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'VAPOR PRESSURE AND HEAT OF SUBLIMATION L B
OF CERIUM(III) FLUORIDE - o ST

- Mahn Jick Lim and Alan W. Searcy

‘ and Department of Mineral Technology, College of Englneering,
University of Callfornla, Berkeley, Callfornla pe

ABSTRACT

The*vaporrpressureuof CeF is found by the torsion—effu51on method

. 3
'é to be glven a “1370 to 1685°K by the expre351on

o b
log)oP = - (1 983 £ 0. 013) X = T + 8. 816 £ 0,086,

where P is the pressure in atmospheres and the quoted errors are the
: t

standard‘deviation from the least-squares fit; Extrapolatlons yleld a

-at 298 15°K of 99 5 & 3 kcal/mole by the thlrd—law method and 99. 3 & 3

'fycaymole by the second—law method. Most of the uncertalnty in the third-‘
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_calculated normal b0111ng point of 2h72° * 80°K and a heat of sublimation

law value arises from uncertainties 1n estimatlon of free energy functionS”“
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INTRODUCTION :

Few thermodynamic data for rare earth compounds are available, and

K ﬂ{f-apperently no quantitative vapor pressure data. have yet been reported

ufhfor‘fluoridee ofirare'eafth'compounds{ This paper reports the fesults
ﬂhivof'ﬁeasurements of the vapor pfessure'of cefium(III) fluo?ide.bylthe‘ ;
Hié?torsion—effusion method. 2?3 |

EXPERTMENTAL
Ceriﬁm(III)‘fluoride, prepared by the reduction of cefio~oxide by
.anhydfoue hydrogen fluoride at 850°C, was supplied by_Semi-Elements,-
=t.inc.. The apparatus and methods employed.in the research were'eseentiallyhgfl'“
1similar to those described by Searcy and Freeman.h But heat was supPliEd“;f
@to the graphlte torsion effusion cells in the present study by radlatlon fih:i

I

from. wo/fantalum half cylinders which were heated by passage of an
'alternating_electriC'current which formed & oylindrical hot zone of 
§7'6‘cm diam.; Tantalum radiation shields,vpierced with holes to permif":%‘
jadmission of the cell support wire at the top and to permit viewing |
if:of the cell from the bottom closed the top and. bottom of this: cylinderﬂieia;?i;
| A tungsten ribbon, 0. 0127 cm wide, 0.00254 em thick, and 45 cm | .
inﬁs,‘was used'as,the torsion fiber. Components of the effusion cell:‘ﬁ
.?;_‘aiid cell ‘b.lock'were made of Netional Carbon ZT101 grade graphite. Two -
5parallel holes of 1.3 em diam with axis 1.35 em from the: center of the :

7ce11 block were drllled through the block and two 1oaded effu31on cells:

Zwith effu51on ofiflces orlented to yield addltlve torques were fltted
“into these holes. Three dlfferent oriflce dlmensions were used as

71Lfeshown in Table I.\MCorrections.for the effect,ofxthevfinlte channel SRR




~~length on the force5 were obtained from the note of Schulz and Searcy., -

Temperatures of the ‘cell were measured with an optical:pyrometer.

A‘inA black—body hole that had been drllled in the bottom of the cell block

‘ could not be seen through the pyrometer except 1mmed1ately after the
“:;ii%cell temperature was changed. This fact indicates that black-body
:”condltlons prevailed and that the cell block was very. unlform in
Hl:f;Laboratory of the Lawrence Radiation Laboratory '
: In a typical run, about 1 g of cerium(III) fluoride:was loaded :'ﬁ'h
'3winto each of the two effusion cells. Covers were placed-over the
:apertures in the cells, and the cells vere ‘then fitted into the holes

;in the cell block. ' The power was raised slowly enough to keep the
.Llambient pressure below 5 x 10 -5 torr until 1650°K was reached. After
4'"3?*about 1300°K was reached, a much faster power increase wasvpossible.
‘with the pressure etill-held»below'S %107 ' | ,
;at lower-temperatures The gas evolved below l300°K may have been :
ilargely water of hydration‘ Starltzky and ‘Asprey . and Batsanova et al. ,

have demonstrated that heatlng hydrated rare earth fluorldes for an

hour at 1273°to 1300°K yields the enhydrous salts.

Lan hour before deflectlon and temperature data were taken. However, if
{samples already used in a prevlous run and kept in the system under

»:{vacuum vere reheated, only about 20 min were requlred to heat to 1650°K

v

L frwere begun

-2< <" UCRL-16150 Rev.:

' temperature.’ The’ pyrometer used was newly callbrated by “the Standards t .

U A

torr than could be maintainedii»'f?fﬁ"“

T 8:

" The torsion—effusion‘cell'was'allOWed to remain'at l6SO°K for about Efn

‘hpand only sbout - 15 min were needed at this temperature before measurements ,f“
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'?Tfij?ﬂii‘ After heating to‘l300°h or higher, the original fine granular
| sampleiwaS'sintered and orange-brown in color. Heating for 1ongeri
,,-,Tﬂfperioas of'time at 1600°K made the sample optically aniéOtr°§i°°f
j%nStaritnky et.val.z7 and Batsanovaﬂ‘etal.8 have preniously'observed'the ._T ku'xlinu“:
;;development-of'Optical anisotropy for rare earth metal fluorides as o a
"4 result of hesting at high temperﬁt“rés* They éxplained the phenomenon;. »:';~fl

"'f: as a result of a decrease in defects in the crystal and an increase in

N B
. * : y

:;orderlng of the hexagonal crystal structure., Batsenova et al. also .
;1showed that during heating at 1273 to 1573°K nelther changes in crystal
i.flstructure nor 81gn1f1cant changes in chemical composition in rare

earth metal halides occur. ‘ .

@o establish that the pressures measuredvin the effqéion‘experimentefitﬁ

_. ! . ’ . . . . . LT g
were not produced by vaporization of salts of metals present as impurities,'§\"=

a'sample was placed in a graphite crucible'andlheated‘in an induction'¥:i
: furnace at about 1650°K at pressures below 5 x 10 =3 torrcuntillabout:‘- )
iv":;two—thirds: of the sample had sublimed, then a glass disk was placed
near the cell block and vapor was allowed to condense on the disk for |
ahout 2 hr at 1600°K : The sublimate the re51dual materlal in the cell,
“and a sample of the. untreated cerium(III) fluorlde were spectrographically‘i

analyzed by the Amerlcan Spectrographlc Laboratories.' The major

1mpurit1es reported for the sublimate were 1 to 2% each of magnesium,

) lanthanum, and neodymlum and 6% 8111con., The silicon was presumably yf"
;fa contaminant from the collection disk since the silicon content of the

ﬂoriginal sample was below the limit of detection. ‘The impurities

’ﬁ were almost certainly in solution in the cerium fluoride and should
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' reduce the partial'pressure of cerium fluoride by about 3%. Since this

"}Hpressure reduction should be approximately'equal 40 the partial pressuresf'-.f

i . : ‘ - ., \ - )
.. of the 1mpur1ties, no correctlon was made to the measured pressures. '

f‘ The temperature was ‘either lowered or raised successively in steps

"“of 5 to lS°K and allowed to equlllbrate at each temperature for about

:f~15 min before deflection and temperature readlngs were taken. Some of”;;,a;;:fi~

.hthe date were obtained by varying temperatures randomly. Measured PR

f»?ressures.are shown'in Table II and'Fig. l;

" A more’ detalled descrlptlon of the apparatus and techniques is

9.

jglven elsevhere.

| RESULTS. AND DISCUSSION
\

Studieslo -12

on low pressure gas flow hawe demonstrated that the L

ffmolecular flow equations become 1napp11cable when the ratio of.the mean :3‘= LE

free path of the vapor, A to the: dlameter of the effusion orlflce,

::d"~1s below e certain value for & given orifice. 'At-lower A/a the4 ¢

‘measured pressures dev1ate upward from the equlllbrlum vapor pressure and

.fheats calculated by the third—law method are. smaller than the true heat
of subllmation.; ' »
Table II shows for each measurement the calculated ratlos A/d in

'_additlon to the pressure and the thlrd—law values of the heat of

Chy,
TN

'fsublimation at 298°K The ratio A/d is calculated by using the hard :

13

v sphere approxlmation with the molecular dlameter of cerium(III)

'v';;néfluoride taken as 7 36A, a value calculated from the ioniec radii with

the molecule assumed to form & planar trlangléu. The numerlcal values fﬁfl
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'*f}fcalculated by this‘approximation has significance only for internal
X ‘. comparison. ‘in the final calculation of AH;§g$ data for which the

Hfﬁratlo A\/d is smaller than 0. 2 are excluded because systematlc dev1atlons

“in heats appeared to occur at smaller values of Aa.
In Fig. 1 closed triangles~indicate'those points with calculated
"T‘A/d ratios less than 0.2; open triangles; squares, and circles indichte :. - -

u"_¥p01nts w1th ratios greater than 0.2. The solid line is given by & 1>

: 1east-squares fit of the vapor pressure of ceriﬁm(lII) fluoride in }f{f@ﬁ‘

. ' L
| loglOP = - (1.983 ‘t o 013) x = 10 + 8 816 * 0.086.

ifThe errors are the standard deviatlons from the least—squares flt.‘rblifl

For each orifice dlameter the heat of subllmatlon of cerium(III)
k

:.fluorlde at 298°K is calculated by both the second—law (51gma plot)
‘method and the third—law method.

.;For,CeF3(s) King and Christensen_lh report heat capaclty, enthalpy

and entropy data, and.Weetrum-and‘Bea;lel5 report AS 98“ 27 54 cal/deg/

]

”’mole, in good agreement with- 27 6 * 0. 2 Cal/deg/m°le reported R4 Klng

. and Chrlstensen

,T%c*only 51gn1flcant vapor species is belleved to be CeF (g).

ﬂ”Brewerls.showed that dlmer-vapor spec1es.are found for trihalides only

7

. with low'boiling points and. with cation—toeanion radius ratios lying in . -
'ifa narrow range. Cerlum(III) fluoride has a relatively hlgh boiling

~"--'4p01nt and the cation-to-anion radlus ratlo is by far the larger than this .

‘*gifrange, 0 sublimation as polymers is unllkely.. Thermodynamlc calculations ;ii

f?{atmospheres_for those data vlth_A/d ratios larger than 0.2: . ”'_' - ;;?f[@ﬂ;ifk~'g
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1]

‘gdtfindlcete thatvtheipertial pressures of~CeF(g),.CeF2(gj, Cth(g); Ce(g) l-'
@{and Fatg)-which maY.oefproduced.by Qarious‘disproportiooatioﬁ and |
fidecomposition reactionsvare probably several orders of magnitudevsmaller;;.
1;fthen the observedlbressures; also,'the:pressures of CFh(gj; C, Fgle) and . -
'*'f;;?cth(g) which may be produged by the.reactdon of the sample with the}dl}dgif%ﬂf
“g;vgraphite'cell are probably all several.orders of-magnitude below thelﬁli i %:3.
1ffobserved pressures; | ' | I h
A t In order to calculate heat capacities and free energy functions

-~ . . ¢ 8

f for CeF3(g), molecular constants were estimated. Batsanova et.al.

"‘observed & strong absorption spectrum at 410 em™ in crystalline CeF3 o

“and ‘attributed the'band to valence, vibration of the Ce~F bond. In AlF3

4crystal the observed Al-F valence vibratlonal frequency is 615 cm l,:""

~fwh11e'for Alstgas molecule the calculated stretching vibratlonal.

:frequency 19 reported to be 640 cm 1.17_ The molecular shape of CeF (é)ﬂiﬁi;{fﬂ'”

%

f”is assumed to be the same as AlF (g), i.e., a planar triangle, p01nt

.Zﬁjgroup D3h The estimation of the symmetrical stretchlng v1brat10nal
| frequency18 of CeF (g) is made from the valence vibrational frequency.f(‘cu
of CeF (s) by multlplylng by the ratio of these two frequencies in. AlF
ﬁyThls glves a frequency of 427 em ;, from whlch the stretching force ,f{’

;constant is calculated to be 2 .0k x lO =5 dyn/cm._

. As a check an emplrlcal relatlonship reported by Herschbach and

19 >

ffLaurle was used to calculate 1.83 x 10 dyn/cm. In order to apply

pev

Mhﬂ;the Herschbachwand Laurle relatlonshlp, values of their empirlcal

‘_Nconsta,m;s_.a.i'j and bij and of the Ce-F bond distance were required. Thé{;g.{?gtt-

jiﬂ' rihﬂ‘5lfﬁ_ vslue.of‘eij was’ estimated to be . 2 2h and of ‘b, 13 to bet0.57;~and the;';‘f‘gr:"'

e, ]

I
e
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bond dlstance was estimated by means of an emplrlcal relatlonshlp of
:'> Pauling 20 between distances in solids and gases to be 2.093.

A semilogarlthmlc plot of the two bending force constants vs

17,18

:7fstretching force constants for several known molecules of point -

e. _gfoup D,. gave approximate straight lines. By extrapolation to the

3h
""" assumed stretching force constant of CeF3(g), kA/12:= 0.20 x 10° and

Lﬁif;gka/12‘= 0.105 x 10°

s Where kA is the out of plane bending force-constsnt;55'“
"uggtkéfis the'in;plane"bending force constant, end_l-is the equilibrium .
\Vdistauce betweeh cerlum and florlne atoms,vwere obtsined., Valence-k-
.aforce model cs,lculation18 then yielded for vibrational frequencies ofi

: Cer, (g) b2, 159, h7o(2) and 181(2) em .. 5 4"; o |
H iFor the calculation of the electronlc contrlbution to the heat -

Lo -1"’3f1% R
jcapaclty, Ce 3 electronic energy levels were used. Brewer-et al.zl T e

ishowed that this approxlmatlon ylelded good results for thermodynamic i‘, L

calculations when applied to dihalldes of tran31tlon metals The »
e ¥3 .2 22 - _ o .
,ground‘state;of Ce ~ is F . The first excited level.is- F,,
5/2 a : /2

1l 22 '

ffé53 em .““ Contributions from higher levels are insignificant for: -

[
i L]
! N

at - ‘ '

‘the temperature range of this work.

For the calculation of free energy.functlonslof gaseous CeF3,
iv1brational frequencles estlmated above and Ce *+3 electronlc levels are.

zused. The rotational partltlon function was calculated from ‘the

;estlmated bond distance for CeF. (g) Calculated heat capac1t1es and

}free energy functions are given in Table III. A least—squares calculation 32_4

- by the second law method yields - R ln P = (97 78 £ 0, 59).XflO'/T -

- 35 h7 : 0. 39 -2.31 1n T4 b, 83 x. 10 -3 T+ 1.86 x 105 T-?'whefe_quoted e




' to be smaller than 0.2, AHS

':anﬂadditional +10% error ih pressure reading for uncertainties in

, error in values of the heat of sublimatlon at 298°K calculated by the

“third law method.

'fwould yield *0 .6% error in AHZ 98 values. The uncertainty in AH298

3}'pr1ncipal source of errors in the free energy functlons should be that

'“;[iaris;ng from_estlmatlons for gaseous cerlum(III) fluoride. . An_error:ffiy

- 8- " UCRL-16150 Rev.

.t;ge¥rcrs are: the standard dev1at10ns. Frcm'thisvexpression,'the second-

.i?law value of. AH298 99.29 't 0.59 kcal/mele vasuobtained; :If the“temperature
"l?,scale-is assumed to be in error byv+S° at the upper end of our‘temperature:f"”
: fi‘range arid in error by -5° at the lower end, the value of AH298 cglculated:?‘;',;
: n;%:.by the second law method is changed by 2 kcal‘"The‘total-uncertainty inl‘ﬂigi.

"l the second law value is estimated to be %3 kcal..

. The™ average thlrd—law value. calculated for AH298 and the standard-

2 deviation for 84 measurements between 1370 and l63l°K are 99 51 : Q. 25

'ffia_kcal/mole. For the 14 measurements for which‘k/d.values were calculated»\f‘

298 Vs calculated'to be 99.03 * 0.79 kcal/mole.f'b

_ The lower average heat for these measurements probably reflects deviation ? o

i

.. from molecular flow.

b ' . :
Assuming'a maximum of *2% error from the effect of impurities and

f'measuring ofifice areas, 1id thlckness, moment arms, torsion constants,;_~{'{j’

ﬂ_and deflectlon angles, the total pressure. error would not exceed *O h% 73;

L]

' The-maximumnprobable error'in'temperatures,<principally from -

uncertalnties in. callbrating and readlng the pyrometer is *10° which

fgresulting from the experlmental measurements is- thus ], kcal/mole. The"

i
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iu"fffof $15% in iibrational frequencies and an‘error of £0.1A in bond
>Mﬁdistance will give 81, 5% and *0.2% errors in free energy functions,

'M';?:respectivelY}_ Taking into account other sources, of errors, the calculated

“free'eneréy functlons may be uncertaln.by about 2%, Considering all:lbfi"

ffthese estimated errors, the third-law heat of sublimation should be

;correci to within *3'kca1/mole.
The melting p01nt hest of fusion, and. llquld heat capac1ty of - ces
23 14 iTi{{'fa'

‘fcerium(III) fluoride were reported to be l7lO°K 13.20 kcal/mole,

.1iand 32.00 cal/deg/mole,1h respectively. Combining these values with
ﬁl;the sééondflaw equation of this work, the vaporvpreésure in the liquidf
jgrange maY‘ﬁé-expressed as - R ln‘P:= (93f93 * 0059)Ax 103/T.—.129.55 §:¢;';;;‘;\.
{1;07‘# 11.79 1In T - 0.24 x 2073 + 1.32 x 10° T2 where quoted errors ey
;:are tﬁe standard deviations. From thls expre351on the normal b0111ng'

;point of’ 2h72 + 80°k and the heat and entropy of - vaporlzation, 66 h kcal/

“Qmole and 26 9 eu/mole, at the normal b01ling p01nt were obtalned._v L -f17  ":

A1
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' Teble I. Orifice dimensions.* : "
' _ Hole diameter ' o Lid thickness - ) o
(em) ~ (em) - o
w @ W @ -
0.0779 - 0.0813 . 0.0993 . 0.1039 )
0.1384 -~ 0.2kl . ¢ 0.1052 0,101 . .0
0.2518 0.2528 10.1026 ~o.02h
*Thejtorsion constant for .t'hese runs was '1.76_ dyn-—cm-rlad—, . The moment ' o :
~armwas 1.35 cm. - . e
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'p%:Table”iI.‘ Temperature, pressure, ratios of mean free path to
 orifice diameter, and the third-law heat of sublimation of CeF3.

;-

o SRR e ' e o
Temp Lo vPressure S A/d o AH298

i 1653 0 s T.655 x 10:ﬁ'qf4‘” 0,15 e 7 98.88% T
L1662 s 8LT3L %10y SR 98.95%
S LU TWTI6 x 20,
oo 6.T86 x 10T, o
60185 x 107, e
o8ushg x 20T, L Y
£ 7.216 x 10_) 0
L 5.B8TL x 10 ., -
. 1.316
©-1.100
- 1,228
- 1.099
. 9.555
. 8.236
.. 8.792
©.1.187
b,143
3.719
.~ T.36k
79.393-
©1.235
-1.L443
1.638
1.8k9
8.356
9.423"
1.078"
1.201
1.38L
- 1.548
1.751

o 98.TSE e
. 98,78% 7 ‘
98.92% -

SR 99.15% e
L 98LTOR s

© 98.85% .

T 99,02%
©.99.2h%
99 h6%
L 99.k1

299,66 ..t
0 99.70.

99550

w0 99.51

99.34 i

N W EEU 30 W N0 RN H b 0 O N 2 1o

o o . .

TWVRNORNNDONDWW & Eu

NNNNNNNSKNNNNN%’%_*NNNNNNNNNNNN%

OV O FOFOWOANMHFOINNFHFOFR®OFEVNFNE OHWYO OEO I =

L 000 0000000000000 00000O0OOHOOOOOOO0OOOOOO O

gglosr
99.26% Lt

9987 . L
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'c.'i,TableviI. (cont.)

Pressure .v”vl,xt  ” A/d {jfjg‘g' ‘AHZ98

(atm) -  ,;i;:. ' ;..'5 . (kcal/molé

.48

.50

.63 |

6T
T3
.88 o

.90 . i

.68 ;

QL T
B2
LS
.9k

.23 . o
66
R R A

1.811
1,668
G 1,506
o 1.3Th
Ger 1,222

VWAVWWNONHFHFOMAFWNNHFFEFHEOOO0OO0OO0O00 OO

N
| aad
n
MRMORX XM MM MKRMN NN HRRKRR KRR KRN NN EH KKK KKK KRR NN
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Table II. (cont.).
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w*Indlcates heats for which calculated A/d was smaller than 0.20. The: S
;- first 18 points, the next 40 points, and the last 40 points were taken
w1th the sets of small, medlum, and the large orlflces, respectlvely. ,f5'
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Calculated heat capacltles free energy functlons for
gaseous cerlum(III) fluorlde. ’
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






