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it does with manipulations of aliquot portions and 
titrations. 

Combined with the previous data at 35°, the 
new rate constant permits an estimate of the ac
tivation energy for the dissociation in 0.835 molar 
sulfuric acid, AE = 17kcal./moleat30°. 

Summary 

The partial pressure of isobutene over dilute solu
tions in dioxane containing 0.835 molar sulfuric acid 
was measured by a static method in a Van Slyke in
strument at 25 °. In its dependence on the concen
tration, the pressure adheres closely to the ideal law. 

Although the perrhenates of many of the metals 
have been prepared, in most cases the physical 
properties of these salts have been determined 
only approximately if at all. Of the perrhenates 
of the alkali metals and ammonium the potassium 
salt has been most thoroughly characterized, ap
parently due to the fact that this salt is precipi
tated in a common method for the recovery of 
rhenium2 and that it is easily purified by recrystal-
lization from water. The melting point,M 'M 

boiling point,6 solubility,6'7'8'9 heat of solution9'10 

and crystal structure11 have been reported. The 
density of the potassium salt was calculated from 
X-ray measurements of the crystal structure.11 

The density of no other perrhenate of this family 
has been reported. The only other melting point 
reported is for sodium perrhenate.3 The solu
bilities at room temperature have been reported 
for all of these salts except lithium perrhenate.7 

The crystal structures of all of the salts except 
lithium perrhenate have been reported.u'12'13'14 

Preparation of the Salts.—Rhenium was burned in a 
stream of oxygen at atmospheric pressure. The finely 
divided metal ignites under these conditions at approxi
mately 300 °. The heptoxide formed was dissolved in water 
to form perrhenic acid. The acid solution was then neu
tralized with the C. P. carbonate or hydroxide of the 

(1) This paper is based on a thesis presented by Selma Harmon 
Long to the Graduate School of the University of Tennessee in par
tial fulfillment of the requirements for the M.S. degree, May 26, 
1947. 

(2) Feit, Z. angew. Chem., 43, 459 (1930). 
(3) I. and W. Noddack, Z. anorg. allgem. Chem., 181, 1-37 (1929). 
(4) Biltz, Z. angew. Chem., 46, 271 (1933). 
(5) Vorlander and Dalichau, Ber., 66B1 1534 (1933). 
(fi) Holemann and Klesse, Z. anorg. allgem. Chem.,237,172 (1938). 
(7) 1. and W. Noddack, Z. angew. Chem., 44, 215 (1931). 
(8) Puschin and Kovac, Z. anorg. allgem. Chem., 199, 369 (1931). 
(9) Smith, THIS JOURNAL, 68, 394 (1946). 
(10) Roth and Becker, Z. fhysik. Chem., A159, 27-39 (1932). 
(11) Broch, Z. physik. Chem., 6B, 22-26 (1929). 
(12) Beintema, Z. Krist., 97, 300-322 (1937). 
(13) Jaeger and Bientema, Proc. Acad. Sci. Amsterdam, 86, 523 

(1933). 
(14) Machatschki, Z. Krist., 72, 541 (1930). 

The data, applied to the acid-catalyzed revers
ible dissociation of f-butyl benzoate into benzoic 
acid and isobutene in dioxane solution, provide a 
basis for manometric kinetic studies and give a 
first-order rate constant for this reaction. This 
is in good agreement with the values obtained acidi-
metrically under reversible and under irreversible 
conditions. 

The activation energy for this reaction is ap
proximately 17 kcal./mole at 30°. 
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metal.3 Litmus paper was used as an indicator. The 
salts so obtained were purified by several recrystalliza-
tions from water. They are all white in appearance. 
Evaporation of water from lithium perrhenate solutions 
was carried out at room temperature. The vapor from 
heated solutions of this salt was acidic and contained 
rhenium which indicated hydrolysis of the salt at elevated 
temperatures. 

After each recrystallization the freezing point of the 
salt was determined. This was repeated until the same 
freezing point was observed after successive recrystal-
lizations. The freezing points so obtained are listed in 
Table I. 

The freezing points were obtained by cooling molten 
samples of 20 to 40 g. at a rate of approximately 2° per 
minute. The temperatures for the cooling curve for the 
dihydrate of lithium perrhenate were read on a mercury 
in glass thermometer while all others were read to 0.2° 
(0.01 millivolt) on a Brown Portable Potentiometer, 
Model 1117, using a Chromel-Alumel thermocouple which 
had been calibrated by direct comparison with a calibrated 
Iron-Constantan couple furnished by the Brown Instru
ment Company and guaranteed to give standard voltages 
corresponding to within 3 0F. over the range 0-12000F. 
Distinct "arrests" in the cooling curves were noted for 
each salt which could be melted at atmospheric pressure. 
The dihydrate of lithium perrhenate does not completely 
melt at 87.5° but undergoes a transition in which the 
hydrate decomposes to form a liquid and a white solid 
which will not completely dissolve in the liquid at 100°. 
Some of this white solid was separated from the liquid by 
decantation. The loss in weight of this wet solid on com
plete dehydration was not so great as the theoretical loss 
for the monohydrate to anhydrous salt. Apparently 
the equilibrium ULiReO^H2O(S) ^saturated solution(1) 
+ LiReO4(S). 

The purified salts were analyzed gravimetrically for 
rhenium as a check on the formula for the salt and its 
p.urity. The procedure outlined by Willard and Smith" 
was followed in general. It was found in washing the 
precipitate of tetraphenylarsonium perrhenate with ice 
water that precipitation occurred when the wash water 
was allowed to mix with the original filtrate. Whether 
thfs was due to the solubility of the precipitate in the 
wash water or to the decrease in solubility of the rhenium 
compound as the salt water filtrate was diluted was not 
definitely established. The procedure was modified by 
preparing the reagent, tetraphenylarsonium chloride, 
already mixed with the specified concentration of sodium 

(15) Willard and Smith, Ind. Eng. Chem., Anal. Ed., 11, 305 
(1939). 
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TABLE I 

Salt 

LiRe04-2H20 
LiReO4H2O 
LiReO4 

NaReO4 

KReO4 

NH4ReO4 

RbReO4 

CsReO4 

F p . . 
0C. 
87.5 

Dec. 
426 
414° 

• 5556 

e 

598 
616 

%of 
theoretical 
Re found 

99.8 
99.8 

100.0 
99.5 
99.8 

100.4 

Density, 
g./cc. 

3.69 

4.61 
5.24 
4.38* 
3.53 
4.73 
4.76 

Solubility (moles/100 g. 
0.0° 30.0° 

100 140 

37.8 53.2 
0.124 0.508 
1.03 3.25 
0.116 0.468 
0.0861 0.287 

HtO X 10») 
50.3° 

140 

63.6 
1.11' 
5.99 
1.05 
0.640 

Heat of soln. 
AH (kcal./ 

mole * 0.02) 

+ 1.6 approx 

1.83 
7.68' 
6.21 
7.70 
7.69 

•• Melting point of 300° previously reported.5 b Melting points previously reported 518°' and 552-553°.» • De
composes around 365°. * Density of 4.887 previously reported.11 • The values for the solubility of potassium perrhenate 
are calculated from previously published data.* The solubility of this salt in the 50.3° column is the solubility at 49.78°. 
/ Roth and Becker10 report 13.80 * 0.03 kcal./mole at 21.7°. 

chloride and saturated with tetraphenylarsonium per
rhenate. The unknown samples were digested with this 
solution until they were completely converted to the 
tetraphenylarsonium perrhenate precipitate. During this 
digestion water was added, if necessary, to maintain the 
original volume. The precipitate was caught on a Gooch 
filter, sucked dry and then washed with a saturated solution 
of tetraphenylarsonium perrhenate. Excellent checks on 
duplicate samples were obtained in this manner and care
fully purified samples of potassium perrhenate agreed with 
the theoretical rhenium content. The results of these 
analyses are presented in Table I. 

The percentage of water removed from the hydrate of 
lithium perrhenate in a vacuum desiccator over anhydrous 
calcium chloride corresponded to the composition of a 
dihydrate. No further loss of water occurred even above 
the melting point of the dehydration product. The com
position of the monohydrate of lithium perrhenate was 
established by following the loss in weight of a sample of 
the dihydrate and the gain in weight of an anhydrous 
sample of the lithium salt on standing over a 60% sulfuric 
acid solution in a desiccator at room temperature. After 
two months both samples were within 0.5% of the theo
retical weight for the monohydrate. 

Water Vapor Pressures of the Hydrates of Lithium Per
rhenate.—In order to determine the conditions under 
which the hydrates of lithium perrhenate are stable, vapor 
pressure determinations on saturated solutions and on 
the solid-vapor systems were made over the approximate 
temperature range of 25 to 45°. A glass tube containing 
the sample was sealed to a closed mercury manometer 
and to a two-way stopcock through which the system was 
evacuated. The temperature of the sample tube was 
maintained by a water-bath which was controlled to 
==0.05°. When the equilibrium pressure was established 
readings were made with a depth gage which could be 
read to 0.05 mm. Water vapor was pumped out of the 
apparatus after several pressure readings and new pres
sure readings were made. The pumping was continued 
periodically utitil no measurable pressure was found over 
the sample. The data so obtained are plotted in Fig. 1. 
Curve I is for the system which contained saturated solu
tion in contact with solid salt. Curve II was obtained on 
the same samples after pumping off water vapor until 
lower equilibrium pressures were found. This system 
contained the two solid hydrates. Curve III was ob
tained by pumping off more water vapor from the above 
samples and also by admitting water vapor to anhydrous 
lithium perrhenate. The two solids in this system were 
anhydrous salt and monohydrate. The slopes of curves 
II and III give the following heats of hydration. Li-
ReO4(S) + H2O(V) •— LiReO4-H2O(S), AH = -13.7 
kcal. LiReO4-H2O(S) + H20(v) ->- LiRe04-2H20(s), 
AH 12.4 kcal. LiReO4(S) + 2H20(v) - • LiReO4-
2H20(s),AH = -26.1kcal. Using 10.4 kcal. as the molar 
heat of vaporization of water at the mean temperature 
of the vapor pressure measurements, the heats of hydration 
using liquid water instead of vapor in the above reactions 
are AH = —3.3, —2.0 and —5.3 kcal., respectively. 

33 34 

Fig. 1.-

32 
r, x io«. 

-Plot of log vapor pressure against the reciprocal 
of the absolute temperature. 

Density Determinations.—The densities of 
the solid salts were determined at room tempera
ture in a pycnometer using benzene since it 
does not dissolve these salts and is volatile 
enough to be effectively removed from the sample 
without washing. The method was checked using 
sodium chloride and copper sulfate pentahydrate. 
The results were 1.4 and 3.5% lower, respectively, 
than published values16-17 but duplicate determin
ations checked within 0.3% of the mean in all 
cases. Table I lists the densities of these salts. 

Solubility Measurements.—The solubilities 
were determined at 0, 30 and 50.3 =±=0.05°, using a 
method previously described.' Lithium perrhen
ate is so soluble that its solubility was measured 
only approximately by adding the minimum 
amount of water necessary to completely dissolve 
a weighed amount of the salt. Table I includes 

(16) Baxter and Wallace, THIS JOOTNAL, SS, 259 (1916). 
(17) Andreae, Z. fihysik. Chem., 78, 491 (1911). 
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the solubility of the salts and the heat of solution 
calculated from the slope of the line obtained 
when the logarithm of the solubility is plotted 
against the reciprocal of the absolute tempera
ture. The method of least squares was used to 
find the best slope. 

Microscopic Examination of Crystals.—All of 
the solid salts prepared were examined with a 
microscope using polarized light. They are all 
anisotropic. This has been previously re
ported1'-12'13'14 for all of these salts except anhy
drous lithium perrhenate and its hydrates. 

Freezing Point of Ammonium Perrhenate.— 
Although it was found that ammonium per
rhenate decomposes rapidly at 3(55° at atmospheric 
pressure, its freezing point can Ix- estimated from 

Evidence has been presented12 that the inac-
tivation of antitoxin which takes place in urea 
solutions, as shown by the change in toxin-neu
tralizing activity, is a first-order reaction in anti
body, since the specific rate of inactivation is in
dependent of the initial concentration of antibody. 
This indicates that a polymolecular complexing 
reaction of the protein molecules3-6 is not th.' 
mechanism of the inactivation under considera
tion, even though the occurrence of complexing as 
a result of the urea treatment could be inferred 
from the abnormalities of the quantitative floc-
culatioA reaction with toxin of the denatured sam
ples.2 The course of the reaction is not entirely 
typical of a classical first-order process, however, 
since the rate decreases more rapidly as the reac
tion proceeds than is predicted by the first-order 
law. Similar results have been obtained in the 
inactivation of antitoxin by heating in the neigh
borhood of 65°.7's An understanding and a quan
titative formulation of these deviations from first-
order behavior are essential if the experimental 
results on antibody inactivation are to yield the 
maximum information regarding the chemical 
nature of the reactions and the structure and sta
bilizing forces of the combining region of the anti
body. 

(1) G. G. Wright, J. ExpU. Med., 79, 455 (1944). 
(2) G. G. Wright, ibid., 81, 647 (1945). 
(3) T. van der Scheer, R. W. G. Wyckoff and F. L. Clarke. / . 

Immunol., 40, 39 (1941). 
(4) A. Kleczkowski, Biochem. J., 37, 30 (191.'i). 
(5) B. D. Davis, A. Hollander and J. P. Greenstein, / . Biol. Chcm., 

146, 003 (1942). 
(<>) H. Smetana and D. Shemin, J. Expll. Me<i., 73, 223 (1941). 
(7) T. D. Gerlough and W. White, J. Immunol.,11, 307 (1934). 
(8) F. H. Johnson and G. G. Wright, Proc. Natl. Acad. Set., 32, 21 

(1946). 

other properties. Plots of solubility, molar vol
ume and radius of the cation against the freezing 
points of the alkali metal perrhenates indicate 
freezing points of 550, 605 and 580°, respectively, 
for ammonium perrhenate. The average value, 
approximately 5SO°, is predicted as the freezing 
point of this salt. 

Summary 

The perrhenates of the alkali metals and ammo
nium have been prepared and the formulas veri
fied. The densities, freezing points and solubilities 
from 0 to 50° have been measured. The heats of 
solution have been calculated. The freezing point 
of ammonium perrhenate has been predicted. 
KNOXVILLE, T E N N . RECEIVED J U N E 14, 1947 

In the present investigation we have studied the 
effects of />H, urea concentration, and temperature 
on the inactivation reaction, in order to explore 
the influence of these factors on its abnormalities. 
The experimental results are shown to be compat
ible with a simple kinetic mechanism. 

Materials and Methods 
The diphtheria antitoxin was the same globu

lin preparation used in previous work,2 and con
sisted of the water-soluble portion of the p-otein 
precipitated from crude horse antitoxin plasma 
between 1.3N and 1.65 If ammonium sulfate. It 
contained 16% protein and had an activity of 
about 4000 units per ml. The urea was twice re-
crystallized from 70% alcohol. The denaturation 
reactions were carried out in buffered solutions at 
ionic strength about 0.1; acetate was used in the 
acid range and borate in the alkaline. The buffers 
were prepared by mixing various proportions of 
0.2 N sodium hydroxide and a solution 0.2 N 
in the acid and 0.2 M in sodium chloride, so that 
the ionic strength remained approximately con
stant at different pH values. The pYl measure
ments were made with a glass electrode. The buf
fers were effective in keeping the pYL change during 
the experiment to less than 0.1 pK unit in practi
cally every case; the recorded value represents the 
average of the initial and final pK measurements. 
The reactions were carried out in a thermostat 
constant to within a few hundredths of a degree, at 
25.0° except where otherwise indicated. 

The solutions for denaturation were prepared by 
weighing out the calculated amount of urea (using 
the density data of Dunstan and Mussel9), adding 

(9) A. E. Dunstan and A. G. Mussel, J. Ckem. Soc, 97, 1U35 
(1910). 
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