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The Higher Fluorides of Plutonium.
Leo Brewer, LeRoy A. Bromley, Paul W. Gilles¥ and Norman L. Lofgren¥¥

 In Volume 14B of Division iv of the National Nuclear Energy Series, Plutonium.
Projeect Record, Brewer, Bromley, Gilles, and Lpfgren(i? have presented a éystematie
set of thermodynamic data for most of the known compounds of plutonium. Erom’the
data given by Eriad.gnd Davidson(z)9 it is now possible to extend the tabulation
of data for the compounds of plutonium to include PuF, Pqugrand PuEgo
Thermodynamic daﬁa will be givén for these compounds which are‘eonsistgnt with
thg data given for the other plutonium compounds by Brewer, Bromley, Gilles, and

Lofgren(l) and with the published déta_which deal with the plutonium fluorides.

PuF4 = The melting point, heat and entropy of fusion, wvapor pressﬁre, boiling points,
and heat and entropy of vaporization were taken the same as the corresponding values

(

fqr UFA which are given by Brewer, Bromley, Gillés and Lofgreno3) One might expect
}uEé to be slightly more volatilg than EE&, but the difference will not be enough to
affect the calculatiéns to be made here. Za@hariasen(A) has reﬁorted that PuFA forms
1ight brown or cream pink moncelinic 2rF, type crystals with a density of 7.0 g/se.

A heat of formation has not been measured but it is possible to make estimates of

its value.

~; The first method which can be nsed is to consider the free'energies of formation
éfjthevaéueous ions of‘urgnium amﬁ.vplutoniuﬁo From the data on the agueous ions of
kﬁigtonium,given by Brewer, Bromley, Gilles and Lofgren(1)9 we find that fﬂe formal
-potential for Pu*Se-Pu’ in 1M HC1 is 36.6 keals. ﬁore positive than the value for

che corresponding uranium\potenﬁia1(32 By taking a 37 keal. smaller difference between

iy

*Present address, University of Kansas; lLawrence, Kansaso
~ *¥Present address, Chico State College, Chico, California. .
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the heats of formation of PﬁEZF and PuF3 than between UFA and UF39 one obtains for
the heat of formation of PuF,, AH = =424 kcals/molo

4

~ The second method is to use the aqueous heat content values in the same manner.
According to the value used in'the uranium report(B) the difference between the heats
of formation in 0.5 or 1M HCIOA for U™ gnd U3 is =23.7 keals, while the corres-
ponding Pu difference is 413 keals. This also gives us a 37 kilocalorie smaller
difference between PuFé and PuF3 heats of formation than between UFA and UFB'
Either of these procedures is equivalentvto assuning identical free energies and
heats of solution for corresponding uranium and plutonium compounds.

Another method of determining the heat of formation of PuE4 is based upon

(2)

the‘observations of Fried and Davidson who reported that the reaction

4 PuF3”+_O2 = 3 PuF, * Pu0, proceeds in an atmosphere of oxygen at 873°K. but
that is reversed in a vacuum at the same temperature. These data are consistent
With Aﬂégg = =375 for PuFB and Aﬁégg = =424 kilocals for PuFA if the equilibrium

constant at 873°K is taken as 800 which is reasonable, but the data do not allow
a precise fixing of the heats. Aﬁégg = <424 L kilocalories is accepted as the
heat of formation of PUF& which is most consistent with the available data.

- Pigure 1 indicates that PuF, vaporizes with some PuFg(g) and PuFB(s) formed.
As the temperature is raised, PuE4(g) is formed at the expense of these dispro-
portionstion products. As the temperature is raised further, PuFA(g) decomposes
to F(g) and PuFé(g) which itself at higher temperatures and lower pressures de=-
composes to monatomic gaseous elements. It should be pointed out that in view of
unqertaintigs in the entropy and heat values; none of the eguilibrium constants
can be calculated closer than a‘factor of ten. But they do still give an indi-

cation of what probably are the important species under the specified conditiom.

2225 Plutonium pentafluoride has not been prepared in a state in which it could

be studied. It will probably have the tetragonal @=UF5 structures although a cubic
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PuF may also exist in addition to‘othgr”analogues of the uranium system such

o

as UjElBO Values of the melting point, heat and entropy of fusion, vapor pres=-
‘sures, boiling point, and heat and entropy of varorization are taken the same as

fp?uﬁwﬁﬁs_themhigh_temperature form of UFSQ Estimates of AFQAHggé are likewise
based upon the values for §=U350(3) T
The heat of formation can be estimated from a consderation of the aqueous

potentials for the plutonium and uranium system and the heats of formation of

uranium fluorides. The Pu™> - Puog aqueous free energy difference is 49.5 keals‘more

- {
positive than the corresponding U*ﬁoUOZ frea energy\3>

ium pentafluoride(g) was found to have a heat of formation 128.5 kcals more negative

differencs in 1M HCl. f-uran-

than UF Thus the heat of formation of B-PuF; would be 128.5=49.5 = 79 keals more

3¢
negative than the heat of formation of PuFyo This is equivalent to assuming heats,
gntrOpiesgland free energies of solution identical for corresponding Pu and U com-
pourds. This would give AH = =45/ keals/mol. |

The heat of formation can be also estimated from dry chemistry observations.
Fried and Davidson(z) have found that upon heating PuF4 in a vacuum PuF3 is pro-
duced. They have assumed that the reaction PuF, = PuF3 +1/2 Fé occurs at about
1000°K. However values for the heats and entropies of these compounds which would
predict this reaction going would be very unreasonable in comparison with values
for similar compounds and from our values we calculate that the fluorine pressure
over solid PuFB-and PuF& at 1000°K is about 10°8°5 atm. which would not agcount
for the formation of PuF3 at an appreciable rate from this reaction. We have be-
lieved that a more likely explanation of the formation of PuFB is that the reac-
ﬁion 2 PﬁE4 = Pqu(g) # PuF; proceeds at elevated temperatures. By assuming that
this reaction does occcur we calculate from the work.of Fried and Davi&son(z) that

the heat of formation of PuF. shouid be between =448 and =460 keals/mol.

5

Since the latter method is based upon very approximate estimates from qualita-

tive results, it seems best to take AH = =454 £ § keals/mol for the heat of for=
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mation_pf_Pqu(s)o In the fluoride system this heat is probably the most uncertain
relative to the others. In view of the rather large uncertainties in the heats of
formation given for both PuFé and PuFf, caleculations based on these heats are
rather uncertain, but they shouid be useful in indicating the probable behavior and
ﬁhus in indicating the best procedures for further study.

The calculated results indicate in the first place, that Pu34 does not decom=
pose to F., at temperatures in the neighborhood of .1000°K. The calculated pressure
of fluorine over solid PUFB and selid Pu34 at 1000°K is about 10=17 atm. F2 and
10’8°5“atmgrmonatomie Fo

In the second pla@eg_PuFé should be oxidized by an atmosphere of fluqrine at
all reasonable temperatures. Further, PUF49 if heated, will disproportionate to
PuFB(s) and %o PuF5(g) at an appreciable pressure.

Pu35 should be oxidized im an atmosphere of fluorine to Pqu(g)'at tempera-
© tures even eonsiderably above the normal boiling point of PuF5°

Thermodynamically both copper and nickei (which are used by experimenters
in experimental work on higher fluorides) should reduce all higher fluorides to
PuF3° The rate of tﬁis reagtion is probably rathzr slow.

Disproportionation of PuF5ﬂshou1d produce at its own boiling point, 1000°K,
appreciable guantities of PvFg(g)o |

Pure PyF5 could be prepared by passing PuFé(g) over solid }ﬁFZ which has
been heated to a temperature at which the reaction will take place. The lowest
possible temperature should be used since the reaction is exothermic. If PuFs(g)
were to be evolved it could be condensed and subsequently could be purified from
the PUF% by fractional sublimation. ‘ _

Probably the simplest method of preparing PuFs is to heat PuEAlinwa vacuum

to about 1000°K and collect the PuF, whichvaporizes. At this temperature the

5
partial pressure of PuF5 due to disproportionation is calculated to be about

2 x 1077 atmeospheres while the vapor pressure of PuFA is about 2 x 10”6 atmos-



UCRL=-633
[y

pheres. This method should give a fairly pure produet and does not require elabor-
ate preparatioh_since especially ﬁurequE& is not required and is,readilyvobtaipableo
__ Caleculations based on the data ihlthe tables indicate that as the temperature
is»rgiseq, PﬁFs(g)'decqmppseg successively into PuE#(g)? P‘t_:l_‘“s(g)2 apd Pu(g) and
F(g?,A‘PmFé(g) is the main species in a system of overall composition Pqu at one
aFmQSPhere‘potal pressure to about 2500°K., while at 1073 atmospheres total pres=
sure only to sbout 1800°K. ard at 10°° atme to sbout 1400°K. FuF,(g) is the

main halide species above the previous temperatures éuoted to about 3400-3800°K -

at one atm. total pressure, to about 2400-2600°K. at 10> atm. and to about

1900°K. at 10°C atm.

.PuFE - The melting point; heat and entropy of fusion, vapor pressures, boiling

points, heat and entropy of vaporization are taken the same as for UFé while

the mlues of AF=AH§§8 were estimated from corresponding values for UF as tabu-

lated by the authgrs(B)o The heat of formation was obtained according to the
first method discussed for PuFAo Due to the smaller crystal radius to be expected
for Pu compared to U, the heat wes reduced ome kilocalorie due to greater crowding
of the F atoﬁso

Caleculations based upon the data presented in the tables indicate that fluorine

will oxidize PuF. to PuF6 at tempers tures usually encountered and thus one should

5
obtain PuF6 rather than PuF, in fluorine atmospheres. However, PuF6 should not

5
be very stable and should be a strong oxidizing agent. As in the éase of PuF59
the results are obtained by thermodynamic caleulations which, in themseives,
are exact, but are based on estimated heats. In view of the large uncertainties
in the_estimated heats; the results of the calculations must be accepted with
caution.
PUF% is a gas boiling slightly above room temperature and thus most éf the

important reactions will occur in the gaseous phase. It may probably be prepared

by heating any lower fluoride in fluorine. The gas coming off PHFA heated in
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f@gpripe'cgpid be passed through a seriss of traps at somewhat lower temperatures
‘such that only the PuF5 present would be condensed out firsts follqwingmthat there
would be condensation of PuFg while the carrying gas would go on through.
Alternateiy the sublimates could sll be condensed.in 8 cold trap soon after they_
were vaporized and then purification could be aecomplished by means of fractional
digtilliation.

It must be emphasized that the very pure substances must be used to avoid
contamination by oxygen and water resulting in éhe formation of oxyfluorides,
which would probably be less wolatile.

Brewer, Bromley, Gilles and Lofgren(l) have given figures showing the
various species present in the gaseous phase when PuF39 PuClB, PuBr39 and PuI3
are heatedo. Figure 1 of this paper shows the composition of the gaseous phase
when a sample of composition Puﬁéjis hested in a closed container at constant
pressure. Figure 1 shows tha% as the temperature is raised, Pqu concentration
builds up, but not as one would expect if simple ewaporation were the only
process coecuring. Puﬁ&(s) disproportionates to a large extent %o Fﬁﬁé(g) and
also solid PuF3° This presence of another gaseous species in a system of fixed
total pressure, of course limits the pressuie of the main species. This reaction

is endothermiec and therefors, as the température ig raised, goes to a greater
extent. However, above the boiling point of PaFy the mein reaction for dise-
proportionation becomes 2PuF4(g) = PUFS(g),+ PuFj. As this reaction is exothermic,
it thus goes to a smaller extent as the temperature is raised. It can be seen
therefore, that at the boiling point of PuF,, the PuFé will have its maximum
concentration and that above this éémperature its concentration will decrease.
As ﬁhe temperature is raised appre@iabiy above the boiliné point qf"PvEZ, the
latter decomposes to PﬂF3(g} gnd F(g)o At the temperatures at which this de-
composition occurs both PuF3(s) or (1) and F, are unstable. As the percentage

of PuE@ decreases, the percentages of PuF; and F rise together. At higher tempera-
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tures Pqu_beeomes unatable, decomposing to the monatomic gaseous elements. The
final percentages of Pu(g) and F(g) are 20% and 80% corresponding to the compo-
sition Pgﬁag

It should be noted here that probably at high temperatures appreciable concen-
trations of lower fluorides; e.g. PuF and PuF,, exist in the gaseous equilibrium.
Thege are ignored in these calculations and graphs sines there are absclutely no
data on themo

~ Beyond giving ome an idea of the chemistry of the individual compounds at
high temperatures, these graphs have a very important function. One can tell
by a glance at the graphs what species are important and which therefore, should
be used in all calculations under those conditions. For example, if one were
to consider a reaction involving the oxidation of a metal'by plutonium tetra-
fiuoride in the temperature region 2000°=250G°K at a totel pressure of ."l()‘=6 atmo,
one would obtain a grossly in@@f&e@b @on@lusion.if he were to base his calcula-
tions on the equation PuFA + M whereas a reasonably good value could be obtained
if he used the equation PuF3+M > In all thermeodynamic eonsiﬁeratioys it is essen-.
tial that the species which ars being considered are the ones which actually
exist in the system. The graphs are useful for this purpose and can save much
time and trouble considering all the various possible decompositi ons and dig-
proportions which can occur in a gystemo

It should be emphasized that these figures are only qualitative and that
the-heats and free energies of Table I should be used to caleulate more'nearly
exact equilibria when once the species have been debermined £ rom the graphs.

N To.summarize the thermodynamic data for the halides of plutonium, a portibn
of Table 3 from paper 6.40 by Brewer, Bromley, Gilles and Lofgren(l) is gi?en
here together with the data for PuFj, PuF,, and Pufy. ‘Some of the data given
in paper 6040 have been corrected to agree with the mosb recent values given

P C) SRR () ()
by Westrum and Eyring ', Westrum and Robinson ; and Westrum ‘.
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Values of the Free-Energy Function (AFw-AHz%)/T and AH298
(AF=AH29é)/T Calories per °K. |

Com- a . _ - Mg, *

pound 298°K 500°K 1000°K 1500°K kea

’PuFB 60 59 59 58 <375 £ 1

PuF& 14 14 70 66(1)  [-424 * 4

B-PuF, 89 88 84(1) =454 * 5

PuFy (g) 68(g) 67(g) 65(g) =453 * 5(g)

P'gCl3 ' 54 54, 53 50(1) =230.0

PuCl, 72 72 68(1) - 1=230.

PuBr3 52 52 50(1)’ 48(1) -198.8

Pul 52 52 49 48(1) 155

PuO2 43 42 41 41 =251,

*A11l values are based upon gaseous standard states for fluorine, chlorine,

bromine, iodine, oxygen, and solid plutonium.
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Summary

~ The data published in the National Nuclear Emergy Series, Plutonium Project
Record, Division IV, Vol. 14B have been used to complete the tabulation of the
thermodynamic properties of the cqmpopnds_of plutonium. frgm these data, it can
be shown that PuEg,is a stable compound in both con@gnsed and gaseous:phasego‘
Methods of preparation are indicated. The data indicate that PuFy should be of
goge“importange in thg_gasepps phase, but it should be an extremely powerful
ogidiging agent and thus should be difficult to prepare. Methods of preparation

are suggestedo
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