
Chemistry. - The Exact Measurement af the Specific Heats af salid Sub
stances at H igh Temperatures : VII. Metals in Stabilized and Nan
stabilized Canditian : Capper and Gald. By F . M. JAEGER, E. 
ROSEN BOHM and J. A. BOTTEMA. 

(Communicated at the meeting of June 25, 1932) . 

§ 1. In the previous paper 1) we have drawn attention to the important 
fact , that metals in the normal and worked states commonly appear to have 
appreciably different specific heats. Here we shall publish some analogous 
results ohtained in the case of capper and of gold. 

Copper. A series of measurements with electrolytically deposited and 
then melted and solidified capper were made between 3000 and 9600 C. Of 
course, it was supposed that the data available in the literature concerning 
th is metal could be considered as reliable. But neither this proved to be 
true: even with this pure and much applied metal. the data concerning the 
specific heats at higher temperatures, as measured by different investigators, 
appeared to be strongly deviating from each other 2), 

A series of measurements (15.7687 Gr, purest capper in a platinum 
vacuum-crucible of 30.0284 Gr. ) between 3000 and 9600 C. 3) gave the 
following results : 

Temperature t Quantity of heat 00 in cal or. 00 as calculated from I 
in °C. : 

developed between tO and 0° C . 
the formula : 

(observedl : 

° 313 . 14 30 .017 -

i19 .68 iO . 830 (mean value of 
3 determ.) iO .696 · 

630 .8i 62 .593 (mean value of 
3 determ.) 62.558 

798 . 67 80.732 80.597 

~59. 3 98.i13 - ~ 
I) F . M . JAEGER, E . ROSENBOHM and J. A. BOTTEMA, these Proceed. (1932), p. 763. 
2) Conf. e .g. : F . WaST, A . MEUTHEN and R . DURRER. Zelts . f. Instrum .. 39. (1919), 

29i: A. NACCARI, Gazz. Chlm. Ita!., 18. (1888), 13 : F . GLASER. M etalI. 1. (190i), 103, 
121; A. KLINKHARDT, Ann. d. Phys., (i), 84, (1927), 182 ; H. SEEKAMP, Zeits. f. anorg . 
Chem., 19S, (1931), 356 : A. MAGNUS, Ann. d. Phys. , (4) , 31 , (1910), 597 ; P . SCHaBEL. 
Zeits. f. anorg . Chem .. 87, (1914) , 81 

3) Above 9600 copper eVidently shows an abnormal behaviour : its specific heat then 
increases more rapidly with the temperature than before. These results will be discussed 
in a later paper. 
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Between these limits of temperature the dependence of Q o on t is strictly 
linear; it can be expressed by the formula : 

Qo = 0.092597 . t + 0.10416 . 10-1 . t2
• 

The mean specific heat of copper at tO• therefore. can be calculated from: 

Cp = 0.092597 + 0.10416 . 10-1 
. t. 

and the true specific heat cp is. therefore. equal to : 

cp = 0.092597 + 0.20832 . 13-1 
. t. 

The values of cp and of cp for a series of temperatures between 3000 and 
9000 c.. as calculated from these equations. are collected in the following 
tabie. 

Temperature t Mean Specilk True Specific 

in oe. : Heats Cp : Heats Cp : 

3000 0.0957 0.0988 

400 0.0968 0.1009 

500 0.0978 0 . 1030 

600 0.0988 0 . 1051 

700 0.0999 0.1072 

800 0 . 1009 0 . 1092 

900 0 . 1020 0.1113 

The values of cp obtained (line B) in Fig. 1 prove to be practically 
identical with those of NACCARI. which in Fig. 1 are indicated by the 

straight line N. The direct measurement of cp by SEEKAMP by a completely 

different method gave the values of cp indicated by the curve S in Fig. 4. 
H we consider that these values. obtained by improving the analogous 
method of KUNKHARDT. are already 1 % lower than KLiNKHARDT 'S values 
and that these values still seem to be too high. - their error being greater 
at higher temperatures 1) . - the agreement of SEEKAMP 'S directly measured 

values of cp with ours is, between the limits of errors, very satisfactory 
indeed. In Fig. 4 also the straight line WMD is drawn ; it is the graphical 

representation of the results obtained by WÜST , MEUTH EN and DURRER 

and proves once more, how uncertain the data about specific heats in the 
literature, - even if obtained by an apparently sound method, - may 
still beo 

I) H. KLINKHARDT. loco Cl! .. p. 180. This author claims an error of 0.96 Ofo at 200 0 e. 
and of 2.1· Ofo at 900 0 e. Evidently the errors are always positive when using the described 
experimental method. 
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The data mentioned are undoubtedly erroneous, although as the method 
of measurement, that of the ice~calorimeter was used. If there are made no 
very considerable errors in the evaluation of the temperatures , most 
probably also here the special state of the metal used was the principal 
cause of these strange results. 
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Fig. 1. True speciflc Heats of Copper in Differfnt Conditlons. 

§ 2. The measurements with copper, within the same interval of tem~ 
perature, were now repeated with a cylindrical bar of rolled out metaI. no 
particular attention being paid to a preliminary stabilisation of the material 
investigated. 

From the mean specific heats at 291 ° C. (= 0.0971) , at 4.74.° .1 C. 
(= 0.0989) and at 715° .6 C. (= 0.1015) , it appears that cp in function of 
the temperature can fairly weil be expressed by the formula : 

cp = 0,093835 + 0,1034.2 . 10-1 • t, 

and, therefore, the true specific heat cp' in the same interval of temperature, 
by: 

Cp = 0,093835 + 0,20684. . 10-1 . t (valid between 3000 and 8000 C.). 

(valid between 300° and 800° C.). 
These results are represented in Fig . 4. by the straight line 1'. 
It becomes clear, that the values of cp of this rolled out copper are all 

higher than those of the stabilized metal: they are at lower temperatures 
than about 34.0° C. even greater than those determined by SEEKAMP, above 
34.0° C. smaller than those of the same author and at all temperatures 
higher than those of our line B. 

The temperature~coefficient of Cp of rolled out copper appears to be 
somewhat smaller than th at of normal copper, - a fact which points to a 
gradual approaching of the lines I' and B to each other, as the temperature 
increases. This is exactly what one might have expected, because byeach 
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heating at successively higher temperatures. the metal gradually comes 
nearer to its final. stabilized condition. 

The bar of rolled-out copper now was heated in a vacuum at 1050° C. 
during 5 hours and then slowly cooled. Measurements made at 236°. 305° 
and 468° C. yielded for cp values which. within the limits of the 
experimental errors (0.1 to 0.3 %) proved to be identical with those found 
for copper in its stabilized condition. This fact most convincingly 
demonstrates. that the deviations described merely dep end on the inner 
structure of the worked metal. 

§ 3. Gold. As an example of a metaI. the specific heats of which in 
the stabilized and plated states. - although different. - do not very 
appreciably deviate. we here give the results obtained with molten and 
solidified gold on the one hand. and hard plated gold on the other. 

The cold-plated gold. obtained in a perfectly pure state from the Royal 
Mint at Utrecht. was in the first place used for preparing a riveted 
crucible. exactly fitting in the central opening of the calorimeter; this 
crucible was then filled with strips of gold tightly rolled up. and a gold
cover was riveted at the top of it. bearing a hook of the same material for 
the purpose of suspending it within the furnace. The total weight was 
about 125 grammes. Af ter the measurements were finished. the crucible 
was melted by means of a vacuum induction-furnace 1). the lu mp thus 
obtained moulded into the shape of our usual vacuumcrucibles and the 
measurements then were made in the same way. For the purpose of testing 
the influence of the pres en ce of a platinum crucible upon the results. a 
platinuLl vacuum-crucible was filled with pieces of the same molten and 
solidified materiaI. and the determinations were once more repeated; as we 
shall see, the results obtained in the latter case appeared to be identical 
within 0.1 % with those obtained by means of the lump of pure gold 
mentioned. 

1. Lump of pure molten and solidified gold. 
The quantities of heat Qo delivered between 1000° and 0° c.. for 
gramm of the metaI. were found as follows : 

Temperature t 00 (observed) In Q'o (calculated) in 

in oe.: calories: calories: 

° 118.89 13.3118 -
631.11 20.1351 20.H07 

799.72 26.3011 -

958.90 32.0108 32.0791 

999.76 I 33.6015 -

I) Prom e. LORENZ in Berlin : frequency: 80000 Hertz pro second. 
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These amounts of heat are very weIl represented by the equation : 

Q'o = 0.03123. t + 0.83176 . 10- 6 • t2 + 0.155194 . 10- 8 • t3
• 

from which the true specific heat cp is found to be : 

Cp = 0.03123 + 0.16635. 10- 5 . t + 0.46558 . 10- 8 . t2
• 

while the a tomie heat C p can be calculated by means of the farm uIa : 

C p = 6.1586 + 0.32804. 10- 3 • t + 0.91812.10-6 • t2
• 

The va lues of cp and C p between 2000 C. and the meltingpoint are the 
following : 

I 
t : 

I 
Cp : 

I 
C p : 

200° 0 .031 75 6 .261 

iOO 0.03264 6.i37 

600 0 .03390 6 .685 

800 0 .03554 7.009 

1000 0.03755 7.405 

1063 0 .03826 7.545 

2. M olten and solidified gold in platinum vacuum-crucible (No. 37 J. 

Final temp. I W . ht f 
Mean Mean Quantity of 

Temperature of the I elg 0 
WeiQht of specific Heat 

specific Heat Heat Qo 
t in °C.: . Iatmum : gold : ;':p of developed by calorimeter : p 

platinum : ;':p of gold : I Gr. of gold : 

° 0 I 
628 .97 22 .35 28. 7888 35 .9622 0.03363 0.03239 20 .3465 

639 .0 21.90 28.7888 35.9622 0.03365 0.03237 20 .660i 

663 .36 21. 93 28 .7888 35 .9622 0 .03374 0.03257 21. 5767 
1 

The values of Q' 0 at these same temperatures are calculated from the 
former equation to be: 20.358 cal. . 20.700 cal. and 21.536 cal. respectively. 
i.e. about 0.13 to 0.3 % toa small. - which does not mean any significant 
deviation from the formula for Qf 0 used. 

The curve A in Fig. 5 graphieally represents the values of Cp for molten 
and solidified gold. 

3. Plated gold in the farm of a riveted crucible. 
The results obtained with the hard plated gold were the following : 
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Temperature t Amount of Heat Q 'o Q 'o as calculated 

in oe . : 
developed by ! Gr. gold 

from the formula : 
in calories : 

0 

402.8 12 . 8079 12 . 8120 

410.6 1) 13 .C720 13 .0660 

412.8 13 . 1378 -

630.6 20 . 3847 20.3783 

637.9 20 .6487 20.6270 

800 . 5 26 . 2666 -

803.6 26 . 3871 26.3753 

959 . 6 31 . 9950 32.0170 

L997.46 33 . 4245 -

These quantities of heat can be expressed by the equation : 

Q'o = 0.031341 . t + 0.46943.10- 6 • t2 + 0.1709. 10- 8 • t3• 

Therefore, the true specific heat cp by the formula: 

Cp = 0,031341 + 0.93886 . 10- 6 • t + 0.5127 . 10- 8
• t2

• 

and the atomie heat Cp of plated gold by: 

Cp = 6,1804 + 0.18514.10- 3 . t + 0.1011 . 10- 5 • e. 
Some values of cp and Cp are calculated for the same temperatures as 

sub 1 : 

t : 

I 
Cp : 

I 
Cp : 

2000 0.03173 6 . 258 

iOO 0 .03254 6.416 

600 0 .03375 6 . 655 

800 0.03537 6 .975 

1000 0 .037i1 7.376 

1063 0 .03813 7 . 520 

I I 

I) The measurement at 4100 .6 e. was executed af ter all other measurements were 
finished; then. af ter the cruclble had been heated at 10000 C. for some time. the value 
of 00 mentioned was found . As it exactly fits within the series of the other values for 
Q O' th is fact proves. that the condition of the gold was not appreciably changed by 
th is heating and that the differences between the heated and non-heated plated gold are 
only very smalI. 
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On comparing these values with those formerly obtained. it is proved 
that they are all somewhat smaller (0.3 to 0.6 % ) than the values for 
molten and solidified gold: the curve A' in Fig. 2. over its whole length. 
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Fig . 2. Atomie Heats of Gold in different Conditions. 

is situated somewhat below the curve A. but the differences are only slight. 
On melting the plated gold, the curve A is again obtained. 

In this connection it must be remarked. that the values for gold obtained 
at 18° and at 100° C. by JA EGER and DI ESS ELH ORST 1) exactly coincide 
with our values at the same temperatures. In Fig. 2 we have. however. also 
reproduced a curve SD, deduced from the measurements of SCHLAEPFER 
and DE I3 RUN NER 2). which evidently strongly deviates from our curve, as 

weil in the absolute values of Cp, as in its slope. The amounts of heat Qo 
published by them, at first sight. do not deviate 50 very much from ours 3 ) ; 

but their measurements seem only to be accurate within a limit of about 
1.0 or 1.5 %. So for instance, between 381 0.5 C. and 0° c.. their value for 

cp : 0.0319, only differs from ours (0.03177) by + 0.3 to 0.4 % ; their 
value for cp between 851 ° and 0° c.. however, differs from our value 
(0.03306 for stabilized . 0.03298 for plated gold) already by 1 to 1.6 %. 

1) W. JAEGER and H. DIESSELHORST. Wiss. Abh. d . Phys. techno Reichsanst .• 3. (1900). 
269. 

2) P . SCHLAEPPER and P . DEBRUNNER. Helv. Chim. Acta. 7. (1923). 46. 
3) The amounts of heat Qo between t O and 00 C. can. according to the measurements 

by these authors. be ca lculated from the formula : 

Q 'o = 0.03063 . t+ 0.3542 . 10- 5 • t' - 0.104 . 10- 9 • t3. 

The atomie heat Cp from: Cp = 6.0397 + 0.1397 . 10- 2 . t - 0.6154 . 10- 7 • t2• According 
to these data at 200 0 c.. Cp = 6.317; at 4000 c. : 6.589; at 6000 C. : 6.855; at 8000 C.: 
7.118 ; at 10000 c. : 7.375. 
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Notwithstanding these relatively small differences, the differential function 

dQ, shows a quite different slope from ours. The fact. that at about 
dt 

7700 C. their value of c p becomes identical with ours, seems to make it 
probable, that also in this case an unstabilized condition of the gold used 
may, at least partially. have been the cause of the said discrepancies. In 
this case, however. the latter are situated in the opposite direction. as was 
the case with the silver under analogous circumstances. 

From the results here obtained with platinum, silver, copper and gold 
under different conditions it becomes, moreover . finally evident. that no 
predictions can be made as to the direction . in which the specific heats of 
worked and non-worked metals will be changed : the worked metal can 

show as well smaller, as greater values of Cp than the normal metal does . 
With respect to these phenomena, theoretical considerations 1) still appear 
untimely. as in the momentaneous s tate of affairs doubtIessly a considerable 
number of still unknown factors play a decisive röle in them . 

Groningen , Laboratory for Inorganic and 
Physical Chemistry of the University . 

I) J. A. M. VAN LIEMPT and W. G EISS. Zeits. f. a norg . Chem., 171. (192J). 317; 
Die Naturwiss ., 19, (1931), 705. 

Chemistry. - The Structure of Cesium-Osmiamate. By F. M . JAEGER and 
J. E. ZANSTRA. 

(Communicil ted at tne meeting of J une 25, 1932) . 

§ I. In two previous papers 1) the structure of potassium-, ammonium-, 
rubidium- and thallium-osmiamate have been discussed in detail. In the 
present paper we wish to publish the resuIts of the analogous investigation 
of the corresponding cesium-osmiamate, which, although equally showing 
a truly pseudo-tetragonal character. yet in many respects appears to have 
a different structure. 

Crystallographical Data . 
From a hot aqueous solution it crystallizes in pale yellow, fla t needies, 

much alike the rubidium-salt. From a cold solution , on slow evaporation in 
the da rk , thin fl a t tables are obta ined . 

' ) F . M. JAEGER and J. E. ZANSTRA. these Proceedings, 35, (1932) , 610 ; 

51 
Proceedings Royal Acad. Amsterdam. Vol. XXXV. 1932. 


