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fleeted in the free energy, is well within experi
mental error.6 

Johnston and Bauer 's values1 were derived from 
equation7 2 

AF" = 35186 + 1 1 6 3 6 lQg T + 0 0 1 0 8 3 - r _ 

0.18678(106) 
Y2 — 4o. /o8 (2) 

which they developed using the data of J. Johnston8 

obtained from equilibrium studies at higher tem
peratures. Pressures calculated from this equation 
are shown as the dotted line in Fig. 2. The close 
approach of the two curves (and the 25° values) 
shows general agreement of our results with those of 
J. Johnston, considering tha t the lat ter 's measure
ments were made above the melting point of LiOH. 

Pressures obtained using effusion cell 2 are 
observed to fall materially below those calculated 
from equation 1, indicating that true equilibrium 
was not established. If one at t r ibutes the devia
tion to the accommodation coefficient, alpha may 

(H) NOTE ADDED IN PROOF.—Recently a paper has appeared by C. 
II. Shomate and A. J. Cohen (THIS JOURNAL, 77, 283 (1955)) report
ing high temperature heat capacities for Li^O and LiOH. Using their 
results with similar data for water vapor (D. D. Wagman, et al., J. 
Research, Natl. Bur. Stds., 34, 143 (1945)) and the third law data of 
Johnston and Bauer (ref. 1), A5° is calculated to be 30.50 e.u. at 6000K. 
for the reaction 2LiOH(s) = Li30(s) J- H1CXg). With our equilib
rium constant at 6000K., this entropy change leads to a calculated 
heat of reaction of 31.22 kcal., 0.42 kcal. larger than the value taken 
above (at 5870K.). The deviation is easily within probable experi
mental error. 

(7) This expression has been corrected for an error in the sign of the 
fourth term on the right in the reference cited. 

(8) J. Johnston, Z. physik. Chem., 62, 339 (1908). 

The increased importance in recent years of the 
common alkali metals and some of their alloys as 
heat-transfer media has stimulated the accurate 
determination of their pertinent properties. Fol
lowing purification of sodium, potassium and three 
of their alloys a t the Knolls Atomic Power Labora
tory, their heat contents from room temperature to 
approximately 800° were measured previously at 
the National Bureau of Standards.4 '5 The present 

(1) This work was supported by the Atomic Energy Commission. 
(2) National Bureau of Standards, Washington, U. C. 
(3) Knolls Atomic Power Laboratory, Schenectady, New York. 

The Knolls Atomic Power Laboratory is operated by the General 
Electric Company for the United States Atomic Energy Commission, 
and the work reported here was carried out under Contract No. W-
31-109 Eng-52. 

(4) D. C. Ginnings, T. B. Douglas and A. V. Ball, J. Research NaIl. 
Bur. Standards, 48, 23 (1950). 

(5) T. B. Douglas, A. F. Ball, D. C. Ginnings and W. D. Davis, 
THIS JOURNAL, 74, 2472 (1952). 

be approximated using the equation Pe Ps = 
1 + (f/a), derived from the steady-state condition, 
where Pe is the equilibrium pressure, Ps the ob
served steady state pressure, and / the ratio of the 
area of the orifice to the area of the sample. The 
latter has been taken as the cross-sectional area of 
the effusion cell, assumed to be the effective area 
involved in exchange of molecules between vapor 
and solid. For cell 2, / = 0.0074 and PJP, = 2 
(average value); hence a = 0.007. In view of 
the assumption concerning the sample area and the 
rather large scatter of our results from cell 2, we 
regard this as only a rough estimate of the accom
modation coefficient. However, this value does 
predict tha t essentially equilibrium pressures should 
be observed with cell 1, where / = 5.73 X 10^4 

giving PJPs — 1.08, a deviation within the limit 
of our experimental error. In this comparison, 
allowance has not been made for a possible variation 
of alpha with temperature. 

We are unable to explain the very low values 
observed by Ditmars and Johnston. The line 
representing their least squares equation is shown 
on Fig. 2 (marked ref. 3). Even though the ac
commodation coefficient appears rather small, 
our estimate is much larger than would be required 
to give values of PJPs of the order of 100. The 
orifice diameter of their cell was intermediate be
tween the two used in this work. 

This research was supported in part by the 
Office of Ordnance Research, U. S. Army. 

SEATTLE, WASHINGTON 

paper reports similar work on lithium. The purifi
cation of this metal to a high degree presented some 
unusual difficulties. Accurate measurements on it 
have additional value because of the unusually 
wide discrepancies in the heretofore available heat 
capacity data on the liquid. Furthermore, the sim
plicity of lithium as a chemical element has led 
to numerous theoretical a t tempts to derive its 
properties and to understand them in consider
able detail. In such work accurate experimental 
values are invaluable for comparison. 

Experimental 
Purification and Sealing of Samples.—Lithium metal 

reacts voraciously with oxygen, nitrogen and all the other 
constituents of air except the rare gases. Consequently, 
the oxide and nitride are the principal impurities normally 
encountered in the material. Other than these compounds, 
small amounts of sodium and other alkali metals, calcium 
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and heavy metals such as iron and nickel might be expected 
to be present. To obtain lithium metal of the degree of 
purity desired for these experiments, a number of possible 
methods were considered for eliminating these contaminants. 
Vacuum distillation6 in a still made of type 347 stainless steel 
was finally used, and at a temperature in the range 650 to 
700°, where the vapor pressure of lithium lies between 0.1 
and 0.8 mm. The stills described below were loaded in a 
dry-box containing argon gas which was continuously puri
fied over hot calcium chips; all other operations involving 
the handling of solid lithium were carried out in this way. 
Liquid lithium was exposed only to vacuum, since at ele
vated temperatures there was some possibility of reaction 
with the residual oxygen and nitrogen present as impurities 
in the dry-box atmosphere, the total estimated to be of the 
order of 1 to 10 p.p.m. Several transfer vessels and other 
devices were designed and used to carry out the required 
manipulations so that the lithium was at no time exposed to 
air after the initial loading into the dry-box. In all the dis
tillations, only the center cut was retained, the first low-
boiling third of the still charge and the high-boiling pot resi
due being discarded. 

The starting material was lithium metal obtained from 
the May wood Chemical Co. and reported by the manufac
turer to contain 0.2% by weight of metallic impurities, 
mostly sodium. No analysis for the initial oxygen and ni
trogen content was available. 

The first still used was in the form of a cylinder 5 cm. in 
diameter and 25 cm. high, and was made of stainless steel 
0.3 cm. thick. A flat bottom was welded to one end, and 
the other end was equipped with a flange gasketted with 
neoprene rubber to assure vacuum tightness. A stainless 
steel cold finger, about 2.5 cm. in diameter, extended from 
the top flange down to within about 5 cm. of the bottom of 
the still, and this, as well as the gasketted flanges, was 
cooled by running water. The bottom half of the still was 
inserted in a vertical cylindrical furnace, and after evacua
tion through a side tube the still was heated and distillation 
commenced. With this system, a crop of lithium crystals 
was obtained on the cold finger at a rate of about 20 g. per 
hr. Several distillations had to be made before enough 
satisfactory material could be obtained for sample 1. 

On analysis it was found that lithium prepared in this 
way contained by weight approximately 0.028% of oxygen 
and 0.003% of nitrogen. While this was not considered 
to be excessive, the reason for this relatively high gaseous 
impurity content was sought. Examination of data on the 
diffusion of oxygen and nitrogen through steel at 700° sug
gested that while the rates of diffusion of these gases through 
the 0.3 cm. steel wall were low, the accumulative effect 
after the approximately 2 hr. required for the distillation 
might be enough to account for a significant fraction 
of the observed impurity in the lithium.7 Consequently, 
for the preparation of sample 2 a method was used which 
would eliminate the possibility of air diffusion through the 
steel wall. The modified design is shown in Fig. 1, drawn 
to scale. 

The new still consisted of a cylinder 4 cm. in diameter, 
11.5 cm. high, and 0.3 cm. thick; this was provided with a 
baffle arrangement to minimize entrainment of liquid drop
lets by the lithium vapor. After loading with lithium in 
the dry-box, the cap was inserted and welded in place as 
shown, using the same inert-atmosphere induction-welding 
technique that was used for the heat content containers 
themselves (see below). The whole assembly, in the dry-
box, was placed under a glass bell jar sealed to a metal base 
plate. The system was evacuated and thoroughly degassed 
through the stopcock shown, while being heated by means of 
a water-cooled induction coil connected to a 2 Kva, high-
frequency generator. The resulting distillate collected in 
the receiving cup below the still. Some care was required to 
make sure that the condensation did not occur in the still-
pot discharge tube. Approximately 60 g. of lithium was 
charged into the still initially, and as in the case of sample 
1, the first third of the distillate was discarded by opening 

the apparatus in the dry-box and replacing the receiving 
cup with an empty one. The apparatus was then resealed, 
and the next third was then distilled, collected and used, 
leaving approximately 20 g. of material as still-pot residue. 

(6) L. F. Epstein and W. H. Howland, Science, 114, 443 (Oct. 26, 
1951). A similar technique of distillation was used by P. S. Baker, 
F. R. Duncan and H. B. Greene, ibid., 118, 778 (Dec. 25, 1953). 

(7) An attempt was made to use finely powdered active zirconium 
metal, prepared by the dissociation of the hydride, as a getter for oxy
gen and nitrogen in lithium by distilling the alkali metal over the zir
conium; but this was not successful. 
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Fig. 1.—Distillation apparatus. 

The containers used for the heat content work were iden
tical with those previously described.4 They were 1.6 cm. 
in diameter and 7.0 cm. long, and were made of type 347 
stainless steel 0.050 cm. thick. The weight of each capsule, 
including the empty containers, was adjusted to 16.848 ± 
0.001 g. The lithium obtained in the distillations de
scribed above was stored in sealed evacuated glass envelopes 
until required, and was transferred into the containers using 
the dry-box and vacuum-melting techniques. Before seal
ing, the capsules were evacuated and filled with dry purified 
helium gas at 25 mm. pressure. Closure was effected by 
induction welding the caps in place, using the technique 
described by Bondley.8 

Each of the stainless steel containers, whether containing 
lithium or not, had to be carefully leak-tested after sealing. 
This was accomplished by heating the containers in a closed 
evacuated system by induction to 850°, and checking for the 
appearance of helium using a mass-spectrometer leak de
tector. The maximum observed leak rate, determined in 
this fashion, was 3 (10~13) cc. per sec. of helium (at standard 
temperature and pressure). 

Chemical Analysis.—Samples of the lithium used, taken 
with extreme care from the same batches from which samples 
were loaded into the containers, were analyzed for the follow
ing contaminants, using the techniques indicated: (1) nitro
gen, the Kjeldahl method; (2) sodium, standard flame pho
tometer technique; (3) aluminum, the aurintricarboxylate 
method (interfering metals are removed by electrolysis 
with a mercury cathode); (4) iron, the colorimetric a.a'-dipy-
ridyl method (the ferric ion is reduced with hydroxylamine 
hydrochloride); (5) oxygen: the oxide and nitride are sepa
rated by amalgamation of the sample and then titrated 
(the technique of Pepkowitz and Judd9 for sodium was used 
with a modification (to be described elsewhere) to avoid an 
otherwise almost explosive reaction between lithium and 
mercury; oxide is determined by combination of these re
sults with the Kjeldahl nitrogen analysis); (6) calcium, the 
8-hydroxyquinoline method of Rynasiewicz10; (7) nickel, 
colorimetric dimethylglyoxime procedure. 

These analvses indicated the following impurities (in 
weight % ) : in sample 1, 0.028% O, 0.003% N, 0.0036% 
Fe, 0.0006% Ni, 0.029% Ca, and 0.016% Na; in sample 2, 

(8) R. J. Bondley, "Welding Handbook," 3rd edition, American 
Welding Soc, New York, N. Y., 1950, Chap. 20, p. 465. 

(9) L. P. Pepkowitz and W. C. Judd, Anal. Chem., M, 1283 
(1950). 

(10) J. Rynasiewicz, ibid., 21, 1398 (1949). 
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0.0006% Fe, 0.0003% Ni, 0.001% Ca, and 0.003% Na. 
No trustworthy values for the oxygen and nitrogen in sample 
2 were obtained, but these are believed to have been less 
than half the respective amounts found in sample 1. 

Cryoscopic Measurements; Triple Point.—After comple
tion of the heat content measurements, the temperatures 
of the two lithium samples at various stages of fusion were 
determined in the same manner as previously used for po
tassium.6 According to the laws of ideal solutions the tem
perature of such a sample should be a linear function of the 
reciprocal of the fraction that has been melted. Seven 
equilibrium temperatures determined between 59 and 96% 
completion of fusion of lithium sample 2 agreed with the 
best linear relation to within an average of ±0 .001° ; these 
data indicated that the freezing point of this sample (when 
all melted) was 180.47° and that the triple point of pure 
lithium is 180.54°. The freezing point lowering of 0.07° 
corresponds to a total liquid-soluble, solid-insoluble im
purity of 0.011 atomic %. However, the temperatures ob
served on this sample before fusion was half complete were 
considerably higher than those corresponding to an extrap
olation of the above linear relation. This fact suggests the 
presence of some solute sufficient in amount to maintain 
saturation of the smaller amounts of liquid lithium then 
present. 

A similar interpretation can be applied to the results on 
sample 1. Eight equilibrium temperatures, determined 
between 21 and 9 1 % completion of fusion, agreed with the 
best linear relation to ±0.002° on the average, though the 
total temperature change involved was 0.13°. These data 
indicated a freezing point of sample 1 of 180.42° and an 
apparent triple point temperature of pure lithium of 180.45°. 
If the triple point of 180.54° as found from sample 2 be 
assumed correct, the lower apparent value indicated by 
sample 1 may be attributed to the presence of an impurity 
saturating this sample throughout its fusion. The 0.09° 
difference corresponds to a minimum of 0.014 atomic % 
of such impurity in the whole sample, and the apparent 
freezing point lowering of 0.03° corresponds to 0.005 atomic 
% of other impurity wholly in solution during the observed 
part of the fusion. Thus the total impurity found cryo-
scopically in sample 1 has a minimum value of 0.019 atomic 
%, which is close to the total of 0.024 atomic % found by 
chemical analysis. 

Calorimetric Procedure.—The apparatus and method of 
heat content measurement have been described in detail 
elsewhere.4'5'11 Briefly, the sample in its container is 
heated in a silver-core furnace to a known temperature 
which is measured by a platinum resistance thermometer 
up to 600° and by a platinum—platinum-rhodium thermo
couple above. It is then dropped into a Bunsen ice calorim
eter that measures the heat evolved in cooling to 0°. By 
repeating at a number of furnace temperatures and subtract
ing the corresponding heats found for the empty container, 
the heat capacity of the sample can be derived by the usual 
methods. 

The measurements of the relative heat content of the 
empty containers were actually carried out on two sealed 
vessels constructed from the same piece of stainless steel as 
the containers for the lithium. As other measurements4'6 

on containers of the same alloy have established the highly 
regular variation of the heat content with temperature be
tween 0 and 200°, the empty container values were found 
by interpolation at four temperatures in this range where no 
direct measurements were made. Small corrections were 
applied to the measured heats in order to place the results 
in a given set on the basis of the same temperature, mass of 
container, and mass of oxide on the container surface. The 
last correction did not exceed 17 joules and was usually very 
much smaller. All weights were corrected to a vacuum 
basis. The error caused by evaporation of lithium inside 
the container was shown to be negligible in all cases. 

Heat Content Data.—The mean measured heat 
at each furnace temperature (International Tem
perature Scale of 194812) is given for the empty 
containers in Table I and for the containers with 
samples in Table II, together with the average de-

(11) D. C. Ginnings, T. B. Douglas mid A. F. Ball, T H I S JOURNAL, 
73, 1236 (1951). 

(12) H. F. Stimson, J. Research WnIl. Bur. Standards, 12, 209 
(1949). 

viation from the mean.13 These values have been 
fully corrected except for the small, inaccurately 
known heat lost during the drop into the calorime
ter, which very nearly canceled in subtracting the 
values of Table I from those of the second column 
of Table II to obtain the net heat due to the sample. 
The smoothed values of Table I were obtained 
from an empirical deviation plot. The calculated 
values referred to in the last column of Table II 
were obtained from the empirical equations given 
later. 

TABLE I 

EMPTY CONTAINERS 
Fur-

temp., 
(, 0C. 

50.00 
100.00 
140.00 
170.00 
185.00 
200.00 
300.00 
400.00 
500.00 
600.00 
698.7 
795.7 
895.3 

Fur
nace 

temp., 
t, 0C. 

50.00 
100.00 
140.00 
170.00 
185.00 
200.00 
300.00 
400.00 
500.00 

600.00 
698.7 
795.7 
895.3 

" On ; 
lithium 

.- 'Measured heat (mean),13 

First No. of J 
container runs cc 

815.7 ± 0.7 

2569.7 ± 0 . 7 

4443.6 ± 1.4 
5413.5 ± 0.7 
6411.2 ± 0.6 
7401.4 ± 3 . 4 
8441.0 ± 3 .5 

3 

3 

3 
3 
o 
5 
o 

1674 

3492 

0398 
7387 
8429 

TABLE II 

LITHIUM 

Measured heat 
(mean),13 container 

-f- lithium, 
abs. joules 

1194.5 ± 1. 
2440.7 ± 2. 
3483.4 ± 3. 
4292.8 ± 0. 
6637.5 ± 1. 
7058.8 ± 1. 
9882.1 ± 3 . 

12695.2 ± 0. 
15507.3 ± 0. 

(14485.2 ± 2. 
18340.8 ± 4. 
21161.4 ± 0. 
23948.2 ± 1. 
26830.0 ± 1. 

sample 1 (4.0491 
were on sample 

1 
2 
0 
2 
8 
4 
3 
3 
2 
2i° 
8 
7 
2 
2 

2 (4 

No. 
of 

runs 

3 
3 
4 
3 
3 
3 
3 
3 
3 
3 
4 
3 
2 
O 

. 
abs. joules 

Second N 
intainer : 

.4 ± 0.8 

.2 ± 2.4 

. 5 ± 1. 5 

.0 ± 1.1 

.9 ± 5.2 

Smoothed 

o. of abs, 
runs joules 

401.1 
Sl 5.4 

1154.5 
1413.0 
1543.6 

3 1675.0 
2569.7 

3 3492.2 
4442,0 
5 U 7 . 8 

6 6401.7 
3 7396.0 
5 8-135 6 

Relative heat content of 
Li (Ht - Ho°c.) 

Mean Calcd. 
obsd. — obsd 

abs. joules abs. joules 
g-'' g-"1 

177.88 
364.41 
522.18 
645.70 

1142.13 
1207.14 
1639.54 
2063.44 
2481.01 

(2480,35;° 
2897.54 
3308.69 
3711.04 
4124.32 

0 
0 
0 
0 

- 0 24 
+ .29 

.00 
- .18 
- .06 

( + .60) 
+ .19 
- .31 
+ .23 
- .06 

Df lithium). All other runs on 
.4600 g. of lithium). 

Derived Properties 
Relative Heat Content, Heat of Fusion and Heat 

Capacity.—The first four mean observed heat 
content values in Table II are for temperatures 
below the triple point. These values determined 
the coefficients of the following empirical equation, 
which represents the heat content of solid lithium in 
absolute joules per g. at t, 0 C , from 25° to the triple 
point 
Ht (solid) - H0' (solid) = 3.5096« + 4.625(10"4X5 + 

1.1041(10-6)£3 - 2.221(10-8)/4 (25 to 180.54°) (1) 

(13) After adjusting to the basis of an infinite number of observa
tions by multiplying the observed average deviation by the factor 
\/n/(n — 1), where n is the number of observations actually made. 
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This equation has been limited to temperatures of 
25° and above because of the enhanced uncertainty 
in its curvature near 0°, the lower limit of the range 
of measurement. 

The best single equation found for the relative 
heat content of liquid lithium, in absolute joules 
per g. at T, 0K., is 

H7 (liquid) - H273.16 (solid) = -275.73 + 3.52675r + 
3.9444(10-") r 2 - 9.567(10-8) T3 - 124649/T 

(453.70 to 11730K.) (2) 

This equation, found by the method of least 
squares, represents the observed values within 
their precision, bu t in calculations was replaced 
for convenience by the two equations (in abs. 
joules per g. at /, 0C.) 
illiquid) - ff0°(solid) = 318.07 + 4.53062/! 

- 4.191 (IO"4)*2 (180.54 to 420°) (3) 
fft(liquid) - ffo°(solid) = 386.21 + 4.20755« 

- 3.615 (10~6)i2 (420 to 900°) (4) 
These two equations fit the observations even more 
closely than equation 2. However, the fact tha t 
their second temperature derivatives are discon
tinuous a t 420° should not be construed as evidence 
for a real discontinuity in the properties of liquid 
lithium. 

Equations 1 and 3 give a value of 432.3 absolute 
joules per g. for the heat of fusion of lithium a t its 
triple point, 180.54°. 

The vapor pressure of lithium does not exceed 
approximately 10 mm. up to 900°. Consequently, 
simple differentiation of the above heat content 
equations gives the heat capacity, which within the 
observational error may be considered to be that 
either along the path of the vapor pressures or at 
the standard thermodynamic pressure of 1 a tm. 
The derivatives of equations 1 and 2 are represented 
by the curves above 2980K. in Figs. 2 and 3, respec
tively. The points shown as observed by the au
thors were computed without smoothing from the 
observed values of Table I I . (In Fig. 3 the point 
a t 192° (4650K.) is much less reliable than the 
others of the present investigation, as it resulted 
from two heat content values at temperatures only 
15° apart .) 

Estimated Accuracy.—The heat content of both 
samples of lithium was measured a t one tempera
ture (500°) primarily as a check on the accuracy of 
the sample masses. As seen from Table I I , the two 
mean values agree within 0.03%. The other princi
pal sources of systematic error in the method and 
apparatus have been discussed in detail in an earlier 
paper.4 As a result of combining the precision 
with estimates of systematic errors, it is believed 
tha t the accuracy of values derived from equations 
1-4 may be represented by the following probable 
errors: the heat capacity of the solid from 25 to 
160° and the heat of fusion, ± 0 . 5 % ; the heat capac
ity of the liquid from 250 to 800°, ± 0 . 3 % ; and the 
triple point temperature, ±0 .03° . In making the 
last estimate it was assumed tha t no "sa tura ted" 
solute such as is believed to have existed in sample 
1 invalidated the triple point indicated by the 
purer sample 2. 

Thermodynamic Functions.—The best data 
available for computing the absolute entropy of 
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lithium at 298°K. are the heat capacity values de
termined by Simon and Swain14 from 15 to 300°K. 
Unfortunately, their value is about 4 % lower than 
tha t of the authors at the only temperature com
mon to both series of measurements, 3000K. They 
also measured synthetic sapphire (aluminum oxide) 
in the same calorimeter from 30 to 28O0K.,14 their 
heat capacities being also approximately 4 % lower 
than another series of precise values on this mate
rial, recently measured at the National Bureau of 
Standards.15 The values of Kerr, Johnston and 
Hallett19 agree with the lat ter in general within 
0.2%. 

Simon and Swain gave no discussion of their ex
perimental procedure from which an inference of 
systematic error might be drawn, but several com-

(14) F. Simon and R. C. Swain, Z. physik. Chem., B28, 189 (1935). 
(15) D. C. Ginnings and G. T. Furukawa, THIS JOURNAL, 75, 522 

(1953). 
(16) E. C. Kerr, H. I,. Johnston and N. C. Hallett, ibid., 72, 4740 

(1950). 
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mon sources of error in adiabatic calorimetry tend 
to produce constant percentage error in the heat 
capacity, regardless of the substance being meas
ured. In fact, a suggestion that some suspicion 
may be attached to their temperature scale is af
forded by the fact that the discrepancies on syn
thetic sapphire change sign at the oxygen point. 
The authors have adjusted each of Simon and 
Swain's values for lithium in the ratio of the NBS 
value15 to theirs on synthetic sapphire14 at the same 
temperature. Their original values are shown as 
points in Fig. 2, but the part of the smooth curve 
below 298°K. passes through the adjusted values 
and joins smoothly to the curve above 2980K., the 
latter curve being based on the authors' values. 

From the adjusted values the entropy at 
298.160K. was found to be 6.78 cal. g.-atom"1 

deg.-K.,""1 17 and the heat content at this tempera
ture (less that at O0K.) is 1090 cal. g.-atom"1. 
From these values and equations 1, 3 and 4, the 
common thermodynamic functions relative to the 
solid at 00K. were calculated and are given in 
Table III.18 

TABLE III 

THERMODYNAMIC FUNCTIONS OF LITHIUM (CAL. DEG.-: 

T, 0K. 

298.16 
300 
320 
340 
360 
380 
400 
420 
440 
453.70(s) 
453.70(1) 
460 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 
750 
800 
850 
900 
950 
1000 
1050 
1100 
1150 
1200 

Cp« 

5.892 
5.899 
5.999 
6.126 
6.273 
6.433 
6.599 
6.765 
6.922 
7.022 
7.264 

7.255 
7.227 
7.200 
7.172 
7.144 
7.116 
7.088 
7.060 
7.033 
7.005 
6.977 
6.949 
6.928 
6.922 
6.916 
6.910 
6.904 
6.898 
6.892 
6.886 
6.880 
6.874 
6.868 

G.-ATOM^1) 

S' 

6.777 
6.814 
7.197 

7.565 
7.919 
8.262 

8.596 
8.922 
9.241 

9.455 
11.035 
11.135 
11.444 
11.738 
12.020 
12.290 
12.549 
12.798 
13.038 
13.269 
13.492 
13.707 
13.915 
14.116 
14.594 
15.041 
15.460 
15.854 
16.228 
16.581 
16.917 
17.238 
17.543 
17.836 

(H" -
Hl)/T 

3.656 
3.670 
3.812 
3.945 
4.070 
4.190 
4.306 
4.419 

4.530 
4.604 
6.184 
6.198 
6.242 
6.281 
6.316 
6.347 
6.375 
6.400 
6.422 
6.443 
6.460 
6.477 
6.491 
6.504 
6.532 
6.556 
6.577 
6.595 
6.611 
6.626 
6.638 
6.649 
6.659 
6.668 

-(F" -
H0

0) /T 

3.121 
3.144 
3.385 
3.620 
3.849 
4.072 
4.290 
4.503 
4.711 
4.851 
4.851 
4.937 
5.202 
5.457 
5.704 
5.943 
6.174 
6.398 
6.616 
6.826 
7.032 
7.230 
7.424 
7.612 
8.062 
8.485 
8.883 
9.259 
9.617 
9.955 
10.279 
10.589 
10.884 
11.168 

(17) K. K. Kelley, U. S. Bur. Mines Bulletin 434 (1948), found 6.70 
=b 0.06 from the same unadjusted data. 

(18) With 1 cal. = 4.1840 abs. joules, 00C. = 273.160K. and the 
atomic weight of lithium = 6.940. The pressure may be considered 
constant at 1 atm. 

Vapor Pressure.—At any temperature at which 
the vapor pressure is not greater than a fraction of 
an atmosphere, lithium vapor in equilibrium 
with the liquid can probably be considered ideal 
except for an equilibrium between the monomer and 
a small proportion of the dimer. The total vapor 
pressure may be computed from a spectroscopic 
value of the equilibrium constant and the partial 
pressure Px of the monomer in the saturated vapor. 
This partial pressure P1 may be obtained by com
bining the thermodynamic equation relating the 
entropy of the monomer Si to the thermal data 

S1 = L0/T + Sn, + 5/2 - (H1^ - H0,,,-,)/T (5) 

and the Sackur-Tetrode equation, if L0, the heat of 
vaporization at O0K., is known. For lithium the 
Sackur-Tetrode equation, including R In 2 for the 
doublet ground atomic state, is 

S1 = 11.4392 logI0P - 4.5757 1Og10P1 + 4.8384 (6) 

where Si is in cal. g.-atom_1 deg.K."^1 and P 1 is in 
atmospheres. 

Gordon19 has utilized the accurate spectroscopic 
data summarized by Loomis20 to calculate the 
equilibrium between the two gaseous species over a 
wide temperature range, taking into account an-
harmonicity and molecular stretching. His values 
of T logio K, where K is the equilibrium constant 
Pi-ZP2, were increased by 100 to change to the 
basis of a dissociation energy of 1.12 electron-volts. 
Following Loomis, Gordon had used 1.14, but Gay-
don21 later re-examined carefully the extrapolation 
of vibrational levels and recommended the lower 
value. 

The most precise measurements of the vapor 
pressure of lithium found in the literature were re
ported by Hartmann and Schneider,22 who meas
ured in an argon atmosphere eight boiling temper
atures from 1208 to 13530K., in which range the 
vapor pressure varies from approximately 17 to 94 
mm. The partial pressures of the monomer com
puted from the seven highest of these vapor pressure 
values gave by equations 5 and 6 a mean value for 
U of 37960 ± 15 cal. g.-atom-1. 

Values of the partial pressure of the monomer in 
the saturated vapor over a wide temperature range 
were computed from this value of Lo, the thermal 
data of Table III, and equations 5 and 6. The cor
responding pressures of the dimer and the total va
por pressures were obtained using the gaseous equi
librium constants, and are given in Table IV. All 
the tabulated total vapor pressures (P, atm.) are 
represented within approximately 0.1 % by the equa
tions 
log10P(solid) = 14.2121 - 8551.18/P - 3.79295 logu ,r + 

6.7167(10"3)P - 6.400(10-«) P2 + 2.684(10"5OT3 

(298 to 453.7O0K.) (7) 

1Og10P(Hq.) = 10.1184 - 8442.53/P - 1.64098 1Og10P + 

2.5968(10"4 T) (453.70 to 135O0K.) (8) 

Equation 8 gives 16000K. as the extrapolated value 
of the normal boiling point. Kelley23 gave 16450K. 

(19) A. R. Gordon, J. Chem. Phys., 4, 100 (1936). 
(20) F. W. Loomis, Phys. Rev., 38, 2133 (1931). 
(21) A. G. Gaydon, "Dissociation Energies and Spectra of Diatomic 

Molecules," Chapman and Hall, Ltd., London, 1947, p. 86. 
(22) H. Hartmann and R. Schneider, Z. anorg. Chem., 180, 27") 

(1929). 
(23) K. K. Kelley, U. S. Bur. Mines Bulletin 383 (1935). 
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T, 
0 K . 

2 9 8 . 1 6 
300 

325 
350 

375 
400 
425 
450 
4 5 3 . 7 0 ° 

475 
500 
525 
550 
575 
fiOO 

625 
650 
675 
700 
725 

750 
775 
800 

V 

TABLE IV 

APOR PRESSU] 

Pressure 
of IJ 2 

2 . 4 
4 . 1 
2 . 6 
6 . 7 
8 .2 
5 . 4 

2 . 1 
5 . 6 
8 . 8 
9 . 7 
1.2 
1.2 
9 . 7 
6 . 5 
3 . 6 

1.8 
7 . 7 
3 . 0 
1 .0 
3 . 3 

9 . 7 
2 . 7 
6 .9 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 

10 - " 

io-« 
i o - " 
10 -JJ 
10-2» 
10-1« 

10" '« 

1 0 - " 
10-15 
1 0 - n 

1 0 - " 
1 0 - n 
1 0 - n 
lO-io 

10 -» 
10"» 
io-» 
1 0 - ' 
10"» 
10~« 

io-« 
10-5 
10-5 

" Triple point. 

RE OF LITHIUM ( IN M M . ) 

T o t a l vapor 
pressure 

3 . 41 

5 . 0 7 
7 . 1 3 
4 . 9 4 
1.94 

4 . 7 8 
8 .09 

9 . 9 5 
1.41 
9 . 0 4 
6 .54 
3 . 9 0 
1.98 
8 . 6 6 
3 . 3 6 
1.16 
3 . 6 6 

1.06 
2 . 8 3 
7 . 0 6 

1.66 
3 . 6 8 
7 76 

X 
X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 
X 

X 
X 
X 
X 

X 
X 
X 

10 - » 
10-20 

1 0 - 1 " 
i o - i « 

10 - ' « 
1 0 - » 
10-12 

l O - n 
10-10 
lO-io 

10 -> 
10"» 
1 0 - ' 
1 0 - ' 

io-« 
10-5 
10-5 
1 0 - ' 
1 0 - ' 
io-« 
10"» 

10"» 
10"» 

T, 
0K. 

825 
850 

875 
900 

925 
950 
975 

1000 

1025 
1050 
1075 
1100 
1125 
1150 
1175 
1200 
1225 
1250 
1275 
1300 
1325 

1350 

Pressure 
of I.J2 

1.7 X 

3 . 8 X 
8 .3 X 

1.7 X 
3 . 5 X 
6 . 7 X 
0 , 0 1 2 

.022 

.039 

.067 

.11 

. 18 

. 28 

.44 

.66 

.98 
1.4 
2 . 1 

3 . 0 
4 . 1 

5 . 7 
7 . 8 

io-< 
1 0 " ' 
1 0 " ' 

io-« 
10"« 
10"» 

T o t a l 
v a p o r 

pressure 

0 . 0 1 5 6 
.0302 
.0562 
.101 
.176 
.297 
.488 
.782 
1.22 
1.88 
2 . 8 2 
4 . 1 6 
6 . 0 3 
8 .59 

1 2 . 1 

1 6 . 7 
2 2 . 8 
3 0 . 8 
41 .0 
5 4 . 0 

7 0 . 5 
9 1 . 0 

Though the uncertainty in the dissociation en
ergy of Li2 introduces a substantial uncertainty into 
the proportions of monomer and dimer, the values 
of total vapor pressure given are consistent with the 
observed values around 13000K., and at lower 
temperatures are relatively insensitive to errors in 
the dissociation energy. The effect of the uncer
tainty in extrapolating the heat capacity of the 
liquid to 180° above the range of measurement also 
is small. 

Discussion 
A number of observers have reported measure

ments of the heat capacity of lithium. Most of 
these values are shown for comparison with the au
thors' values in Fig. 2 for the solid and in Fig. 3 for 
the liquid. 

The mean heat capacity of solid lithium between 
27 and 100° was measured by Regnault.24 Laem-
mel,25 using a crude drop method, made measure
ments from —80 to 170°, and Kleiner and Thum26 

reported values from 25 to 182°. Bernini27 using a 
Bunsen ice calorimeter, covered several tempera
ture ranges from 0 to 157°. The values of Simon 
and Swain14 were discussed above. 

Most of the heat capacity measurements on 
liquid lithium were made very recently, and these 
show some very large discrepancies. Cabbage,28 

using a drop method, determined values from the 
melting point (180°) to 1000°, with a precision of 
approximately ±20%. Yaggee and Untermyer29 

computed the heat capacity from 200 to 500° from 
their measurements of the relative cooling rates of 

(24) V. Regnault, Ann. chim. phys., [3] 63, 5 (1861). 
(25) R. Laemmel, Ann. Physik, [4] 16, 551 (1905). 

Kleiner and Thum, Arch. sci. phys. et nat., [4] (26) A. Kleiner and Thum, Arch. sci. phys. et nat., [4] 22, 275 
(1906). 

(27) A. Bernini, Nuoi'O cimento, 12, 307 (1906); Physik. Z., 8, 150 
(1907). 

(28) A. M. Cabbage, U. S. Atomic Energy Commission AECD-
3240 (Mar. 31, 1950); Nuclear Science Abstracts, 6, 870 (1951). 

(29) F. L. Yaggee and S. Untermyer, U. S. Atomic Energy Commis
sion ANL-4458 (Apr. 21, 1950); Nuclear Science Abstracts, 4, 902 
(1950). 

lithium and aluminum, and claimed an accuracy of 
±10% for the values on lithium. The measure
ments of Bates and Smith30 from 500 to 1000° and 
those of Redmond and Lones81 from 200 to 1100° 
were made with ice calorimeters, and agree with 
the authors' values within their estimated uncer
tainties of ± 5 % . 

Several direct measurements of the melting point 
of lithium, which is almost identical with the triple 
point, have been reported previously. Guntz82 

found 190°, and Kahlbaum33 gave the widely 
quoted value of 186°. The value 180°, reported by 
Bunsen and Matthiessen34 and by Ruff and Jo-
hannsen,35 agrees with that of the authors, which is 
180.54°. Losana36 actually observed 180.2°. The 
value found by Zukowsky37 and by Kilner,37a 179°, 
is close. 

The authors' value for the heat of fusion of lith
ium, 432.3 abs. joules per g., may be compared with 
those of other observers in the same units. KiI-
ner87a found 416 ± 40, and the recent compilation 
of Kubaschewski38 lists 416 ± 20; these agree with 
the authors' value within their stated tolerances. 
Kelley39 gave 660, which is based on the analysis 
of several solid-liquid phase diagrams involving 
lithium as one component. For many years the 
value of Thum,40 137.3, seems to have been the 
only directly measured one, and though it has been 
widely quoted, some authors were unwilling to be
lieve that the atomic entropy of fusion of lithium 
differs from those of the other alkali metals by the 
large amount indicated by this value. The heat of 
fusion more recently given by Binayendra41 agrees 
exactly with the authors' value. 

In Fig. 4 are shown the deviations of three in
vestigations from the vapor pressures of Table IV. 
Three observers have found values at lower tem
peratures than those of Hartmann and Schneider22 

by determining the rate of evaporation into a vac
uum. Bogros42 worked in the range from 732 to 
845°K., and Maucherat's43 measurements, on lith
ium very carefully freed of traces of sodium, were 
from 735 to 915°K. Lewis's44 values are over the 
range 852 to 9260K. and though fairly interconsist-
ent, are more than 200% higher than those of Table 
IV and are not shown in Fig. 4. He used commer
cial lithium which is thought43 to have been con
taminated with sodium, which is much more vola
tile. 

The cohesive energy of lithium metal is greater 
(30) A. G. Bates and D. J. Smith, U. S. Atomic Energy Commission 

K-729 (Mar. 28, 1951); Nuclear Science Abstracts, 5, 585 (1951). 
(31) R. F. Redmond and J. Lones, U. S. Atomic Energy Commission 

ORNL-1342 (Dec. 20, 1952); C. A., 47, 11937 (1953). 
(32) A. Guntz, L'Electrochim. (Oct. 1896). 
(33) W. A. Kahlbaum, Z. anorg. Chem., 23, 220 (1900). 
(34) R. Bunsen and A. Matthiessen, Ann., 94, 107 (1855). 
(35) O. Ruff and O. Johannsen, Z. Elektrochem., 12, 186 (1906). 
(36) L. Losana, Gazz. chim. Hal., 65, 851 (1935). 
(37) G. J. Zukowsky, Z. anorg. Chem., 71, 403 (1911). 
(37a) S. B. Kilner, T H I S JOURNAL, 74, 5221 (1952). 
(38) O. Kubaschewski, et al., Z. Elektrochem., 84, 275 (1950). 
(39) K. K. Kelley, U. S. Bur. Mines Bulletin 393 (1936). 
(40) Thum, Dissertation, Zurich, Vol. 48, 1906. 
(41) N. S. Binayendra, Gazz, chim. ital., 67, 714 (1937). 
(42) A. Bogros, Compt. rend., 191, 322, 560 (1930); Ann. phys., 

[10] 17, 199 (1932). 
(43) M. Maucherat, Compt. rend., 208, 499 (1939); J. Phys. 

Radium, 10, 441 (1939). 
(44) L. C. Lewis, Z. Physik, 69, 786 (1931). 
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Fig. 4.—Observed and calculated vapor pressure of lithium. 

than the heat of vaporization a t 00K., found above 
to be 87960 cal. g . -a tom - 1 , by the zero point energy 
of the crystal. An estimate of the lat ter may be 
made from the Debye theory, which gives (9/S)ROv 
per gram atom, where Su is the Debye characteristic 
temperature. The values of Cv of Simon and 
Swain,14 corrected as described above, give values 
of #D showing no trend between 40 and 1800K. and 
averaging 3930K., which corresponds to a zero 

point energy of 880 cal. g . -a tom - 1 . The resulting 
"observed' ' cohesive energy of approximately 
38800 cal. g.-atom'"1 may be compared with that 
calculated independently of thermodynamic da ta 
by quantum-mechanical methods, which is 36200.46 

Seitz believed that the discrepancy is probably due 
largely to the use in the theoretical calculations of 
an approximate free-electron expression for the 
electronic correlation energy. 

As shown in Figs. 2 and 3, the heat capacity of 
lithium increases rapidly with temperature just 
below the melting point and then decreases more 
gradually above. This fact may be associated with 
the unusually low entropy of fusion (0.8 R), and is 
analogous to the behavior of the alkali metals so
dium4 and potassium.5 
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(15) F . Seitz, " T h e M o d e r n T h e o r y of Sol ids ." M c G r a w - H i l l Book 
Co. , Inc . , New York, N . Y,, 1940, p. 365. 
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Low-Temperature Heat Capacities and Entropies at 298.160K. of Some Titanates of 
Aluminum, Calcium, Lithium and Zinc 

B Y E. G. K I N G 

RECEIVED NOVEMBER 3, 1954 

Heat capacity measurements in the temperature range 51 to 2180K. were conducted for aluminum titanate, tricalcium di-
titanate, lithium metatitanate and zinc-titanium spinel. Regular behavior was observed for all four substances. The 
following entropy values (cal./deg. mole) at 298.16°K. were obtained: 28.2 ± 0.2 for aluminum titanate; 56.1 ± 0.4 for 
tricalcium dititanate; and 21.9 ± 0.1 for lithium metatitanate. The measurements and ordinary extrapolation for zinc-
titanium spinel yield 5°298.w = 32.8 ± 0.2 cal./deg. mole. This value should be increased by an at present unknown amount 
to take account of randomness in the crystal structure. 

Thermodynamic values for t i tanates are of im
portance in evaluating methods of treating titanif-
erous ores and of utilizing high titania slags. Ti tan
ates also are becoming increasingly impor tant as 
ceramic constituents. Several 1 - 6 previous papers 
from this Laboratory have dealt with low-tempera
ture heat capacities and entropies a t 298.160K. of 
ti tanates. The present paper is a continuation of 
this work, and presents data for aluminum t i tanate 
(Al2TiO5), tricalcium di t i tanate (Ca3Ti2O7), lithium 
metat i tanate (Li2TiO3), and zinc-t i tanium spinel 
(Zn2TiO4). No previous similar data are to be 
found in the literature for any of these substances. 

(11 C. I I . S h o m a t e , T H I S J O U R N A L , 68 , 964 (1946). 

(?) C. H . S h o m a t e , Oil., 68 , 1634 (1946). 
Cl) S. S. T o d d a n d R. E . Lorenson , ibid., 74 , 2043 (1952). 
(4) S. S. T o d d a n d R. E . Lorenson , ibid., 74 , 3764 (1952). 
(5) S. S. T o d d , ibid., 74, 4669 (1952), 
16) S S. T o d d and E. G KinK , ibid . 74 . 4547 (1953). 

Materials.—Aluminum titanate was prepared7 from pure 
hydrated alumina and pure titania. A stoichiometric mix
ture was pressed into pellets and heated five times for a total 
of 96 hours between 1400 and 1500° and 43 hours between 
1500 and 1570°. After each heat the material was quenched 
to room temperature, to minimize residence time in the re
ported region of instability between 750 and 1300°.8 Grind
ing, mixing, chemical analysis and adjustment of composi
tion were conducted between heats. The final product 
analyzed 43.95% titania, as compared with the theoretical 
43.93%. The_ principal impurity is 0.06% silica. The 
X-ray diffraction pattern agrees with those reported in 
the literature.8 '9 

Tricalcium dititanate was prepared10 from reagent grade 

(7) Th i s s u b s t a n c e was p repa red by C. J. O 'Br ien , Chemis t , Minera l s 
T h e r m o d y n a m i c s B r a n c h , Region I I I , B u r e a u of Mines . 

(8) S. M . L a n g , C. L. F i l lmore a n d L. H . Maxwel l , / . Research Natl. 
Bur. Standards, 48 , 298 (1952). 

(9) A. K. Aus t in a n d C . M. Schwar t z , Acta Cryst., 6, 812 (1953). 
(10) T h i s s u b s t a n c e was p repa red by R. E . Lorenson , formerly 

Chemis t , Minera l s T h e r m o d y n a m i c s B r a n c h , Region I I I , B u r e a u of 
Mines 


