decreasing temperatures. 

114+ 
Table XIII lists the temperatures, the intensities of the Cd ion signal, 

and the product.s of the intensities and the temperatures. The heat of 
+ .· 

sublimation is equal to 4·.57? times the slope of the log( I T) vs. 1/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 

25 values selected by Hultgren, et al., 

26.580 ± 0.150 

26.413 ± 0.150 kcal/mol 

The slope of a line drawn through a plot (vs. 1/T) of theloga,rithms of 

their selected pressures from 416° to 530°K is 26.55 kcal/mol. The 

agreement is interpreted as being satisfactory verification of the tern.,.. 

perature calibration and measurement system and the experimental arrange-

ment. 

It is of interest to note that the total vapor pressure of cadmium 

at the lowest temperature used in this test (43l.S°K) is 2.8 x 10-8 

atmospheres. 25 Since the isotopic abundance' of Cd
114 

is 28.86%, pressures 

• 
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Table XIII 

Cadmium 114 Vapor Pressure Data 

OK I 114+(volts) 
+ 

(I T) 

508.4 1.11 5.64 X 10
2 

491.0 0.385 1.89 X 10
2 

1.~81.8 0.263 1.27 X 10 
2 

1.~62 -3 0.0837 3.87Xl0l 

449.6 0.0378 l. 70 X 10
1 

429.7 0.0096 ~-;.1 

440.2 0.0201 8.85 

459.1 0.0698 3.20 X 101 

476.5 0.189 9.01 X 10
1 

490.4 0.442 2.16 X 10 
2 

502.7 0.883 4.19 X 10 
2 

513.6 1.332 6.84 X 10
2 

506.4 0.918. 4.65 X 10 
2 

492.4 o.~-lL~ 2 .Ol.f X 102 



.... · 

as low as 8.1X 10-9 atmospheres were measured. 

The vapor pressure of cadmium at the highest temperature used in 

-6 . 25 
ths'test is 4.5 X 10 · atmospheres. Using the simple hard spheres 

26 . 
formula for the mean free path of atams in a gas and an assumed cadmium 

atom diameter of 2.98 -~ ,27 the mean free path corresponding to this con­

: ·ditibn was calculated to be about 4.0 centimeters. Since the diameter of 

the orifice was 0.1 centimeter; the Knudsen condition for effusive flow 

was satisfied. 

B. Behavior of 0~ 

As ·was mentioned in the introduction, Cro
3

(s) is metastable relative 

to Cr
2

o
3

(s) even at room temperature. The pressure of oxygen in equili':'" 
. 

br~um with Cro
3

(s) and Cr2o
3

(s) at 450°K vras calculated from the heat of 
. 11 

formation of Cro
3

(s) reported by Neugebauer and 11argrave and ·the esti- · 

28 
. mated entropy of Cro

3 
(s) given by Wicks and Block to be about 700 atmo-

spheres. All other data necessary for the calculatiort were taken from 

P 29 4 0 Lew·is, Randall, itzer, and Brevrer. At 50 K, the pressure of oxygen. 

observed in this study when about 0.5 gm of Cro
3

(s) powder was heated in 

a Knudsen cell with a 1 mm 'a.iameter orifice vias approximately 6 X 10-
8 

atmospheres. The vaporization data indicate a remarkably high kinetic 

barrier to the equilibrium decomposition. 

At temperatures just below the melting point of CrOy oxygen "'·Tas 

released from Cro
3 

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 

point of Cro
3

) the combination o~ a small quantity of Cro
3 

mixed with a 
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large quantity of PbCro4 (which was probably inert)- prevented this problem. 

No detailed studies were made to learn if the observed chromium-con-

taining species have evaporation coefficients appreciably less than unity . 

However, one piece of evidence indicates that the chromium-containing 

species have evaporation coeffici,ents near unity (or at least that all of 

the chromium-containing species have about the same evaporation coefficients). 

Two experiments were performed with the lid of the Knudsen cell liner and 

the cover of the Knudsen cell holder removed. In one of these experiments 

the sample was powdered CrOy in the other the sample was Cro
3 

which had 

been melted and allowed to freeze in the Knudsen cell liner. The relative 

ion intensities were riot chariged significantly in these experiments from 

those in experiments with the lid in place using powdered CrOy 

One experiment was performed in which 40 mg of Cro
3 

were loaded into 

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

below the melting point of Cro
3

• After evaporating to "dryness" the cell 

and lid were reweighed (together with the residue). Over 9gfo of the 

original mass of the Cro
3 

was lost by evaporation. This experiment pro­

vided further evidence of the high degree of kinetic suppression of the 

decomposition of Cro
3 

( s) to Cr2o
3 

(s) and indicates that the uncatalyzed 

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 criticized30, 31 cross-sections of Otvos and 

Stevenson32 ; 2) cross-sections assumed to be proportio:ml to the total 

number 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 compares the cross.,.sections obtained by these three assu.mp-

tions, all adjusted so that the cross-section of cr
3
o
7 

is taken as unity. 

Table XIV shows that, for these chromium-containing molecules, the relative 

otvos-Stevenson cross sections are nearly the same as those obtained by 

assuming that the ionization cross-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 proportionality between 

ionization cross-section and the number ·of valence electrons in the mole-

cule is not great. There is no really suhstantive information to guide 

a choice in assumptions for complex inorganic molecules. Furthermore, 

all three of these methods of deriving relative cross-sections use the 

assumption that the ionization cross-section is equal to the sum of the 

atomic cross-sections; this has been shown not to be literally true. 33 

However, we note the comment of Inghram and Drowart3
4: ·"Thus, until 

further theoretical and experimental work is done, it is felt that the 

most consistent way of treating the data is to use both the additivity 

postulate and the ionization cross-sections given by Otvos and Stevenson." 

Consequently, the Otvos-Stevenson cross-sections have been rather arbitra.;... 

rily adopted for this work. 

2. Calculation of Relative Partial Pressures 

The partial pressure of a particular vapor species can be calculated 

+ 
from the ion intensity of one of its isotopes, ICr 0 by use of the 

X y 
following equation: 

= 
G 

Cr 0 
X y 

(6) 
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Table XIV. 

Species 

02 

Cr
3
o

7 
(Cro

3
)
3 

Cr4010 

(cro3\ 

Cr5013 

(cro
3

) 
5 
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Relative ionization cross-sections calculated by three diffe-

rent assumptions (normalized to a = 1.00). cr
3
o

7 

otvos- proportional to proportional to 
Stevenson total number of number of valence 

electrons electrons 
--

0.075 0.118 0.286 

1.00 1.00 1.00 

1.08 1.06 1.29 

1.36 1.35 1.43 

1.43 1.41 1. 72 

1. 72 1.70 1.86 

1.79 1.77 2.14 
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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. 

= 

appearance potential of the ion Cr o+. 
X y 

relative ionization cross section of Cr 0 . 
X y 

isotopic abundance of the particular isotope of 
of CrxOy whose intensity is being measured. 

relative electron multiplier gain of species 
Cr 0 • 

X y 

The calculation of 

GCr 0 ·] 
X y 

for various species involved is summarized in Tables XV, XVI and XVII for 

13.5, 15.5 and 16.4 ev electron energies. The relative electron multiplier 

gains (normalized to GC 0 ) were calcUlated from several sets of experi­
r4 10 

mental gain checks except for 
G(Cr03)5' 

cause of the law intensity of. (Cro
3
);. 

which could not be measured be-

Consequently the assumption 

G(C!0
3

)
4 

was made. Also the assumption was made that G(o2 ) = 

One experimental gain check was made 1vhich indicated that 

this assumption is accurate to within 2'Y/o, but because of the law inten­

+ 
sity of'b2 the gain check was not very reliable. 

Two mass spectrometer runs were made with the same cell and orifice 

which were used in the weight loss experiment. The data of Run C were 
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Table XV. J for 13.5 ev electrons. 

Species (E-A) -1 s G (J [ (E-A) S o G] 

cr
3

o
7 

0.6 0.5940 1.06 107.4 2.46 X 10-2 

(cro
3

)
3 

1.4 0.5940 1.23 114.0 8.58 X 10-3 

Cr4010 1.2 0.5048 1.00 145.4 1.14 X 10-2 

(Cr0
3

\ 1.1 0.5048 1.12 152.0 6.84 X 10-3 

cr
5
on 1.5 0.4326 0.923 183.4 9.11 X l0-3 

( Crb
3

) 
5 

1.9 0.4326 1.12 190.0 5. 72 X l0-3 

1 
Table XVI Calculation o,f [ 

~E-A) S o G J for 15.5 ev electrons. 

SpeCies (E-A) s G (J [ (E-A) S o G ]-1 

cr
3

o
7 

2.6 0.5940 1.06 101.4 5.69 X 10-3 

(Cro
3 

)
3 

3.4 0.59lfO 1.23 114.0 3.53 X l0-3 . 

Cr4 010 3.2 0.5048 1.00 145.4 4.26 X 10-3 

(Cr0
3

\ 3.7 0.5048 1.12 152.0 3.14 X 10-3 

Cr5013 3.5 0.4326 0.923 183.4 3.90 X 10-3 

(Cro
3

) 
5 3.9 0.4326 1.12 190.0 2. 79 X 10-3 



Table XVII. Calculatiop of [ (E-~) S a G ] for 16.4 ev electrons. 

--
Species (E-A) s G [ (E-A) S a G] -1 

() 

cr
3

o
7 3-5 0.5940 1.06 107.4 4.22 X 10-3 

( Cro
3 

)
3 

4.3 0.5940 1.23 114.0 2. 79 X 10-3 

Cr4010 4.1 0.5048 1.00 145.4 3.32 X 10-3 

(Cro
3

) 4 4.6 0.5048 1.12 152.0 2.53 X 10-3 

Cr4013 4.4 0.4326 0.923 183.4 3.10 X 10-3 

(cro
3

)
5 

4.8 0 .~-326 1.12 190.0 2.26 X 10-3 

02 3.9 1.00 (1.00) 6.58 3.90 X 10-2 

.. 
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recorded using 15.5 and 16.4 ev electrons, while those of run D were 

recorded using 13.5 and 16.4 ev electrons. An incomplete set of points 

' 
were taken in run Cl5. 5, hence the scatter of this set of data is relatively 

high. Oxygen intensities were recorded only· in the 16.4 ev runs. The 

multiplier gain during run C was 3.38 X 10
6 

(for cr4o
1
t) while the multiplier 

6 . . 
gain during run D was 3. 77 X 10 (for cr4o

1
(j). For convenience in comparing 

data, a factor of 0.898 was applied to all of the run D data to ndrmalize 

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

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

the product: 

P' = = 

E-Acr o 
X y 

+ 
ICr 0 T 

X y 

was calculated by machine for each point in these four sets of data. The 

slope of the log (P0 /K) vs l/T relationship was also calculated. This 

slope, multiplied by 4.5758, is the heat of vaporization of the particular 

species. The intercept of the log (P0 /K) vs i/T line was also calculated. 

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

sublimation ~s:ub' but a quantity~·. The following expressions demon­

strate the relationship between ~S' and ~S b: 
su 

but here: P0 = P' X K, hence: 

-4.5758 log P' 
T 

and: -4.5758 log K 

~H 
sub 

T 

- ~S' 

~ff 
sub (7) 

(8) 

(9) 
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3. Pressure Calibration Factors Based on Weight-Loss Experiments 

Two weight-loss runs were performed using the same Knudsen cell and 

lid as were used in the temperature-dependent partial pressure measure-

ment runs. The lid had been lapped by the use of diamond paste to fit 

the cell. The cell and sample were first heated for 24 hours, cooled in 

vacuum, transferred to a weighing bottle and weighed, heated for the first 

run, weighed again by the same procedure, heated for the second run, then 

weighed again. The conditions of these two weight loss runs and their re-

sults are listed in Table XVIII. 

The equation relating the pressure of an unknown substance, P Cr 0 

to the pressure (P:td) and ion 
+ X y 

intensity (Istd) of a standard substance 

is: 

:'I' ··· (· :~std )··(· + P:tdj·· (
0

. 

0std,)~88st.~~Gstd 1 
Cr 0 I tdT td Cr 0 Cr 0 Cr 0 xy s s xy xy xy 

+ . . . . (10) 

I cr o T I K I X y (11) 

where: 

+ I. = ion 'intensity of species i at temperature T. (°K) 
l l 

E = energy of ionizing electrons, volts. 

A. 
l. 

Po . 
std 

appearance potential of ion i. 

vapor pressure of stan0-ard substance at T std 

a. = ionization cross-section of species i. 
l 

S. = isotopic abundance of species i. 
l 

G. = relative multiplier gain of species i. 
l 

K = pressure calibration factor (same for all 'unkno>m' species). 
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Table XVIII Conditions and results of Cro
3

(s) weight-loss experiments. 

Temperature, °K 

tiine, sec. 

gms. Cro
3 

vaporized 

2 
orifice area, em 

orifice L/R 

Clausing Factor, W 
0 

apparent Cro3(g) 

pressure, (atm.) 

Expt. No. 1 Expt. No. 2 

----------------------------------------

0.21381 

0.0351 

2.44 

0.4682 

441.7 

2.02 X 105 

0.06435 

0.0351 

2.44 

9.31 X 10-7 
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For a Knudsen experiment. 

p = M ~~t2 (12) 

where: 

m weight loss per unit area per unit time. 
I m 

m 
aW t 

0 

m' grams evaporated in t seconds from an orifice of area a 

2 
(em ) and Clausing Factor W . 

0 

M. = molecular weight of vapor species i. 
J. 

2 
The total rate of weight loss (gm/cm /sec) when several species are pre-

sent will be given by: 

m == 
44.33 
~T 

L: .. P. ~M. 
i J. J. 

(13) 

Where the. summation is over all vapor species effusing from the cell. 

Using the factor in equation (11), exclusive of K, the relative pressures 

P' of the vapor species can be calculated. 

Since: 

p~ == 
J. 

44.33K 
m 

~T 

K 
44.33 

K == 
44.33 

I 
P. X K 

J. 

I 

L: . P. 
i J.. 

M; JT 
~M· J. 

·z . I 

~Mi P. 
i J. 

M' .JT 
(a W t) L: p~ 

0 i •J. 

(14) 

(15) 

JM 
:(16) 

i 

Using the value.s listed in Table YJ1 for the first weight loss experiment: 



K = 
(0.0351) (0.4682) (2~30 X 10-5) (44.33)[:6 P~ .[M.] 

i l l 

2. 72 X 10-5 

L: p: :)M-: 
l l 

Four sets of relative pressure data are available for use to evaluate 

P: .fM.: the data .taken with 16.4 volt and 15.5 volt ionizing electrons in 
l l 

run C and the 13.5 and 16.4 ~v data of run D. The ion intensities from 

these two experiments are tabulated' in Tables XIX, XX, XXI 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 carried out using the data obtained 

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

K 
9.21X 

L: p' 
i i 

Table XXIII present the eight K-values based upon the first and second 

weight-loss experiments. As is seen in Table XXIII, the K-values cal­

culated using the 13.5 ev data are roughly 1/3 larger than the K-values 

based on the 16.4 ev data. The most important reasons for this are, 

first the possible fragment contributions to the cr4o
1
6 and cr4o~ ion 

peaks when 16.4 ev electrons were used. The second factor to be considered 

is the fact that the uncertainties in the appearance potentials and non-

linearity of the ionization efficiency curves near the threshold are more 

important (since (E-A) will be smaller) in evaluating the 1). 5 ev data 

than the 16.4 ev data. 



Temp. 
OK 

444.9 

457.8 

466;7 

428.0 

415.1 

434.5 

435.6 

l~l~2. 9 

~-51.6 

457-3 

447.0 

L1-36.o 

1~26 .1 

424.~-

1+16.8 

J+68.1 

Table XIX. Ion Intensity Data, Knudsen Cell Run C 15.5. All intensity data are in volts ouput 
from the electron multiplier. 

I268 

7.90 X 10-3 

2.55 X 10-
2 

l~.42 X 10-2 

1.60 X l0-3 

5. 7o x 10-
4 

3.20 X l0-3 

3.75 X 10-3 

7.40 X 10-3 

1.50 X 10-2 

2.40 X 10-2 

. -2 
1.01 X 10 

3 ;95 X 10_:3 

1. 70 X 10-3 

-3 1.25 X 10 

6 -4 .00 X 10 

4.63 X 10-2 

I300 

1.58 X 10-
2 

5.05 X 10-
2 

(.88 X 10-2 

4.30 X 10-2 

1.40 X l0-3 

(.00 X 10-3 

7.95 X 10-3 
. 2 

1.68 X 10-

3.22 X 10-2 

4.05 X 10-
2 

2.21 X 10...;2 

1.01 X 10-2 

4.40 X 10-3 

3.25 X l0-3 

1.50 X 10-3 

7.50 X 10-
2 

:S68 

6.16 X 10-
2 

2.04 X 10-l 

3. 76 X 10-l 

1.21 X 10-2 

3.45 X 10-3 

2.40 X 10-2 

2.90 X 10-2 

5.72 X 10-
2 

1.19 X 10-l 

2.01 X .10-l 

8.05 X 10-
2 

3.30X 10-2 

1.31 X 10-2 

9.15 X 10-3 

4.25 X 10-3 

3.80 X 10-l 

I4oo 

-2 
1.18 X 10 

3.57 X 10-2 
-2 

5.21 X 10 

3.30 X 10-3 

1.10 X 10-3 

5.60 X 10-3 

6.45 X 10:3 

1.26 X 10-
2 

2.34 X 10-2 

3.65 x io-2 

1.68 X 10-2 

7.90 X 10-3 

3.40 X l0-3 

2.60 X 10-3 

1.15 X 10-3 

4.85 X 10-
2 

I468 

5.40 X 10-3 

2~20 X 10-3 

4.41 X 10""
2 

8.00 X 10-
4 

1.(0 X 10-4 

1.80 X l0-3 

2.20 X l0-3 

-3 5.10 X 10 . 
,. -2 

1.23 X 10 · 

2.16 X 10-2 

(.40 X 10-3 

2. 70 X 10-3 

8.50 X 10-
4 

5.00 X 10-
4 

2.00 X 10-
4 

4 -2 
.55 X 10 

I500 

9.60 x 10-
4 

3.40 X 10-3 

5.90 X 10-3 

-4 
2.30 X 10 

6.00 Xl0-5 

4 -4 .50 X 10 

5.00 X 10-
4 

1.05 X 10-3 

2.30 X 10-3 

3.80. X 10-3 

1.40 X 10-3 

5.00 X 10-
4 

-4 
2.50 X 10 

-4 
1.00 X 10 

5.50 X 10-3 

't 

I 
0\ co 
I 



Table XX: Ion Intensity Data, Knudsen Cell Run C 16.4. All intensity data are in volts output from the electron 

multiplier. 

-----
Temp 
OK 1268 I300 ~68 I4oo I468 I500 I32 

~54.2 3. 80XJ..0-2'. 1-2 5.50x o 2 .61><10-l 3.8ox1o -1 2.2lJxl0-2 3 ~ 7CX J,.o -3 1.80x10-3 

)~-.60 7 .33><10-2 9.03xlO 
-2 4.52><10-l •-2 

5.95x1o 4 .18xl0....2 6 -3 .3()( 10 3 .50xl0-3 

465.7 -9 .45><10-2 l.25xlO -1 6.65><10-l 7.95xlO 
-2 6.47xl0-

2 8 .lOxlO -3 5.94<10 -3 

418.3 1.40><10-3 -3 6 -3 1.80xlo-3 4 . -4 2.40xlO 7. OxlO .OOxlO --------- ---------
426.0 2.95xlo-3 )_ -3 -2 -3 -4 -4 

~.85xl0 · l.73xl0 3.45xlO 9 .. 00xl0 2.0()< 10 ---------
444.9 -2 -2 l.OL~xJ_O-l 4 -2 7 .8Qxlo-3 1.25x1o-3 -4 

l.59xl0 2.10xl0 1. 7xl0 8.00xlO 

457.8 4 -2 .90xlO 6.65xlo ... 2 3.45x10-l 4.33xlO 
-2 

3 .02xlO 
-2 - -3 

4.50xl0 2 .20Xl0-3 

L~66. 7 -2 -1 6 -1 6 -2 -2 . 8. 70xl0 -:3 4. 70><10-3 9.30xlO 1.23xlO • 75xlO 7. 5x10 6.55Xl0 --

' 3 .05xlo-3 -3 8 -2 4.10xlo-3 l.-05Xl0-3 -4 0\ 
428.0 5.30xl0 l. 9xlO 2.50xl0 ---------. \0 

I 

)_1-15.1 l.05xlo-3 -3 5.55xl0-3 -3 -4 
l.90xl0 l.30xl0 2.oox1o 

_______ .... _ 
----------

434-.5 6.25xlo-3 --2 -2 7 .05xlo-3 2. 75Xl0-3 6.00x10 -4 
l.05xl0 4.35xlO ---------

435.6 8.10x10-3 -2 5.10xl0~2 8.40xl0-3 3 .20Xl0-3 6.00xl0-4 
l.l7xl0 --------.--

41+2.9 6 -2 -2 l.l6x10-l 1.97xl0-2 8.40Xl0-3 l.60Xl0-3 l. 7xlO 2.70xlO ---------
451.6 3 .15xl0-2 

4.8oxlO 
-2 2 .29><10-l 3 .40><10-2 

l.89Xl0 
-2 3 .30xlo-3 l. 70><10-3 

457.3 
-2 -2 -1 5.20><10-2 L -2 5. 4-0xlO -3 5.20xlO 7. 70x1o 3.80x10 3. ~OXlO ---------

447.0 6 -2 2.1 xlO 3 .30><10 -2 1.48><10-l 2.40><10 
-2 

l.l9Xl0 
-2 l.25xlo-3 1.20xl0 -3 

436.0 9 .30xlo-3 -2 5.90><10-2 l.l1xl.0-2 4.00Xl0-3 -4 
1.50x10 8.oox1o ----------

426.1 3 .80xlo-3 6~30xl0-3 2 .35><10 -
2 4.90><10-3 l.30Xl0-3 3 .00< 10-4 ---------

)_1-24.4 2.95xlo-3 4-.85xl0-3 l. 73xl0-
2 -3 -4 -4 

3.50xl0 9.50Xl0 2.00X10 ---------
416.8 l.50xlo-3 2 .30x10 -3 8 -3 :-7Cx10 l. 70><10-3 3 .50Xl0-

4 --------- ---------
468.1 l.07Xl0-1 1.32Xlo-1- 8 .o8xlo-1 8.20 XJ.o-2 8 .05><10-2 9.00x10 -3 7 .20xl0-3 

·-



.. 
Table XXI. Ion intensity data," Knudsen cell run D 13 .5. All intensi t·, data are in volts output from the electron 

multiplier 
-------

> 
Temp 

I268 I300 ·I368 I I~68 1
500 OK ll-00 

453 .~- ·.· .. · 3 .l~5XLO -3 1.47XL0-2 ~-.69XL0-2 .;.2 
5.90><10-3 1.25><10 -------

453.6 3 .50XL0-3 l.36XLo-2 4. 70XL0-2 1.1&10-2 6.1.2xl0-3 1~30xlo-3 

443.6 2 .25XLO -3 B -3 .lOXLO 2. 76XI.o-2 
7 -37xi0-3 3 .lOxl0-3 6 -4 .50xl0 

448.9. 3 -35XLo-3 l.23XL0-2 4.27Xl0-2 .. l.04xl0-2 5.0Qxlo-3 l.05xl0-3 

454.1 4.95XLO -1 l.61XL0-2 6.26XJ..o-2 1.35><10-2 8.05><10-3 l.4Qxlo-3 

463.9 l.07XL0-2 3 .22XL0-2 1.31><10-1 2 .. 49><10-2 1.92x10-2 2.95><10-3 

435.6 4.50XL0-4 2.85XL0-3 7 .6ox:L0-3 2. 78x1o-3 7 .80x1o-4 2 .50x1o-4 

440.9 8.00XL0-4 . ·4.15XL0-3 1.22XJ..o-2 4.02x10-3 1.30xl0-3 3.50x10-4 

1~49 .0 2.75XL0-3 l.llXL0-2 3. 72XJ..o-2 l.OJxlO -2 4.55><10-3 9.30xlo-4 

458.9 6.50XL0-3 2 .20Xl.0-2 8.50X'J..O -2 l_.82xl0-2 1.17><10-2 2.05><10 -3 I 

c5 
461.5 7 .48XLo-3 4 -2 -1 2 .15><10 -2 l.4Jxl0-2 2.4Qxlo-3 I 2. 8XLO l.OlXlO 

462.6 
- 3 

2 .56XLO -2 l~06XlO -l . 2.02xl0-2 .-2 ·. -3 
8.16XLO- l.53xlO 2.57xlO 

427.6 l.43XL0-3 4.30XJ..o-3 1.25><10-3 -4 
---------- 3 .20x10 ---------

. 44o.2 l.l5XL0-3 l~.lOXL0-3 L44XJ..o-2 3 .65><10-3 1.45><10-3 2. 50xl0-3 

432.3 6.00 XL0-4 4 -3 · 2. 3 XLO 7.30XL0-3 2 .22xl0-3 6.00xl0-4 --------
436.0 9.6oXLo-4 3 .6o><Lo-3 l.20XL0-2 3.13xl0-3 l.lOxl0-3 1.30xl0-4 

454.4 3 .jOXl.0-3 . ~ -2 1.2 -XLO 4.~·5XL0-2 1.05><10-3 - 5.40xl0-3 -3 1.15><10 . 

455.4 3 .55Xl.o-3 l.l9XL0-2 4.45 XJ..O -2 9.6(}(10-3 5.63xl0-3 l.lOxlO -3 

h63.l 6 -3 - .25XLO · . 2 .o6x10-2 7.80 XL0-2 1.6~10-2 1.1(}(10-2 2.00xl0 -3 

444.3 l.lOXL0-3 4.30XL0-3 1.46>--lo-2 3. 73>< l0-2 1.5(}(10 -3 2.8Qxlo-4 

442.8 2. 75Xl0-3 9.6oXJ..o-3 3. 70 XJ..o-2 8.34<10-3 4.45><10-3 9-00xl0-
4 

~-
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Tabie XX:II Ion Intensity Data, Knudsen Cell Run D 16.4. All intensity data are in Volts output from the 

·electron multiplier 

Temp 
c>K I268 !300 :S68 -· r4oo I468 !500 I32 

-
453 .4' 4.83xl0-2 6.40Xl0 -2 3 .47><10-l 4.43Xl0-2 -2 

3 .05Xl0 . 4.50><10:...3 1.20><10-3 

453.6 4. 70Xlo-2 
5· 75><10-

2 3. 48Xl0-l 4 -2 .05Xl0 3 .lOXlO 
-2 4.22><10-3 2 .OOxl0-3 

443.6 2 .48xlo-2 3 .15><10-
2 1. 74Xl0-l 2.30Xl0-2 1.29Xl0-2 2 .OOxlO -3 7 .OOxl0-

4 

448.9 3. 75><10-2 4_~48><10-2 2.67X1o-1 3.20X10 
-2 

2.14Xl0-2 3 .OOxl0-3 8.00xl0 
-4 

454.1 5-38xlo-
2 

5.92Xl0-2 3 .84X10-l 4 -2 .05Xl0 3 .22Xl0 -2 1~.15x10 - 3 l.40xl0 
-3 

463 ·9 ·. 1.11><10 -l l.l9XlO-l 8.20Xl0-l 7 .60X10-2 
-2 8.55xlo-3 -3 

7_.82X10 2-65x10 

)_~35. 6 1. oR><; 10 -2 1.44Xl0-2 6.82X10 ... 2 -2 4 -3 -4 
1.09Xl0 .70x10 8.50xlO ---------

440.9 1.44~10-2 2.l'JXl0-2 1.07><10-l 2 7 .62Xl0-3 1.10x1o-3 4.o6x1o-
4 

1.49X10-

449.0 3 .25><10-2 l~. 40X10 -2 4 -1 3 .25X10-
2 2.00X10-2 3 .05X10-3 -4 

2. 0X10 5.30x10 

458.9 6 .60>< 10-2 8.15><10-
2 5.00Xl0 ... 1 5.60X10~ 4.76Xl0-2 6.00Xl0-3 1.30x1o-3 

461.5 7 .8Jxl0-2 9.25><10 
-2 

5-75><10-l 6.10X10-
2 5.80Xl0-2 7.05x10-3 l.30x1o-3 

462.3 8 .33X10-2 9 .63X10 -2 6 .63X10-1 6.40X10-2 6.45Xl0-2 7.22x1o-3 l.60x1o-3 

442.8 2 .98><10-2 3 .6'JXl0-
2 

2 .29X10-1 
2. 57><10 ~2 2 .58x10-3 -4 --------- 2.50x10 

427.6 3 .92Xlo-3 5 .40><10 -3 2. 72Xl0-2 4.00Xl0-3 l.50Xl0-3 ---------- ----------
44o.4 1.23X10-2 1.55><10-

2 
9.93Xl0-

2 -2 6.30Xl0-3 -4 _l~ 
l.l2Xl0 . 9.00XlO .2 .20x10 

432.3 6.50Xlo-3 9-00Xl0-3 4.50xl0-
2 6 -3 -4 

-75><10. --------- 5.00x10 -----------
436.0 9.6oxlo-3 1.18><10 

-2 
6.55><10-

2 
8.20X10':""3 4.23X10-3 8 .OOX10 

-4 -4 
2.00x10 

454.0 3 .6)X10-2 4.63X10 ... 2 
2.69Xl0-1 -2 3 .25X10-3 . 4 

3 .20X10 --------- 4.20x10-

455.4 3. 75><10-2 4.40Xl0-2 2 .83Xl0-1 3 .05><10-
2 3 .18X10-3 -4 ------------ 2.00x10 

~·63 .1 6 .• 52X10-
2 7 .6])<10-2 

4.93X10-1 4.92Xl0-2 --------- 5.48Xl0-3 9.00x10 
-4 

444.3 --------- 1.55><10-
2 

9 .15><10-
2 

1.17Xl0-
2 ---------- l.02Xl0-3 3 .50x10 

-4 

-----

I 
--.:J 
1-' 
I 
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Table XXIII. Summary of pressure calibration factors (K-values) 

Partial 
Pressure 
Expt. 

b15.5 
Cl6.4 

Dl3 .5 
Dl6.4 

Weight-loss Run No. 1 

Average K = 2.95 X 10-6 

K-va1ue 

Weight-ioss Run No. 2 

3.30 X 10-6 

2.46 X 10-6 

3.40 X 10-6 

2.56 X 10-6 
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D.· Heats and Entropies of Sublimation and Partial Pressures 

Tables XXIV through XXX list heats and entropies of sublimation for 

the various species. In addition to the data from experiments Cl5.5, 

Cl6.4, Dl3 .5 and Dl6.4, heat of sublimation data from experiments El3 .5 

and El6 .4 are also included. The "E" series experiments were performed 

using a smaller orifice,. The orifice used in theE series {r = 0.0546 em) 

had an effective area 5.53 times smaller than the orifice used in the C 

and D experiments. The change in orifice had no significant effect on 

the measured heats. 

Standard deviations of the heats and entropies are significantly 

smaller in the Cl6.4 data than in any of the other data. Because of 

this, the Cl6.4 data was used as a basis for calculating vapor pressure 

curves. It might be argued that it the Cl6.4 data are to be used for the 

final pressure calculations, then the calibration factor from the Cl6.4 

data (2.40 X 10-
6

) should be used rather than the average of the eight 
. ~·. . 6 

values (2 .95 X 10- ) which was used. If this is done, all of the reported 

entropies would be reduced by 0~42 ev. This entropy difference is equiva-

lent to a pressure difference of less than 25%. 

Table XXXI summarizes the selected heats and entropies of sublimation 

of the various species. Figure 24 plots the partial pressures over the 

temperature range 420-470QK. 

McDonald and Margrave9 reported heats and entropies of sublimation 

for (Cro
3

)x,x = 3, 4, 5. Their values for (Cro
3

)
5 

were based on the 

average of two runs for Cr
5

o
1

; (which they assumed to be a fragment of 

(cro
3

) 
5
). Their values for (cro

3 
)
3 

were based on the average of two runs 

for cr
3
or (assumed to be a fragment of (cro

3
)
3

) and one run for (cro
3
)3· 



Taole XXIV. Partial Heats and Entropies of Sublimation of cr
3

o
7

• 

6H0 Std. Deviation 
Expt. No. sub 

kcal of 6H0 

sub 

Cl5.5 34.16 0.43 

Cl6.4 34.58 0.5i 

Dl3.5 36.18 2.62 

Dl6.4 33.21 1.67 

El3.5 36.03 1.07 

El6.4 35-79 0 .. 64 

Table XXV. Heats and Entropies of Sublimation of~ro3 ) 3 

Expt. No. 

Cl5.5 

Cl6.4 

Dl3 ;5 

Dl6.l~ 

El3.5 

El6.4 

6H0 

sub 

kcal 

31.28 

32.43 

32.47 

31.58 

33.31 

33-78 

Std. Deviation 

of 6H0 

sub 
-

0.69 

0.56 

1.73 
1.85 

1.11 

1.37 

~0 
sub Std. Deviation 

eu of b.so 
sub 

44;75 0.99 

45.62 1.16 

47.94 5.83 

42.75 3. 73• 

I 

~ 
r 

b.so 
sub Std. Deviation 

eu of ~0 
sub 

38.85 1.58 

40.75 1.27, 

40.21 3.85 

38.68 .4.12 

·--------------------

~ 
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Table XXVI. Partial Heats and Entropies of Sublimation of cr4o
10

. 

Expt. No. 

Cl5.5 

Cl6.4 

Dl3.5 

Dl6.4 

El3.5 

El6.4 

Table XXVII. 

Expt. No. 

Cl5.5 

Cl6.4 

Dl3 .5 

Dl6.4 

El3.5 

El6.4 

6H0 

· sub Std. Deviation 

kcal of .6Ho .. 
sub 

35.67 0.53 

36.53 0.57 

35· 74 1.99 

35.32 L45 

37.24 0.70 

37•23 0.82 

Heats and Entropies of Sublimation of (cro
3
\. 

.6Ho 
s.ub 

Std. Deviation 

kcal of .6Ho 
sub 

30.02 0.81 

31.34 0.69 

28.99 3.60 

30.08 1.84 

31.01 1.30 

32.64 1.37 

,, i 

!:::So 
sub 

Std. Deviation 

eu of 1:§30 
sub 

50.68 1.20 

53.28 1.28 

50.54 4.44 

50.83 3.23 

l 
--.J 

.680 \J1 
Std. Deviation I 

sub 

eu of .680 
sub 

. 34.18 1.85 

37.36 1.55 

31.92 8.03 

44.45 4-~ll 



Table XXVIII. Partial Heats and Entropies of Sublimation of cr5o13
. 

Expt. No. 

Cl5.5 

C16.4 

D13.5 

Dl6.4 

E13.5 

E16 .. 4 

6H
0 

sub 

kcal/mol 

42.51 

42.89 

42.35 

42.65 

41.30 

42.56 

Std. Deviation 

of 6H
0 

sub 

0.78 

0.71 

2.22 

1.04 

0.99 

0.91 
·--

ASO 
sub 

eu 

61.03 

62.24 

60.58 

62.16 

Std. Deviation 

ASO 
sub 

l. 77 

1.60 

4.95 

2.33 

" 

I 

a\ 
I 
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Table XXIX. Heats and Entropies of Sublimation of (cro
3

)
5

. 



Table XXXI. Selected Partial Heats and Entropies of Sublimation of Species Effusing from a Knudsen 

Cel~ Contain:ing Cr0
3
(s). (a) 

Species 

cr3o7 
(Cro

3
)
3 

Cr4010 

(cro3) 4 

Cr5013 

(cr?3 L5 
0 (b) 

2 

Partial Heat of 
Sublimation 

Kcal/mol 

34.58 

32.43 

36.53 

31.34° 

42.89 

36.35 

35.42 

•· 

Std. Deviation of 
Heat of Sublimation 

Kcal/mol 

0.51 

0.56 

0.57 

0.69 

0.71 

1.10 

1.92 

Partial Entropy of Std. Deviation of 
Sublirra tion Entropy of Sublimation 

eu eu 
-

45.62 1.16 

40.75 1.27 

53.28 1.28 

37.36 1.55 

62.24 1.60 

43.43 2.48 

45.87 4.18 
I 

-..J 
():) 
I 
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Likewise" the value they report for ( Cro
3

) 4 is based on two runs for cr4 o1~ 
and one run for. (Cro

3
)t. 

The values they reported are tabulated and compared with the results 

of this study in Table XXXII. Note that if the value McDonald and Mar­

grave report for l::.H~ub (Cro
3

) 
5

, 1.~4 ± 5 kcal, is compared with the value 

f.ound in this study, l::.H~ub (cro
3

)
5 

= 36.35 ± 1.10, the agreement is po_or, 

but when compared with the value found in this study for l::.H~ub (cr
5
o

13
) = 

42.89 ± 0. 71, the agreem.ent is very good. Similar comparisons should be 

made with the entropy values and the reported heat values. In every 

case, the values reported by McDonald and Margrave are in much better 

agreement with the values found in this study for the corresponding 

E. Total Pressure 

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's 5 measured pressure (based on Cro
3

(g)) as being the gas­

eous species) and a line corresponding to Glemser's pressures divided by 

four (to approximately account for the complexity of the vapor). 

Table XXXIII compares the total entropy and heat of sublimation as 

determined in this study with the values derived from Glemser's vapor 

pressure equation and those reported by McDonald and Margrave. Glemser's 

entropy values apparently should be reduced by 4.576 log 4 to account 

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

tion between the two studies. 



Table XXXII. Comparison of partial heats and entropies of sublimation with the results of McDonald and 

·Margrave. 

Second Law Partial Second Law Partial 
Heats of Sublimation Entropies of Sublimation 

kcal/mol kcal/mol 

Species M a.nd M This Study M and M This Study. 

(cro
3

)
5 

44 ± 5 36.35 ± 1.10 62 ± 13 43.43 ± 2.48 

Cr5013 42.89 ± 0.71 62.24 ± 1.60 

(Cr0
3

\ 39 ± 2 31.34 ± 0.69 56 ± 5 37.36 ± 1.55 

Cr4010 36.53 ± 0.57 53.28 ± 1.28 

(cro
3

)
3 

36 ± 2 32.43 ± 0.56 48 ± 5 40.75 ± 1.27 

Cr
3

o
7 

34.58 ± 0.51 45.62 ± 1.16 

•· 

I co 
0 
I 



~ •• 

Table XXXIII. Comparison of reported heats and entropies of sublimation of Cro
3

(s)• 

This Study· Glemser, McDonald 
Stocker, and 

and Muller Margrave 

Heat of 
Sublimation 
kcal/mol 35.26 ± 0.67 . 47.2 4o ± 2 

entropy of 
sublimation, 
eu 51.36 ± 1.51 78.95 not I 

CXl 
reported t-' 

I --------
~-
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F. Stoichiometric Balance 

If the assumption is made that Cro
3

(s) vaporizes congruently in this 

experiment (as it must nearly do), then the sum of the number of moles 

of cr
3

o
7
, cr

4
o10 and cr

5
o13 effusing from the cell should equal the number 

of moles of 0
2 

effusing from the cell. The experimentally determined 

··value of the ratio of the sum of the number of moles of Cr o
3 2 species n · n-

to the number of moles of oxygen is 4.6 at the midpoint of the temperature 

range. If the oxygen data from run Cl6.4 is combined with the data for 

the Cr o
3 2 species from run Dl3.5, the value of this ratio is found 

n n-

to be 4.9, which is not significantly different from the earlier value. 

Four factors adversely affect the accuracy of the oxygen pressure 

data: 

l) The oxygen ion current was always small so tba t no accurate 

electron multiplier gain could be measured for o2 • The assumption was 

made that G0 
2 

= 

2) There is probably much more uncertainty in the oxygen ionization 

cross-section relative to the cross-section for the chromium-containing 

species than from one chromium-containing species to another. 

3) Background oxygen intensities were approximately lafo-5Cf/o of 

the total oxygen intensities. This made measurement of the oxygen ion 

intensity difficult--background may have been overcorrected for. 

4) · The low oxygen ion. intensity produced very scattered data. This 

is evidence by the high starrlard deviations of the partial heat and en-

tropy of sublimation of oxygen. Once again it should be emphasized 

tba t the entropy and heat of sublimation of o2 are activation, not equili-

brium, values. 

, .. 



.• 
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VI. SUMMARY AND C ONC LUS IONS 

A. Species Identification 

Double cell experiments, cell exhaust ion experiments, and heat of 

sublimation measurements indicate that at low electron energies, the ionic 

. + + species (Cro3) and Cr o3 2 (n = 3, 4, and 5) all result from simple n n n-

ionization of molecules of the same composition as the ions. In addition, 

o; and (Cro3 )~ were observed in small quantities and small quantities of 

Cr o
3 1 (n = 3 or 4) may be present in the vapor~ These conclusions are 

n n- . 

to be contrasted with those of McDonald and Margrave who decided ions of 

species other than of the (Cro3 )~ type are fragments. It may be well to 

summarize the evidence that neutral species of formulas Cr o
3 2 are im-

n n-

portant vapor species. 

1. Appearance potentials 

The. appearance potential differences of the ion pairs in question 

are reported in tbe two studies as follows: 

ion pair 

AP[ (cro
3

) ;] . - AP[cr
5

o
1
;J 

AP[ ( Cro
3

) 4J - AP[Cr4o16J 

AP[(Cro
3

);] - AP[Cr
3
o;] 

appearance potential difference 

(volts) 

this study McDonald and Margrave 

-0.7 < - 2.2 

-0.7 ...; 0.9 

-1.3 - 3.4 

Because both studies found the ion Cr4o16 to be the most abundant ion in 

the mass spectrum arising from Cro
3
, the ion pair (cro

3
)t - cr4o16 is of 

the most interest. The small appearance potential difference found in 
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both studies for the (cro
3
)t - cr4o16 ion pair, when combined with data 

for the Cr-0 
2 

bond energy and the dissociation energy of o2(g)' tends 

to indicate that fragmentation is not involved in this case. 

2. Ionization efficiency curves 

The ionization efficiency curves for (cro
3
)t and cr4o16 are shown in 

Fig. 6. The. curve for cr4o1t) E~.ppears to sh& a tail, indicating that more 

than one ionization process is involved in the formation of this ion. 

:18 
Figure 26 is an extrapolated difference plot· . comparing the ionization 

efficiency curves of (~ro3 )[ and cr4o16. Unlike the results reported by 
J 

McDonald and Margrave, there is clear evidence here that more than one 

process does corttribut~ to the cr4o16 ion current. Figure 13 is a plot 

of the ionization efficiency curves of (Cro
3
); and cr

3
o;, and Fig. 27 

is an extrapolated differences plot for these ions. The evidence indicates 

+ that more than one source contributes to the cr
3

o7 ion current. The case 

of the ion pair (cro
3
); - Cr

5
o13 shows somewhat different behavior. Figure 

28 is an extrapolated differences plot for this pair of ions, and it shows 

no break. An extrapolated differences plot which shows no break is sub-

ject to two very differerrt interpretations: (1) both ions result from 

simple ionization only, or (2) both ions arise fran the same pareht 

(one can be the parent of the other) and have only one source. For com-

parison purposes, Fig. 29 shows the extrapolated differences plot for the 

ion pair (Cro
3 
); - (Cro

3
) ~' tWo ions which both studies conclude· arise 

from simple ionization of molecules of the same composition as the ions. 

3. Experiments with undersaturated vapor conditions 

. . . + + + + 
Table IX lists the ion intensity ratios r300/I268, I400/~68 and 
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+ /I+ ( · · · 1 I+ ;r+ r
500 468 correspondln, g to the prlnclp e peaks of Cr o

3 
Cr o

3 2 X X X X-
With x = 3, 4, and 5 respectivelY) during a cell exhaustion experiment 

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

(Cro
3
(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
3 2+ do not arise- from fragmentation of the corresponding n n-

Cr o
3 

molecules was found in the results of a series of double cell 
. n n 

I + + 
experiments. Column 1 of Table X is a list of the ratio r468;r500 

vs 

temperatlire of the upper cell (the lower cell was held at a fixed tempera-

ture). 
+ + + + 

Similar lists for the ion ratios r368;r400 and r300/r268 during 

double cell experiments appear in Table X and XI. All of these data demon­

strate that the species Cr o
3 

_2+ do not arise from fragmentation of the 
n n-

respective molecules of the type Crno
3

n_: 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 relationships than appearance 

potentials or ionization efficience curves. 

4. Heats of vaEorizatio~ 

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 (cro
3
); - cr

5
o13 

for which the heats of sublimation were found to be 36.35 ± 1.10 and 

42.89 ± 0.71 respectively. 

As in any mass spectrometric study, the possibility of strongly 

temperature-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 

114+ 
The ion intensity of Cd was measured from 431.5°K to 513~~K 

with the same Knudsen cell and temperature 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 s·elected by Hultgren ; 

6H4
00 

= · 26.580 ± 0.150 kcal/mol. 

6H0 

500 = 26.413 ± 0.150 kcal/mol. 

The direct verification of the system by .measurement of the heat of sub­

limation of cadmium lends consid~rable confidence to the temperature-
.' 

dependent parts of the partial pressure equations reported below. 

I 

C. Partial Pressures of Chromium-Containing Molecules 

The following equations for the partial pressures of the various 

chromium-containing molecules are based on ion intensity measurements 

(atm) ( 7.943 ± 0.24o) X 103 
+ (15.02 ± 0.54) log p(Cr03)5 = 

T 

.J2:)_73 ± 0.154) X 103 .. 
log p (atm) = + (19.13 ± 0.35) 

. Gr5013 T 

log p (Cr03) 4 (atm) (6.849 ± 0.150)' X 103 
+ (13. 70 ± 0.34) = 

T 

(atm) (7.983 ± 0.124) X 103 
+ (17.17 0.28) log PC O = ± 

r4 10 T 
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log p(Cr03)3 (atm) ;:: 
~6.836 ± 0.152) X 103 

T 
+ (13.08 ± 0.34) 

(atm) (7.4-65 ± 0.095) X 103 
log PC 0 

:::: -
r3 7 T 

+ (15.09 ± 0.22) 

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 Oxyge~ 

In this system; oxygen is not even approximately in equilibrium 

with the solid. The measured 0
2 

pressure is less than 10-lO times the · 

calculated pressure. Futhermore, oxygen is probably not in equilibrium 

with·the various chromium-containing gaseous species, although they appear 

to be in equilibrium with each other, since their relative pressures gave 

good fits to equilibrium constants expressions during cell exhaustion 

experiments in which ion intensities decreased by more than a'factor of 

1:0. 
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APPENDIX A. 
. . ' 

ISOTOPIC ABUNDANCES; Cr , n. n = 1 -5. 

... 
1. Cr 

Isotopic Abundance 

Mass 'fa of 'fa of 
No. total max. 

50 4.31 5.15 

52 83.76 100 

53 9.55 11.40 

51.~ 2.38 2.84 

2. Cr2 

Isotopic Abundance 

Mass 'fa of 'fa of 
No. total max. 

100 0.1858 0.264 

102 7.220 10.29 

103 0.8232 1.17 

104 70.362 100 

105 
·:\, 

,15 .. 998 22.8 

106 4.899 6.96 

107 0.4546 0.645 
,.., 

108 0.0566 6.0805 
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3· Cr
3 Isotopic Abundance 

Mass % o:t: % of 
'~ No. total max. 

150 0.0080 0.0135 

152 0.4669 0.786 

153 0.0532 0.0897 

154 9·.0846 15.31 

155 2.0685 3.49 

156 59.397 100 

157 20.159 33.95 

158 7.3082 12.31 

159 1.2291~ 2.08 

160 0.2073 0.349 

161. 0.0162 0.0273 

162 0.0014 0.0624 

.... 
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4. cr
4 

Isotopic Abundance 

% of % of 
.,.,, 

Mass 
No. total max .• 

200 < lo-3 

202 0.027 

203 0.003 

20!+ 0.784 1.55 

205 0.179 0.35 

206 10.184 20.18 

207 3-471 6.88' 

208. 50.478 100 

209 22.464 44.51 

210 9.469 18.75 

211 2.209 . 4.38 

212 0.466 0;.93 

213 0.61 0.12 

214 0.008 

215 10-3 

'216 < 10-:3 
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5 . Cr
5 

... 
Isotopic Abundance 

,.,, Mass ofo of ofo of 
No. total max. 

250 1.5 X 10-5 

252 1.4 X 10-3 

253 l. 7 X 10-4 

25L~ ·o.o6 0.14 

255 0.01 

256 1.10 2.54 

257 0.38 0.88 

258 . 10.74 24.82 

259 4.86 .11-.23 

260 43.26 100 

261 24.oo 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 X l0-3 

268 l.5X 10 -4 

269 lo-6 

270 < lo-6 



FIGURE CAPI' IONS 

1. Comparison of Ion currents at high electron energies reported by Schafer 

and Rinke
8 

with the res~ts of this study. 

2. Iori currents of M268, M368, and M4oo during the constant .temperature. 

3. Schematic diagram of the double cell. 

4. Double cell results. I
384

;r
400 

vs. difference in temperature between 

the. upper and lower cells. Series E 21. 

5. Double cell results. r
384

;r
368 

vs. difference in temperature between 

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

6. Ionization efficiency curves for the principle peaks of cr4o1~ (M368); 

and (cro
3
)4 (M4oo). 

7· Double cell results. r
352

/I
368 

vs. difference ~n temperature between 

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

8. Double cell results. I
352

jr
384 

vs. difference in temperature between 

the upper and lower cells. Series E 21. 

9. Double cell resuJts. r
336

;r
384 

vs. difference in temperature between 

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

lb. Double cell results. 1336/1384 vs. difference in temperature between 

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

11. Double cell results. 1284/1300 vs. difference in temperature between 

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

12. Double cell results. I 284;r268 vs. difference in temperature between 

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

13. Ionization efficiency curves for the principle peaks of cr3o~ (:M268) 

cr3 o~ (M384) and (cro
3
); (M300). 

14. Double cell results. I268;~00 vs. difference in temperature between 

the u~per and lower cells. Series C 17.5, E 21, and E 25. 
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15. · Double cell results~ r
252

/r
268 

and r
252

jr
300 

vs. difference in 

temperature between the upper and lower cells. Series·E 21. 

16. Double cell results. r
252

/r268 and r
252

;r
300 

.vs. difference in 

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

17. Double cell results. r
236

;r
268 

and r
236

;r
300 

vs. difference in 

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

18. Double cell results. r
236

/r
268 

·and r
236

;r
300 

vs. difference in 

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

19. Double cell results. r
184

;r268, r
184

;r
300 

and r
18

4/r
3

6
8 

vs. 

difference in temperature between the upper and lower cells. Series 

c 25. 

20. Double cell results. r 168;r268, r168/~00, and r168/~68 vs. 

difference in temperature between the upper and lower cells. Series 

E 25. 

21. Double cell results. r
152

jr268 and r
152

;r
300 

vs. difference in 

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

22. Schematic diagram, Knudsen cell and cell holder. 

23. Plot of log [(I~d ll4)]x T vs. 1/T. 

24. Partial pressures of chromium-containing m:olecules and oxygen in 

a Knudsen cell containing Cro
3

(s) vs. ~/T. 

25. Total pressure of vapor species in a Knudsen cell containing Cro
3

(s) 

vs. 1/T. 

26. Extrapolated differences plot for the principle peaks of the ion 

pair (Cro
3
)t - cr4o1~. 

27. Extrapolated differences plot for the principle peaks of the ion 

pair (Cro
3
); - .cr3 o~,· 
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28. Extrapolated differences plot for the principle peaks of the ion 

. + + palr (cro
3

)
5 

- cr
5

o13 • 

29. Extrapolated differences plot for the principle peaks of the ion 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
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 th~ 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 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the 'use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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