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The ion-nolecule equilibria nethod was applied to
study negative ions while L%C% bei ng vapori zed.

No UC% ions were found. It have led to the
conclusion that the electron affinity of LK% 'S
|l ess than 205 kJ-nDI'l. That is in conplete
contradiction wth the @urvich's prediction

EA(UO;) = 50050 kJ-mol " 1.

Mol ecules with high electron affinity change a lot the
properties of slightly ionized gases. They form stable
negative ions and nmake | ower the el ectron concentration and
the plasma frequency. At the same tine this effect depends

on the bond dissociation energy of the nolecule either. The
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figure 1 denonstrates that fact using the results of the
si npl e nodel cal cul ation 1.

The table 1 shows some data for the nolecules wth
high electron affinities. The transition netal fluorides
have got the highest electron affinity while their bond
di ssociation energies are quite small. It nakes that in
real systens oxides change the electron concentration
stronger than fluorides.

The uranium oxide |lies aside from other nolecules in
table 1. High electron affinity 500:¢50 kJ-nol 1 with its
hi gh dissociation energy places it out of conpetition.
Based on that value of the electron affinity of LE% Magi | |

et al 2

cane to conclusion that concentration of charged
particles in the vapors over LEE at tenperatures higher
t han 2000 K woul d be about 30 %

The electron affinity of LK% given was estimated in
the reference book 3 (al so see 4). They got it while
conparing the electron affinities of fluorides and oxides
of nolybdenum tungsten and uranium and the procedure
| ooks quite reasonabl e.

There are no any experinental data on thernodynam cs

5 6

of the negative ion UC% . Plog et al and M ddl eton

ment i oned t hat L[% has been seen by SIMS of urani um oxi des.

EXPERI MENTAL
The work is carried out on the magnet nass spectroneter

MKh- 1303 (600, 200 nm, adapted to study ion-nolecule
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equi libria. A platinum effusion chanber (12 nm x 12 mm
was used with (0.5 to 1.2 mm) effusion orifice. The
tenperature was neasured wth a Pt-Pt/Rh (10 %
t hernocoupl e, the accuracy being #4 K lonic currents were
measured with a channel electron nultiplier VEU- 6. The
subst ances L%C%, CEZCé, VEC% of chemi cal grade purity were
used. The oxi de VéCé was synt hesized with reduction of VQC%
by hydr ogen.

The ratio of the partial pressures of ions is

cal cul ated from neasured ion currents as foll ows

p(A) (A MA) Y2 B ()

o T e ] o
where | is a neasured ion current with nultiplier, Mis
mass of the ion, y is the nultiplier gain, and i is the

| sotope abundance. The nultiplier gain is assuned to be

i nversely proportional to a square root of ion mass.

NEGATI VE I ONS I N THE VAPORS OF USC%
Recently we have found that addition of small anmobunts of
pot assi um chromate increases the electron concentration in
the wvapors of transition netal oxides and allows to
register at 1400 K such negative ions as PtG, 7, Ni G,
o0, 8, Fed, %, MG, MG, MO, VO, VG V0, *

In this work the results of application of ion-
nol ecule equilibria nmethod to study vapors of U3C% are
described. Prelimnary calculations showed that if the

el ectron affinity of LK% woul d be 500 kJ-nDI'l, then the
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concentration of ions LK% in the vapors of uranium oxide

should be much higher than the experinental sensitivity

| evel .

Uranium oxide with snmall additives was investigated,
experiment | - {85.9 U3C% + 4.7 KZC}Ch + 9.4 Cr2C§},
experinment Il - {98.9 L%C% + 0.5 KZCECh + 0.6 VbCé}. The

conposition is given in nole percent.

Negative ions found were as follows: C}C% (10 000),
C}C& (14.6) in experinent I; V(% (1.3), V%C% (500), VZC&O
(1000) in experinent Il. Relative intensities at 1400 K are
gi ven in brackets.

l on UC% (mass nunber 286) has not been found. Yet from
experinmental data it is possible to estimate the upper
limt of LK% concentration. W assuned that ion current of
L[% is less than neasured signal at mass nunber 286.

The partial pressure of oxygen and the upper limt of

I(LK%) _ _

———=— were conputed in the experinment | (see table 2).
I(C}C%)

The partial pressure of oxygen is determned fromthe ratio
of ion currents C}C% and C}C&

p(crg) 1

p(Cray) K2(1)

Ther nodynani ¢ data of C}C% and C}C& were taken from ref.
10

{p(0y)/p% 2 =

*
to get nunerical values of equilibrium constants Ko(l)

The standard state ﬁ) = 101325 Pa is used



of the reaction

- 1 _ -
C}C% +5 0, =00 (1)
The partial pressure of oxygen, the activity of \bCé
o I (UO;) . .
and the wupper Ilimt of -—= were estimted in the
I(V(%)
experinment Il (see table 3). The partial pressure of oxygen

results fromthe ratio of ion currents VéC%, V(%, VZCEO as

foll ows

3 -
ov2_ _ P (V3Gg) 1
= _ 5 _
p(V3y) po(V,0;, K2(2)
wer e K°(2) is the equilibriumconstant of the reaction
- - 1 _ -
2V,0; + VO3 + 50, = 3V,0 (2)
The activity of VéCé I s obtained on the sane way

p(vay) pH(v,0 ) 1

{P(0y)/p

a( V. Cé) =
2 5 -
p°(V,Cp) K°(3)
wer e K0(3) is the equilibriumconstant of the reaction
V,05(s) + 5V30; = 4V,0;4 + VO, (3)
To get nunerical val ues of KO(Z) and K0(3) t he experi nent al
11

data from Kai bi cheva’s thesis were used. W are going to
publ i sh them el sewhere.

It mght be nmentioned that other exanples of
determining the oxygen partial pressure by ion-nolecule

equilibria can be found in ref. 12.

ESTI MATI ON OF THE ELECTRON AFFI NI TY OF UO3
To estimate an electron affinity by the equilibrium nmethod

the relation is used as foll ows



EA(UOy) = - a H)(1) = T {RIn K(5) - 2a.¢°(5)} (4)

wher e K°(5) I's the equilibriumconstant of the reaction

Uo; + e = UG, (5)

The equilibrium constant K0(5) is a product of the
partial pressure of UE% and the ratio p(LE%)/p(e). To
estimate the latter ions enmerging fromadditive are used -
C}C% in the first experinment and V@% in the second one.
Ther nodynam ¢ properties of these ions are known (see table
5) and in this work they will be enployed as ion-standards.
It neans that it 1is possible to conpute equilibrium

constants of the reactions

L O,0y(s) + 50, +e =00, (6)
3 V,04(s) + 3 Q, + e = VG (7)

from the literature data. Using KQ(G) and Kp(7) one can

AW AW

elimnate the partial pressure of electrons and as the

result we have

p(UG;) p(UG;)
U, _ LE%_ KO( 6) {p(C&)/p°}3/4 al(Crzog)llz
p(e) p(Cr Gy)
in the experinent | and
pP(U0;)  p(UQ3) 0,3/ 4 1/ 2

K°(7) {p(Q,)/p%
p(e)  p(VOy) K

in the experinment I1.

a(VéCé)

To estimate partial pressures of LK% the literature
data on thernodynam cs of uranium oxi des were used. It has
been supposed that the adm xture of chrom um oxide and
vanadi um oxi de shoul d not change the activity of the chief

ingredient in |arge extent. \Wile being heated U3C% becones
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nonstoi chiometric U;Q; , and later on is converted to |ower
oxi des. At tenperatures |lower than 1400 K firstly L%C%_Z S
changed to Lth_y, and then to LE&+X. At tenperatures upper
than 1400 K L%C%_Z i nstantly goes to LE&+X. Ther nodynami cs

of all these phases is well known 3 13-21

, Wwhile
satisfactory agreenent seeing anong different authors.

The figure 2 presents the stability diagram of urani um
oxides as a function of the partial pressure of oxygen in
the system Last experinental data of Nakanmura & Fujino 20
are used for U0, - Conparison with previous works is given

20

in ref. The lines of heterogeneous equilibria between

13. The

LK&+X, Lth and L%C% are taken from Kotlar et al
experinmental oxygen partial pressures are also given on
this picture

Thus neasurenent of oxygen partial pressures in the
course of the experinment allows to nonitor the conposition
of uranium oxi des. Having conpared the experinental oxygen
partial pressures and the stability diagram one may
conclude that in the experinents U3C% deconposed wth
formati on of L[&+X, where x ~ 0.2. Notice that the sanme way
was used in investigation of negative ions in the vapors of
nonst oi chi onetric Fe3C>4+X 9

Let us express the partial pressure of LE% with the
hel p of the equilibriumconstant of the reaction

Uoy(s) + 3 0, = Uy (8)

Along with relation for p(LK%)/p(e) it gives the final

result



p(UG;)

Ko(5) = ———K°(6) KO(8) !+
p(Cr
{p(0y) 1 p% ' * a(cr 012 a(uo,) 7t (9a)
for the experinent | and
sy = 29 ko) k(gL -
p(VCy)
{p(0y) 1% * a(v,0) 12 a(uo,) "1 (9b)

for the experinment I1.

The equations (9) express the equilibrium constant of
the reaction (5) through the experinentally neasured
gquantities. Substituting K0(5) to the equation (4) one can
get the electron affinity of LK%.

It should be nentioned that it mght be possible to
use the other way besides the equations (9) and (4). As the
exanple the first experinment will be used. The equilibrium
constants and the enthal py of reaction

UOy(s) + G0y = U0y + 3 O, + 5 Cr ,04(s) (10)
m ght be obtained from the sane experinental data as used
in the equation (9). Then the electron affinity of LE% may

be eval uated as foll ows

EA(UO;) = acHJ(UOg) - A HI(10) - acHI{UOL(s)}

- (O Gy + 5 aH{ O p05(9))
Such two ways are equivalent and give conpletely the sane
results.

Table 4 presents the calculations according fornulas



(9). The wupper limts, the oxygen partial pressure and
activity of VbCé are conputed from the experinental data
(see tables 2 and 3). To determne the activity of chrom um

oxide by ion-nolecule equilibria it is necessary to get ion
22

current of CEZC% . In present work ion CEZC% was absent
and it was assunmed that a(CEZC%) < 1. It gives even
stronger inequality for the wupper |limt K9(5). The

equilibrium constants of the reactions (6)-(8) are
evaluated from literature thernodynamc data showed in
tabl e 5.
To estinmate the activity of UCE the G bbs-Duhem
equation for LE&+X phase
dIn a(uo) + g dinp(0) =0

was applied. Thus

X
In a(uo,) = - I 5 d In p(Q,)
0

Measuring the oxygen partial pressure allowed to
estimate nonstoichionetry index of wuranium dioxide UC)Z+X
formed out of L%C% (x ~ 0.2, see figure 2). Yet for bigger
reliability the lower limt of uo, activity was estimated.
It corresponds the heterogeneous equilibrium between LK&+X
and U,05 (x = 0.245 at 1430 R and x = 0.25 at 1515 R 1),
Dependence of In p(C&) fromx in the range x > 0.003 is
taken from ref. 20, and in the range 0 < x < 0.003 is
approxi mated by the straight |ine.

The upper limt of the equilibrium constants of the

reaction (5) brings to the upper limt of the electron



affinity of LE%. The free energy functions of L[%, L[% and
electron are taken from the reference book 3, The first
experinment shows that the electron affinity of L[% Is less
t han 205 kJ-rmI'l and the second experinent does EA(UC%) <
325 kJ-mol "1, As a recomended val ue we chose the | ower one

EA(UO;) < 205 kJ-mol " 1.

DI SCUSSI ON
Thus our experinental results - absence of negative ion LK%

in the vapors of uranium oxides - show that the electron

1

affinity of LK% is at least on 295 kJ-nol ~ less than as

estimated in the reference book 3.

1 | eads to

1

The difference in an enthal py on 295 kJ-nol
the difference in an equilibriumconstant at 1400 K on 101
times. Nothing in the formula (9) couldn’'t bear such error
The error propagation |aw shows that inaccuracies of the
literature thernodynam c data in table 5 gives inaccuracies
as follows a{ln K°(6)} = 1.0, afln K7)} = 1.2, a{ln
Kp(8)} = 1.4 at 1400 K. It neans the inaccuracy of the
equi li brium constants KO(G), K0(7), K0(8) I's about three -
four tinmes. The errors of the partial pressure of oxygen
and of the estinated UE& activity obtained are also not
bi gger than several tines.

The only possibility to get an error as high as el even
orders of nmagnitude is to suggest full absence of
equilibrium in the systens under study. Such hypothesis

couldn’t be ruled out but it seens to be quite inprobable.
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We observed non equilibrium while studying systens of
cobalt and nickel oxides with potassium sulfate 8. Yet it
was easily detected due to tinme and conposition dependence
of the apparent equilibrium constants. In the present case
pot assi um chromate w th chrom um oxide or vanadi um oxide
were used as additives. The sanme adm xture was applied to

study negative ions in the vapors of sone transition oxides

- nickel and cobalt oxides 8, i ron oxide 9, manganese and
vanadi um oxi des 1. Wrthy of notice is that the conditions
of the experinents were about the same. In all cases

negative ions produced from nolecules with the electron
affinity of about 250 ki-mol "1 were found but not UC%. |t
Is hard to inmagine that vaporization of uranium oxides so
different that the negative ion of the nolecule with the
el ectron affinity 500 kJ-rmI'l couldn’t be registered.

To show it nore clearly let us roughly estimte K0(5)

by the straight way. Pure stoichionetric L[& have got quite

-1 22-24

| ow work function 298 kJ-nol and it should be quite

5

hi gh concentration of electrons 1.6-10 © Pa at 1400 K over

it. Wen LK& have been oxidized its work function goes up

to 434 kJ-rmI'l and the electron concentration goes down to

10 Pa at 1400 K. The addition of chrom um oxide

8

3.2-10
accordi ng our cal cul ati ons raise t he el ectron
concentration back up to the sanme |evel as over
stoi chionetric LE&.

The sensitivity level of registering negative ions

9

even in the worst case should be less than 1-10 Pa. The
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partial pressure of UO3 at 1400 K in our experinents was

3

roughly 2.8-10 ° Pa. So in the worst conditions the absence

of U03 in the vapors over urani um oxi des neans that K0(5)

is less than 1.1-108

and the electron affinity of U03 'S
| ess than 247 kJ-mol " 1.

Besides we wll nmention two studies with uranium
contai ni ng negative ions where UO3 has not al so been found.

25

Si dorova et al I nvestigated ion-nolecule equilibria with

ur ani um oxyfl uori des and saw UF'G, UO:5 and UOZF3 Yokozeki

26 studied electron attachnent to volatile uranil

et al
compounds w th atom wuranium coordinating six atons of
oxygen and again did not see UO3

Now | et us briefly discuss the logic of estimating the
electron affinity of UO3 made in reference book 3, The
di fferences of the electron affinities of hexafluorides and
trioxides of nolybdenum and tungsten were calcul ated
{EA(MOFg) = 347:20 kJ.mol™1, EA(WF,) = 338:20 kJ-mol 1,
EA(MQ,) = 285:25 kJ-mol "', EA(WD;) = 325:30 kJ-mol 1.
Later on it was assuned that about the sane difference
should be for wuranium hexafluoride {EA( UF6) = 538+35
kJ-rmI'l} and uranium trioxide. On such way the electron
affinity EA( UO3) = 50050 was obt ai ned.

After the reference book 3 was published the new

t hernodynam ¢ data had arrived EA(I\/bFG) = 369+18 kJ-erI'l

27 EA(MbFg) = 398 kJ-mol "1 28 EA(MQ,) = 277:19 kJ-mol "L,
EA(VD,) = 380:19 kJ.mol "1 10 EA(woy) = 321+, ky.moitt

-1 27

[ 29], EA(UFG) = 48819 kJ-nol They slightly differ
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from those used in the reference book 3, but nothing is
changed in estimating the electron affinity of LE%.

Much higher electron affinities of nolybdenum and
tungsten hexafluorides {EA(MFg) > 496 kJ-nDI'l, EA(WFg) >

-1 31, 32

496 kJ-nol } were received with ionization by fast

32,33 and seens to

al kali atons. They are discussed in ref.
be less reliable. For exanple, they have been disregarded
in the reference book 3. Yet even we wll use them to
estimate the electron affinity of LK% It brings to still
| arger values than the upper limt obtained in this work.
For our opinion the logic used in the reference book 3
IS quite reasonable and there is nothing wong with it. At
the sane time such great difference with the experinental
results shows that the way of changing of the electron

affinity at transition from nol ybdenum and tungsten oxides

to urani um oxi de have an anonaly.
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Tabl e 1. Thernodynam c properties of nolecules formng the

nost stable negative ions 1

M EA(M D(M M EA(M D(M
PtF6 675+34 149+12 PC& 36721 497+10
CJoF4 615+31 154+11 PC% 433+51 479+10
CeF, 367+39 399:25 BO, 417+18 546
UF6 488+19 312 C}C% 351+17 459+21

UF5 361+21 380 NbCé 277+19 594+21
MoFg 368:18 385 WO, 380:19 594+21
I\/bF5 33417 375 LK% 50050 566+25
FeF, 34913 339

RhF4 523+29 202

I\/hF4 533122 215

IrF6 627+37 270




Tabl e 2. The  experi nental data for the system
U3Og- KyCr Og- G 05(s)
I (UQGg) 1 (CrOy) p(0O,)
T(K) In & In— 4 %
(O Q) 1(Cr Q) Pa
1344 <-5.22 -6. 77 0.42
1430 <-7.39 -6.53 2.2
1473 <-7.92 -6. 57 3.6
1515 <-7.16 -7.16 1.9

18 -



Table 3. The  experi nental data for the system

U305- KyGr Oy- V5,05

| (UOy) P(O,)
T(K) 8 (2)2 20k 3)P a(v,0,)
: | | 7
| (V) Pa
1344  <3.87 5. 50 0.16 3.81  0.32
1430 <2.28 4.59 0. 54 3.23  0.18
1473 <1.09 3.65 0.33 1.83  0.44
3 -
I “(V0Og)
& . In - 32% - I's given
(VG 12(V,0 )
i} 4 _
p(VOy) p (V.0 4)
b n Cé5 _4 107 s gi ven
p5(V5G)



Table 4. Estimating the electron affinity of LK%

exp. T(K) InK InK(8 a(Ua,) InK(5) EALO,)
N Rt

kJ-mol ~ 1
| 1344 14. 38 -11.55 >0. 54 <19. 09 <242
1430 13. 60 -10. 13 >0. 43 <15. 37 <214
1473 13. 24 -9.48 >0. 40 <14.02 <205
1515 12. 89 -8.90 >0. 40 <13. 69 <208
1 1344 16.44  -11.55 >0. 54 <29.62 <359
1430 15. 38 -10. 13 >0. 43 <25.79 <338
1473 14. 88 -9. 48 >0. 40 <23. 85 <325
KO(G) Is given for the experinment | and K0(7) I's given
for the experinment Il (standard state is 101325 Pa)



Tabl e 5. Auxiliary thernodynam c data

Conpound 5 H %1200 %1400
ki-mol "t skttt gkttt

Cr 504 () _1134.8+1.7 143.8:7.5  160.2 [3]
V,05(s) _1211.745.0 157.7+2.0  174.9 [3]
UO,(s) 21081.2+1.0 116.0:1.1  126.8 [3]
0, 0 217.9:0.0  222.8 [3]
e 0 29.0:0.0  32.2  [3]
O, - 6699 311.5:4.0  322.1 [10]
VG, - 754111 301.5+5.2  311.8 [1, 11]
w0, - 795115 343.6:3.3  354.5 [3]
U0, 353.417.6  364.8 [3]




FI GURES CAPTI ONS

Figure 1. The partial pressure of electrons in slightly
ionized gas as function of an electron affinity (EA) and a
di ssoci ation energy (D in kJ-nDI'l) of adm xure nol ecul es.
The results are given for nodel system consisted from
i nert gas, potassium (0.01% and nolecules M (1%, form ng
negative ions M. There are reactions of potassium
i oni zation K = K™ + e, attachment of el ectrons by nol ecul es
M+ e = M and dissociation of nolecules to two fragnents M

= A+ B

Figure 2. Stability diagram of uranium oxi des.
o - partial pressure of oxygen obtained in experinent I.

A - partial pressure of oxygen obtained in experinment I1.
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