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times the quantity of reagents used above. These were
carried through the reductor and their final corrected
titers divided by 5. This figure, called the reagent cor-
rection, was added to the indicator correction, the com-
bined value of which was subtracted from the glass sand
titers.

The numerical results secured by this method compare
favorably with those obtained by the Bureau of Standards
using the gravimetric method described in the certificate
of standardization. The method possesses advantages of
speed and low cost, due to the elimination of the precipita-
tion of iron, and the fact that, working with 2-g. samples, it
is possible to use 30-cc. crucibles in place of liter platinum
dishes. For practical work it is possible to shorten the
procedure still further by elimnination of one ignition with-
out sacrificing undue accuracy.

The authors are grateful to Dr. Orin W. Rees
for codperation and helpful suggestions and to Mr.
L. D. McVickers for gravimetric standardization
of the ferric ammonium sulfate solution.
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Summary

1. An attempt to determine small quantities
of iron by reduction with silver followed by titra-
tion with ceric sulfate revealed an error attribut-
able to the formation of hydrogen peroxide in the
reductor.

2. By conducting the reduction in an atmos-
phere of hydrogen, thereby decreasing the reduc-
tor correction, and applying a correction for the
indicator, it was possible to determine quantities
of iron of the order of 1.5 mg. with a high degree of
accuracy.

3. The method was found to be relatively
rapid and not to require the use of large platinum
dishes, thus possessing advantages of practical
value.
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Hydrogen Sulfide.
The Heat of Vaporization.

The Heat Capacity and Vapor Pressure of Solid and Liquid.
A Comparison of Thermodynamic and Spectroscopic

Values of the Entropy

By W. F. GIAUQuUE AND R. W. BLUE!

The entropy of hydrogen sulfide as determined
by means of the third law of thermodynamics is of
special interest since it has been shown? that the
ordinary application of this method does not give
the correct entropy for the analogous and impor-
tant case of water. However, the low tempera-
ture calorimetric investigation reported here

T
proves that the j; CodIn T does give the cor-

rect entropy for hydrogen sulfide. The correct
value has been calculated by Cross® from the
band spectrum data of this substance.

The calorimetric apparatus and methods were
identical with those described in our paper* on
nitrous oxide except that the amounts of hydrogen
sulfide were measured by absorhing the gas in
alkali and observing the increase in weight.
This latter procedure is the same as that followed
by Giauque and Wiebe.?

Preparation of Pure Hydrogen Sulfide.~—Hydrogen

sulfide was prepared by direct combination of the elements.
Dry electrolytic hydrogen which had been freed from oxy-

(1) Shell Research Fellow, Academic year 1931-1932.
(2) Giauque and Ashley, Phys. Rev., 48, 81 (1933).
(8) Cross, J. Chem. Phys., 8, 168 (1935).

(4) Blue and Giauque, THIS JoUurNAL, 87, 991 (1935).
(5) Giauque and Wiebe, tbid., §0, 101 (1928).

gen by tneans of a nickel catalyst and sulfur which was
shown by analysis to contain no trace of selenium were
used. The hydrogen was bubbled through liquid sulfur
at 275-300°. This temperature range ensured the pres-
ence of a large excess of hydrogen in the resulting mixture.
The mixed gases were passed over a nickel catalyst on
pumice at 600°. The nickel catalyst may be superfluous
but it was readily available and was included because of its
effectiveness in the analogous reaction between hydrogen
and oxygen. In the preliminary preparations the hydro-
gen sulfide contained considerable impurity which was un-
doubtedly hydrogen polysulfide. While this condition may
have been due to faulty operation of the above system,
it was very satisfactorily eliminated by passing the gas,
prepared as above, through a quartz tube, filled with
pumice, and heated to 800°. After the furnace tempera-
tures became constant the gaseous mixture was passed
through the preparation system for half an hour before any
hydrogen sulfide was collected. A large trap in the prepa-
ration line was then cooled with liquid air® and the hydro-
gen sulfide was collected as the solid. About 200 ce. of
liquid hydrogen sulfide was prepared in twenty-four hours.
The effective length of the tube at 600° was about 100 cm.,
that at 800° was about 30 cm. and the diameters were
roughly 2 em.

(8) In condensing materials of this sort in glass containers im-
mersed in liquid air we consider it advisable to surround the glass by
a close fitting easily removable case of thin metal. Thisis to prevent
the formation of a potentially explosive mixture in case of accidental
glass breakage.
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When sufficient hydrogen sulfide had been collected the
trap containing the solid hydrogen sulfide was isolated
from the rest of the preparation line and evacuated with a
mercury diffusion pump. The liquid air was then re-
moved and the hydrogen sulfide was distilled, through a
tube filled with phospherus pentoxide, into a bulb cooled
with solid carbon dioxide and ether. The liquid was then
distilled three times, a fraction of 10 cc. or more being dis-
carded at the beginning and at the end of each distillation.
During the first of the above three distillations the gas
was bubbled through 10-22 cc. of the distillate contained
in an intermediate bulb. Also a larger end fraction was
discarded in this case. Finally the distillate was solidified
by cooling with liquid air and subjected to a high vacuum
by means of a mercury diffusion pump. Three prepara-
tions, referred to as 1, 2 and 3, were used in the course of
the measurements.

Assuming that the slight rise in heat capacity below the
melting point is due to premelting, caused by a liquid-
soluble solid-insoluble impurity, the amount of impurity
was estimated to be less than one part in one hundred
thousand. It was shown by observations on the pre-
liminary preparation mentioned above that the most
probable contamination, hydrogen polysulfide, does cause
premelting.

The Vapor Pressure of Hydrogen Sulfide.—The vapor
pressure measurements were made with the apparatus de-
scribed in connection with nitrous oxide.* The calorimeter
could be connected directly with the manometer for this
purpose. The measurements were made on the material
described as Preparation 2. In a preliminary study of the
triple point pressure the pressure increased by about 0.5
mm. in twelve hours. This was not caused by leaks since
the sysiem was tested repeatedly both before and after this
measuremnent and found to hold a vacuum of 10-% mm.
for several hours. Discoloration of mercury in a small
manometer used for control purposes indicated that the
pressure increase was due to the reaction H;S + Hg =
HgS + H,;. It appears that this reaction cannot be pre-
vented without baking out the glass apparatus and this
was not very practicable. The mercury menisci in the
large manometer, used for measuring vapor pressures, were
not distorted. To eliminate the possibility of error due to
the presence of hydrogen it was necessary to remove the
gas in the line leading to the manometer and some mate-
rial from the calorimeter before each measurement. With
this procedure the results were very satisfactory. With
the assistance of a cathetometer the manometer was com-
pared with a standard meter hung between the arms within
the manometer case. All pressure observations are ex-
pressed in terms of international centimeters of mercury,
using the data given in the ”I. C. T.”? The gravitational
acceleration for this location was taken as 979.973 c¢m./-
sec.? from the work of Sternewarte.® The standard accele-
ration of gravity was taken as 980.665 cm./sec.2. The
vapor pressure observations are satisfactorily represented
by the equations

(7) " International Critical Tables,”” McGraw-Hill Book Co., New
York, 1928.

(8) Sternewarte, Landolt, Bornstein and Roth, "Physikalische-
chemische Tabellen,” Verlag Julius Springer, Berlin, 1923.
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Solid hydrogen sulfide, 164.90 to 187.61°K.
logyw P (int.cm. Hg) = —(1329/T) + 9.28588 —
0.00512637 (1)
Liquid hydrogen sulfide, 187.61 to 213.17°K.
logiw P (int. cm. Hg) = —(1145/T) + 7.94746 —
0.003227T (2)

The observed and calculated values are given in
Table I. .
TaBLe I

VAPOR PRESSURES OF HYDROGEN SULFIDE
Boiling point 212.77°K. 0°C. = 273.10°K.

Pobad., int.

T, °K cm. Hg. Poaled, Tobsd, = Tandest,
164.904 2.405 2.406 +0.004 Solid
168.470 3.417 3.417 + .000 Solid
173 .308 5.356 5.358 + .004 Solid
177.888 8.003 7.998 — .008 Solid
182.844 12.041 12.025 — .017 Solid
187.61 17.389 Triple point
188.350 18.289 18.276 — .011 Liquid
190. 506 21.078 21.073 — .004 Liquid
193.840 26.084 26.084 .000 Liquid
196.980 31.644 31.652 + .004 Liquid
199.909 37.670 37.682 + .006 Liquid
203.400 46.056 46.048 — .003 Liquid
206.575 54.893 54.892 — .000 Liquid
210.176 66.500 66.507 + .002 Liquid
213.166 77.545 77.565 + .004 Liquid

The agreement shown in Table I is very satis-
factory. The temperatures are given to 0.001°
only because of the high relative accuracy. The
absolute values may be in error by several hun-
dredths of a degree. Points on each side of the
triple point indicate that a melting point of about
187.60° would give better agreement. However,
the melting point was carefully investigated with
Preparations 1, 2 and 3 and 187.61° was obtained
in each case. Preparation 1 was observed for
nine hours with amounts from 8 to 509, melted,
heat being added occasionally for this purpose.
The resistance thermometer had an average de-
viation of only 0.006° over the above period.
Similarly Preparation 2 was observed for eighteen
hours with amounts ranging from 3 to 359,
melted. The average deviation was 0.005° on
the resistance thermometer. Preparation 3 was
observed for thirty-one hours, with amounts from
3 to 609, melted, giving an average deviation of
only 0.002°. The thermocouple had an average
deviation of less than 0.01° in each case.

From Equation 2 the boiling point was deter-
mined as 212.77°K.

Table II contains a summary of measurements
of the melting and boiling point temperatures for
hydrogen sulfide.
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TasLE II
MELTING AND BOILING PoINT TEMPERATURES OF HYDRO-
GEN SULFIDE
Melting
point, °K. Boiling point, °K. Observer
188 e Faraday? (1845)
211.3 (755 mm.) Regnault?® (1862)
- 209.6 Olzewsky!! (1890)
190.2 212.7 (755.2 mm.) Ladenburg and Krii-
gel!? (1900)
184 212 (733 mm.) De Forcrand and Fon-
zeg-Diacon!? (1902)
212.9 Mclntosh, Steele and
Archibald4 (1906)
190 Magrils (1907)
191 v Bagster!¢ (1911)
190.1 212.9 Cardoso and Arnit?
(1912)
189.5 213.3 Maas and MclIntosh's
(1914)
190.3 Baume and Geor-
gitses?® (1914)
187.6 Kemp and Denison?®
(1933)
187.60 Clusius® (1933)
187.7 Smyth and Hitchcock??
(1934)
187.61 212,77 This research

The Transition of Hydrogen Sulfide.—There
is a sharp transition in solid hydrogen sulfide at
103.52°K. and a region of considerable energy
absorption principally between 126 and 127°K.
In the latter case heat is absorbed almost, if not
exactly, isothermally at 126.22°K. but an ab-
normal rise in heat capacity is evident for at
least five degrees below this temperature. The
situation appears to be similar to that observed
by Simon?® in the case of ammonium chloride and
later found to exist in many hydrogen compounds
such as hydrogen bromide, hydrogen iodide and
methane. Pauling? has pointed out that rota-
tion within the solid is undoubtedly the usual
cause of such regions of high energy absorption in

(9) Paraday, Phil. Trans., 185, 170 (1845).

(10) Regnault, Mem. Acad.. 36, 613 (1882).

(11) Olzewsky, Bull. Acad. Cracorie, 87, 1890,

(12) Ladenburg and Kriigel, Ber., 33, 637 (1900).

(13) De Forcrand and Fonzes-Diacon, Compt. rend., 134, 229, 281
(1902).

(14)
(1906).

(18) Magri, Rend. Linc., [5] 16, 1, 518 (1907).

(16) Bagster, J. Chem. Soc., 99, 1222 (1911),

(17) Cardqso and Arni, J. chim. phys., 10, 504 (1912).

(18) Maas and Mclntosh, Trans. Roy. Soc. Can., [3] 8, 65 (1914),

(19) Baume and Georgitses, J. chim. phys., 12, 250 (1914),

(20) Kemp and Denison, THIS JourNaL, 58, 251 (1933).

(21) Clusius, (a) Z. Elektrochem., 88, 598 (1933); (b) Nach. Ges.
Wiss. G8itingen, Math.-Phys. Klasse, 171 (1933).

(22) Smyth and Hitchcock, THIS JoURNAL, §6, 1084 (1934).

(23) Simon, Ann. Physik., 68, 241 (1922).

(24) Pauling, Phys. Rev., 36, 430 (1930),

Mclntosh, Steele and Archibald, Z. physik. Chem., 88, 129
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these substances. Our observations on hydrogen
sulfide became of interest to J. D. Kemp and
G. H. Denison,? who then carried out an investi-
gation on the dielectric properties of hydrogen
sulfide. They prepared pure hydrogen sulfide with
the apparatus and procedure described above.
Their results showed a dielectric constant char-
acteristic of a non-polar substance below the iso-
thermal transition at 103.52°, with a large di-
electric increase at this temperature. No marked
change was observed on passing through the re-
gion near 126°K. Kemp and Denison show that
the magnitude of the dielectric constant in the
solid above 103.52° is the same as that of liquid
hydrogen sulfide.

Smyth and Hitchcock??2 have also carried out
a dielectric investigation on hydrogen sulfide.
Their results show a small and rather abrupt
change near 126°K. and this is consistent with
the marked increase in the heat capacity in this
temperature region.

Although the above results do not provide an
answer to the question concerning a discontinuous
or rather abrupt loss of some molecular rotation
near 126°K., they do show that the molecules can
rotate without much restraint both below and
above this temperature.

It may be recalled that hydrogen bromide and
hydrogen iodide have more than one such region
of high heat capacity. Thus it seems necessary
to assume that rotations about different axes are
excited somewhat independently or that the popu-
lation in different quantum levels connected pri-
marily with the same type of motion undergoes
rather abrupt changes with temperature.

It is well known from studies? of the imperfec-
tions of two component solutions that in many
cases the effects are such as to be consistent with
the idea that like molecules of each kind tend to
associate with each other. This effect often leads
to separation into two phases, each consisting
principally of like molecules, when the solution is
cooled to a sufficiently low temperature.

Somewhat similarly, in a one component sys-
tem, molecules with zero, one or two units of rota-
tion may differ sufficiently from each other so that
an assemblage of molecules in a low energy state
can repress the population increase of a higher
quantum species as the temperature is increased.

Finally, a temperature is reached where the re-

(25) Hitchcock and Smyth, THis JourwnaL, 58, 1206 (1933).
(26) E. g., Hildebrand, “Solubility,” Reinhold Publishing Co.,
New York, 1036.
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sultant unstable condition leads to the excitation
of the new state or states in large amount, either
within a short temperature interval or discontinu-
ously. Available dielectric investigations in the
cases of polar substances do not permit unambigu-
ous interpretation as they have been made on
masses of randomly oriented small crystals. The
rather difficult investigation of the axial dielectric
susceptibilities of single crystals seems to be one
of the most fruitful means of obtaining detailed
information on this matter.

It is of interest to note that Kemp and Denison
checked our results for the melting and transition
temperatures and the temperature of near iso-
thermal energy absorption above 126° within
their limit of accuracy, 0.1°.
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covered only a total period of four hours and it is
our experience that many sharp transitions re-
quire a rather long time for equilibrium after an
addition of energy. A very similar effect was
observed on the sharp transition at 103.52°, with
four additions of energy, during a period of six
hours.

In Table IV we summarize the available data
on the above approximate temperature and on
the transition temperature. .

The Heat Capacity of Hydrogen Sulfide.—
The heat capacity results are given in Table V.
As usual we have corrected the results for vapori-
zation, where the vapor pressure was large enough
to produce an appreciable vaporization into the
gas space above the substance. For this purpose
the density of liquid hydrogen sulfide

was taken from the work of McIntosh,
Steel and Archibald.'*  The density

of the solid at the melting point was
estimated roughly as 1.1 g./cc. from
an observation on a glass bulb. The

—

energy measurements assumed that
1 calorie (15°) was equal to 4.185

Co.

o~

absolute joules and 1.00042 absolute
joules were equal to one international

joule.
It is believed that the smooth

AN

curves represent the correct values of
heat capacity to within 0,.2% at all
temperatures above 35°K. At 20°K.

L L

the error is not greater than 1%,.
The heat capacity of hydrogen sul-

0 50 100 150
Temperature, °K.

Fig. 1.—Heat capacity in calories per degree per mole of hydrogen sulfide.

Clusius?! has since published a calorimetric
investigation in which he agrees closely with the
above temperatures.

In Table III we present the evidence that most
of the energy is absorbed isothermally. The al-
most regular rise with percentage transformed
may be somewhat illusory as the observations

TaBLE III

TEMPERATURES OF HIicH ENERGY ABSORPTION NEAR
126°K. IN HYDROGEN SULFIDE

Total energy Resistance ther- ‘l‘herngt;{couple,

added, % mometer, °K. .
10 126.210 126.21
30 126.218 126.22
60 126.225 126.23
80 126.240 126.24

fide has been measured by Clusius®!
but a comparison cannot be made
since, the preliminary publication is
in graphical form.

200

TaBL: IV
SUMMARY OF TRANSITION TEMPERATURE Dara o HYDRO-
GEN SULFIDE
0°C. = 273.10°K.
Principal

temperature of

‘Cransition high energy

temperature, absorption,
°K. °K. Observer
103.5 126.3 Kemp and Denison (1933)
103.6 126.2 Clusius (1933)
103.1 126.4 Hitchcock and Smyth (1933)
103.52 126.22  This research

In Table VI the results are summarized by
points taken from smooth curves through the data.
The Heats of Fusion and Transition.—The
measurements of the heats of fusion and transi-
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TABLE V

HeaT CAPACITY OF HYDROGEN SULFIDE

Molecular weight 34.076. 0°C. = 273.10°K.

o olcs. | [.7444 28841 2.0008
D Prepa-
T, °K. AT cal./deg./mole ration
16.97 1.799 0.835 II
19.07 1.875 1.103 1I
21.41 2.442 1.427 II
24.07 2.544 1.731 1I
26.84 2.803 2,082 11
30.43 4.109 2.527 II
35.03 5.053 3.015 1I
40.00 4.891 3.581 11
45.04 5.113 4.061 1I
50.05 4.908 4,592 II
54.95 4.934 5.064 I
59.90 4.943 5.496 II
60.49 2.862 5.542 I
65.08 5.316 5.981 1I
70.62 5.595 6.484 1I
75.97 5.062 6.951 II
80.12 4.797 7.314 I
84.88 4.693 7.766 I
89.71 3.5837 8.240 I
93.67 4.215 8.647 I
97.50 4.520 9.096 1I
97.81 3.888 9.076 I
101.29 2.933 9.564 1I
101.48 3.318 9.533 1
103.52 Transition
106. 59 3.718 11.40 I
107.05 3.800 11.35 I1
110.65 4.017 11.83 I
110.65 4.017 11.83 I
111.00 3.941 11.90 II
115.00 4.428 12.38 I
119.33 4.090 13.09 I
121.97 1.969 13.81 I
123.33 3.780 14.24 I
123.51 ° 1.028 14.19 1I
124.563 0.992 14.65 II
125.47 0.862 15.34 11
126.22 Region of high energy absorption
128.55 2.329 13.22 1I
132.41 5.208 13.34 11
136.49 4.558 13.32 I
141.56 5.261 13.36 1
147.02 5.439 13.39 I
1562.79 5.198 13.51 I
158.48 5.701 13.60 I
160.21 4.818 13.65 III
164.44 5.785 13.69 I
165.60 5.098 13.83 III
170.54 5.836 13.90 I
171.04 4.922 13.92 III
176.31 4.724 14.10 III
176.38 5.121 14.09 I
180.61 4.801 14.28 I
181.65 4.519 14.32 III
185.00 1.325 14.50 III
186.36 1.309 14.61 III

187.61 Melting point
182.95 3.642 16.21 117
194.03 3.543 16.22 III
197.81 3.471 16.22 III
201.83 3.891 16.25 III
207.14 4.375 16.30 III
210.99 4.324 16.31 111
212,77 Boiling point
TaBLE VI

Heat Capacity oF HYDROGEN SULFIDE

Molecular weight 34.076. 0°C. = 273.10°K.
Values taken from smooth curves through data

Cp CD
T, °K. cal /deg./mole T, °K. cal./deg./mole

20 1.25 125 15.02
30 2.48 130 13.25
40 3.56 140 13.33
50 4.56 150 13.45
60 5.51 . 160 13.65
70 6.43 170 13.92
80 7.31 180 14.26
90 8.26 185 14.53
100 9.36 190 16.21
105 11.25 200 16.26
110 11.79 210 16.31
120 13.27

tion of hydrogen sulfide are summarized in Table
VII. As noted above the heat absorption occur-
ring near 126 is not strictly isothermal. There-
fore we have given the total heat absorbed in the
region from 126 to 127°K. Since the calorimetric
observations do not prove that a change in phase
has taken place, we prefer not to present the data
in the form of a heat of transition. However,

TaBLE VII
HEaTs or TRANSITION AND FUsSION oF HYDROGEN SULFIDE
Molecular weight 34.076
Transition at 103.52°K.

Corrected
total

‘Temperatre interval h;:: ::l:gllét f Cp dT"/mole cal.‘/snfwiole
103.154-105.498 393.19 25.73 367.5
102.889-104.684 387.15 19.16 368.0
102.758-105.050 392,92 24.53 368.4

Mean 368.0 = 0.3
Total heat absorbed between 126 and 127°K.

125.286-127.878 143.71 22.69 121.0
125.650-127.733 136.44 15.17 121.3
124.961-127.378 142.40 20.95 121.4
125.644-127.267 130.43 9.09 121.3

Mean 121.3 = 0.1
Fusion at 187.61°K.

187.256-189.930 610.60 42.66 567.9
187.095-189.583  608.00 39.42 568.6
187.252-189.104 596.90 29.38 567.5
187.098-188.468 589.80 21.36 568.4

Mean 568.1 = 0.4
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the data have been presented in a manner that
permits this calculation to be made if a phase
change can be proved.

Clusius?! has given the heat of transition as
362.1 cal./mole and the heat of fusion as 568.3
cal./mole.

The Heat of Vaporization of Hydrogen Sul-
fide.—The heat of vaporization was measured
calorimetrically at constant pressure, as described
previously.® The data are summarized in Table
VIII. We have included the work of other ob-
servers for comparison. A value calculated from
the vapor pressure data as represented by Equa-
tion 2 has been included but is given no weight in
comparison to the more accurate calorimetric
values. This latter value was calculated by as-
suming that Berthelot’s equation of state repre-
sents the gas imperfection. The critical con-
stants used are quoted later.

TABLE VIII
HEAT oF VAPORIZATION OF HYDROGEN SULFIDE
Boiling point, 212.77°K. Molecular weight, 34.076

Moles Time of AH at 760 mm.
evaporated energy input, min, cal.fmole
0.26023 60 4463

. 26067 60 4461

.20843 50 4464

Mean 4463 = 4
Calculated from vapor pressure
equation (2), assuming a Berthe-

lot gas 4451
De Forcrand and Fonzes-Diacon!3

(1902) 4230
Elliott and McIntosh?? (1908) 4655
Schnerr® (1910) 4498
Maas and McIntosh!® (1914) 4586

The Entropy of Hydrogen Sulfide.—The cal-
culation of the entropy from the experimental

T
data by means of the equation § =j; CodlnT

is summarized in Table IX. The correction for
gas imperfection was made by combining thermo-
dynamics with Berthelot’s equation of state.b

T, = 373.5°K.33 P, = 889 atm.®

AS Sideal - Slutual = 27RT03P/32T3P., (3)
0.10 E. U. at the boiling point

The band spectrum of hydrogen sulfide has
been accurately measured and interpreted by
Cross. %

(27) Elliott and MclIntosh, J. Phvs. Chem., 12, 163 (1908).

(28) Schnerr, ''Ueber die Verdampfungswirme, etec.,” Freiburg,
1910.

(29) Cardoso, Gaszz. chim. ital., 51, 1. 153 (1921); also Pickering,
Bur. Standards Sci. Papers, 81, No. 541 (1928),

(30) Cross, (a) Phys. Rev., 46, 336 (1934); (b) 47, 7 (1935).
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TasLe IX

THE ENTROPY OF HYDROGEN SULFIDE
Molecular weight 34.076

0-16°K. Debye function kcv/k = 136 0.255

16-103.52°K., graphical 7.648
Transition 368.0/103.52 3.554
103.52-126°K., graphical 2,482
AH 126-127°K. 121.3/126.22 0.961
127-187.61°K., graphical 5.322
Fusion 568.1/187.61 3.028
187.61-212.77°K., graphical 2.049
Vaporization 4463/212.77 20.98

Entropy of actual gas at boiling point 46.28 = 0.1 E. U.
Correction for gas imperfection 0.10

Entropy for ideal gas at boiling point 46.38 = 0.1 E. U.

He has also published? the results of free energy,
entropy and heat capacity calculations based on
his spectroscopic data. During the course of his
investigation he kindly offered to include an en-
tropy value corresponding to our measured boiling
point temperature. His spectroscopic values
are included in Table X. The spectroscopic con-
stants used were 2.667, 3.076, 5.845 X 10-% g.
cm.? for the moments of inertia and.», = 1260
cm.—! and v, = v, = 2620 cm. ! for the funda-
mental vibrational frequencies.

TaBLE X

CoMPARISON OF EXPERIMENTAL AND SPECTROSCOPIC EN-
TROPIES OF HYDROGEN SULFIDE

Temperature, °XK. 212.77 208.1
Absolute 49,195 51.905
Spectr?- j Less nuclear spin en-
SCOPIC 1 tropy 46.441 49.151
Experi- | Actual gas 46.28 = 0.1 ..
mental | Corrected toideal state 46.38 49.10

The experimeutal value given for 298.1°K. was
obtained by using the spectroscopic data for the
gas above the boiling point. As usual the low
temperature extrapolation of the experimental
data did not include the nuclear spin entropy so
that comparison should be made between rows
two and four in Table X.

It will be seen that the experimental value ob-
tained from the calorimetric data and the third
law of thermodynamics is in excellent agreement
with that derived from the band spectrum.

We wish to thank Mr. Roy Overstreet for as-
sistance with the experimental work.

Summary

The heat capacity of solid and liquid hydrogen
sulfide has been measured over their respective
ranges from 16°K. to the boiling point.
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A transition was found at 103.52°K. and a re-
gion of large energy absorption, possibly ending
in a transition, was found near 126°K. The ab-
normal rise in heat capacity extended for many
degrees below this temperature but a large pro-
portion of the energy was absorbed nearly iso-
thermally at 126.22°K. )

The melting and boiling points were found to
be 187.61 and 212.77°K., respectively.

The heat of transition at 103.52 is 368.2 cal./-
mole. The total heat absorption between 126
and 127°K. is 121.3 cal./mole. The heat of fu-
sion is 568.1 cal./mole. The heat of vaporization
is 4463 cal./mole at the boiling point.

The vapor pressure of solid and liquid hydrogen
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sulfide was measured and the results are repre-

sented by the equations:

Solid hydrogen sulfide, 164.90 to 187.61°K.

logw P (int. cm. Hg) = —(1329/T) + 9.28588 —
0.0051263T

Liquid hydrogen sulfide, 187.61 to 213.17°K.
loge P (int. cm. Hg) = —(1145/T) + 7.94746 — 0.00322T

The experimental data and the third law of
thermodynamics have been used to calculate the
molal entropy of the gas at the boiling point.
The value found, 46.38 = 0.1 E. U., is in excellent
agreement with the spectroscopic value, 46.441
E. U. calculated by Cross. Each of the above
values neglects the nuclear spin entropy.
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The Freezing Points of Aqueous Solutions.

X. Dioxane and its Mixtures with

Lithium, Sodium and Potassium Chlorides!

By GEORGE SCATCHARD AND MARJORIE ALLEN BENEDICT

Debye and McAulay’s application of the Born
theory to the interaction of electrolytes and non-
electrolytes in dilute solutions? indicatés that the
sodium ion should be more effective in salting out
non-electrolytes than the potassium ion and that
the lithium ion should be considerably more effec-
tive than the sodium ion. Debye’s later theory,?
which takes into account the variations from ran-
dom distribution, indicates very much smaller
differences, though in the same order. The ex-
perimental measurements of the salting out of
non-electrolytes, on the other hand, disagree as
to whether the sodium ion or the potassium ioa is
the more effective, but generally make the lithium
ion much the least effective of the three. Since
these measurements have been made at rather
high concentrations of salt, and sometimes also of
non-electrolyte, the following measurements were
made of the freezing points of aqueous solutions
of mixtures of each of the three chlorides with
dioxane in order to obtain the limiting law at low
concentrations with which the theories might be
tested.

Dioxane was chosen as the non-electrolyte

(1) From a thesis submitted in October, 1935, by Mrs. Marjorie
Allen Benedict in partial fulfilment of the requirements for the de-
gree of Doctor of Philosophy.

(2) P. Debye and J. McAulay, Physik. Z., 36, 22 (1925).

(3) P. Debye, Z. physik. Chem.. 180, 56 (1927).

solute because it has a very large effect on the
dielectric constant and also because its simple
ether structure makes any specific chemical action
improbable. Since dioxane—water mixtures are
finding so much use in physico-chemical studies,
and because such an ether might well be expected
to be only slightly miscible with water, the study
of the freezing points of dioxane solutions with-
out added salt is also of importance.

Materials and Procedure

The salts were prepared as in earlier papers in this series. $
The sodium and potassium chlorides were weighed into the
mixtures as the dried salts, and the lithium chloride was
weighed as an analyzed concentrated solution. All water
used was from the laboratory conductivity water still.

Commercial dioxane (CJd:0;) was refluxed eight hours
with one-tenth its weight of concentrated hydrochloric
acid, decanted from the acid layer, shaken with enough
sodium hydroxide pellets to neutralize the acid and dried
with calcium chloride and then with sodium, being re-
fluxed during the drying with sodium.® It was then frac-
tionated twice through a Davis column, the middle two-
thirds being retained. By comparison with water in a
carefully designed boiling point apparatus with a closed
atmosphere of heliun® and a Beckmann thermometer, the

(4) G. Scatchard and S. S. Prentiss, Tris JournaL, 88, 4355
(1933).

(6) B. D. Kribben, Thesis, M. I. T, 1933; C. A. Kraus and R. A.
Vingee, THIS JOURNAL, 86, 511 (1934).

(6) J. A. Beattie, J. M. Gaines, Jr., and B. E. Blaisdell, unpub-
lished.



