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ABSTRACT 

The va.por pressure of CeF3 was measur~d in the tempe~ature range 

1370°K to +685~K by the torsion-effusion method. The vapor pressure of 

,CeF3 .in :atmo,spheres is g;iven in the experimental' range by the e:;cpression 

= .r (l. 983 ± 0.013) 
4 ' 

X 1:.2_ + 8.816 ± 
T 

0.086 J 

\vhere the quoted errors are the standard deviation from the least-squares 

fit, Extrapolations yidd·a calculated normal boiling point of 2472°K 

'and a heat of sublimation at 298. l5°K of 99.51 ± 0.25 kcal/mole.by the 

third-law' method and 99.29 ± 0.58 kcal/mole by the second-law method • 
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. I. . INTRODUCTION 

· The science and technology of rare earth elements and compounds 

has been given increasing significance· in recent years. Although a 

great deal ·of advancement has been made in this field, available tl:er:c:o-

dynamic data for rare earth compounds are still few in number. No 

quantitative vapor pre~~:ure data have been obtained for fluorides of 

rare earth compounds. 

This paper reports the result of measurements of the vapor pressure 

of cerium(I'II) fluoride by the torsion-effusion method. l,Z P.mong other 

applications,· cerium(IIl) fluoride is used as ion-source material, laser 

·.host, and an important j.ntermediate compound in the production of cerium 

metal. . 

, ... ..-· 
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I I. EXPERIMENTAL 

In the· tors ion- E!ff1::s ion method ari efftis ion cell was.' ~uspended in a 

vacuum_ furnace by a fine: >vire. As the system is heated, vapor· e_ffuses 

,._ _from two eccentrically placed orifices in the' cell e~erting a tor~~onal 

, . ·force on the \vii-e. The angle through .which the cell is 'tu.rned is rr.eas- -

.. ureci, and f:rom this angle the vapor pressure can be calculated by means 

of the expr'ess ion 

; ! 

! '' 

_, 

'' 
.... 

2coD 
Eqaf ' 

.. · 
where P is 'the vapor pressure of tb~ material in the cell,· cp is the 

angle throu_gh which the cell has rotated, D is the torsion constant a·f 
' . / 

. .· \ / . 

the suspension wire; q is the distance from the orifice to the axis_ of 

rotation of the'c~ll, a is the'area of the orifice,•an~'f is the correc~ 
.;._ 

tion factor. for the finite· channel length of the orifice. 
3

- 5 

.. f. 

For this research, the suspension >vir~ ~vas ?· 0127 em· '~ide, 0. 00254 '-
·., 

em thick, and.45 em long'tungsten ribbon. Componentsof the effusion 

. ·-- c'ell .;f.nd c~ll. block were made of National Carbon ZTlOl grade graphite. 

-- ';('wo parallel hol.es of 1. 3 em diam with axis 1. 35 em from the center of 

the cell block-'Were drifled through the block, and t'tvo loaded effusion 

·. 
cells with !e~fusion orifices oriented to yield, additive torques. >vere 

. . ·· . fitted into these holes.- Three different orifice dimensions 'tvere used 
"'·.· 

. as shoW:n iri Tab'le I. 

, The cerium(III) fluoride sample,_ p'repar~d by the reduction of eerie 
.'. _,. 

.. \. oxide by anhydrous hydrogen fluoride at 850° c; v1aS. supplied by Semi-

Elements; Inc. To establish that the observed steady.,.state pressures 

. '. 

.. : ,r: .- -
·f . 

····. . " 

': 't..,·. 

.· ~-

,. 

.,, 

'--' ~-
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Table I. Orifice dimensions~;': 

• Cell ·Hole diameter Lid thj.ckness 
(em) (em) 

Ch.s.nnel factor 

\'f 
(~) (2) (l) (2) (1) (2) 

'1 0.07790 0.08125 0.09931 0.10389 0. 512Li-O 0. 51175 

2 0. 12412 0.10516 0.10211 0. 63962 0.62058 

0. 25182 0.25284 0. 10261 0. 10236 '0. 77232 0. 77396 

+ l ·'The torsion constant t'or these runs ~.;ras 1. 76 dyn-cm-rad- •. The .::.oment 
arm vms 1. 35 em. 

I 

I· 

·~· 

'-· 

.i. 
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were not produced bY' vaporiza·tion,·of salts of. metals ,present· as i)llpuri-:- · 

ties, a sample was placed in a graphite cell .arid heated in an induction' 

furnace. at about 1650° K at pressures below 5 x 10-5 torr until about . 

t'tvo-tliirds o.f 't;he loaded sample had sublimed. Then a glass disk was 

placed near.the eel~ block, and vapbr was allowed to condense. on the 
... . . 

disk for about 2 hr at 1600°K. This condensed.material, the residua~ 

I!laterial :in the ~ell, ·and a sample of the untreated ceriu.m(III) •. fluoride 

,were spectrographically analyzed by theAmerican'Spectrographic Labore

tories. The results are given in Table II.·· The only major impurity 

hole was drilled 'at the bottom of the cell block •. During· temperature · .. 

measurement, 'this hole. could not be seen ~X:cept immediately afi:erthe· 

·. cell temperature ·was changed. This fact indi<7ates. that black..;.body · · 

conditions prevailed and that the cell block was very uniform iri 'tem- · · 

· perature. 

In a typical run, about l g of cerium(III) .fluoride was. loaded 

·! into each of the two effusion cells. ·Covers were piaced over the aper:-· 

tures ip..the cells, and the cells were the~ fitted into the holes in 

the. cell block. The power was raised slowly enough to keep the ambient. 

pressure. below· 5 x 10-5 to~r u~til 1650° K. w~s reached. .This process 

took about 5 hr when new samples were loaded; The. ~ell wa~ allowed to.· 
\ 

remain at this tempera'ture for about an' hour before deflection and tern-.· 

·perature data were taken. However., if samples already used in a previous 

':: 

't 

. ~-

' . ' . 

. /' ' . 

.. 
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Table II. SpE·ctrographic analysis of CeF3 samples~ . 

Element 

Ce 
Si 
Fe 
Mg 
J:b. 
Pb 
Sn 
A1 
Gd 
Cu 
Na ~· 

Ti 
La 

. Zr 
Ca 
Ba 
Cr 
Nd 
Pr 
Sm. 

Original 
s.c,mpJ eb SublimateC· 

Princ:l.pa) constituent in all three sarcples 

0.1.:.% 
o. 75-

0. 0(14 
· 0. OL;. 

. 0. 015 
l. 

0. 2 
0.005 
1.. 75 ,· 
0.02 

Not .. detei·minable,. Ce 

0.003 
1.5 

.. o. 25 

. 0. 1 (?) 

6. % 
0.05 
1. 25 
D. 001 (?) 

'. --
0. 07 
0.001 

. 1. 75. 
<0.01 

interference 
0. 003 (?) 
0.004 
1. 25 
0. 2 
0. 1 (?) 

a . 
Reported on oxide-bc.si~: of the elements indicated. 

Residue 
in cell d 

·--
0.003% 

0. 3 

:2. 
<0. 01 ' 

1.5 
0. 3 
0. 1 (?) 

b 
Prepared by reduction c·f eerie· oxide by anhydrous hydroge1.1. fluoride 

at 850° K; supplied by SE:mi-Elements, Inc •. · 

cSublimating vapor ~.;ras condensed on a glass disk in an induction 
furnace at· about 1600° K; about two-thirds of the loaded sample v7as 
sublimated before samplE' coll,ection to match the actual experimental 
condition. 

d . 
Res~dual s'amples in cell after sublimates had been collected • 

. ). 



' ~: 

· ...... . 

;:_,, ...... 

. ·, 

• ... -. , ... 

·.·· .. 

run and kept in, the s;~tem under. vacuum were reheated, it. took. about_.

.· 20 min to heat to- 1650° K a~d required oniy abo.ut 15 min at this tein.:. 

perature before measurements were begun. 

The original sample may have. been partially hydrated.· Starit:zky 

. -

and Asprey6 and Batsanova et al. 7 _have demonstrated that heating· hydrated 

.rare earth fluorides in a-vacuum at temperatures of 1273 to 1573°K for 

an hour results in anhydrous fluorides. In our experiment; after about: 

1300°K was- reached, a much faster power increase was· possible_ with the· 

pressure still held below 5 x 10-5 torr, possibly becacise dehydration 

, -· · was completed below 1300° K. 

The orig~nal fi~e granular sample was 'sintered after heating· to. 
/ 

about 1300°K and became orange-brown in color. · Heating for longer 

periods of time at 1600°K made the sample optically anisotropic. Staritzky 

.- .- et al. 6 and Batsanova et al. 7 have previously observed the development of 

· optical anisotropy for rare earth metal flu~rides after heating a long 

time at high temperatures. They explained the phenomenon as a result 

of a decrease in defects iri the crystal and an increase in ordering of 

-the.· hexagonal crystal structure. Batsanova et al. 7 ·also showed that 

during heating at 1273 to 1573°K neither changes in crystal structure 

'nor significant changes-in chemical composition in rare earth metal' 

halides occur. The sample after'degassing was anhydrous cerium fluoride 

c;ontaining approximately 3 ± 1% of impurities of partial pressures com-

parab1e with the pressure of the cerium fluoride. These_ impurities 

were almost certainly in s-olution in the cerium fluoride and should · 

reduce the partial pressure of cerium fluoride by about 3%. Since this 

• 
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.·pressure reduction should be approximately equal to the partial pressures 

of the impurities, no correction was made to the measured pressures.· 

The temperature was either lowered or raised successive:y in steps 

of 5 t.o l5°K and a.llov7ed to equilibrate at each temperature for .::.bout 

15 min before deflection and temperature readings \vere taken. Some of 

the data w"ere obta~ned by varying temperatures randomly. The zero-point 

·.deflection position Wl.S recorded at room temperature for each run of 

experiment. These pr.~ss··.tres are sho-.:m in Table· III and Fig. 1. 

A more detailed des.:~ription of the apparatus and techniques is 

given. e~sewhere.8 

/ 
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Table III.· .. Temp~rature;pressure~· r~tios of inean,·fre.e p::t"th to . 
orifice diameter; an:l the t;:hird-law heat of sublimati~n of.CeF3. · . 

·. 
============--==========================~ 
Temp 

.. ' 

. ···,· .... 

1653 
1'662 
1651. 
1644.'. 
1641 

,1663 .. 
. 165-6 

16L;.2 . 
1683 
1675 .· 
1685 
1682 
1676 . 
1667; ·. 

·, 15.!;.8 
... '1560. 

1631 
. \ 1622 

1532. 
.1543 
1559 . 
1571 

'1577 
1579 

. . 
'.:' 

15.36 
.. ' . '154:5 

'· 

1552 
1556 
1566 

'1572 
1576 . 
1587 
1592. 

. 1600. . 
'1605 ... 
1604'. 

. ·1600 
1592 
1597' 
l592 : 

'·. 
. ~ . 

·.' 

,,.. 

,,: 

Press:.1re 

. (atm) 

7. 655 X 10-4· . 
8. 731~ X 10-4. 
7. 716 X 10-4 
6. 786 X 10-4 · 
6. 18.5 X 10-4 
8. 549 x 1o-4 .• ·. 
7.216 x 10-4 

'5. 871 X 10-4 
1. 316 X 10-3 · 

-1.100 x 1o-3· 
1. 223 X 10-3 · 
1. 099 X 10-3 

9; 55.5 x w-4 
· 8.·236 X 10~4· 
8. 792 X 10-5 
1. 187 X 10-4 
4.14.3 X 10-4 
3. 719 X 10-4 

; 7. 3M- X 10-5 
9. 393 X 10-5 

·. 1. -235 X 10-.4 
. -4 , 1. 443 X 10 

1. 63:3 X 10-4 
1. 849 X 10-4 

. 8. 356 X ·10-5 · 
.. 9.423 X 10-S ; 

1. on x lo-'4 · 
1.201 ·x 1o-4 ' 
1. 381+ 'x 10-4 

·: .. ·.· 

·.'/ ·. 

"A/d 

0. 15 
0. 1L} 
o. 15 

. 0. 17 
0.19 
0. lL, 

. 0. 16 
. 0. 20 
.o. 09 
0. 11 
a~ 10 
0.1:1; 
0. 12 .·· 
0.14 
1. 25 
0. 94 . . -... ···· 
o. 28 . . ·. 

. . o. 31 
(. . o. 90 

i., ;-·, 

"' 

0. 71 ... 

0. 54 
0.47 
0. 42 ,. 

... 0. 3 7 

0. 79 
. o. 71 

·: :.: . 'o. 62 

.. ··'. 
.. · ·f· . .. -. 

.... '. 

' . '. o. 56 ' l 
,.:/ 0. 49, , .I • 

'· 1. 548 x· 10-4 
, · ' 1. 751 x 1o-4 .. ; ' 

· 2~ 03H x 10-4 ·· 

.... ·.· 0. 43 

0. 39 . . . 

· 2. 453 x. lo-4 

, 2. 891 x lo- 4 ~>· . 

0. 34 ...... ::·. 
• 0. 28 ' · .. , .. 

·~·' > ·'. · .. ~. o. 24. 
3. 24:3 X 10- 4 .. 

. .. 3. os 7 x · lo-4 
., . . . 0. 21 

'· 

• · 2. 672 X 10-4. · ·. . 
2. 746 x 10-4 
2. 609 X 10- 4 
2. 325 X 10-l} 

. I 

·, 

. . 0. 27 
o. 26 • ·. :: 

. o. 25 
0. 26. 
0. 30: .. 

. . ' 

.·: .,. 

, ... 

','•, .. : 

. A;_;:>.· . 
~;..;..,...,r·. 00 . -'- _;· 

. (kcal/r;:.ole) 

98. 88;': . 
98. 95-l: 
98 •. 75~~ 

. 98. 78;':; 
98. 92·): 

99. OS;\· 
9'9. i6'l:' 

. 99. lS-l: 
98. 70·/: 

·. 98. 85;': 
99. oz,·.-

. 99. ZL;.;': . 

99. 46~': 
99. 41;': 
99. 87;b 

. 99. 66•k 
99. 70;': 
99. ss·k ... 
99.51. •. ' 
99. 34 
99. 48 . 
99. 6 7 ... · .. 
99. 63 
99. 35 . 
99.34 
99. 38 
99. l:-9 ·. 
99. l:-0 ' . 

. 99. 52 .. 
99. 48. 
99.35 

. 99. 50 
99. 20 . 
99:14 .... 
99.04 
99. 17 
99. 39 •' 
99.84' 
99~ 30 
99.37 

._. 

... 
• 



-9-

.. 
Table III. (cont .. ) 

·'' 
Temp Pressure A/d 6H;oo 

-.;JV 

(o K) (atn..) (kcal/:::.o1e) 

'.j 

'1580 1. 811- :X 10-4 0.38 99.48 
1587 1. 73 7 :X 10- 4 0. 39 99.50 
1578 1. 668 :X 10-4 0.41 99. 63 
1573 1. 506 :X 10-4 0.45 99. 66 
1568 1.374:x 10- 4 0.49 99. 6 7 

. 1562 1. 222 :X 10- 4 0.55 99.66 
1557 1. 093 :X 10-4 o. 61 99. 73 
1552 9.' 814 :X 10-5 0.68 99. 78 
1547 8. 611 :X 10-5 . 0. 77 99.88 
1539 7.364 :X 10-5 ' 0.89 99.90 
1525 . 6. 0Lj 1 :X 10-5 .· 1. 07 99.68 
1502 4.974 :X 10-5 1. 29 98. 91 
1L:.89 3. 952 .:x 10-? 1. 62 q.-. "? .0.0-o· 

99. 15 1LJ.83 3. 126 :X 1o-~· 2.04 
14-71 2. 450 :X 10-5 2. 59 99.16 
1450' '' 1. 698 10-5 3. 68 98. 94 l :X 

1444 1. 353 :X 10-5 4. 6·1 99. 23 
1415 8. 716 :X 10-6 6. 99 98.66 
1491 '3. 598 :X 10-5 0. 93 . -99. 22 
lL:-79 2. 783 :X 10-5 1. 19 99. 25 
1L;.65 2. 12 7 :X 10-5 1. 55 '99. 21 
1455' 1. 584 :X 10-5 2.07 99.44 
1442 1. 258 :X 10..;5 2. 12 99. 31 
1431 9.886 :X 10- 6 3. 24 99. 32 . 
1421 '7. 989 :X io- 6 3.82 .99. 28 

. 1411, 5. 792 :X 10-6 5. 40 99.57 
'1403 4.327 :X 10-6 7. 20 99.86 

1387 3.42'8 :X 10-6 9.09 99. 4LJ.' 
1374 2.563 :X 10-6 12. 06 99. 37 .. 
1370 2. 064 :X 10- 6 14. 92 99. 70 

10-6 / 

1380 2. 596 :X 11. 95 99. 74 
1390 3.428 :X 10-6 9. 12 99. 65 
1390 3.229 :X 10-6 9. 68 99.81 

. 1407 . 5. 292 :X 10-6 5. 98 99.53 
1432 . 8. 288 :X 10-6 

! 3. 89 99~ 88 
\...•. 1446 1. 192 :X 10-5 2. 73 99. 72 

1462 1. 871 :X 10:-'5 1. 76 99.39 
1481 2. 719 X 10-5 1. 23 .99. 46 

'\t) 1502 4.014 :X 10-5' 0.84 99.55 
1390 3. 295 X 10- 6 9. 49 99. 75 
1421 6.824 X 10-6 4. 68 99. 74 
1447 1. 272 X 10-5 2. 56 99.59 
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"Indicates· heats for whi:h calculated ) .. / d 'tvas smaller than 0. 20. The 
first 18 points~ the next 40 points,. and the last 40 points \·Jere taken· 

. :with the sets of small, ·.nedium, and· the large orifices, respectively.' 
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• d= 0.16 em; Aid • 0.20 a.. 

lo-s b, d :::0.16 em; Aid• 0.20 

8 o d=0.26 em;Aid•0.20 
6 o d=0.50 em;Aid•0.20 

4 

2 

lo-s 
5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2 

liT X 104 (oK-1) 

\,.., 
Fig. i 
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III .. RESULTS AND DISCUSSION . 

{:· 

', .. -... 

Studies9-11 on: low pressure gas flo·w have demonstrated that th~ 

·. ::··· _,·._ 

·: · ~olecular flm·7 equa_t:lon:; become inapplicable .when the ·ratio of th::_ mean 

free path of the vapor, A., to the diameter .6£ the ef£uc::.o~'1 orifice_. d,. 

·exceeds a certain. value for a. given orifice . At lower.· A./.d the measured . ·.· 

pressures. deviate ui_:n~~r<l fr.om the equilibrium vapor Pressure . . ) and heats 

_calculated by the third·:la:v; method are smaller than the true heat of. 

sublimation . Table :CII.shows foreach measurement the celculated ratios 

·: A./d in addition. to thepressure and the third-la"tv values of the heat of 

. ' sublimation at 298° K. :':he .ra'tio A./d 'is calculated by usbg the hard 
I,· 

~- . sphere ·approximationl2 uith. the molecular diameter. of cerium(III) flue).., 

0/ 

rid'e taken as 7. 36A, . thu sum of ionic diameters at room temperature, 

:~:-; as~uming the moiec~le to' forn1 a planar triangle. . The numerical va·lues 

\ ' 

·' -~ 

/' 

.. 
' ' 

• calculated by this approximation has significance only'for internal 

· comparison. :In the final calculation of .6.H2
98

, data for which the ratio · 
\. 

_.. )./ d is smaller than 0. 2 are excluded •. The choice of this value was . 

. somewhat arbitrary. 

In Fig. 1 closed._ triangles indicate those points 'tvith calculated 

· A./d ratios less than 0. ~:;_open triangles~ 'squares_, arid circles indicate 

. points with ratios greater; than 0. 2. The solid line is given by a 

'' 

least-squares fit of tlw vapor pressures of cerium(III) __ fluoride for· 

those data with A./ d 1:ad.os -larger than 0. 2~ 
f, 

This line can be expressed , 

in atmospheres as· 

= 

,, ... · 

-· ·~· ' .. 

·, 104 . \ 
(L983 .±. 0. 013) X--· + 8. 816 ± 0. 086 

T 

··' 
The ·~r.rors are the stanctard deviations from the least-squares fit~ 

j'; 

'." .. .· ... 
. ·""'\.:. 

. ·J· 

.• J 
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For each orifice diameter the.heat of sublimation of cerium(III) 

' . 
fluoride at 298°K is calculated _by both the second-la'tv (sigma plot) 

method and the third-la:v method. For the second-la'tv method the equation 

AT.:j<' L.:o-·r . 
-T-..- I -R£nP + !::::.atnT + 1/2 !::::.bT + 1/2 !::::.cT- 2 

. was used, where!::::.Ef
1 

and I are constants from which the heat and entro

pies of sublimation can be calculated, and a, b, and c'are the constants. 

in the heat capacity eq·.1ation cp = a + bT + cT- 2 • 

For CeF~(s) Kin~ a1d Christensenl3 rep~it th.at C = 17.90 + 10.14 
~· ~ p 

x 10-3 T + 1.10 x 105 T-2 in .the range fr6m 298° to 1799°L' 

Only CeF3 (g) is believed to be a significant vapor species. 

Brewet14 sho'>ved that dimers of trihalides in vapor species are founsi 

· only for trihalides 'N'ith low boiling points and with cation-to-anion 

radius ratios lying in .3. narrow range. Cerium(III) fluoride has a 

relative~y high boiling point and the cation-to-anion radius ratio is 

by far the larger than .this range, so sublimation as polymers·is very 

unlikely. '· Thermodynami•! calculations show that the partial· pressures 

of CeF(g), CeF2 (g), a~d CeFL, (g) which may be produced by various dis-

proportionation and decomposition reactions are at least several orders 

of magnij:ude smaller than the observed pressures; also, the pressures 

of· CF4 (g), c 2F 6 (g)'· c2F1,. (g), Ce (g), e1:nd F 2 (g) vlhich may be produced by 

.the reaction of the sample with the graphite cell are all several' orders 

of magnitpde oel0\·7 .. the. observed pressures. 

In order to calculate heat capacities and free energy functions 

for CeF3(g), molecul<tr constants were estimated. Batsanova et al.? · 
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'·" 

·' 

.•·. 

' .. 

. . . . ~ 
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'' ' ' 

observed strong abso:cptL~~ spectra of 410.c?l-l in crystalline CeF3 and_· · 

' ·identified this vibrati•m as valence .vibration of the Ce-F bond.' In · . · 

. . ., . . 

~ 1 ,• ... .- .. v • 1 . - • • .,· . ~ .. 

cru -, '"h1.le r.c;~~ AlF3 ga:; molecule t!1e c~lculated ztretchl.ng v_J..ora·l-l.OUG.l 

freque.;_cy \.Jas reportt~d to be· 640 cm- 1. 15 ,· The 'molecular sh.s.pe of CeF3 (g). 

is assumed to be' the' sane as AlF') (g)', i.e., planar triangular mole_cule 
.J 

belonging to o
3

h.:poirit group. ·The estimation of the sy;rmetrical stretch-. 

· ing vibrational frequen•:yl6 of CeF
3 

(g) is .made froin the va:!.ence vibra

tional frequency ,of qeF:I (s) by multiplying the ratio of these two 

.. frequencies in A1F3. This gtves a f:requency of .427 cm-1, from ':hich. 

·the stretching force constant is calculated to be 2.0L:- :x: 105 dyn/cn. ,· 

This rE!sult is checked l>y a calculation that ,makes· use of an empirical 

relationship reported b,;.r Herschbach and Laurie. 17 · 
\ 

They find for the quadrati-c forc,e constant k1 the relationship. 

v7h'e~e re is the bond di_~,:ta_nce,_ aij and bij are emp,irically determined 

c'oris tants that' de;e_nd on the rows in the' pe';iodic table ~0 \vhich the 

atoms of the moleculE!. bdo~g. · From aij --:~nd bij values given by 

Herschba~h et al. ,17 the! unknO\vn a.;. and b .. values for cerium(III) 
- " --J l.J < . ' 

.·fluoride v7ere ·estimated to be 2. 24 and 0. 57, ·respective'ly. The bond 

distance .was -estimated. by means of the expression' R1/Rn 
' . ' 

(B
1
AII/B

11
A

1
) l/ (n - l) f;iven by Pauling;18 \vhere. R is .. the interionic . 

•' 

,distance, B is repul~:ivE: coefficient, A is madelung constar.t, n is 

Bo~n exp'onent factor) and subscripts I and II refer to t:v<o. different 

·· . crystal struc.tutes Hith .different coordination ntin;.bers; As a, first 

''. 

~- . '·· 
! . 

' 1" 
i i 

., . 

) )• 

'"I 

.; . 

.. 
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approximation, this e:::qwession was directly applied for crystal and gas 

molecules of CeF
3

. For All) from known bond distances and estimated 

value of n = 7. 1, (B;:AIJ:fBIIAI) = 1. 89 was obtained. 1-Jith this and 

'8 -n :::: 6. 46 which is the o1•served v.-;:.lue for CsF,;.. the Ce-F bo:1d dist2:;:;,ce 

of 2. 09A for CeF
3 

(g) Ha~: obtained. The force constant calculc:.ted frocr 

the Herschbach express ic•n is 1. 83 ::-: ;.o5 dyn/ em, which agrees v7ith the 

value from the former al'proximation' to 't·Jithin 10%. 

To obtain frequenc::.es of other vibrational modes o£ CeF3 (g), k1 = 

2.04 x 10-5 was used to obtain out-of-plane and in-plane bending force 

. 16 2 ? -
constants, kdl and 1:0/1-, re,spectively. A semilogaritr.mic plot of 

these t-o;oJo bending foJ:ce constants vs- stretching force constants for 

several known ~olecuJ.es:~.s' 16 of point group D
3

h gave approximate straight 

l' 

lines. By extrapolation· to the assumed stretching force constant of 

CeF3 (g), k;)l 2 :::: 0. 20 x 105 and kc/1 2 :::: 0."105 x 105 vJere obtained. 

Valence-force model c:alc:ulation. then yielded for vibration.:::.l frequen-

cies of CeF3 (g) 427, _15~l, ~-70(2) 7 and 181(2) -1 em • 

I 
_For the ca1culatiorL of the electronic contrib~tion ~o the heat 

capacity, ce+3 electron:.c en~rgy levels _were used, thus neglecting the 

perturbation effect of fluorine ions. Brewer et al. 19 shmv-ed that this 

approximation· yi~lded gc•od results for thermodynamic calculations t.Jhen 

applied.to dihalides of transition met';lls. The ground state of Ce+3 is 

2F512• 20 The first ~~xcHed level is _2F
712 

at 2253 cm-l 2° Contribu-

tions from higher leveh are insignificant for the temperature range of 

this v70rk. 

The results of the calculated heat capacities for CeF---.(g) are given 
' :> 

·in Table IV from 100° tc, 1800° K .at 100° intervals. For the te-:npe:cat\.!re. 
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Table IV .. 

Temp, ° K 

100 

200. 

. 298. 15 

300 

4-00. 
• ! \; 

. soo 

. '600 
l .·• 

700 

800 

900 

'· ,,. 
; .. 

·, 

. .. :· 

.•· 
., , . 

.'·' i -.16-

·' Calculated. ,h·~at ~apac i:i: i2s 
. I 

cP, cal/ d.~g/mole 

,· ~ 

.. ,. 

.... ,_: 

.\ 

. ... " 

·,. 

.. ..... 

" 

11. 9.'56 

15. 8!)5 

17. 6:)0' 

.. 
17; 6·+9 

13. 5•35 

i9';U2 

19. 5•)6 

. ·.:...· 

:-, 

. 'f ,,. ... 
.. ... . ,'' ~ .. ! ~··; . ... 

... 

''·' 

·. >,.: 

, .. 

'· 

r. 

.. 

., 

, . 

,·. 

'• ~ ' 

. ... ..~ : 

~;' 

. ;1 

..: . . -~ ·_ 

·, . 

~ '; .. · 
., 1·. 

,.· 

for ga~eous tetium(III) fluoride. 

Temp, OK' cpJ cc;l/ de.g/mole 

~ 

1000 20.612 (i 

1100 '20. 726 

1200 20. 794 

1300 . ~ ~ 20.830 

1400 20 . 8L:.l '· 

1500 ?O 0 ":\5 - • v~ I . 

. f 

1600 20.808 

·' 1710 20~ 784 
.. 

1800 
•\ 

20. 7L:.6 

'·' ·.·· 

,:··· .\ 

r (, • 

''· ·< 
·,. . ~-~ -·· 

( '-.: ~ ;.• 

. ~. · ..... · . 

··' .. · 

; . 

'•. 
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range from 300° K to l80(i° K7 these. heat capacities, may be expressed by 

= 20. 214 + 0. 477 }: l(l- 3 T - 2. 629 x .105 T- 2• c 
p 

The least-squares· calculation yields I::= (97. 782 ± 0.585)x l03/T 

" 35. 473 ± 0. 392, from v1hich the second-laH va.z.ue ~ A'!.<'O 
0 :t .wl:l? ~~ <::> 

-':lu 
- 99. 29 ± 

0. 58 kcal/mole ·Has obtaj ned. 

For the third-1<:.\v c a1cula:tion,- er..thalpy and entropy data v1ere 

available for solid C:eF-:c at 100° intervals. 13 
21 

Hestrum and Beale .... gave 

27.54 eu/mole as the entropy of CeF
3

(s) at 298.l5°K, in good agreement 

\vith 27. 6 ± 0. 2 eu/mcle given by King and Christensen. 13 E'er the calcu-

lation of free ene.rgy functions of gaseous CeFy the vibr.s.tional f::e

auencie~ estimated above·and Ce+3 electronic levels are used. The . ' 

rotational partition fur.ction was calculated from the estimated bond 

distance for ,CeF3 (g). Calculated free energy functions for CeF3 (g) are 

listed in Table V. 

The free energy functions for condensed and gas phases together 

•with the individual pressure values in the equation 

= 

- . 

-gave third-lav7 va.lues -at 293° K. The pressure data show slight systematic 

displacements at the temperature at 'which the pyrometer scales are 

'changed, about· 1500°K.. This effect may_be.due to systematic error in 

' ' 
. temperature readings wit'~.1 one or both temperature scale-ranges of the 

pyrometer. The pyrometec was recalibrated very recently by the D.C. 

Standards Laboratory, La··.vrence Radi~tion Laboratory~ The average third-

lmv .6.B.2
98 

value viith sta:1dard deviations from the 47 vapo::- pressure 
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Table. V. Calculated free energy functions for 

ga:;eous cerium(III) .fluoride. 
·.• .1 . 

Temp 

(o K) 

298. 15 

500 
. } . 

1000 
..... 

1300 

1400 
.. 

1500,/ 
/ 

1600 

l710 

1800 

...... · . 

,·• 

(

.,¢ '1-10 \ 

.br,, - ~-?08· \ - ·-"" ) ------·. rr 
(cal/ deg/mole) 

'77.966 

80.023 

. 87.561 

91.377 

. 92. 64-7 

9L~. 6 70 

95. 778 

'96.599 

. i • 

·., ., . 

"j •• 

: '""·, 

• f 

, .. 

,. 

. ' .... · 
. , . · . 

~ i 

-. _,. 

(. 

' ,· 

,··· 

.; 

'.' 

..... '·' . 

. '· 
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points measured belcH· l:il5°K> 37 po'ints bet\veen 1515 and l631°K7 and 

total 84 points betwGen 1370 and 1631°K are 99.50 ± 0~28, 99.52 ± 0. 21, 

and 99.51 ± 0. 25 kcal/mole) respectively. The differences among these 

three average values al:'. lie vJell \vithin the quoted startda::d deviation. 

The highest temperat<~re range lLI- data for which "A/ d \-Jere ct.:Lculated 

to be smaller than 0. 2 17e·re ntore scattered because the S\·7ing of the. 

torsion system Has relat:ively irregular at these ·pressures. .f. ... lthough 

these measurements were ndt included in final calculation, the third-

lav7 value calculated from these data') 99. 03 ± 0. 79 keel/mole, .gives no 

indication of signiLcaJtt break. from molecular flov7. · 

Assuming a maximum of ±2% error from the. effect of im?urities and 

/ 
an additional ±10% 'eJ~r01· in pressure reading for uncertainties in meas-

uring orifice areas, licl thic~ness7 moment arms, torsion C<?ns:tants, and 

deflection angles, the 1:otal pressure error would not exceed ±0.4% error 

in 6B." · values. 
298 

The maximum probable error in temperatures, principally from uncer-

tainties in calibrating and reading the pyrometer, is ±10° which would 

yield ±0. 6% ·error in 6H0 values. 
::98 

The uncertainty in 61-1:' resulting 
' 298 

. from the experimental mE:asurements is thus ±1 k~cl/mole. The principal , 

source of errors in the free energy functions should be th.s.t arising 

from estimations for ga~:eous cerium(III) fluoride. An error of ±15% 

' 0· 

.in vibrational f:tequenci.es and an error of ±0. lA in bond distance \vill 

· give ±1. 5% and ±0. 2% errors. in free energy func.tions, respectively. 

Taking into account othE:r sources of errors, the calculated free energy 

·functions ::::ay be unc~;~rtc.in by about ±2%. Considering all th8se estimcted. 

' e.r;:ors) ,the third:lavr 1wat of sublimation should be correct to 'tvithin 

±3 kcal/:nole. 
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Thi'melting po~tt;l3)~2-~4'hea~ ~f fusion, and liquid heat capacity 

-·of. cerium(III) fluoride v1ere reported to be 1 ;1if K, 24-13. 20 kcal/n{ole., 13 

and 32.00 cal/deg/mole, 13 .respectively. Combining these values \·iith' 

' 
the second.:.la~.;r equation of this vmrk~ the vepor pressure in the ii~u~d 

range may, be expresse.d c s . '' 

·~RJnP ~ (93.9~ ± 0.58) x 103/T 129. 55.± 1. 07 

"' 
+ 11. 79 JnT 0.24 X. lo-3 T + 1.32 

c: 
X lO_i 

\vhere quoted errors are .the standard deviations. From this expression, 

the ri~~al boiling point oi 2472 ± 77°K and the heat and entropy. of 

'vap.orization_, 66. 36 .± o. 58 kcal/riole and 26. 85 ± 0. 23 eu/mole,· at the 

...• ' . '1.6. ' ·' . 
normal boiling ']?Oint :v1ere obtained. Bre\ver · estimated for. these ·values .. 

2600° K_, 62 kcal/mole, 2q eu/moie_, respectively~ Later work by. Har;i,son25 · t 

··'·gave normal boiling points and heat of vaporization for. 'several rare 

earth .chlorides and brorrides ·which ~ere from 3 to 9 kcal/mole· higher in 

heats of vaporization end about 200° higher in boiling points than 

Bre~·7er's estimated values. Trombe_,26 Jentsch and co\v-orkers 7 
27 and Klemm 

... :, ' and coworkers 28 have shown that the volatilities of .the rare earth 

..__·.' 

·.- ,.·· 

<· ' 

,. ' 

' 
' s' 

;,. 

halides increase with increasing anionic radius and decreasing' cationic 

- radius ... ··If Harrison r's data are correct,""th'~ radius ratio .. corr..::lations 

. . . . ' . . 

indicate that the heat of vaporization and normal boiling point of 

cerium fluoride should. be several kcal/mole and about 300° higher than 

ou::- calculated values;· resp·?.ct;:ively. ·. Harris;n25 indicated. a large·• 

'probable uncertainty in his work and. the measured pr.essures that he 'fou·nd 

may be some-;.;rhat lov1er th::1n the ·true values. 

' .. 

(. 

-~ ... 

''-!«' 
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