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THERMODYNAMIC PROPERTIES OF THORIUM TETRAFLUORIDE 
FROM 5 TO 300°K., AND THE MAGNETIC ENTROPY 

OF URANIUM TETRAFLUORIDE 

by 

H. R. Lohr , D. W. Osborne, and E. F . West rum, J r . l 

ABSTRACT 

The heat capacity of thor ium te t raf luor ide was m e a s -
ured from 5 to 300^K,, and the enthalpy, entropy, and free 
energy w e r e calculated from these data. At 298.16''K the 
values of Cp, H^ - Hg, and S° a r e 26.46 ± 0.03 caL deg."^ 
mole™^ 5113.8 t 6 caL m o l e - ^ a n d 33.953 t 0.04 ca l . deg."^ 
mole"^, respect ive ly . On the assumption that the heat c a ­
pacity of thoritiin te t raf luor ide is equal to the lat t ice heat 
capacity of uranium te t raf luor ide , the magnet ic entropy of 
u ran ium te t raf luor ide was evaluated by subtract ing the en ­
tropy of thor ium te t raf luor ide from the entropy of uranit im 
te t raf luor ide given by Brickwedde, Hoge, and Scott. At 
298.16°K, the value of the magnet ic entropy obtained in this 
way, 2,17 ca l . deg.""^ m o l e ~ \ is 0.87 caL deg."-' mole"^ lower 
than the magnet ic entropy of u ran ium dioxide, and this s u g ­
gests that the extrapolat ion of the heat capacity of uran ium 
te t raf luor ide below 20''K. may be in e r r o r . 

Measu remen t s of the low t e m p e r a t u r e heat capacity of thor ium t e t r a ­
fluoride w e r e made both to provide thermodynamic data which should be u s e ­
ful in thor ium chemis t ry and to r e so lve the lat t ice and magnet ic contributions 
to the heat capaci ty and entropy of u ran ium te t raf luor ide . 

It has been found that an anomaly or "hump" occurs in the heat 
capacity curve of u ran ium dioxide at 28.7°K. and in that of neptunium 
dioxide a t 25.3'^K.^ The anomialies a r e believed to be re la ted to the m a g ­
netic behavior of these subs tances . However, t he re is no hump in the heat 
capacity curve of u ran ium te t raf luor ide between 20 and 3 50°K., and the 
quest ion a r i s e s as to whether the magnet ic contribution is sp read out over 

1 Depar tment of Chem.istry, Univers i ty of Michigan, Ann Arbor , Mich. 

2w. M. Jones , J. Gordon, and L. A. Long, J, Chem. Phys . , 20,695 (1952), 

^E. F . Wes t rum, J r . , J. B. Hatcher , and D. W, Osborne , J. Chem. Phys . , 
21, 419 (1953). 

^ F . G. Brickwedde, H. J. Hoge, and R. B. Scott, J. Chem. P h y s . , 16, 429 
(1948). 
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a wide range of t e m p e r a t u r e or whether it is concentrated in a hump in the 
heat capaci ty curve below 20°K. In the lat ter ca se the entropy obtained by 
extrapolating the heat capacity cu rve from 20 to O^K. with a Debye function 
might be in e r r o r by 2 or 3 caL deg."^ mole"'^. 

Because the e lectronic s t r uc tu r e of the Th and F~ ions a r e of the 
r a r e gas type, with a '̂ Sg ground s t a t e , so that thor ium te t raf luor ide is 
diamagnet ic , the heat capacity of this compound depends only upon the 
lat t ice v ib ra t ions . Both thor ium te t raf luor ide and u ran ium tet raf luor ide 
a r e monoclinic and i sos t ruc tu ra l with z i rcon ium te t raf luor ide , and the 
la t t ice dimensions of thor ium te t raf luor ide a r e only about 2 .5% l a rge r than 
those of u ran ium te t raf luor ide .^ In view of the sraall percentage difference 
in the atomic m a s s e s , as well as in the lat t ice d imensions , it s e e m s r e a s o n -
able to a s s u m e that the mola l heat capacity of thoriuixx te t raf luor ide is very 
near ly equal to the lat t ice contribution to the mola l heat capacity of u ran ium 
te t raf luor ide , and hence that the mola l entropy of thor ium tetraf luoride is 
ve ry near ly equal to the lat t ice contribution to the iTiolal entropy of uran ium 
te t raf luor ide . The magnet ic contribution to the heat capacity or entropy of 
uranium te t raf luor ide can then be obtained by subtract ing the lat t ice con t r ibu­
tion, as given by the heat capacity or entropy of thor ium te t raf luor ide , from 
the total heat capaci ty or entropy of u ran ium te t raf luor ide . 

Thor ium Tetraf luor ide Sample - The thor ium te t raf luor ide for this 
investigation was p repared by hydrofluorination of a pure sample of e l e c ­
t r ica l ly fused thor ium dioxide that had been used for the determinat ion of 
the heat capacity of the la t ter substance.o The oxide charge was placed in 
a plat inum boat contained in a nickel react ion tube attached to a nickel 
vacuum line. Anhydrous, high pur i ty , gaseous hydrogen fluoride was passed 
over the sample a t 750°C. until constant weight was at tained; this required 
a reac t ion t ime of 132 hou r s . 

Weighing of the sample before and after hydrofluorination indicated 
that the amount of unconverted thor ium dioxide was l ess than 0.13% by 
weight. Thor ium deternainations by g rav ime t r i c oxalate precipi ta t ion gave 
75.40 and 75.26% ( theoret ica l : 75.33%). F luor ine analysis by a method 
involving pyrohydrolys is in a plat inum appara tus followed by t i t ra t ion with 
a s tandard base gave 24.6% fluorine ( theoret ical : 24.67%). The only s i g ­
nificant amounts of impur i t ies found by spec t rochemica l analys is of the 
thor ium te t raf luor ide we re , in ppm: 70 of Ca, 10 of Mg, l e s s than 10 of K, 
5 of Fe , Na, and Ni, and l e s s than 5 of Ag, Al, Be, Bi, Co, Cr, Cu, Li , Mn, 
P b , and Sn. F r o m the analyses of the thor ium dioxide s ta r t ing ma te r i a l ^ 
the lanthanum content was known to be 40 ppm, and the sum of al l the other 
r a r e ear ths was known to be less than 150 ppm. 

^W. H. Zachar i a sen , Acta Crys t . , 2, 388 (l949). 

6 D . W . Osborne and E. F . West rum, J r . , J, Chem. P h y s . , 21 , 1884 
(1953). 
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The m a s s of the sample used in the c a l o r i m e t e r was 91.162 g (in 
vacuo). 

Appara tus - The heat capaci ty de terminat ions were made with the 
adiabatic c a l o r i m e t e r " and cryos ta t^ previously descr ibed . The c a l o r i m e t e r 
contained 1 a tm hel ium at 300°K to aid in the es tab l i shment of t h e r m a l equi ­
l ib r ium. 

T e m p e r a t u r e s were m e a s u r e d with a capsule- type plat inum r e s i s t ­
ance t h e r m o m e t e r (Labora tory designation A - l ) contained in a r e - e n t r a n t 
well in the ca lo r ime t e r . A 160-ohm constantan hea te r was wound on a 
cy l indr ica l copper tube surrounding the r e s i s t ance t h e r m o m e t e r . The 
t h e r m o m e t e r was ca l ibra ted on the t empe ra tu r e sca le of the National Bureau 
of S tandards^ f rom 14 to 373°K. Below 14°K the sca le was obtained by fitting 
the equation*^ R = A + BT^ + CT® to the r e s i s t ance at the boiling point of he l i ­
um and to the r e s i s t ance and dR/dT at 14°K. It is believed that the t e m p e r a ­
t u r e sca le ag ree s with the thermodynamic sca le within 0„1° f rom 4 to 14^X5 
within 0.03° f rom 14 to 90°K, and within 0.05° f rom 90 to 373''K, 

The t h e r m o m e t e r r e s i s t ance and the power input were m e a s u r e d 
with a ca l ib ra ted White double-potent iometer , ca l ibra ted r e s i s t a n c e s and 
a ca l ib ra ted s tandard ce l l . An e lec t r i c t i m e r operated by a ca l ibra ted tuning 
fork and amplif ier was automatical ly s t a r t ed at the beginning of the heating 
per iod and stopped at the end. 

Exper imen ta l Resul ts - The exper imenta l values of the mola l heat 
capaci ty of thor ium te t raf luor ide a r e given in Table I and a r e plotted in 
F i g u r e 1, A s m a l l co r rec t ion for curva tu re ( less than 0.002 cal deg~^rnole~^ 
below 30°K and less than 0.05% above 30°K) has been applied. The r e su l t s 
a r e exp re s sed in t e r m s of the defined t he rmochemica l ca lo r i e , which is 
equal to 4.1840 absolute joules„ 

The mola l heat capaci ty and the thermodynamic functions der ived 
f rom the heat capaci ty a r e l isted at rounded t e m p e r a t u r e s in Table 11. These 
heat capaci ty values were read f rom a smoothed curve through the e x p e r i ­
menta l points , and they a r e es t ima ted to have a probable e r r o r of 0,1% above 
25°K, 1% at 14°K, and 5% at 5*K. The heat capaci ty was extrapolated below 
5.54°K with a Debye function. The effect of nuc lear spin is not included in 
the entropy and free energy function. The es t ima ted probable e r r o r in the 
entropy, heat content, and free energy function is 0,1% above 100°K, but in 
o r d e r to make the table internal ly consis tent some of the values a r e given 
to one m o r e figure than is justified by the es t imated probable e r r o r . 

"^H. J. Hoge and F . G. Brickwedde, J, R e s e a r c h Natl . Bur , S tandards , 
22, 351 (1939), 



Table I 

HEAT CAPACITY OF THORIUM TETRAFLUORIDE IN 
CAL DEG"^ MOLE"^ 

Molecular Weight = 308.12, 0°C = Z73A6°K 

T., °K 

5.54 

7.67 

9.31 

10.86 

12.47 

14.12 

15.98 

18,02 

20.07 

22.14 

24.21 

26.59 

29.43 

32.62 

36.06 

1 39.79 

^ P 

0,016 

0.044 

0.086 

0.146 

0.236 

0.365 

0.534 

0.756 

1.014 

1.303 

1.614 

2.001 

2.489 

3.078 

3.735 

4.470 

T , ° K 

44.02 

48.54 

53.48 

59.02 

59.42 

65.42 

71.92 

79.31 

87,48 

96.65 

106.08 

115.58 

125,48 

135.92 

146.33 

^ P 

5.303 

6,210 

7.192 

8.270 

8.345 

9.481 

10.63 

11.89 

13,20 

14.50 

15,73 

16.87 

17.96 

18.99 

19.92 

T, *K 

156.48 

166,57 

176.73 

186.96 

197.04 

206.90 

216.84 

227.16 

237.60 

247.88 

258.06 

268.18 

278.25 

288.25 

298.17 

' =P 

20.71 

21.44 

22.08 

22.67 

23.18 

23.65 

24.06 

24.47 

24.83 

25.18 

25.48 

25.77 

26.02 

26.25 

26.46 
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T. K̂ 

F i g u r e 1 

Molal heat capaci t ies of ThF4 and UF4, and 
the magnetic entropy (S^) of UF4. 



Table II 

THERMODYNAMIC PROPERTIES OF 
THORIUM TETRAFLUORIDE 

5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
QO 

100 

no 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 

298.16 

cal deg"'' 
mole -^ 

0.012 
0.109 
0.442 
1.005 
1.739 
2.593 
4.511 
6.499 
8.455 

10.29 
12.00 
13.56 
14.96 
16.22 
17.37 
18.41 
19.36 
20.22 
20.99 
21.66 
22.28 
22.83 
23.33 
23,78 
24,19 
24.57 
24.92 
25.24 
25.54 
25.81 
26.06 
26.29 
26.50 

26.46 
to.03 

ca l deg"" 
mole"^ 

0.004 
0.033 
0.131 
0.329 
0.630 
1.021 
2.026 
3.245 
4.604 
6,047 
7.534 
9.039 

10.541 
12.027 
13.488 
14.920 
16.320 
17.686 
19.015 
20.308 
21.564 
22.783 
23.967 
25.117 
26.232 
27.317 
28.369 
29.393 
30.369 
31.358 
32.302 
33.220 
34,115 

33.953 
+0.04 

H" - Ml 
ca l 

mole"^ 

0.015 
0.25 
1.52 
5.05 

11.85 
22.64 
58.02 

113.02 
187.88 
281.70 
393.26 
521.21 
663.9 
819.9 
987.9 

1166.8 
1355.7 
1553.7 
1759.7 
1973.0 
2192.8 
2418,3 
2649.2 
2884.7 
3124.6 
3368.4 
3615.9 
3866.7 
4120.7 
4377.5 
4636.8 
4898.6 
5162.5 

5113.8 
+6 

F ° - H o ° . 
T 

cal deg-'^ 
mole"^ 

0.001 
0.008 
0.030 
0.077 i 
0.156 
0.266 
0.576 
0.985 
1.473 
2,023 
2.618 
3.24« 
3.902 
4,573 
5.256 
5.945 
6,636 
7.328 
8.017 
8.702 
9.382 

10.055 
10.721 
11.380 
12.029 
12.672 
13.303 
13.926 
14.540 
15,145 
15,742 
16,328 
16.907 

16.802 
+0.02 



Magnetic Entropy of Uranium Tetraf luor ide - The heat capaci ty of 
u ran ium tet raf luor ide as de te rmined by Br ickwedde, Hoge and Scotf* f rom 
20 to 350®K has been included in F i g u r e 1 for compar i son with that of t h o r i ­
um te t ra f luor ide . The heat capaci ty of thor ium te t ra f luor ide , as d i scussed 
above, is cons idered to be a good approximation for the contribution of the 
lat t ice v ibra t ions to the heat capacity of u ran ium te t raf luor ide . At a l l 
t e m p e r a t u r e s the heat capaci ty of u ran ium te t raf luor ide i s g r e a t e r than 
that of thor ium te t ra f luor ide , the difference p resumably being the magnet ic 
contr ibut ion. 

The magnetic entropy of u ran ium te t ra f luor ide , which is a l so shown 
in F i g u r e 1, was obtained by subtract ing the entropy of thor ium te t raf luor ide 
f rom the to ta l entropy of u ran ium te t raf luor ide^ at the same t e m p e r a t u r e . 
Although the re is no hump in the heat capaci ty curve of u ran ium te t raf luor ide 
down to 20®K, the re is an apprec iable magnet ic contribution to the entropy, 
increas ing with t empe ra tu r e and amounting to 2.17 cal deg"^ mole"^ at 298.16®K, 
This is ve ry near ly equal to the spin-only value for the magnetic entropy at 
high t e m p e r a t u r e s , R In (2S + 1) = R In 3 = 2.18 cal deg~^ mole"^, but at 
higher t e m p e r a t u r e s the magnet ic entropy exceeds the spin-only value. 

The entropy calculat ions for u ran ium te t raf luor ide involve an e x t r a ­
polation of the heat capaci ty curve f rom 20 to 0®K, and the re i s , of cou r se , 
a possibi l i ty that the extrapolat ion may be i nco r r ec t . In connection with this 
possibi l i ty it should be noted that the magnetic ent ropies of u ran ium dioxide 
and neptunium dioxide exceed the spin-only values by 0.86 and 0.85 cal deg"'' 
mole ' "^ respectively^at 298.16'*K. The lower value for the magnetic entropy 
of u ran ium te t raf luor ide sugges ts that the re may be an anomaly in the heat 
capaci ty curve below 20°K that causes the entropy to be g r e a t e r than the 
tabulated values .4 It the re fore s e e m s advisable to m e a s u r e the heat cstpacity 
of u ran ium te t raf luor ide below 20*K, and this work is now in p r o g r e s s . 
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