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Vapor Pressure of Inorganic Substances. III. Chromium between 1283 and 
15610K. 

B Y RuDf)LPIi S P F . I S E R , H E R R I C K L. J O H N S T O N A N D P A U L B L A C K B U R N 

T h e o n l y a v a i l a b l e d a t a in t h e l i t e r a t u r e on t h e 
v a p o r p r e s su re of c h r o m i u m are t h o s e of B a u r a n d 
B r u n n e r . 2 H o w e v e r , t h e i r d a t a s h o w a dec ided 
t e m p e r a t u r e t r e n d in t h e c a l c u l a t e d v a l u e s of 
A/i , j . T h e v a p o r p r e s su re of c h r o m i u m h a s 
the re fo re b e e n r e d e t e r m i n e d a t t h i s L a b o r a t o r y 
b y t h e L a n g m u i r m e t h o d . Refe rences t o t he 
m e t h o d , a n d d e s c r i p t i o n of o u r o w n t e c h n i q u e s , 
h a v e been g iven in ear l ie r p a p e r s f rom th i s L a b o r a 
t o r y / ' 

Exper imenta l 
The measurements consisted of determining the rate at 

which a chromium surface evaporated into a vacuum. 
Pure chromium was prepared by vacuum fusion4 in an arc 
furnace fitted with a water-cooled copper crucible as an 
anode and with a tungsten electrode as a cathode. Spec
troscopic analysis showed 99,7% purity of the product; 
the 0 .3% impurity was oxygen. There was no trace of 
either tungsten or copper. The sample was in the form 
of an annular ring of approximately 2.50 cm. o. d., 1.02 
cm. i. d. and 0.192 cm. thick. The sample was placed in a 
metal cell3b after thorough outgassing and was then heated 
by high frequency induction under a vacuum of the order 
of 1O -6 mm. The outgassing was especially important 
for chromium because of its strong tendency to oxidize. 

Temperatures were measured under black body condi
tions by a Leeds and Northrup disappearing filament 
optical pyrometer which had been calibrated against a 
standard lamp furnished by the National Bureau of 
Standards. Pyrometer readings were reproduced to 
3 = 2 ° . 

R e s u l t s and D i s c u s s i o n 

E x p e r i m e n t a l r e s u l t s a r e s u m m a r i z e d in T a b l e I 
a n d p l o t t e d a s log P vs. \/T in F ig . 1. T h e ef
fect ive i n t e r n a l a r e a s of t h e a n n u l a r r ings a n d t h e 
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Fig. 1,—-Vapor pressure of chromium. 
(1) Th is work was s u p p o r t e d in p a r t by t h e Office of N a v a l Re 

search u n d e r c o n t r a c t wi th t he Ohio S t a t e Un ive r s i t y Resea rch 
F o u n d a t i o n . 

(2) E . B a u r a n d R . Brunne r , HeIv. Chim. Acta, 17, 958 (1934). 
(3) (a) R. B. Holden , R. Speiser a n d H . L. J o h n s t o n , T H I S J O U R -

SAL, 70, 3897 (1948): lb) R Speiser a n d H . L. J o h n s t o n , P r e p r i n t 
Xo . 11, Th i r ty - f i r s t Conven t ion of t h e Amer ican Socie ty for M e t a l s , 
Oc tober 1 7 - 2 1 , 1949, Cleve land , Ohio . 

(4) D, J. M a c P h e r s o n . P h . D . Thesis , Ohio S ta te Univers i ty , 1949. 

effective t i m e a t t h e t e m p e r a t u r e of measurement 
were d e t e r m i n e d a s desc r ibed in the first paper 3 a 

of t h i s ser ies . T h e t h e r m o d y n a m i c f u n c t i o n s , a lso 
c a l c u l a t e d as before , a r e g iven in T a b l e I I ; t h e 
t h e r m a l d a t a for solid a n d gaseous chromium w e r e 
t a k e n f rom t h e l i t e r a t u r e . 5 T h e c o m p u t e d va lues of 
AHa, t h e h e a t of s u b l i m a t i o n a t 0 0 K . , are con
s t a n t t o 93.50 kca l . t o w i t h i n 0.4 kca l . a n d show n o 
t r e n d w i t h t e m p e r a t u r e . 

TABLE I 

T e m p . , 
0 K . 

1283 
1321 
1346 
1366 
1377 
1405 
1418 
1432 
1452 
1455 
1462 
1470 
1497 
1507 
1561 

W e i g h t 
loss, 
mg. 

8.44 
9.22 

17.92 
13.83 
9,08 

16.19 
20.87 
29.19 
53.44 
52.72 
55.88 
72.94 

122.51 
135.83 
152.73 

EfI. 
t i m e , 
min . 

296.5 
114.2 
115.7 
56.55 
25.5 
25.4 
25.2 
25.4 
26.7 
26.9 
27.6 
23.9 
24.8 
25.5 

7.79 

E yap . r a t e , 
g . / c rn . 2 / sec . 

2.8354 X 10~8 

7.9337 X 10~s 

1.5338 X 10~7 

2.4027 X 10 - ' 
3.5230 X 10- ' 
6.3549 X 10~7 

8.3057 X 10- ' 
1.1447 X 10-" 
19636 X 10-« 
1.9558 X 10-« 
2.0152 X 10-* 
3.0823 X 10-« 
4.8831 X 1 0 - ' 
5.3168 X 10- ' 
1.9252 X 1 0 - ' 

Pressure , 
a t m . 

3.1768 X 10-9 

9.0197 X 10-« 
1.7602 X 10~s 

2.7777 X 10-9 

4.0892 X 10-8 

7.4533 X IO-8 

9.5097 X 10-8 

1,3549 X 10- ' 
2.3406 X 1 0 - ' 
2.3330 X 10-7 

2.4103 X 1 0 - ' 
-3.5991 x 10-7 

5.9097 X 10-7 

6.4561 X 10-7 

2.3793 X 10-« 

TABLE II 

THERMODYNAMIC FUNCTIONS OF CHROMIUM 

14 
I', 
3 
7 
2 

Ll 
S 

12 

.', 
[(I 

9 
P n I . 

! 
IM 

4 

|M 

1283 
1321 
1346 
1366 
1377 
1405 
U l S 
1432 
1452 
1455 
1402 
1470 
14H7 
1507 
1.11)1 

g h 

4 3 . 9 2 
4 4 . 0 6 
4 4 . 1 6 
4 4 . 2 4 
4 4 . 2 7 
4 4 . 3 8 
4 4 . 4 3 
4 4 . 4 7 
4 4 . 5 4 
4 4 . 5 5 
4 4 . 5 7 
4 4 . 6 1 
4 4 . 6 9 
4 4 . 7 2 
44.AO 

^ 
[ L-. 

9 . 9 1 
1 0 . 0 8 
10 .18 
10 .26 
10 .30 
10 .42 
10 .47 
10 .52 
10 .60 
10 .62 
1 0 .6 4 
1 0 . 6 8 
1 0 . 7 8 
10 .83 
11 .04 

ft. 

I 2. 

3 8 . 8 9 
3 6 . 8 2 
3 5 . 4 9 
3 4 . 5 8 
3 3 . 8 1 
3 2 . 6 2 
3 2 . 1 8 
3 1 . 4 3 
3 0 . 3 5 
3 0 . 3 5 
3 0 . 2 9 
2 9 . 4 9 
2 8 . 5 0 
2 8 . 3 3 
2 5 . 7 4 

ft. 
M 
O 

T 
8 .4980 
8 . 0 4 4 8 
7 . 7 5 4 5 
7 . 5 5 6 3 
7 . 3 8 8 4 
7 .1277 
7 . 0 3 1 8 
6 . 8 6 8 1 
6 .6306 
6 . 6 3 1 9 
6 .6180 
6 . 4 4 3 8 
6 .2284 
6 .1900 
0 . 6 2 3 6 

M e a n 

e e H ' 

9 3 . 5 3 
9 3 . 5 3 
9 3 . 5 1 
9 3 , 6 5 
9 3 . 0 6 
9 3 . 5 4 
9 3 . 7 9 
9 3 . 6 2 
9 3 . 3 5 
9 3 . 5 3 
9 3 . 8 9 
9 3 . 2 3 
9 3 . 4 3 
9 3 . 7 7 
9 3 . 0 4 

9 3 . 5 0 ± 0 . 18 

(5) K. K. Kelley, C o n t r i b u t i o n t o the D a t a on Theore t i ca l M e t a l 
lu rgy , B u r e a u of Mines Bull . N o . 383, 1935 (gaseous chromium). 
E. R icher t , C W . B e c k e t t , a n d H . L. J o h n s t o n . j T e c h n . R e p o r t No . 
102 AC 49-'12-100. Dec. 1, 1949 (solid c h r o m i u m ) . 
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Our value of 93.50 kcal. for AHl compares with 
the values, 78.3 kcal., obtained by Baur and Brun-
ner2; 80 kcal., reported by Wagman, Rossini, 
Evans, Levine and Joffe6; and 88.8 kcal., given by 
Kelley.5 The latter value is based on a single 
measurement at the boiling point. 

Table III gives AH% values for the sublimation 
heats of the first series of transition elements. 
These values differ considerably from those in the 
table given by Seitz,7 which were based on older 
data, but still support the contention that co
hesive forces are higher for metals with partially 
filled d shells than for those with completed d 
shells. Chromium fits reasonably well into the 
general scheme. 

Least square treatment of the vapor pressure 
data for chromium yields the equation 

log P.tm = - (20,473/r) + 7.467 

Summary 
The vapor pressure of chromium has been 

measured over the temperature range 1283 
to 15610K. by determining the rate at which the 
metal surface evaporates into a vacuum. The 
AiIJj values have been calculated from the in
dividual vapor pressure points and show no ap
preciable temperature trend, the average value 
being 93.50 ± 0.18 kcal. By combining this 

(6) D. D. Wagman, F. D. Rossini, W. H. Evans, S. Levine and I. 
Joffe, National Bureau of Standards (1949) Series I, Table 49-1. 

(7) F. Seitz, "The Modern Theory of Solids," McGraw-Hill Book 
Co., Inc., New York, N. Y., 1940, pp. 3, 427-429. 

TABLE II I 

A-H0
0 VALUES FOR THE SUBLIMATION HEATS OF THE FIRST 

SERIES OF TRANSITION ELEMENTS 

Atomic EIe- ASo, 
no. ment Electronic structure kcal. 

22 Ti8 Is2 2s2 2p» 3s2 3d2 4s2 111.0 
23 V9 Is2 2s2 2p6 3s2 3d3 4s2 106.0 
24 Cr Is2 2s2 2p6 3s2 3d6 4s1 93 .5 
25 Mn12 Is2 2s2 2p6 3s2 3d6 4s2 

26 Fe10 Is2 2s2 2p« 3s2 3d8 4s2 96.0 
27 Co9 Is2 2s2 2p6 3s2 3d7 4s2 93.0 
28 Ni11 Is2 2s2 2p6 3s2 3d8 4s2 101.1 
29 Cu10 Is2 2s2 2p6 3s2 3d10 4s1 80.7 
30 Zn« Is2 2s2 2p8 3s2 3d10 4s2 31.1 

value of AHQ with Kelley's free energy functions 
for solid and gaseous chromium, the vapor pres
sure equation log P a t m = - (20 ,434/ r ) + 7.415 is 
obtained. Like the other transition elements 
of similar crystal structure with unfilled d shells, 
chromium has a relatively high energy of sub
limation. 

(8) H. T. Blocher and E. I. Campbell, THIS JOURNAL, 71, 4040 
(1949). 

(9) S. Dushman, "High Vacuum Technique," John Wiley and 
Sons, Inc., New York, N. Y., 1949. 

(10) A. L. Marshall, R. W. Dornte and F. J. Norton, T H I S JOUR
NAL, 69, 1161 (1937). 

(11) H. L. Johnston and A. L. Marshall, ibid., 62, 1382 (1937). 
(12) The heat of sublimation of manganese is not listed here since 

its crystal structure is considerably different than that of the other 
elements in this list. 
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The Compressibility of and an Equation of State for Gaseous 1-Butene 

BY JAMES A. BEATTIE AND STANLEY MARPLE, JR. 

In a recent paper1 we presented measurements 
of the vapor pressure, orthobaric liquid volume 
and critical constants of 1-butene made in 1941. 
The same loading (6.7122 g.) of the sample was 
used to determine the compressibility2 of 1-
butene from 150 to 250°. The substance was 
confined in a bomb with a glass liner.2 

Roper3 measured the volumetric behavior of 1-
butene at low pressures from —75° to +70° 
from which he derived an equation for the second 
virial coefficient for the range —30 to +60°. 
Aston4 and co-workers computed the second 
virial coefficient for the temperature range —71 
to —6° from measurements of vapor pressures, 

(1) J. A. Beattie and S. Marple, Jr., THIS JOURNAL, 72, 1449 
(1950). 

(2) For the last paper in this series see J. A. Beattie, S. Marple, Jr., 
and D. G. Edwards, J. Chem. Phys., 18, 127 (1950). For a description 
of the apparatus and method see J. A. Beattie, Proc. Am. Acad. 
Arts and Sd., 69, 389 (1934). 

(3) E. E. Roper, J. Phys. Chem., 44, 835 (1940). 
(4) J. G. Aston, H. L. Fink, A. B. Bestul, E. L. Pace and G. J. 

Szasz, THIS JOURNAL, 68, 52 (1946). 

heats of vaporization, and orthobaric liquid 
volumes. In the range —31 to —6° these values 
were in good agreement with those computed from 
Roper's equation. Olds, Sage, and Lacey6 meas
ured the compressibility of 1-butene from 38 to 
171° and to about 700 atmospheres. 

The 1-butene used in the present investigation 
was furnished by the Linde Air Products Com
pany through the courtesy of Dr. J. M. Gaines, 
Jr. The increase of vapor pressure with decrease 
in vapor volume and the slope of the isotherms in 
the two phase region near the critical point in
dicated1 the presence of a moderate amount of 
impurity which did not seem to be a permanent 
gas. 

Above 200° 1-butene polymerizes rather 
rapidly. As is the usual procedure we measured 
the pressures along each isotherm for increasing 
densities starting with 1 mole per liter. After 
the completion of the isotherm we remeasured the 

(5) R. H. Olds, B. H. Sage and W. N. Lacey, lnd. Bng. Chem., 38, 
301 (1946). 


