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SYMPOSIUM ON LIQUID AMMONIA CHEMISTRY. 
INTRODUCTORY REMARKS

By Jacob K leinbekg

Department of Chemistry, University of Kansas, Lawrence, Kansas 
Received November 28, 1952

The last symposium dealing with liquid ammonia 
chemistry was held in Milwaukee, Wisconsin, in 
September, 1938. Three papers were presented at 
that meeting. The current symposium consists of 
eight papers on a wide variety of physical and 
inorganic aspects of the subject. Only the time 
limitation set by the Division has kept the con
tributions to this number, for there are at least a 
dozen laboratories over the country where these 
aspects of liquid ammonia chemistry are being 
vigorously and intelligently investigated.

In the opening paper Hutchison discusses the 
paramagnetic absorption resonance in liquid am
monia solutions of the alkali metals. This report 
is the first one concerned with the direct observa
tion of the unpaired electrons in the alkali metal 
solutions and constitutes an important contribution 
to the elucidation of the nature of such solutions. 
The paper by Coulter on the thermochemistry of 
the alkali and alkaline earth metals and their 
halides in ammonia provides data useful in the 
interpretation of inorganic chemistry in this solvent. 
Ogg discusses the mechanism of amide formation 
in liquid ammonia solutions of alkali metals and 
also offers experimental evidence for the formation 
of atomic hydrogen as a transient intermediate in 
the reaction of such solutions with dissolved am
monium salts. The contribution by Evers and 
Finn deals with the electrolysis of alkali metal di
phosphides and dihydrophosphides in liquid am

monia and particularly with the nature of the 
anode reactions. Scott reports the reactions of the 
unstable light metal carbonyls, which are prepared 
in liquid ammonia, with a variety of proton- 
donating reagents. A paper by Laitinen and 
McElroy extends previous work on polarography in 
liquid ammonia and reports the characteristics of 
the reduction of several other ions at the dropping 
mercury electrode. A continuation of the pioneer 
work of Watt and co-workers on potentiometric 
titrations with potassium in liquid ammonia de
scribes experiments with metal ions of the alumi
num family. The three distinct “ end-points”  ob
tained in the titration of aluminum (III) iodide are 
tentatively interpreted as evidence for the exist
ence of lower oxidation states of aluminum in liquid 
ammonia, although other explanations are not ex
cluded. The final paper by Davidson and Kleinberg 
emphasizes the usefulness of liquid ammonia as a 
medium for the preparation of compounds contain
ing elements in unfamiliar oxidation states.

It is fitting that this symposium be dedicated to 
Professor Charles A. Kraus, the only surviving 
member of the triumvirate of Cady, Franklin and 
Kraus, the pioneers of liquid ammonia research in 
this country. It is primarily due to the investiga
tions of these men and the inspiration they gave to 
succeeding workers that liquid ammonia has been 
the non-aqueous solvent most thoroughly studied 
by the physical and the inorganic chemist.

545
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PARAMAGNETIC RESONANCE ABSORPTION IN SOLUTIONS OF 
POTASSIUM IN LIQUID AMMONIA*

By Clyde A. Hutchison, Jr .
Institute for Nuclear Studies, and Department of Chemistry,

University of Chicago, Chicago, Illinois
Received November 28, 1952

The application of the theory and techniques of electronic magnetic resonance to the study of the paramagnetism of 
solutions of K  in liquid N H 3 is described.

1. Paramagnetic Resonance Absorption. 1.1. 
Description of the Phenomenon. 1.1.1. Spectro
scopic Description.— Many of the forms of matter 
which are of interest to the chemist contain ele
mental magnets as fundamental units in their 
structure. These magnets may be molecules 
with unpaired electrons such as 0 2 or NO or organic 
free radicals; magnetic ions such as praseodymium 
or uranium ions in crystals of salts of these ele
ments; trapped electrons such as those produced 
by the irradiation of solids with y-rays; or magnetic 
nuclei such as the protons in water. Whatever the 
nature of these magnets they have in common the 
property that they possess a rotating or spinning 
electric charge- which produces a magnetic moment 
which may he oriented in various directions in a 
magnetic field. Associated with a given orienta
tion in the magnetic field is the magnetic energy,
— p H. p is the magnetic moment and H is the 
magnetic field. The angular momentum of such an 
electric charge can assume only a discrete set of 
orientations with respect to a preferred direction in
space such as that of H. Consequently, since it is 
the angular momentum of the charge that deter
mines the moment, the moment can have only a 
finite set of oiientations with respect to the mag
netic field and a finite set of magnetic energy levels 
results. For orbital motion of an electron the en
ergies are M jfll  where M l is zero or an integer +  
or — (quantum number), /3 is the Bohr magneton
and H is the magnitude of II. For electron spin 
the possible levels are 2Msf}H where M s is the spin 
quantum number. For systems in which both or
bital and spin angular momentum are present the 
situation may be quite complicated but in many 
cases the magnetic energy levels are given by 
gMj/IH where M j is a total angular momentum 
quantum number and g is the spectroscopic split
ting factor which we have seen is 1 for purely orbi
tal and 2 for purely spin angular momentum, and 
which may assume a variety of values for various 
combinations of the two. (If Jh/2ir is the total 
angular momentum then its component along the 
field may have 2J +  1 values designated by Mj =
— ■I, —J +  1, • • •, J). Such magnetic energy lev
els are shown cm the left side of Fig. 1 for a system 
with a magnetic degeneracy of 4.

The elemental magnets in a magnetic field distrib
ute themselves in these magnetic energy levels ac
cording to a Boltzmann distribution and thus we 
have more magnets pointing one way than another

(*) This work was assisted by the O. N. R.

with consequent magnetization of the substance. 
This produces a positive magnetic susceptibility in 
a static magnetic field. If now radiation is allowed 
to interact with the magnetized substance transi
tions may be induced between the magnetic levels. 
Selection rules allow M  to change by only one unit. 
For example in an experiment in which the fre
quency, v, of the radiation is kept constant and the 
magnetic field intensity is varied, when II reaches 
such a value that

hv =  gpH  or v/U =  gp/h

i.e., the quantum of radiation, hv, just matches the 
separation, g/3H, between adjacent magnetic levels, 
then energy will be absorbed by the jumping of 
systems from lower to upper levels. Magnetic 
dipole transitions are induced by the alternating 
magnetic field of the radiation. This situation 
is shown graphically on the left side of Fig. 1. 
This phenomenon is known as magnetic reso
nance absorption. We will here restrict our atten
tion to electronic magnetic resonance absorption in 
normal paramagnetic substances. We will also 
limit ourselves to a consideration of resonance in 
condensed phases.

1.1.2. Classical Macroscopic Description.— Descriptions 
of the paramagnetic resonance phenomenon other than 
the spectroscopic one just given may be offered. A  classical 
macroscopic description gives considerable insight into the

situation. If we have a magnetization, ilf, associated with

an angular momentum per unit volume, J , we may write 
the equation of motion in a static magnetic field

dJ/dl =  M  X~H

which equates the time rate of change of the angular mo
mentum to the torque, exerted by the magnetic field. W e  
may write M /J  =  y where y is a constant, the gyromagnetic 
ratio. The, equation of motion then becomes

AM/At =  yM  X  H

whose steady state solutions give a precessional type motion 
as the normal mode. The frequency is found to be

2irv =  y  H

Consequently if the processing system is subjected simul
taneously 1,o an alternating magnetic field, when the normal 
frequency, v =  y H /2 » ,  just matches the frequency of the 
alternating field the system will be resonant and large energy 
absorptions may occur. It is clear that from this viewpoint 
y plays the same role as did 2-irgp/h in the previous treat
ment.

1 .1.3. Description in Terms of Susceptibility.— Also one 
may think of the paramagnetic resonance phenomenon in 
terms of a high frequency magnetic susceptibility. As is 
true of other a.e. quantities the magnetic susceptibility in an 
alternating field is best regarded as a sum of a real and an 
imaginary part, x =  x ' — i x " • The real part, %', corre
sponds to the in phase component and the imaginary part,
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Fig. 1.— Energy and intensity of absorption as a function of magnetic field strength.

x ", to the out of the phase component of the susceptibility. 
The magnetization lags the magnetizing field and the power 
loss or absorption of energy is proportional to x " ■ In the 
vicinity of a resonant frequency x ' and x " may become very 
large and there are, just as in the case of the electric suscepti
bility or refractive index in the vicinity of an optical absorp
tion, large dispersions and absorptions.

1 .1.4 . Numerical Magnitudes.— W e have seen that the 
resonance condition exists when v/U — gP/h. For g =  2, as 
is the case for electron spin, v/H =  2.800 me. sue.-1 gauss-1 . 
For a field of the sort conveniently obtainable with a small 
iron electromagnet of say 3000 to 8000 gauss we therefore 
require frequencies of radiation roughly in the range of 
9000 to 25,000 me. sec.-1 . These are common radar fre
quencies and the apparatus needed for generating and using 
them is readily available. On the other hand for fields of a 
few gauss obtainable with small solenoids or Helmholtz coils 
the frequencies lie in the conventional short wave bands.

1 .1 .5 . Interactions.— Since we are dealing with con
densed phases the interactions of the elementary magnets 
with their surroundings in the structure in which they are 
imbedded are dominant in determining the general features 
of the paramagnetic resonance absorption other than the 
resonance position which we have already discussed. There 
are interactions which lead to broadening of the absorption 
line and there are interactions which lead to fine structure 
in the absorption line.

In the first place it is clear that, the radiation will induce 
transitions from lower to upper levels (absorption) with the 
same probability as transitions from upper to lower levels 
(emission). Initially there is a net absorption of energy be
cause the Boltzmann distribution places more systems in the 
lower than the upper levels. This condition cannot be main
tained, however, unless there is available some non-radiative 
relaxation mechanism to return magnetically excited systems 
to their ground state, i.e ., to convert the magnetic energy to 
thermal vibrations of the structure. If such an interaction 
with the surroundings does not exist the resonance will be 
unobservable due to the fact that the levels will very quickly 
become equally populated. On the other hand, if the re
laxation mechanism is too efficient the situation may be 
compared with a strongly damped oscillator in which the res
onance becomes very broad. In the extreme case the reso
nance may become too broad for observation. In many cases 
of electronic resonance the relaxation mechanism is such as 
to permit observation of the resonance without undue broad
ening.

Also it must be remembered that the elementary magnets 
will interact, magnetically with their magnetic neighbors in 
the structure. The external field necessary to produce 
resonance in a given elementary magnet will depend on the 
local magnetic field present in its vicinity. Since there is a

Boltzmann distribution in the aligmnent of neighbors there 
will be a variety of external fields which will produce reso
nance conditions at some points in the substance. This di
pole-dipole width is of the order of the magnitude of the 
local fields which may amount to several hundred or several 
thousand gauss.

There are also interactions which lead to fine structure 
and multiple absorptions. One of these is due to the electric 
fields which exist because of neighboring ions or water di
poles. Such a situation is described in the right side of Fig. 
1. Degeneracy may be removed at zero magnetic field 
strength by these electric fields. (If there is an odd number 
of electrons in the magnetic system then the electric field 
alone can never remove all the degeneracy. In the system  
depicted for example which may be regarded as one with spin 
of 3 /2  there is twofold degeneracy remaining for each level.) 
When the magnetic field is added the behavior of the mag
netic levels is in general no longer linear and the selection 
rules do not hold. There may consequently be a variety 
of field strengths at which the quantum of radiation matches 
the separation between levels and paramagnetic resonance 
absorption occurs.

Other interactions leading to fine structure are the mag
netic interactions with the magnetic nuclei in the structure 
containing the electronic magnets.

There may also exist, various effects which tend to mini
mize the results of the perturbations by the local fields and 
thus make the absorption peaks narrower than would other
wise be expected. One of these is the quantum mec.ianical 
exchange interaction between neighboring electronic systems. 
Another is motion of the elementary magnets through the 
structure. Both of these effects tend to expose a given mag
net to fields which vary in time in such a way as to average 
out or partially cancel each other’s effects. The resonances 
in crystals may be hundreds of gauss wide at half-height.. 
When, however, motion of the elemental magnets becomes 
possible as, for example, when the crystal is dissolved i:i water 
the peaks may be only tens of gauss wide.

1.2. Comparison with Magnetic Measurements 
in Static Fields.— It is interesting to compare the 
types of information on chemical systems obtain
able by means of paramagnetic resonance aosorp- 
tion and by more conventional magnetic tech
niques using only static fields. Two important 
differences may lie noted.

Firstly it will be seen that whereas conventional 
measurements of magnetic susceptibility give sta
tistically averaged information on systems in a va
riety of energy states the resonance phenomenon
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gives detailed information on the individual states. 
One may for example by the latter method deter
mine in detail the effects of the electrostatic field 
in the crystal on the electronic states of paramag
netic species. Or one may by observing the magnetic 
interactions of the odd electron in a free radical with 
magnetic nuclei in the radical get a detailed insight 
into the behavior of the electron. This information 
would be gained only indirectly on the basis of a 
statistical model from static susceptibility data.

Secondly since the electronic paramagnetic reso
nance absorption is peculiar to the unpaired elec
trons in a substance one may measure the paramag
netism of such a system exclusive of its diamagnet
ism. In a conventional measurement of magnetic 
susceptibilities one measures the sum of the op
positely directed forces arising from the diamag
netic and paramagnetic susceptibilities. The dif
ficulties encountered in many systems of chem
ical interest are twofold: (1) relatively very
large amounts of diamagnetic material are usually 
present and this may largely obscure the para
magnetism; (2) the diamagnetism of the paramag
netic species itself must be known and there 
is usually no reliable method of estimating 
or measuring its value. Difficulty (1) may fre
quently be eliminated by proper design of experi
ment but difficulty (2) is more fundamental. The 
method of paramagnetic resonance absorption 
avoids this difficulty and enables one to observe and 
count the paramagnetic absorbers directly. Also 
comparison of the results of the high frequency and 
of the static measurements enables one to know the 
amount of diamagnetism. The fundamental re
lationship involved is the general Kronig-Kramers 
relation.

=  2 f ™  d ,
* J  o »

in which x is the paramagnetic part of the static 
susceptibility. This is the relation between the 
static susceptibility and the integral of the power 
absorbed in a resonance absorption. Actually our

experiments are carried out at constant v and vari
able H but the relationship may be transformed so 
as to be suitable for describing such an experiment 
and shows that the paramagnetic part of the static 
susceptibility is proportional to the area under the 
curve of absorption versus field strength. Hence 
these areas are a direct measure of the number of 
paramagnetic absorbers.

1.3. Experimental M ethods.— In the case of a magnetic 
resonance in a crystalline paramagnetic salt in which the 

resonance may be several hundreds of gauss wide 
and in which the electrostatic fields may result 
in peaks ranging over several thousand gauss it is 
necessary to make observations at microwave fre
quencies. It is also clear that the intensity of the 
resonance will be greater at the higher frequencies. 
For two magnetic energy levels separated by gfiH 
the Boltzmann distribution requires the ratio of 
the numbers of systems in the two states to be 
c~°&H/kT. Even at fields of 104 gauss g(3H/k is 
only about 1 °K . It is therefore clear that for a T 
of 300 °K . wo may write the difference in the 
population of the two states as g$H/kT. It is 
this difference which determines the net absorp
tion of power. Hence one desires large H  and 
hence large v for the detection of small amounts of 
paramagnetic species.

In Fig. 2 a microwave apparatus that has been 
used in our laboratory is shown schematically. 
The sample is placed in a resonant cavity through 
which passes the radiation. The wobbling coils 
serve the purpose of modulating the magnetic field, 
thereby giving an alternating component to the 
magnetic signal so that a.c. amplifiers may be used. 
The proton coil is part of a system which measures 
the magnetic field strength making use of the nu
clear magnetic resonance of the protons in water.

If one is examining a narrow resonance and is 
not interested in the greatest sensitivity he may 

use the low field of a solenoid or Helmholtz coils to remove 
the magnetic degeneracy since he may quite easily obtain 
groat homogeneity in this case. This will enable him to 
make observations of the details of the line shape which 
otherwise might be obscured by field inhomogencities.

An apparatus for low field and low frequency measure
ments is shown schematically in Fig. 3. This is the appara
tus which we have employed for our measurements on solu
tions of K  in liquid N H 3. H  is the static field and Hi the rf 
field. The solenoid may be oriented so that it makes a 
known angle, usually zero, with the earth’s field which is an 
appreciable fraction of the static field in which the sample is 
immersed. The sample is placed in a coil which is the tank 
coil of a resonant circuit and which supplies the radiation 
which induces the magnetic transitions. A  regenerative 
oscillator detector is employed to drive the coil and detect 
the magnetic signal which appears when the static magnetic 
field reaches the resonant value. Frequencies in the range 
of 5.5 to 8.2 me. sec.-1 corresponding to field strengths in the 
range of 2.0 to 2.9 gauss were employed. The auxiliary 
coil inside the solenoid provided modulation of the field at 
40 cycle sec.-1 producing a corresponding a.c. component 
in the magnetic signal which was convenient for amplifica
tion. The amplitude of the modulation was sufficiently 
small to ensure a magnetic signal proportional to the first 
derivative of the resonance absorption. The static magnetic 
field of the solenoid was varied linearly with time by an 
electronic current supply with a mechanically driven scan
ning potentiometer. After suitable amplification the first 
derivative of the magnetic signal and the current through 
the solenoid were both plotted by a recording potentiometer.

A  Watkins-Pound1 calibrator circuit was employed for 
determining signal intensities. With this device one may 
simulate the change in coil resistance produced by the mag
netic signal by means of a changing plate resistance in a 
thermionic tube. One then employs the regenerative os
cillator-detector-amplifier-recorder system to compare the 
magnetic signal with the calibrator signal produced when a

Cl) G. D. Watkins and It. V. Pound, Phys. Rev., 82, 343 (1951).
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40 cycle s e c ."1 signal is placed on the grid of the calibrator 
tube at known fixed plate current.

The areas under the curves drawn by the recording po
tentiometer were obtained by numerical integration. Since 
the derivative is plotted by the recording potentiometer, the 
integral up to a given H  plotted against H  gives a curve pro
portional to the absorption provided the scale is linear in 
magnetic signal. The scale on the field strength axis was 
quite linear as determined from the current recording. The 
scale on the magnetic signal axis was quite linear in calibrator 
grid voltage. Moreover it was found that the grid voltage 
at constant plate current was very close to being propor
tional to magnetic signal over the range employed in the 
experiments. This last was determined by comparing cali
brator signals with magnetic signals of various sizes pro
duced with an organic free radical by field modulation am
plitudes of various sizes. It was consequently a simple 
matter to obtain the absorption curves with errors not 
greater than probably 5 % . Some absorption curves were 
also determined using the Watkins-Pound R F Spectrome
ter.1 The results were indistinguishable from those obtained 
with the regenerative oscillator-detector. The regenera
tive oscillator-detector was employed in our investigations 
because of its much more favorable signal-to-noise ratio.

The integrated intensity under the absorption curve may 
then be obtained from a second numerical integration. The 
relation between the area under the absorption and the para
magnetic part of the static susceptibility is given by the 
following equation (derivable from the Kronig-Kramers 
relation)

-  2£
^ 7r& 2C h

where x  is the paramagnetic part of the static susceptibility, 
d is the Bohr magneton, | is the fraction of the energy of the 
rf field which is stored within the volume of the sample, w 
is the angular frequency, C is the capacity across the coil, 
h is the Planck constant, R  is the rf resistance of the coil and 
H  is the field strength.

The first integral of the magnetic signal expressed in 
terms of calibrator grid voltage is proportional to A R/R2.

Hence we replaced ( (A R/R2) dII  with the second integral
Jo

s :
’AR 
R 2

AH

of the recorder curves and employed a standard substance 
with known number of paramagnetic absorbers to eliminate 
the proportionality constant. The standard substance 
employed was tris-p-nitrophenylmethyl, a completely dis
sociated free radical in which resonance was first observed 
by Pake, Weissman and Townsend,2 at Washington Uni
versity. A  sample of this material was prepared and later 
assayed chemically (by means of measuring the amount of 
0 2 required to react with the radical) for us by Professor 
Weissman. W e carried out scannings of the resonance of 
this material. The comparison of the second integrals of 
the curves so obtained with the similar ones for the K  in 
liquid N H 3 enabled us to calculate the paramagnetic part 
of the static susceptibilities of the solutions relative to that 
of the organic compound. The free radical was assumed to 
have the static susceptibility of 1 mole of spins at 28° per 
mole of free radical. The number of moles in the sample 
of organic free radical was known to approximately 5 % .

2. Solutions of Metals in Liquid N H 3.— The alkali metals 
and the alkaline earth metals dissolve readily in liquid 
N i l , .» -7 The solubilities6 of Na and K  at the boiling point 
of N II3, —33 .4 °, are about 5.4 and 4.9 mole l . -1, respec
tively, and the solubility changes very little with tempera
ture. The concentrated solutions have the color of bronze 
and a metallic luster. The more dilute solutions are blue, 
the absorption spectrum of the dilute solutions of all the 
alkali metals being identical.8 When the solvent is evapo
rated the pure alkali metals remain as residues. (Reaction 
of the metal with the solvent will occur at varying rates 
depending upon temperature, impurities, etc. but in the 
absence of impurities the solutions contained in Pyrex glass 
at room temperature are quite stable enough to make pos
sible a variety of measurements of physical properties.) 
A study of the vapor pressure9 as a function of concentration 
shows the non-existence of compounds in the freshly pre
pared solutions of the alkali metals.

One of the striking properties of such solutions is their 
electrical conductivity.10“ 13 The conductivity is shown in 
Fig. 4. A t all concentrations the equivalent conductivity 
is greater than that of any known salt in any known solvent. 
In the most dilute solutions the equivalent conductance 
reaches a limiting value of approximately 1000 ohm -1 cm .3 
m o le "1 which is three times that of the best conducting salts 2 3 4 5 6 7 8 9 10 11 12 13

0.0 O.l 0.2 0.3 0.4 0.5 0.6
CONCENTRATION, molt L1 .

Fig. 4 .— Conductivit3r of K  in N H S at its boiling point.

(2) G. 10. Pake, S. Weissman and J. Townsend, personal communica
tion.

(3) C. A. Kraus, J. Franklin Inst., 212, 537 (1331).
(4) C. A. Kraus, “The Properties of Electrically Conducting 

Systems,’ ’ (Chemical Catalog Co.) Reinhold Publ. Corp., New York, 
N. Y., 1922.

(5) Yost and Russell, “ Systematic Inorganic Chemistry,” Prentice- 
Hall, Inc., New York, N. Y., 1944, p. 136.

(6) W. C. Johnson and A. W. Meyer, Chem. Revs., 8, 273 (1931).
(7) W. C. Fernelius and G. W. Watt, ibid., 20, 195 (1937).
(8) G. E. Gibson and W. L. Argo, J. Am. Chem. Soc., 40, 1327 (1918).
(9) C. A. Kraus, E. S. Carney and W. C. Johnson, ibid., 49, 2206 

(1927).
(10) C. A. Kraus, ibid., 43, 749 (1921).
(11) C. A. Kraus and W. W. Lucasse, ibid., 43, 2529 (1921).
(12) C. A. Kraus and W . W . Lucasse, ibid., 45, 2551 (1923).
(13) G. E. Gibson and T. E. Phipps, ibid., 48, 312 (1926).
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in liquid NIIj. Even more remarkable is the behavior of 
the conductivity at the higher concentrations. A saturated 
solution of K in NH3 has a conductivity of approximately 
4500 ohm-1 cm .“ 1. This may be compared with the con
ductivity of Hg at 20° which is 10,400 and it is seen that 
these solutions have a conductivity of the same order as that 
of metals. The conductances of the solutions of the various 
alkali metals in liquid NH3 agree very closely at all concen
trations. Both electromotive force and conductance 
studies lead to the conclusion that in the most dilute solu
tions of Na the speed of the negative charge carrier is about 
7 times that of the positive charge carrier. When the con
centration is increased the equivalent conductance decreases, 
passes through a minimum at about 0.04 M  and then in
creases to the enormous values already mentioned. In the 
concentrated solutions the speeds of the negative carriers 
approach those of the electrons in metals.

One is led to the conclusion that when any of the alkali 
metals is dissolved in NHj there is a dissociation into positive 
alkali metal ions and electrons. The negative charge car
rier is apparently the electron in each case. In the dilute 
solutions the electrons behave as though they were bound 
not too tightly in some way to the solvent molecules. In 
the concentrated solutions the electrons are much less tightly 
bound and move n much the same manner as in metals. In 
such solutions we have the possibility of examining the 
properties of electrons over a range of concentrations vary
ing by a factor of 10J to 105.

The behavior cf the conductivity with concentration was 
interpreted by Kiaus and his co-workers in terms of equilib
ria between Na atoms, Na ions, free electrons and solvated 
electrons. Several lines of evidence lead to the discarding 
of such models. One of the clearest reasons for rejecting 
models involving the existence of large concentrations of 
alkali metal atoms or solvated electrons is a consideration 
of the results of studies of the static magnetic susceptibilities

. .
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Susceptibilities of 
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Sugormon, J.Chi 
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Fig. 5.— Magnetic susceptibilities of solutions of alkali 
metals in liquid NH3.

Fig. 6.—Magnetic, susceptibilities of solutions of alkali 
metals in liquid NH3.

of such solutions.14'15 If such species existed in large num
bers the solutions would be paramagnetic and their suscepti
bilities would obey Curie’s law with respect to variation of 
temperature and concentration. This type of behavior is 
not observed. The experimental measurements of the 
static, susceptibilities are shown in Figs. 5 and 6. In the 
very concentrated solutions and down to a few tenths nor
mal the susceptibility is quite small of the order found in the 
metal and has a very small temperature coefficient. As the 
concentration is lowered the molar susceptibility increases 
rapidly and approaches in the most dilute solutions the 
value for one mole of spins. This is the general qualitative 
type of behavior to be expected if the electrons are free or 
in a periodic, potential as in a metal. Under such conditions 
they would at high concentrations form a degenerate Fermi 
gas with most of the electrons paired and not contributing 
to the paramagnetism. A t the lower concentrations how
ever the degeneracy would be removed and the suscepti
bility would be of the order of that of a mole of spins. 
Hence in this particular respect the solutions behave much 
as would be expected for a metal in which the concentrations 
of electrons could be varied over a very wide range.

W ith respect to both conductivity and magnetic suscepti
bility the behavior is not in detail like that of metals. For 
example the temperature coefficient of the conductivity is 
positive at all concentrations.12'13 Also the magnetic sus
ceptibility is considerably lower than that calculated for a 
free electron gas16 and at all concentrations investigated the 
susceptibility increases with increasing temperature.14 
Various attempts have been made to account for this be
havior of the susceptibility. Huster13 suggested an equilib
rium between on the one hand electrons and N a ions and on 
the other diatomic molecules. The necessary molecular 
concentrations are however in disagreement with the ap
parent molecular weight measurements of Kraus.11 Freed 
and Sugannan14 have proposed a decrease of density of en
ergy levels near the top of the Fermi distribution because of 
the binding of the electron in a variety of resonance struc
tures involving N H 3 molecules and solvated metal ions. 
This would result in a reduction of the magnitude of the 
susceptibility. They also proposed that there are pairwise 
interactions between electrons similar to those which lead 
to the F ' centers in crystals in which two electrons are 
trapped in a single vacancy.18 These pairs would be ex
pected to be diamagnetic and would thus lead to lowered 
susceptibilities. In particular they might be responsible 
for the increase of susceptibility with increasing temperature. 
Ogg19“ 21 has discussed in some detail the formation of F'-like  
centers. He proposes that individual electrons are trapped 
in cavities which they create in the solution and are in 
equilibrium with pairs of electrons similarly trapped. He 
believes that he can account for the behavior of several 
physical properties including the magnetic susceptibility on 
the basis of such an equilibrium. Moreover, he believes 
that the cavities are very large and that as a consequence 
of this there is an extraordinarily large diamagnetic contri
bution to the susceptibility.

3. Paramagnetic Resonance Absorption in Solu
tions of K in Liquid NH3. 3.1. Preliminary 
Measurements.— Som e tim e ago P astor and
H u tch ison  reported  observations on  the para
m agnetic resonance absorption  in solutions o f K  
in liqu id  N H 3 at m icrow ave frequ en cies.22 O b 
servations o f  the resonance have also been  m ade 
b y  G arstens and  R y a n 23 and b y  L evin thal, R ogers  
and  O g g .24 T h e  m ost striking feature o f  the reso-

(14) S. Freed and N. Sugarman, J. Chem. Phys., 11, 354 (1943).
(15) E. Huster, Ann. Physik, 33, 477 (1938).
(16) N. F. Mott and H. Jones, “ Theory of Properties of Metals 

and Alloys," The Clarendon Press, Oxford, 1936, p. 184.
(17) C. A. Kraus, J. Am. Chem. Soc., 30, 1197 (1908).
(18) F. Seitz, Rev. Mod. Phys., 18, 384 (1946).
(19) R. A. Ogg, Jr., J. Chem. Phys., 14, 114 (1946).
(20) R. A. Ogg, Jr., ibid., 14, 295 (1946).
(21) R. A. Ogg, Jr., J. Am. Chem. Soc., 68, 155 (1946).
(22) C. A. Hutchison, Jr., and R. C. Pastor, Phys. Rev., 81, 282 

(1951).
(23) M. A. Garstens and A. II. Ryan, ibid., 81, 888 (1951).
(24) E. C. Levinthal, E. H. Rogers and R. A. Ogg, Jr., ibid., 83, 

182 (1951).
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nance w as its extrem e sharpness. A s w c have 
poin ted  ou t prev iou sly  the resonances in crystalline 
salts o f the transition  elem ents, fo r  exam ple, m a y  be 
hundreds o f gauss w ide. T his resonance p roved  to  
be on ly  a few  tens o f  m illigauss w ide. I t  was ap 
parent that a relatively  very  com plete  averaging 
ou t o f loca l fields was being p rodu ced  b y  the very  
rapid m otion  o f the electrons in this system . D u e 
to  the extrem e sharpness o f this resonance it w as o f 
course extraord inarily  intense. T h e  w idth  o f 0.1 
gauss w hich  w e in itia lly  reported  turned ou t to  be 
caused largely  b y  inhom ogeneities in our m agnetic 
field. W e con sequ en tly  have used the small fields 
and low  frequencies previou sly  described . T h e  
fo llow in g  results were obta in ed  in coop era tion  w ith  
M r. P astor.

3.2. Samples.— T h e sam ples o f K  in liqu id  N H 3 
were prepared  b y  d istilling Iv several tim es in high 
vacu u m  and finally  d istilling it in to  P yrex  glass 
capsules. T h en  N H 3 dried b y  add ition  o f K  and 
subsequent d istillation  was added  and  the capsule 
sealed. T h e  am ount o f  K  in  these solutions was 
determ ined after com pletion  o f  m agnetic in vesti
gation  b y  d issolving in H 20  and boilin g  to  rem ove 
the N H 3. T h e  resulting solution  w as titra ted  w ith 
standard acid. T h e  w eight o f  N H 3 +  K  was d e
term ined b y  w eighing the capsule before  and after 
opening it.

M easurem ents were m ade at a room  tem perature 
o f  28° and at the boilin g  poin t o f  liquid  N H 3 w hich  
is —33 °. F or the low  tem perature runs the sam ple 
was im m ersed in a D ew ar filled w ith  liquid N H 3.

3.3. Spectroscopic Splitting Factor.— T h e spec
troscop ic  splitting factors, g, in the relation v /H  =  
gP/h, fo r  the solutions o f  Iv in liqu id  N H 3 were co m 
pared w ith  the fa ctor  for  2 ,2 -d ip h en y l-l-p icry lh y - 
d ra zy l22'26 at ap p rox im ately  8.2 m e. sec..-1 . In  the 
case o f the solution  o f K  in N H 3 the rf  co il field 
strength was 3.0023 gauss r.m .s. T h e  shift o f the 
center o f the resonance under these con d itions due 
to the B lo ck -S ie g e rt26 effect is b y  the factor, [1 — 
(2 7 /i)2/ l G / / ir ]  =  1 — 1.0 X  10-7, and is conse
qu ently  sm all enough  to  be neglected. Assum ing 
the splitting fa ctor  fo r  2 ,2 -d ip h en y l-l-p icry lh y d ra - 
zy l to  be 2 .0 0 3 7 19'23 (the m icrow ave valu e) we find 
the fa ctor  at room  tem perature for  Iv in N H 3 to  be
2.0010 ±  0 .0002 at 0 .425 m ole l . “ 1 and 2.0011 ±  
0.0002 at 0.0365 m ole l . _1. T h is is the sam e as the 
value 2.0012 ±  0 .0002 fou n d  at 23,500 m e. s e c .-1 .22 
T his fa ctor  is con siderab ly  low er than the va lue o f 
the g -factor, 2.0023, for  a free e lectron  spin. H o w 
ever, it  is n ot n early  so low  as the value, 1 .995,27 
w hich  w e have observed  fo r  a d d itivo ly  co lored  crys
tals o f  KC1. R ecen t ca lcu lations b y  Y a fe t  and 
K itte l28 h ave show n that the g fo r  N a  m etal should 
be 2.0019. A cco rd in g  to  Iv itte l28 the g fo r  a d iluted  
m etal should  be  still low er than  this figure fo r  the 
pure substance.

3.4. Width.— T h e w idth  o f the resonance 
betw een  the p o in ts o f m axim um  slope was 
determ ined b y  m easuring the d istance betw een

(25) A. N. Holden, C. Kittel, F. R. Merritt and W. A. Yager, 
P h y s .  Rev., 77, 147 (1950).

(26) F. Block and A. Siegert, ibid., 57, 522 (1940).
(27) C. A. Hutchison, Jr., and G. A. Noble, ibid., 87, 1125 

(1952).
(28) C. Kittel, private communication.

the m axim um  and m inim u m  on  the recorder 
chart w hich w hen com bin ed  w ith the current 
record  on  the sam e chart gave  the w idth .

Fig. 7.— Width of resonance at maximum slope vs. concen
tration.

T h e  results are show n in F ig. 7. T h e  w idth  was 
m easured at room  tem perature from  a con cen tra 
tion  o f 0 .425 dow n  to  0.911 m ole I .-1 and at the 
boilin g  p o in t o f  N H 3 from  0.185 to  0.011 m ole l .~ l. 
I t  is clear th at this resonance is b y  far the sharpest 
electronic resonance so far observed  in a condensed  
phase. In  the case o f a resonance as sharp as this, 
one m ust consider the R a b i29 w idth  associated  w ith 
the flipping o f the spin b y  the pertu rbin g  rf  m ag
netic field. T h is is approx im ated  b y  

AH /H  = 4 sin 0/2

w here A H  is the w idth  at h a lf-height and w here 6 is 
g iven  b y

„ , . r f  field strength*9 = tan“ 1 -------- -=--- 5---
\/‘2H

(•This is the r.m.s. field strength.)

W hen 8 is v ery  sm all as in ou r case 

A H  =  \/2r f  field strength

F or a sam ple w hose con cen tra tion  was 0 .152 m ole 
l . _1 the varia tion  o f w idth  w ith  rf  field strength  was 
investigated  w ith the results ta b u la ted :

V S  rf
field strength, 

gauss
0.0032

.0081

.0103

.0324

Width
at max. slope, 

gauss

0.0311
.0327
.0335
.0388

I t  is clear that at the higher co il vo ltages the R a b i 
w idth  is seriously interfering w ith  observation  o f 
the true w idth . C onsequ en tly  all scannings o f  the 
resonance absorption  were m ade at co il voltages 
corresponding  approx im ately  to  the sm allest rf 
field listed  above  or a b ou t 0.05 v o lt . In  the case 
o f  an organic free radical w h ich  is m u ch  w ider than 
the Iv resonance there is o f  course no observable 
change o f w idth  w ith  co il v o ltage .

T he w idth  o f this resonance is several orders o f 
m agn itude less than  that observed  in aqueous solu 
tion  o f param agnetic salts o f  a b ou t the sam e co n 
centrations. I t  is also m u ch  narrower th an  the

(2!)) 1. I. Rabi, Phys. Rev., 51, fifi2 (1937).
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w idths o f order o f  one gauss reported  fo r  certain  
organic free radicals. T here is e v id en tly  an extraor
d inarily  large narrow ing associa ted  w ith  the great 
m ob ility  o f  the electrons in these so lu tion s .30 T he 
average value o f /3 /r3 (r is the d istance betw een  elec
trons) ranges from  0.06 to  2 .6 gauss. T h e  b ro a d 
en ing b y  m agnetic nuclei w ou ld  n orm ally  be ex
p ected  to  be several gauss. A t  room  tem perature 
there is perhaps a slight increase in the w id th  at the 
low est con cen tration s and the increase is m arked  at 
the low er tem perature. T h is  increase becom es 
pron oun ced  in the v ic in ity  o f the region in w hich  
the susceptib ility  begins to  rise rap id ly  w ith  dilution . 
T h e  room  tem perature m easurem ents w ere extended 
to  considerably  h igher concentrations than  a t the 
low er tem perature and  there is apparen tly  quite a 
large increase o f  w idth  at the higher concentrations.

3.5. Line Shape.— T h e  absorption  curves were 
obta ined  b y  num erical in tegration  o f the recorder 
curves as p rev iou sly  described . In  F ig . 8 are 
show n the line shapes at tw o tem peratures and 
three concentrations. T h e  poin ts are taken  from  
the experim ental curves and  are com pared  w ith  
a L orentzian  and w ith  a G aussian cu rve . In  the 
case o f  a L orentzian  or “ resonance”  typ e  curve the 
a bsorp tion  is g iven  b y  1 /(1  +  (H  — H o)2) w hen the 
cu rves are n orm alized  to  unit h eight at m axim um  
absorption  and to  u n it half-w idth  at h a lf-m axim um  
absorption . F o r  the sam e n orm alization  the G au s
sian shape is g iven  b y  e~ (H ~~ H°)21"'2. H  is the field 
strength and H 0 is the resonance field strength. 
It  is clear thas the experim ental curves fo llo w  the 
L orentzian  m u ch  m ore close ly  than the Gaussian 
th rou ghou t the central p ortion  o f the resonance 
b u t d rop  tow ard  the Gaussian in the w ings o f  the 
curve. A nderson  and W eiss30 have recen tly  show n 
th at this is the qualitative beh av ior to  be exp ected  
in cases in w h :ch  there is rapid m otion  o f the spin 
system s.
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Fig. 9.— Static susceptibilities of K in liquid NFL calculated 
from resonance absorptions.

Fig. 10.— Static susceptibilities of K in liquid NIL calculated 
from resonance absorptions.

3.6. Intensity.— A  second  num erical integra
tion  y ielded , in the m anner p rev iou sly  described, 
a com parison  o f the param agnetic part o f  the static 
su scep tib ility  w ith  that o f the standard organ ic free 

radical, tr is-p -n itroph en ylm eth yl.
T h e results o f  the su sceptib ility  

determ inations are show n in Figs. 9 
and 10. A t  room  tem perature the 
ca lcu lated  static su sceptib ility  is seen 
to  fo llow  the sam e sort o f  pattern  as 
determ ined in static field experim ents 
at low  tem peratures. T h e suscepti
bilities are con siderably  higher than 
those o f the static experim ents at the 
boiling poin t. L ike the latter th ey  
rise sharply w ith  dilution  at abou t 
the same concen tration . T h e low  
tem perature runs were m ade som e 
tim e subsequent to  the high tem pera 
ture runs and tw o poin ts have been 
om itted  fo r  the tw o low est con cen 
trations where som e d ecom position  is 
know n to  have occurred . T hese tw o 
sam ples also give ob v iou s ly  low  re
sults at the higher tem perature. 
Som e o f the other poin ts at the low er 
con cen tration s are p rob a b ly  suspect 
fo r  the same reason. T h e poin ts 
fo r  the m olar su sceptib ility  at the 

h igher con cen tration s at the low er tem perature 
are in reason ab ly  g ood  agreem ent w ith  the static

4 3 2 1 0 4  3 2  1 0 4  3 2  1 O
NORMALIZED FIELD STRENGTH ----  LORENTZIAN

LINE SHAPE. ---- GAUSSIAN
Fig. 8.— Line shape.

(30) P. W. Anderson and P. R. Weiss, Washington Conference on 
Magnetism, Rev. Mod. Phys., Jan. 1903.
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field m easurem ents. A s we have previou sly  
poin ted  ou t the resonance ph enom enon  is pecu liar 
to  the param agnetic spins and  is relatively  u n a f
fected  b y  the d iam agnetism . C on sequ en tly  such a 
com parison  o f static field m easurem ents w ith  static 
susceptibilities ca lcu lated  from  i f  m easurem ents 
enables one to  d e tect the presence o f  an y  abnorm al 
d iam agnetic susceptibilities. I t  is clear th at no 
abn orm ally  large diam agnetism  exists in these solu
tions at the boilin g  p o in t o f  N H 3 a t the con cen tra 
tions investigated  b y  b o th  m ethods. Such deter
m inations o f  static susceptibilities from  r f  m easure
m ents afford  a pow erfu l too l fo r  a n um ber o f  p rob 
lem s o f  ch em ical and physica l in terest w here large 
am ounts o f  d iam agn etic m aterial or abn orm ally

large diam agnetism s o f  the param agnetic species 
itself m a y  obscure the p rim ary  e ffect. W e have 
discussed this prob lem  recen tly  fo r  the case o f  the 
detection  o f organic free radicals in so lu tion .31
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The thermochemistry of the alkali and alkaline earth metals and their salts in liquid ammonia has been employed in the 
interpretation of certain aspects of inorganic chemistry in "diis solvent. Ionic entropies have been calculated from heats of 
reaction of the metals with N H i+(am ), the heats of solution of salts in liquid ammonia, the corresponding free energy changes 
and appropriate entropy data. For both alkali and alkaline earth metal solutions a common heat of reaction has been ob
tained for the reaction: V ie j^ am ) +  N H 4+(am) =  V 2H>(g) +  N H 3(1), per equivalent of metal which indicates one and 
two electron ionization of the alkali and alkaline earth metals, respectively, in liquid ammonia. The experimental heats 
of ammonation of gas ion pairs have been interpreted with the aid of a crude model for the process of solvation. Heats of 
ammonation of the alkali and alkaline earth chlorides, bromides and iodides are larger than the corresponding heats of 
hydration. This appears to result from a smaller energy consumption in depolymerization and reorientation processes in 
ammonia than in water. The heat of ammonation of the electron has been calculated and is in qualitative agreement 
with other theoretical and experimental conclusions.

T h e  in terpretation  o f  inorgan ic ch em istry  in 
n on-aqueou s polar solvents and the u nderstanding 
o f the process o f  so lvation  o f e lectro ly tes are greatly  
facilita ted  b y  a k n ow ledge o f  the th erm odyn am ic 
properties o f  th e  various ions in the solven t o f 
interest. A lth ou gh  m u ch  in form ation  has been 
availab le fo r  aqueous system s and considerable 
attention  has been  d irected  tow ard  th e  process o f 
h ydra tion  o f ions, relatively  little  advan ce  has been 
m ade in  n on -aqueou s m edia  a long these lines.
W ith  th is situation  in  m ind , w e have recen tly  
undertaken  th e  further th erm och em ical stu dy  o f 
am m onia solu tions o f  e lectrolytes. F o r  the first 
step , w e h ave d irected  our a tten tion  to  the th erm o
ch em istry  o f  the alkali and alkaline earth m etals 
and their halides.

H eats o f  the reaction
M (etal)(s) +  N H 4+(am) =  M +(am ) +  N H 3(1) +  'A H .fg )  

or (1)
M (etal)(s) +  H +(am) =  M +(am ) +  ’ A IL fg)

and the correspon d in g  free energy changes, n ow  
k n ow n  o n ly  approxim ately , perm it evaluation  o f 
relative ion ic  en trop ies as well as free energies o f 
the ions. In  add ition , com bin ation  o f the heats o f 
reaction  1 w ith  the heats o f  solu tion  o f m etals in 
liqu id  am m onia

M (etal)(s) =  M +(am ) +  'A e2” (am) (2)

gives the heat o f  reaction  o f the am m onated  e lectron  
w ith  N H U  (am )

1Ae2-(am ) +  N H 4+(am) =  NH,(1) +  V A W g ) (3)

and provides a m eth od  for  com parison  o f the state 
o f the solvated  electron  fo r  the various m etal 
am m onia solutions.

H eats o f  solu tion  o f salts in liqu id  am m onia  also 
p rov ide  a path  for  the ca lcu lation  o f ion ic entropies 
if the corresponding free-energy  changes are calcu
lable from  k n ow n  solubilities and a ctiv ity  coefficient 
data. U n fortun ately , few  a ctiv ity  coefficients 
are know n and we are com pelled  fo r  the m om en t to  
lim it application  o f heat o f solu tion  data  prim arily  
to  the elu cidation  o f the energy changes o f  the 
am m onation  o f ions.

Experim ental P roced ure.— The measurement of these 
reaction heats has been accomplished with a calorimeter 
previously described.1 The observed heat effects of the re
actions at —33° have been calculated from the heat effect 
accompanying the vaporization of ammonia from the cal
orimeter at constant pressure and the measured temperature 
change and known heat capacity of the calorimeter. D e
pending upon the vigor of the reaction, an accuracy of 1 to 
3 %  appears to be possible. For well controlled solution 
reactions, agreement within these limits between researchers 
using different calorimeters of this type also appears possible 
as indicated by our confirmation within these limits of the 
heat of solution of N H 4Br previously reported by Schmidt2 
who used a calorimeter having approximately l/, the ca
pacity of the instrument employed in this work.

Experim ental R esu lts .— The results of the calorimetric

(1) L. Y. Coulter and R. H. Maybury, J. Am. Chem. Soc., 71, 3394 
(1949).

(2) F. C. Schmidt, J. Sottysiak and H. D. Kluge, ibid., 58, 2509 
(1936).
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measurements for the reaction of the alkali metals and cal
cium, strontium and barium with ammonium ion are pre
sented in column 2 of Table I . In the, succeeding column are 
listed our observed heats of solution of lithium, calcium, 
strontium and barium metals in liquid ammonia. In addi
tion are tabulated the observed heats of solution of sodium, 
potassium, rubidium and cesium reported by Kraus, Schmidt 
and co-workers.3 The heat of reaction of the solvated 
electron pair with N H ,+(am ), eq. (3), has been obtained by 
subtracting the heat of reaction for eq. (2) from the heat 
of reaction for eq. (1). The values obtained, AH 3, for each 
metal solution are tabulated in column 4 of Table I . For the 
moderately dilute solution (1500 moles N H 3/equiv. of 
metal) for which these heat effects (AH 3) hold, we have 
represented the electron in a paired state in view- of its mag
netic and thermal properties. On the basis of current meas
urements in our laboratory, it appears that some unpairing 
has occurred at this concentration in view of an observable 
heat of dilution. The relative magnitude of the effect is 
not sufficient, however, to regard the majority of electrons 
in an unpaired state at this concentration.

T a b l e  I

(tmmary of  H eats of R eaction OF THE A lkali and
A l k a l in e Earth M utai,s a t  —33 O

A H i , AH 2 , A T I  3l
Reactants kcal./g. atom kcal./g. atom kcal./equiv.

Li and NI+iBr -  50.5" -  9 .7d -4 0 .8 "
Na and N H 4Br 1 CO 00 Ox a +  1.4" -3 9 .9 “
Na and N II4C1 -  38.8" +  1.4" -4 0 .2 “
K  and N II4Br i CO o -J O.O7 - 3 9 .7 “
Cs and N H 4Br -  41.6“ O.O7 - 4 1 .6 “
Ca and N IL I -  99.,% - 1 9 . 7l - 3 9 .  S'1
Sr and N H J ! o o -4 -2 0 .7 " -4 0 .0 "
Ba and N IL I -1 0 4 .0 " -1 9 .0 " -4 2 .5 "
“ L. V . Coulter and R . H . M aybury, J . Am . Chem. Soc., 

71, 3394 (1949). * S. P. Wolsky, K. J. Zdanuk and L . V. 
Coulter, ibid., 74,6196 (1952). c S. P. Wolsky, Thesis, Bos
ton University, Boston, Mass., 1952. * L . V . Coulter and L. 
Monchick, J. A m . Chem. Soc., 73, 5867 (1951). e C. A . 
Kraus and F . C . Schmidt, ibid., 56, 2298 (1934). 1 F . C. 
Schmidt, F . J. Studer and J. Sottysiak, ibid., 60, 2780 
(1938).

Comparison of she AH 3 values in Table I indicates essen
tially a common heat effect for eq. (3) per equivalent of 
metal as is to be expected if the nature of the solvated elec
tron is independent of the cation present. Excluding ce
sium and barium in which a few tenths per cent, of impurity 
of lighter metals would introduce considerable error in the 
heat of reaction, we have obtained —40.1 keal. per equiva
lent for A i f  3 of eq. (3). It is to be noted that the equivalent 
heat of reaction 3 for calcium is entirely normal and thereby 
indicates two electron ionization of calcium metal in liquid 
ammonia rather than Ca(s) =  'A  Ca2 + +(am) +  l/2 c2” 
(am ), previously proposed by Yost and Russell'* to account 
for the low magnetic susceptibility measurements of Freed 
and Sugarman.6

For the heats of solution of lithium, calcium, strontium 
and barium eq. (2), we have not obtained agreement with 
the previously determined heats by Schmidt and co-workers,3 
who have reported 7.96, 9.76, 17.35 and 11.02 keal., re
spectively, at somewhat higher concentrations. Although 
their observations indicate some concentration dependence 
of the heat of solution, we have not noted any effect beyond 
experimental error. In view of the fact that this large dis
crepancy cannot be due to instrumental differences or con
centration dependence, we are inclined to account for the 
differences on the basis of impurities in the metals used by 
previous workers. Considerable care was taken in our 
laboratories to use metals 99 +  %  free metal by analysis. 
For example, the calcium employed was 100.0 ±  0 .2 %  for 
selected samples.

(3) C. A. Kraus and F. C. Schmidt, J. Am. Chem. Soc., 56, 2298 
(1934); F. C. Schmidt, F. J. Studer and .1. Sottysiak, ibid., 60, 2780 
(1938).

(4) Don. M. Yost and Horace Russell, Jr., “ Systematic Inorganic 
Chemistry,” Prentice-IIall, Inc., New York, N. Y., 1944, p. 148.

(5) S. Freed and N. Sugarman, J Chem. Phys., 11, 354 (1943).

Ionic Entropies.— The heats of reaction for eq. (1) now 
provide a means for the calculation of the entropies of the 
alkali ions and Ca + + in liquid ammonia since approximate 
free energy changes are available. W e have chosen to 
make the calculation at —33° rather than at 2 5 °, which 
Jolly6 has recently selected for a compilation of the thermo
dynamic properties of the ions, since the greater proportion 
of information is furnished and will probably be employed 
by inorganic chemists in the vicinity of —3 3°. This selec
tion seems further justified in view of the fact that the theo
retical aspects of ammonation of ions will be more pertinent 
for liquid ammonia near or below its normal boiling point, 
thereby giving a better comparison of the process of ammona
tion with other types of solvation such as hydration. For 
the standard heat content change, Aff°.210o, we have used di
rectly the observed heats of reaction of eq. (1) which appear 
to be independent of concentration. The corresponding 
standard free energy changes at 2 40 °K . have been calcu
lated from the cell potential data reported by Pleskov and 
Monoszon7 which have been corrected to 2 40 °K . with the 
aid of the observed heats of reaction. Ionic entropies have 
been calculated relative to 5°u+(am) =  0 and A,S° =  0 for 
the reaction II +(am) +  N H ;l(lj =  N H 4+(am ). Tabulation 
of these calculations for each of the metals has been made in 
Table II.

The evaluation of ionic entropies from solution reactions of 
salts is limited at the present because of the paucity of ac
tivity data and the insufficiency of information regarding the 
naturo and thermodynamic properties of the solid phases in 
equilibrium with the saturated ammonia solutions. It has 
been possible, however, to make what appear to be reliable 
calculations for Cl -  based on the solution reaction

N H ,C l-6N H s(s) =  N H U (am ) +  Cl "(a m ) +  6NH,(1)

The AH°m ° for this reaction has been obtained from the 
sum of the heat of dissociation,8 A F V  =  43.1 keal., of 
the hexammonate: N H 4CL-6NII3(s) =  N H 4Cl(s) +  6 N H 3(g), 
the heat of liquefaction of six moles of gaseous ammonia,9 10 11 
AH°m ° =  — 33.5 keal., and the heat of solution of NILC12 
A ff1. ,  =  —6.8 keal., in liquid ammonia at, infinite dilu
tion. A t equilibrium the saturated solution is 3 .0  molai10 
for which we estimate y *  =  0.017 from the activity coeffi
cient data reported by Ritchey and Hunt at 2 5 ° .11 For the 
activity of the solvent in the saturated solution, 0.9 appears 
to be a reasonable estimate as indicated by the decomposi
tion pressure of the hexammonate8 and the vapor pressure 
of ammonia solutions of N II4C1 at 2 5 ° .12 For the free en
ergy of solution of the hexammonate to give the hypothetical 
1 molai solution, we find A FA«» =  3.14 keal. From the 
heat and free energy of dissociation of the hexammonate and 
the entropies of N H 4C1 and N IK  at 2 4 0 °K ., we obtain iS°24o° 
(N H 4C1-6NH3) =  115.2 e.u. From these data we obtain 
5 024o«(CI ) =  —31.8 e.u. which now provides a path for the 
calculation of ionic entropies of the alkali ions through 
similar solution reactions illustrated by KC1 in Table II.

The heat of solution of KC1 has not been experimentally 
determined. For this calculation it has been possible, how
ever, to estimate it from the temperature dependence of the 
free energy of solution since activity coefficients at —3 6 °13 
and the solubility of KC1 between + 4 4  and —77° are known.14

By interpolation, A F °24o° =  4.55 keal. for the solution re
action to give the hypothetical 1 molai solution and A H °Mo° 
=  — 1.45 keal. For K +, <S%«>°(K ')  =  24.0  e.u. based on 
— 31.8 for the entropy of C l- . We observe that good agree
ment is obtained in this case between the entropies of K  + 
calculated from two different reactions. Extension of this 
procedure to the other alkali ions at 240° K . is, at the mo
ment, impossible because of the insufficiency of reliable data.

(6) W . L. Jolly, Chem. Revs., 50, 351 (1952).
(7) V. A. Pleskov and A. ‘M. Monoszon, Acta Physicochim. ( U.R. 

S.S.), 2, 615 (1935); V. A. Pleskov, ibid., 6, 1 (1937).
(8) Calculated from the temperature dependence of the dissociation 

pressure, M. L. Troost, Compt. rend., 88, 578 (1879).
(9) National Bureau of Standards, Circular 500, “ Selected Values 

of Chemical Thermodynamic Properties,” U. S. Govt. Printing 
Office, Washington, D. C. (1952).

(10) G. Patscheke and C. Tanne, Z. physik. Chem., 174, 135 (1935); 
J. Kendall and J. G. Davidson, J. Am. Chem. Soc., 42, 1141 (1920).

(11) H. W. Ritchey and H. Hunt, T h i s  J o u r n a l , 43, 407 (1939).
(12) W. E. Larsen and H. Hunt, ibid., 39, 877 (1935).
(13) J. Sedlet and T. DeVries, J. Am. Chem. Soc., 73, 5808 (1951).
(14) G. Patscheke and C. Tanno, Z. physik. Chem., 174, 135 (1935).
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T a b le  II

E n t r o p y  C a lc u l a t io n s

Free energies and heats in kcal.; entropies in eal. per degree per mole
Reaction A/?°240° AF°240° A.S’ °240° *S°240° Ion S°240Oa

N II4Cl-6NH.,(s) = N H 4+(am) +  Cl “ (am i +  6N H 3(1) 2 .8 3 .14 -  1 .4 -  3 1 .8 C l“ - 3 3 . 5
Li(s) +  H +(am) == Li J a m ) +  y.)Ho(g) - 5 0 . 6 - 5 1 . 4 3 .3 -  6 .1 Li +
Na(s) +  II +(am) =  N a+(am ) +  V 2II2(g) - 3 8 . 7 - 4 2 . 7 16.7 12.6 N a + 12
K (s) +  II Ram ) =: K +(am ) +  y.JL(g) - 3 9 . 7 - 4 0 .1 2 0 .7 2 5 .3 K  + 19
KCl(s) =  K +(am) +  Cl (am) -  1 .45 4 .5 5 -  2 5 .0 2 4 .0 K  +
Rb(s) +  II+(am ) ■=  R b+(am ) +  y J L (g ) -4 0 .0 '* - 4 4 . 7 19.6 19.8 Rb + 29
Cs(s) +  H +(am) == C s+(am) +  y ,H ,(g ) - 4 1 . 6 - 4 5 . 2 15.0 18 .0 Cs + 30
Ca(s) +  2H +(am ) =  Ca++(am ) +  II2(g) - 9 9 . 3 - 7 3 . 4 - 1 0 8 - 1 2 9 Ca + +

° Calculated from the compilation by W . L. Jolly6 at 298°K . b Estimated from heat of solution of Rb and heat of re
action of eq. (3).

Jolly6 has recently calculated and compiled the thermo
dynamic properties of a number of ions in liquid ammonia at 
25° which have been based, in part, on estimated activity 
coefficients and assumed solid phases for the equilibrium 
solution reactions of salts. For comparison purposes, we 
have corrected his results to 240°K. and have listed the re
sulting ionic entropies in column 7 of Table II . Although 
reasonably good agreement is observed for Cl “ , K  + and N a +, 
poor agreement is obtained for R b + and C s+ . Whether or 
not the disagreement, in the latter cases is a result of the 
assumptions involved in the calculation based on the solu
tion reaction or is caused by the errors in the cell potential 
data, cannot be stated. By analogy with aqueous systems, 
the increasing trend in the values of the ionic entropies cal
culated by Jolly appears to be more acceptable for R b + and 
Cs + . Nevertheless, it would not be entirely unexpected to 
find the entropies of K +, R b + and C s+ essentially the same, 
as column 5 suggests within experimental error, since a some
what analogous effect has been observed previously by Lati
mer and Slansky15 for N a + and K + in methyl alcohol in 
which both ions display the same solvation entropy. This 
has been explained by them as an indication of the presence 
of holes in the methyl alcohol complexes into which the ions 
fit with essentially the same entropy effect regardless of 
radius. Eley and Pepper16 regard the same entropy effect to 
result from a “ seeding”  effect of the first solvent shell on 
the adjacent solvent resulting in an ordering of the solvent 
essentially independent of ionic radius, but with little change 
in heat content of the solvating shells beyond the primary 
layer. It will be of interest to ascertain the reality of this 
observation when reliable free energy data become available. 
It is to be expected that ammonia might follow this behavior 
in view of the difference in structures of liquid ammonia and 
water.

The large negative, entropy, — 129, exhibited by Ca + + is 
indicative of a pronounced not ordering effect of the ion on 
the solvent ammonia to an extent not. observed in water in 
which N °c^+(M1) =  — 13 relative to 5 ° H+(,«) =  Q. Al
though this large discrepancy is probably to be explained in 
part by a rather large negative absolute value for the entropy 
of H +(am ), it does not. appear reasonable to account for the 
observed difference on this basis completely. The reality 
of this large negative entropy for Ca + + is supported qualita
tively by the observed larger energy of solvation of Ca + + by 
ammonia than by water, a point further discussed in the 
following section.

Heats of Ammonation of Ions.— T h e  greater 
so lvation  heats o f  ions in liqu id  am m onia are 
ev iden t from  the greater heats o f  solution  o f salts 
in liqu id  am m onia  in com parison  w ith  w ater as 
dem onstrated  in T a b le  I II . T h e  large heat o f 
am m onation  o f C a + + is also apparent in the 
am m onation  o f C a l2 in the solid state w hen co m 
pared w ith h yd ration . F or the reactions

Cu,L(s) +  8H ,0(1) =  CaI2-8H20 (s )
Calo(s) +  8NH,(1) =  CaI2-8N H ,(s)

(15) W. M. Latimer and C. Slansky, J. Am. Chem. Soc., 62, 2019
( 1 9 4 0 )  .

(16) D. D. Eley and D. C. Pepper, Trans. Faraday Soc., 37, 581
(1941) .

A H M1° =  — 26.8 and  — 70.7 koal., resp ectiv e ly .17 
A ssum ing that the in teraction  en ergy  o f the sol
vated  C a ++ and close neighbors is essentially  the 
sam e for  b oth  solvates, the difference is to  be 
ascribed to  the greater heat o f am m onation  o f C a + +  
and is consistent w ith  our greater observed  heat o f 
C a l2 in am m onia com pared  w ith  water.

T o  account, for  the heats o f am m onation  o f ions 
as w ell as to  in terpret the d ifferences in the th erm o
chem istry  o f  salts in liqu id  am m onia  and in w ater, a

T a b l e  III

C o m p a r iso n  of  H e a t s  o f  S o l u t io n  in  A m m o n ia  a n d  
W a t e r , K c a l ,

Salt ¿H °  (aql° 2.5° AH (am) —33° NHj/Salt
LiBr -1 1 .7 -1 9 .7 * 233
Lil -1 5 .1 - 1 8 .  T 213
NaCl +  0.0 -  1.5° 200
NaBr -  0.2 - 1 0 .4 d CO
Nal - 1 . 9 — 13.9e 733
KBr +  4.8 -  2 .9 ” 170
KI +  4.9 -  5 .9” 171
RbBr +  5.2 -  0.4 '’ 385
Agi + 26 .9 -  7 .47 484
Cal2 -2 8 .7 - 6 2 . 8" CO
P bl2 +  15.5 - 2 7  A b 869
Hgh + 40 .0 -2 0 .  T 329
NH4C1 +  3.0 - CO
NH4Br +  3.9 1 O CO
NH4I +  3.2 - 1 3 .0 ” 727
NH4NO3 +  6.2 -  5 .7 ” 171
CoHsNHaCl +  2.2 -  3 .6 6 270
K N (+ +  8.4 +  0.4" 168
NaNO, +  4.9 -  4 .0 ” 00
LiNO;, -  C. 7 - 1 0 .8 ” 170
KC1 +  4.1 -  1.5*

“ F . D . Rossini, D . D . W agm an, W . II. Evans, S. Levin 
and I. Jaffe, “ Selected Values of Chemical Thermodynamic 
Properties,”  Circular of the National Bureau of Standards 
500, U . S. Govt. Printing Office, Washington, D . C. (1952).
F . R . Bichowsky and F. D . Rossini, “ The Thermochemistry 
of Chemical Substances,”  Reinhold Publ. Carp., New  
York, N . Y .,  1936. h F . (3. Schmidt, J. Sottysiak and H. 
D . Kluge, J. Arn. Chem. Soc. 58, 2509 (1936). r F . C. 
Schmidt., J. Sottysiak, E . Tajkowski and W . A. Denison, 
ibid., 63, 2669 (1941). d C. À . Kraus and F. C. Schmidt, 
ibid., 56, 2298 (1934). 'C .  A . Kraus and J. A . Ridder- 
hof, ibid., 56, 79 (1934). •’ E . Hennellv, D . K . Stevens,
M . Warren, H . Zuhr and J. Sottysiak with F. C . Schmidt, 
ibid., 69, 1025 (1947). " S. P. W olsky, E. J. Zdanuk and
L. V . Coulter, ibid., 74, 6193 (1952). h Table II.

(17) F. R. Bichowsky and F. D. Rossini, “ The Thermochemistry 
of the Chemical Substances,” Reinhold Publ. Corp., New York, 
N. Y „ 1936.
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ca lcu lation  o f the e lectrostatic energy o f in ter
action  o f the ions w ith  am m onia as the solven t has 
been attem pted . F or this calcu lation  the B e rn a l- 
F ow ler and E le y -E v a n s 18 approach  has been 
utilized along w ith certain m odification s introduced 
m ore recen tly  b y  E ley  and P e p p e r ,16 and b y  V er- 
w e y .19 In  accord an ce  w ith the criticism  o f the 
B ern a l-F ow le :’ m odel b y  V erw ey, it has been 
assum ed that orientation  o f the am m onia  m olecules 
com posing  the p rim ary  so lvation  shell requires 
negligible w ork  in  changing the structure o f the 
solven t w hen the am m onia  m olecules coord in ated  
b y  the ions are brou ght in to  their new  positions. 
T h is  assum ption  appears to  be justified in the case 
o f ion ic solvation  b y  m ethy l a lco h o l16 and w ou ld  
seem  to  be m ere acceptab le  in the case o f am m onia 
w hich  is capable o f form in g on ly  w eak h ydrogen  
bonds. T h e  coord in ation  num ber and charge 
d istribu tion  em p loyed  have been selected to  g ive  as 
m uch  con form ity  as possible o f the calculated 
heats o f am m onation  o f the alkali and halide ions 
w ith  experim ental data. T hese assignm ents m ust, 
as a consequence, be regarded as ten ta tive  until 
further o p p ortu n ity  perm its com parisons to  be 
m ade w ith  m ore  extensive data  o f appropriate 
accu racy . It has been assum ed th at the net 
energy effects resulting from  van  der W aals and 
repulsive forces are n eglig ib ly  sm all for  the crude 
m odel assum ed.

It  is con ven ien t to  item ize ion ic am m on ation  as 
fo llow s: (a) creation  o f a hole in th e  solvent for 
the io n ; (b ) electrostatic in teraction  o f ± 1  ions 
w ith  fou r m olecules o f  am m onia in the prim ary 
so lvation  shell, (six m olecules for  ± 2  io n s ); (c) 
in teraction  o f  the ions w ith  the d ielectric beyon d  
the p rim ary  so lvation  shell. F or step (a) the 
energy, A E, required to  create the hole has been 
obta ined  from  the expression A H  =  AE  +  R T  
w here A ll  is the heat o f  vaporization  o f am m onia. 
A lth ou gh  the size o f  the ca v ity  required depends 
u pon  ion ic radius and con sequ ently  affects AE  
to  som e extent, we have not taken  this fa ctor  in to 
a ccou n t in the calcu lations. F or each m ole o f ions 
w e have required the vaporization  o f one m ole  o f 
am m onia  for w hich  AE  =  5 keal.

T h e  second energy term , the en ergy  o f in teraction  
o f the ions w ith the prim ary  solven t shell, has been 
ca lcu lated  from  the sum  o f e lectrostatic term s,

(X€'Z6‘ N
2 ----- -— , where a e  and ze  are the charges on  the

h y d rog en  or n itrogen  atom s o f the am m onia m o le 
cule, and the ion , respective ly ; and r is the distance 
betw een  the center o f  the ion  and the N or H  atom s 
o f the am m onia m olecules. Ion ic  radii, the van  
der W aals radius and the structure o f  am m onia 
given  b y  P au lin g20 have been em p loyed  in the 
calcu lations. T he am m onia m olecu le in the pri
m ary  shell has been regarded as a spherical m olecule 
w ith  the n itrogen  atom  at the center. F or positive  
ion  orien tation  o f the am m onia m olecules in the 
solvation  shell at equilibrium , all hydrogens are at

(18) (a) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 515 
(1933); (b) D, D. Eley and M. G. Evans, Trans. Faraday Soc., 34, 
1093 (1938).

(19) E. J. W. Verwey, Rec, trav. chint., 61, 127 (1942).
(20) Linus Pauling, “ The Nature of the Chemical Bond,” Cornell 

University Press, Ithaca, N. Y ., 1940.

e q u iv a le n t  m a x i m u m  d is t a n c e s  fr o m  th e  io n . F o r  
n e g a t iv e  ion  o r ie n ta t io n , o n e  h y d r o g e n  o f  th e  
a m m o n ia  m o le c u le  is lo c a te d  on  th e  s tr a ig h t  lin e  
c o n n e c t in g  c e n te r s  o f  th e  io n  a n d  n itr o g e n  a t o m .  
I n  o r d e r  t o  a c c o u n t  fo r  th e  o b s e r v e d  h e a t  o f  s o l v a 
t io n  o f  th e  a lk a li h a lid e  g a s  io n  p a ir s , + 0 . 4 e  a n d  
—  1 .2e  c h a r g e s  h a v e  b e e n  a s s ig n e d  to  th e  h y d r o g e n  
a n d  n itr o g e n  a t o m s , r e s p e c t iv e ly , o f  th e  a m m o n ia  
m o le c u le s  in  th e  p r im a r y  sh e ll . A s  w ill b e  se e n  
la te r , th is  a s s ig n m e n t  a c c o u n t s  fo r  th e  s o lv a t io n  
h e a t  o f  C a  + + (g )  a n d  is  c o n s is te n t  b y  a n a lo g y  w ith  
th e  a s s ig n m e n t  m a d e  f o r  th e  h y d r a t io n  p r o c e s s .18 
T h e  d e p e n d e n c e  o f  th e  c o u lo m b ic  e n e r g y  o f  in te r 
a c t io n  o f  ±  1 io n s  w ith  o n e  m o le  o f  s o lv e n t  a m m o n ia  
in  th e  p r i m a r y  sh e ll is  p r e s e n te d  g r a p h ic a lly  in  F ig .  
1 a s  a  fu n c t io n  o f  th e  io n ic  r a d iu s . F o r  c o m p a r i 
s o n  p u r p o s e s , th e  s a m e  e n e r g y  t e r m  h a s  b e e n  
p lo t t e d  f o r  w a t e r 186 a n d  fo r  m e t h y l  a lc o h o l a s  c a l 
c u la t e d  b y  E l e y  a n d  P e p p e r .16 I t  is t o  b e  n o te d  
t h a t  t h e  a m m o n a t i o n  a n d  h y d r a t io n  e n e rg ie s  o f  
p o s i t iv e  io n s  a r e  e s s e n t ia lly  th e  s a m e  fo r  t h e  p r im a r y  
sh e ll . N e g a t i v e  io n s  in  a m m o n ia  in te r a c t  w ith  
m u c h  le ss  e n e r g y  t h a n  in  w a te r  o r  m e t h y l  a lc o h o l .

T e r m  (c ) h a s  b e e n  c a lc u la te d  fr o m  th e  B o r n  
e x p r e s s io n 21

APb.c
A h V  /  1 \

2 ( n  +  2 r a )V  ~  D J

w h e r e  n  a n d  ra a r e  th e  c r y s ta l  r a d iu s  o f  t h e  io n  a n d  
th e  v a n  d e r  W a a l s  r a d iu s  o f  th e  a m m o n ia  m o le c u le ,  
r e s p e c t iv e ly . T h e  r e s u lts  o f  th e s e  c a lc u la t io n s  a re  
s u m m a r iz e d  in  T a b le  I V  in  w h ic h  th e  e n e r g y  o f  
in te r a c t io n  o f  th e  io n  w ith  th e  first  s o lv e n t  sh e ll , 
4 P , is p r e s e n te d  in  c o lu m n  3  a n d  th e  e n e r g y  o f  B o r n  
c h a r g in g  fo llo w s  in  c o lu m n  4 .  E m p lo y i n g  th e s e  
v a lu e s  a s  a p p r o x im a t e  c h a n g e s  in  h e a t  c o n t e n t  
a lo n g  w ith  th e  e n e r g y  re q u ire d  t o  c r e a te  t h e  ion  
c a v i t y ,  th e  fin a l v a lu e s  fo r  th e  s o lv a t io n  h e a t ,  
A H s, h a v e  b e e n  o b ta in e d  a n d  lis te d  in  t h e  fin a l  
c o lu m n  o f  T a b le  I V .  F o r  d iv a le n t  io n s  s ix  m o le 
c u le s  o f  a m m o n ia  h a v e  b e e n  a s s u m e d  t o  b e  in  th e  
p r im a r y  sh e ll .

T a b l e  I V

ALCELATED HEATS OF AMMONATION OF IoNS
A m m o n ia , Iv c a l .

r, A. — 4P — AIib .c.

in  L iq u id

-  A H s

Li + O.GO 1 3 0 .8 4 0 .0 166
X a  + 0 .9 5 9 8 .0 3 6 .7 130
K  + 1 .3 3 7 5 .2 3 3 .8 104
R b + 1 .4 8 68.0 3 2 .8 96
C s + 1.0 9 5 8 .8 3 1 .5 85
Ca + +(GP) 0 .9 9 2 8 6 .8 1 4 5 .6 427
Sr + +(6P ) 1 .1 3 2 5 8 .0 1 4 1 .0 394
B a + +(6P ) 1 .3 5 222.0 1 3 4 .5 352

A g + 1 .2 6 7 8 .8 3 4 .2 108
H g + + (6 P ) 1.10 264 142 401

F - 1 .3 6 4 2 .4 3 3 .5 71
C l - 1 .81 29 2 3 0 .7 55
B r - 1 .9 5 20.0 2 9 .9 51
I - 2 16 22 4 2 8 .7 46

T o  p r o v id e  a d ir e c t c o m p a r is o n w ith  t h e  h y d r a -
t io n  p r o c e s s , t h e  h y d r a t io n  e n e r g ie s  o f  t h e  s a m e  
io n s  h a v e  b e e n  r e c a lc u la te d  u s in g  th e  m o le c u la r  a n d  
io n ic  d a t a  g iv e n  b y  P a u lin g 20 a n d  t h e  c h a r g e  d is -

(21) M . Born, Z .  P h y s i k ,  1, 45 (1920).



June, 1953 T h e r m o c h e m i s t r y  o f  A l k a l i  a n d  A l k a l i n e  E a r t h  M e t a l s  i n  L i q u i d  NH3 557

Fig. 1.— Electrostatic energy of interaction of one mole 
of ± 1  ions with one mole of solvent in the primary solvation 
shell.

ti'ibution  em p loyed  b y  E lev  and  E v a n s .186 T hese 
values, w h ich  are essentially the sam e as those 
ca lcu lated  b y  E ley  and E v a n s ,186 are sum m arized 
in colu m n  3 o f T a b le  V . T h e  results obta ined  are 
presented graph ica lly  as a fu n ction  o f ion ic radius 
in F ig. 2 a long w ith  the energies o f so lvation  b y  
am m onia and m eth y l a lcohol. j

T a b l e  V
C o m p a r iso n of  H e a ts o f  S o l v a t io n  o f  I o n s , K c a l .

Hydration at 208° K. Ammonatiom at 240°
Ion A /i°(exp.) A //°(raK ) A //0 (exp.) A//°(calc.)

Li + 145 157 155 166
Xa + 119 119 134 130
K  + 99 94 111 104
R b  + 93 85 103 96
Cs + 85 75
Ag + 136 106 172 108
Ca + + 426 432 459 427
Sr + + 391 402 429 394
Ba + + 357 357 400 352
IIg + + 480 40S 544 401
F - 84 94 71
o i - 66 62 56 55
B r - 58 55 53 51
I - 47 46 45 46

C o m p a r is o n  o f  th e th e o r e t ic a l  v a lu e s i fo r  th e

h e a ts  o f  s o lv a t io n  o f io n s  w it h  e x p e r im e n ta l  d a t a
c a n  b e  m a d e  on  th e  b a s is  o f io n  p a ir s o r  o n  a n

in d iv id u a l b a s is  if  a m e t h o d f o r  d iv is io n  o f  th e

s o lv a t io n h e a t  is  a v a ila b le . I t  h a s a p p e a r e d
desirable to  m ake th e  com parison  on  the latter

Fig. 2.— Heats of solvation of gas ions (± 1 ) .

basis so th at com parison  w ith  oth er procedures 
can be accom plished . F or the h ydration  process, 
the experim ental heat o f so lvation  o f the K -B r  
pair has been  d iv ided  accord in g  to  the ratio 9 4 /5 5  
pred icted  b y  the theoretica l calcu lations. T h e 
values th ereby  obta ined  for  the h ydration  heats o f 
K + (g )  and  B r~ (g ) (99 and 58 kcal., respectively ) 
h ave then  been su btracted  from  the m easured 
h yd ration  heats o f  the other gas ion  pairs to  
ob ta in  the in d iv idual experim ental h ydration  heats 
o f the ions tabu lated  in  colu m n  2 o f T a b le  V.

F or  the am m onation  process the assignm ent o f 
experim ental so lvation  heats to  the various ions 
has been  m ade in a sim ilar m anner w ith  th e  ex
cep tion  that the d iv ision  o f the experim ental heat 
o f  am m onation  o f the N a -B r  gas ion  pair has been  
m ade accord in g  to  the corresponding  theoretica l 
ratio 130 /51  since the heat o f  solu tion  is know n 
w ith  greater certa in ty  in  this case. In d iv id u a l 
so lvation  heats in am m onia  have been  ca lcu lated  
from  the therm al data  com piled  b y  the B ureau o f 
S tandards,9 the heats o f  solu tion  in am m onia sum 
m arized in  T ab le  I I I  and the com pilation  b y  
B ich ow sk y  and R ossin i.17

C om parison  o f the calcu lated values o f  the 
h ydration  and am m onation  energies o f  ions w ith 
the experim ental values, obtained in the m anner 
ju st described, is m ade in T a b le  V . A s  is to  be 
seen, the crude m odel assum ed leads to  heats o f 
solvation  o f the alkali m etal and halide ions in 
reasonably good  agreem ent w ith  the observed  
qu antities ; and, w ith in  6 to  1 1 % , a ccou n ts  fo r  the 
large heats o f solvation  o f C a + + , S r+ +  and B a + +  
in liqu id  am m onia . A lth ou gh  the agreem ent is 
n ot as sa tisfa ctory  as for  the h yd ration  process, it 
does n ot appear likely  th at cov a len t b on d  inter
action  is required to  a ccou n t for  the heat o f am m ona
tion  o f the alkaline earth  ions. In  con trast w ith  
this conclusion , w e observe th at the calcu lated 
heats o f solvation  o f A g +  and H g ++  in am m onia 
are on ly  63 and 74_%, respectively , o f  the observed  
energy effect. T h is is n ot surprising in view  o f  the 
w ell-know n cova len t nature o f  the com plexes o f  
these tw o  ions w ith  am m onia  w hich  w ou ld  con 
tribu te  further stabilization  to  the solvated  ion . 
T h e  sam e beh av ior is also d isp layed  by  these ions 
in  w ater b u t to  a lesser degree.

W ith  the aid  o f  the th eoretica l curves o f  F ig . 2 
fo r  the sim plified m odel o f  solvation  o f  ions, a
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partial in terpretation  o f the greater heats o f  solu 
tion  o f m on ova len t e lectro ly tes in am m onia  than 
in w ater is possible. F or  the n egative ions, C l~  
and  B r _ , the am m onation  energies o f  the gas ions 
are 7 and  4  kcal. less than the corresponding  h ydra 
tion  energies; w hereas the solvation  energies o f I -  
in w ater and am m onia are identical. T h is sm aller 
energy effect fo r  these halide ions in am m onia  is, 
how ever, m ore than  com pen sated  fo r  b y  the greater 
energy o f am m onation  o f the alkali ca tions which 
exceeds the corresponding hydration  energies b y  
10 to  12 kcal. A s a  consequence, the heats o f 
solution  o f the alkali ch lorides, brom ides and io - 
dies are m ore exotherm ic in am m onia  than  in w ater. 
T h is  beh av ior results from  the relatively  small 
en dotherm ic energy o f  vaporization  and  reorienta
tion  in  am m onia  since all the oth er exotherm ic 
energy term s in the am m onation  process are 
essentially the sam e as or less than  the correspon d
ing term s in  the h ydration  process. This, o f 
course, is to  be  expected  in v iew  o f  the sm all energy 
o f the N -H -N  h ydrogen  b on d  in am m onia  w hich  
is insufficient to  g ive  rise to  the structural ch arac
teristics o f  w ater at 25°. A s a consequence o f the 
sm all in teraction  energy betw een  liqu id  am m onia  
m olecules, orientation  o f solven t m olecules around 
ions in am m onia  takes p lace  w ith  essentially no 
absorption  o f energy because o f  h ydrogen  bon d  
d isruption  w ith in  the solvent.

H eats o f  solution  or  precip ita tion  o f the sparingly 
soluble fluorides have n ot been  determ ined  in 
am m onia and, as a  consequence, com parison  o f 
solvation  heats can n ot be  m ade w ith  the ca lcu lated  
values. I t  is to  be expected , h ow ever, that heats 
o f  solution  o f the alkali fluorides will be  sm aller 
in am m onia  than in w ater since the am m onation  
energy o f F  ' (g ) is abou t 23 kcal. less exotherm ic 
than the corresponding  h ydration  energy.

A n  explanation  o f the differences in the- th erm o
ch em istry  o f  salts in w ater and am m onia  was also 
sought w ith the aid o f  the m odel p roposed  b y  V er- 
w ey  fo r  ion ic solvation . S olvation  heats ca lcu lated  
b y  this approach  d id  n ot, how ever, a ccou n t for  the 
observed  differences in as sa tisfa ctory  a m anner.

Heats of Ammonation of e^ Gas.— T h e assign
m en t o f heats o f solvation  in am m onia  to  the alkali 
and alkaline earth ions in the m anner ju st de
scribed  n ow  m akes possible the ca lcu lation  o f the 
heat o f  am m onation  o f the unpaired gaseous elec
tron . H eats c f  am m onation  o f the gas ion  pairs,

M + (e ta l) (g ) and  e ~ (g ), are readily  ca lcu lated  from  
the fo llow in g  equations fo r  w h ich  heat con ten t 
changes are know n

M + (g ) +  e -(g )  =  M (s)9
M (s) =  M +(am) +  ' / ^ " ( a m ) 3'22 

V 2e2“ (am) =  e “ (am) A if24o° ~  3 kcal.23
M +(g) +  e~(g) =  M +(am ) +  c '(a m )

S u btraction  o f the experim ental heat o f  am m on a
tion  o f  the correspon d in g  + 1  or + 2  cation  listed 
in T a b le  V  g ives  the AH  fo r  the reaction

e~(g) =  e -(a m )

On the basis o f  the th erm och em istry  o f the alkali 
m etals, w e ob ta in  fo r  this reaction  A H  =  — 11 ± 4  
kcal. T h is  va lu e  is in p oor  agreem ent w ith  the 
heat o f  am m onation , —39 kcal., recen tly  ca lcu lated  
b y  J o lly 6 w h ich  has been based on  the absolu te 
poten tia l o f  the ca lom el e lectrode, the absolute 
en trop y  o f  ch loride ion  in aqueous solu tion  and  the 
assum ption  that the ions R b +  and B r -  have equal 
heats o f am m onation . A s w e h ave seen from  the 
a b ov e  considerations, the latter assum ption  m a y  be  
questionable on  the basis o f the m od el em p loyed  
in this research w hich  leads to  an experim ental heat 
o f  a m m on ation  o f 103 and  53 kcal., respectively , for  
R b  + and B r _ . C orrectin g  fo r  this fa c to r  alone, 
h ow ever, does n o t lead to  agreem ent betw een  the 
tw o  m ethods.

T h e  energy o f solvation  o f the “ tra p p ed ”  electron  
in am m onia  has been ca lcu lated  th eoretica lly  b y  
O g g 24 to  be approx im ately  8 kcal. w h ich  is in rough  
agreem ent w ith  an u pper lim it o f  18 kcal. experi
m entally  observed  b y  him  in p h o to  em ission 
m easurem ents. A lth ou gh  the agreem ent betw een 
these values and the hjeat o f  electron  so lvation  o b 
tained in this research still leaves m uch  to  be  de
sired, it is encouraging that the variou s approaches 
to  this prob lem  lead to  the approxim ate agreem ent 
observed .
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THE ALKALI METAL PHOSPHIDES. III. 
ELECTROLYSIS STUDIES IN LIQUID AMMONIA12
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Tho electrolysis of sodium and potassium dihydrophosphides and of tetrasodium diphosphide has been studied in liquid 
ammonia. W ith the former, the anode reaction is given by the equation: 6PH2-  +  2 N H 3 =  N 2 +  6PHj +  0c% but a 
more complicated reaction was found to occur in the case of the diphosphide salt. W ith the latter the ratio of nitrogen 
evolved to current passed is the same as with the dihydrophosphides, but no large amount of phosphine is produced until 
electrolysis is approximately 5 0 %  completed; then, almost immediately, 50 to 60%. of the phosphorus is evolved as phos
phine. These results m ay be accounted for satisfactorily by assuming that the primary anode process involves the oxidation 
of solvent, namely 8N H j =  Ns +  6 N H 4+ +  tie". The protons liberated in this oxidation then become available for 
reaction with the protophilic diphosphide ion, leading in stages to the several species, I’,11“ 3, Pdb, 2 and [b ib  A A chain 
mechanism, involving the reaction of solvent with the species P2H3“ , is postulated to account for the high yield of phosphine, 
at the point of 5 0 %  electrolysis.

In trodu ction
T h e  present p a p er3 describes the results o f further 

investigations relating to  the properties o f  certain 
alkali m etal phosphides and is concerned  specifi
ca lly  w ith  the electrolysis o f sod ium  and potassium  
d ih ydrophosph ides, M P H 2, and o f tetrasodium  
d iphosph ide, M 4P 2, in liqu id  am m onia.

A s m ight be  expected , these substances are 
extrem ely  p rotoph ilic . W h en  treated w ith  am 
m onium  brom ide  in  liqu id  am m onia the d ih y d ro - 
phosphicles ev o lv e  ph osphine qu an tita tive ly . B ut 
w ith  tetrasodium  d iph osph ide  a m ore com p licated  
reaction  ensues in w h ich  on ly  part o f the p h os
phorus is e v o lv ed  as ph osp h in e ; and the evolu tion  
o f phosphine on ly  occu rs a ppreciab ly  after a pp rox i
m ately  tw o equ iva len ts o f  am m onium  ion  are added 
per m ole o f  salt.

In  an earlier s tu d y 3b w e obta ined  in d irect ev i
den ce in d icatin g  th at p roton s apparently  m ay  add 
to  the d iph osp h ide  ion  stepw ise in  liqu id  am m onia 
form in g partia lly  h ydrogen ated  species and  p ro b 
ab ly  even tu a lly  b iph osph in e, H 4P 2, on  com plete  
p roton ation . H ow ever, it was n ot fou n d  practica l 
to  carry  ou t a deta iled  stu dy  o f th is proton ation  
process b y  treating solu tions o f  the d iph osph ide 
w ith  am m onium  b rom ide  fo r  at least tw o reasons:
( 1) experim en ta lly  it  w as d ifficu lt to  add  small 
increm ents o f am m onium  brom ide  qu an tita tive ly  
and  ob ta in  in terpretable  results; (2) b iphosph ine 
itself w as fou n d  to  decom p ose  in liqu id  am m onia 
yield in g  a substantial part o f  its ph osphoru s as 
phosphine. A s  a result, it cou ld  on ly  be inferred 
th at b iph osph in e was a likely en d -p rod u ct o f the 
p roton ation , and  th at its d ecom p osition  w as re
sponsib le  fo r  th e  evolu tion  o f ph osph ine w hen the 
d ip h osph ide  salt was treated  w ith  an excess o f 
am m onium  brom ide.

In  search ing fo r  another a ttack  on  the problem  
it occu rred  to  us th at the p roton a tion  reaction  
m ight be fo llow ed  e ffective ly  b y  electro lyzin g  solu 
tions o f  the salts in  liqu id  am m onia  prov id ed  the 
process cou ld  be  carried  out under such con d itions 
th at p roton s  togeth er w ith  n itrogen  m ight be  p ro -

(1) This paper is based on research supported by the Office of 
Naval Research under contracts N8or.r-74200 and Nonr-598(00).

(2) From a thesis by John M. Finn, Jr., submitted in partial ful
fillment of the requirements for the Ph.D. degree, 1953.

(3) Previous papers in this series are: (a) E. C. Evers, J. Am. Chem . 
Soc., 73, 2038 (1951); (b) E. C. Evers, E. II. Street, Jr., and S. L. 
Jung, ibid., 73, 5088 (1951).

du ced  at the anode, i.e., under con d ition s in volv in g  
the ox ida tion  o f solvent. In  th is w a y  proton s 
p rod u ced  b y  the ox idation  cou ld  liecom e available 
fo r  reaction  w ith  the p rotop h ilic  anions.

A  stu dy , such as that outlined  a b ove , has been 
the o b je c t  o f the present in vestigation  and  the 
data  secured serve to  dem on strate  th at protonat.ion 
does in fa ct  take p lace at th e  an ode under our ex
perim ental conditions.

E xperim ental
1. Apparatus and Procedure.— Electrolyses were carried 

out at the boiling point of liquid ammonia using a cell similar 
to that described by Foster and Hooper4 with electrodes 
approximately 2 cm. apart. The anode (1 cm .2) was of 
platinum while the cathode (7 cm .2) was of mercury, which 
was forced into the cell from a reservoir just prior to elec
trolysis; the mercury served to absorb alkali metal produced 
at this electrode. The electrolysis current was maintained 
at some predetermined constant value ranging between 10 
and 20 ma. by means of a suitable variable resistance which 
was inserted in series with a 120-v. d.c. supply line. The 
current was measured within an accuracy of ± 0 .2 5 % , by 
means of a calibrated ammeter, and the product of current 
and time served to measure the quantity of electricity used 
in electrolysis.

The alkali metal phosphides were prepared in sit a using 
samples of metal ranging in size from 2.5 to 7.5 milliatoms, 
which were weighed accurately. The dihydrophosphides 
were prepared by passing a gaseous mixture ot ammonia and 
phosphine through a solution of the appropriate metal in 
liquid ammonia; tetrasodium diphosphide was prepared 
according to the method described earlier.3“ Electrolyses 
of the dihydrophosphides were commenced immediately 
after purging the system of excess phosphine and hydrogen. 
With tetrasodium diphosphide it was first necessary to re
move the mixture of ammonia and toluene which had been 
introduced during the preparation of the salt; then the di- 
phosphide was redissolved in approximately 75 cc. of liquid 
ammonia. In all operations strict precautions were ob
served to prevent the solutions from coming in contact with 
the atmosphere.

In carrying out the electrolyses, current was permitted 
to flow until a predetermined ratio of electricity to starting 
material was reached. W ith the dihydrophosphides a 
steady increase in the voltage was necessary in order to 
maintain a constant current and a full value of 120 v . was 
needed as the electrolysis approached completion. With 
the diphosphide, however, the electrolysis current could be 
maintained constant with but little adjustment of voltage, 
and the solutions were fairly good conductors even after the 
passage of a quantity of current equivalent to the sodium 
content of the salt. W ith both systems hydrogen com
menced to evolve at the cathode when electrolysis was ap
proximately 80%, completed. Evolution of gas began im
mediately at. the anode and continued throughout the elec
trolysis.

(-1) L. S. Foster and G. 8. Hooper, ibid., 57, 70 (1935)
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After turning off the current substantially all the liquid 
ammonia, together with gaseous products, was transferred 
by distillation from the cell into an evacuated flask contain
ing sodium iodide cooled with ice-water. The sodium 
iodide served to absorb most of the ammonia and caused the 
gaseous products to concentrate largely in the vapor phase.® 
Thereafter residual ammonia was separated from other gases 
using essentially the procedure of Johnson and Pechukas.5 
Finally the products were separated into fractions which 
were condensable and non-condensable by liquid air. _ These 
were measured and then characterized as phosphine and 
nitrogen, respectively, using standard procedures.

2. R esu lts .— In several experiments the cathode mer
cury was analyzed for total sodium to check the effective
ness of the cathode process. The sodium was extracted with 
hydrochloric acid and the extract was evaporated to dryness 
in a platinum vessel. Ammonium chloride was sublimed 
away and the residue of sodium chloride was weighed. Re
sults of two experiments follow: expt. 2 1 : 1.84 millifaradays 
electricity, 1.85 milliatoms sodium; expt. 22: 1.85, 1.86, 
respectively. These results also confirmed the effectiveness 
of the procedure used in measuring current and time. While 
analyses were not carried out in most cases, it was assumed 
that the amount of alkali metal deposited was equivalent 
to the quantity of electricity employed. Without doubt 
this assumption was justifiable so long as no cathode gassing 
was observed, anc this took place only after electrolysis was 
8 0 %  or more completed. When hydrogen did evolve it was 
necessary to apply a correction to the nitrogen value. This 
was done within the accuracy of our results by measuring 
the density of the gas mixtures and computing the percent
age of nitrogen.

Molecular weight data were employed almost exclusively 
to identify the liquid air condensable and non-condensable 
fractions. The following typical data are presented to in
dicate the reliability of the results. Non-condensable: 
expt. 6 : 1.33 mmoles gas, 37.9 wt. m g., 28.5 mol. wt. found; 
expt. 13: 0 .733, 20.8, 28.4; expt. 16: 0 .352, 10.1, 28.7 , re
spectively. M ol. wt. N 2, ealed., 28.0 . Condensable: expt. 
16: 0.318 mmole gas, 10.8 wt. m g., 33.8 mol. wt. found; 
expt. 18: 0 .411, 14.1, 34.3 , respectively; m ol. wt. P H 3 
ealed., 34.1.

In view of the large amount of data collected and that their 
primary function was to indicate the course of the anode re
action, it has seemed most expedient to present the signifi
cant results graphically as shown in Figs. 1 and 2. Since 
the samples of starting materials varied considerably in size, 
it has been convenient in presenting these data to divide the 
variable on both ordinate and abscissa axes, i.e ., the yields 
of products and quantity of electricity passed, respectively, 
by the number of gram-atoms of phosphorus employed in 
making up the several alkali metal phosphides. In effect 
this places all the results on an equivalent basis.

While it is intended to discuss the significance of these 
plots in detail in tne sections to follow, it seems appropriate 
here to emphasize an extremely important feature of these 
results, namely, tnat the ratio of the yield of nitrogen ob
tained to current passed was constant within experimental 
error and independent of the nature of the solute being 
studied. For example, in the case of tetrasodium diphos
phide, a value of 0.165 was found as an average taken over 
some twenty-one experiments in which the quantity of elec
tricity passed ranged from approximately 25 to 100%  of 
equivalence, based on the quantity of sodium used in the 
preparation of the salt. The maximum deviation from the 
mean was 0.012 unit or 7 % , and it showed no trend with the 
extent of electrolysis. In the last five experiments, using 
perfected techniques, it was 3 % . As typical examples we 
submit the following data: expt. 41: 2 .04 millifaradays 
electricity, 0.338 mmole N 2, 0.166 ratio N 2 to electricity; 
expt. 42: 3 .61 , 0 .610, 0 .169; expt. 43: 3 .15, 0 .517, 0.164, 
respectively. The agreement in the case of the dihydro
phosphides was even better, being loss than 2 % . This is 
brought out in Fig. 1, where the yield of nitrogen plotted 
against the extent of electrolysis results in a straight line 
of slope 0.167, which signifies that the ratio of moles of ni
trogen formed to faradays of electricity passed is 1 : 6 .

Whereas the production of nitrogen at the anode is evi
dently independent of the salt type, the yield of phosphine 
is very much a function of the nature of the anion which is

(5) W. C. Johnson and A. Pechukas, J . A m . C h em . S o c ., 59, 2065
(1937).

present in solution. In the case of the dihydrophosphides 
(Fig. 1) we obtain a linear relation on plotting moles of 
phosphine evolved against faradays of electricity; in fact, 
the resulting curve has a slope of unity, signifying that one 
mole of phosphine is obtained per equivalent of electricity. 
But in the case of solutions of tetrasodium diphosphide, a 
sigmoidal type of curve results, as shown by Fig. 2 ; and 
the curve rises almost vertically when electrolysis is ap
proximately 5 0 %  completed, i.e ., at a value of unity on the 
abscissa axis. It may be pointed out that although the 
yield of phosphorus as phosphine was usually determined di
rectly, in a few cases the residue was analyzed for total phos
phorus and the volatilized phosphorus was computed by 
difference; these data are represented by solid circles in 
Fig. 2 . Such a procedure was usually legitimate since in 
those cases when both phosphine and residual phosphorus 
were determined the material balance was entirely satisfac
tory.

One other point bears emphasis in order that a correct 
interpretation may bo given these data. First of all it 
must be realized that each datum shown in Figs. 1 and 2 
represents a complete and independent experiment with 
electrolysis carried to the value given by the abscissa before 
the products were quantitatively removed for analyses. 
In this connection it was found unnecessary completely to 
evaporate our solutions after electrolysis in order to obtain 
quantitative recovery of volatile products. This is signifi
cant since it indicates that any reaction which produces 
phosphine or nitrogen is completed once the electrolysis 
is stopped. Thus the data do not refer to equilibrium 
quantities of volatile products but rather to quantities pro
duced in completed reactions. Furthermore, secondary 
reactions, which conceivably might have also given rise to 
these products, apparently do not occur as the residues 
are taken to dryness.
Electrolysis of Alkali Metal Dihydrophosphides

T h e  over-a ll reaction  a t the an ode during the 
electrolysis o f  the alkali m etal d ih ydroph osph ides 
m a y  be  represented b y  the equ ation

6PH 2-  +  2N H 3 =  6P H 3 +  N 2 +  6e -  (1)

w here six equ iva len ts o f  e lectric ity  serve to  liberate 
one m ole  o f  n itrogen  and six m oles o f  phosphine. 
A s  m a y  be  seen b y  reference to  F ig. 1, the experi
m ental d a ta  are in  g o o d  a ccord  w ith  this equation . 
T h e  solid  lines w ere com p u ted  a ccord in g  to  the 
a b o v e  expression ; the poin ts are experim ental. 
A s  n oted  a b ove , the slopes o f  the lines establish  the 
va lu es o f  th e  coefficients fo r  phosphine and n itro 
gen, respective ly , in  equation  (1).

A n  entirely  analogous result has been  obta in ed  
b y  T ea l and K ra u s ,6 w h o fou n d , on  electro lyzin g  
solu tions o f  sod ium  germ anyl, th a t the an ode re
action  cou ld  be  expressed b y  the equ ation

6G eIl3_  -j- 2N H 3 =  6GeH , -f- N 2 -f- 6e — (2)

I t  is ev iden t th at solven t m u st be in v o lv ed  in 
tim a te ly  in  these reactions since, e ffective ly , fo r  
ev ery  six equ ivalen ts o f  e lectric ity  passed tw o 
m oles o f  solven t are com p lete ly  stripped  o f  their 
h ydrogen . W h ile  the com p lex ity  o f  the processes 
leading to  th is end  result can n ot be  underem pha
sized, th is behavior, i.e., the ox ida tion  o f solvent, 
is n ot unique. In  aqueous system s, for  exam ple, 
w henever con d ition s are favorab le  (h igh discharge 
p oten tia l fo r  the an ion , low  con cen tra tion  o f solute, 
e tc .) electrplysis v e ry  o ften  leads to  the evolu tion  
o f  oxygen  and  accu m u lation  o f h ydrogen  ions a t the 
anode. C on sequ en tly , in  liqu id  am m onia  under 
su itable circum stances, the ev o lu tion  o f  n itrogen  
is n o t unexpected.

H ow ever, an ou tstan d in g  feature o f  th e  present 
stu d y , as well as th at on  sod ium  germ anyl, lies in

(6) G. K. Teal and C. A. Kraus, ibid,, 72, 4706 (1950).
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Q /P.
Fig. 1.— Electrolysis of alkali metal dihydrophosphides 

in liquid ammonia; O, N aPH 2; • . K P H 2. Curve 1, PH 3/P , 
moles phosphine evolved per gram-atom phosphorus in the 
alkali metal salt. Q/P, faradays of electricity passed to 
gram-atoms phosphorus in the alkali metal salt. Curve 2, 
moles nitrogen evolved to gram-atoms phosphorus in the 
alkali metal salt. Solid lines computed according to equa
tion (1 ); points, experimental.

the fa c t  th at the anions are con verted  q u an tita 
tiv e ly  to  the correspon d in g  h ydrides during elec
trolysis. H o w  such  a tran sform ation  can be 
brou gh t a b ou t appears obscu re  until it is recalled 
th at n orm ally , in  the ox ida tion  o f  am m onia, we .. 
should  ex p ect p roton s to  be  liberated  a long w ith  ® 
n itrogen  at the anode. In  v iew  o f the h igh ly  p ro to - 
ph ilic nature o f  the P I L -  and G eIL ;~ ions, it  seem s 
reasonable to  suppose th at th ey  should  com bine 
w ith  th ose  p roton s  im m ed iate ly  in a secon dary  
reaction  form in g  the respective hydrides. In  
effect, then, if w e are w illing to  assum e that w ith  
these system s the p rim ary  an ode reaction  is the 
ox ida tion  o f solven t, w e have here a relatively  
sim ple m eans o f a ccou n tin g  for  the evolu tion  o f 
ph osphine or germ ane. A n d , in addition , it m ay  
be p o in ted  ou t th at th is form u la tion  o f the prob lem  
has p roved  particu larly  fru itfu l in in terpreting the 
results obta in ed  on  electro lyz in g  solutions o f  te tra - 
sod ium  d iph osph ide w hich  w ill be d iscussed in the 
fo llow in g  section.

A d m itted ly  w e have n o  d irect experim ental 
ev iden ce fo r  the a b o v e  m echanism  and several 
a lternative schem es leading to  the sam e sto ich io - 
m etrical end result m igh t be offered to  a ccou n t for 
the an ode produ cts. H ow ever, an y  m echanism  
calling for  the d irect d ischarge o f P H 2“  ions seems 
in ferior fo r  our present purposes. A s a  m atter o f  
fa ct, had this reaction  occu rred  to  an y  appreciable  
extent, one m ight have expected  som e conversion  
to  b iphosph ine, H 4P 2. B u t such a process w ou ld  
have resulted in low er y ie lds o f  b o th  n itrogen  and 
ph osphine than  are called fo r  b y  equ ation  (1) 
and there is n o  ev iden ce po in tin g  in th is d irection .
I t  also seem s unlikely  th at am ide ions m ight be 
present in su fficiently h igh con cen tration s to  
undergo appreciable  d irect discharge. T h e  very  
fa ct th at stable solu tions o f  the alkali m etals m a y  
be obta ined  w ou ld  in d icate  th at th e  self-ion ization  
o f am m onia  is p ractica lly  n il.7

(7) The ion product for ammonia is reported to be 1.9 X 10-33 at
— 50°: V. A. Pleskov and Monoszon, A c ta  P h y s ico ch im ., U .S .S .R .,

1 , 725 (1935).

A  m ore satisfy ing m echanism  fo r  the form ation  o f 
m olecu lar n itrogen  and liberation  o f p roton s w ou ld  
seem  to  b e  on e pattern ed  after th a t suggested b y  
E yrin g , et al.,s to  a ccou n t fo r  the overvo ltages o f  
h ydrogen  and oxygen  in  aqueous system s. A s  an 
essential feature o f  th is th eory  it  is p rop osed  that 
these gases result from  a break -dow n  o f the solvent 
itself and are n o t necessarily  form ed  b y  the dis
charge o f  h ydrogen  or  h y d rox y l ions. I t  seem s 
likely th at som e such m echanism  is operative 
during the electrolysis o f  the alkali m etal ph os
phides under ou r experim ental conditions.

Electrolysis of Tetrasodium Diphosphide
D a ta  show ing the course o f  ph osph ine evolu tion  

on  electro lyzin g  solu tions o f  tetrasodium  d ip h os
ph ide are presented graph ica lly  in  F ig . 2. A s in 
F ig. 1, the ratios, P H 3/ P  and Q /P ,  represent the 
m oles o f  phosphine evo lved  and the faradays o f 
e lectric ity  passed, respectively , b o th  d iv ided  b y  the 
gram -atom s o f phosphorus used in preparing the 
d iph osph ide salt.

Fig. 2 .— Electrolysis of tetrasodium diphosphide in liquid 
ammonia: PH 3/P , moles of phosphine evolved per gram- 
atom of phosphorus in the diphosphide; Q/P, the ratio of 
faradays of electricity passed to gram-atoms of phosphorus 
in the diphosphide: O, data based on phosphine evolved; 
•  , data based on residual analyses.

O bviou sly  the situation  here is m ore  com plicated  
than w ith  the d ih ydroph osph ides and  there is no 
sim ple relation  betw een  the y ie ld  o f  ph osph ine and 
the exten t o f electrolysis. B u t a clue as to  w hat 
m a y  be occu rrin g  is g iven  b y  the co n sta n cy  o f  the 
p rod u ction  o f n itrogen. A s  n oted  a b ov e , the 
average ratio o f  m oles o f  n itrogen  p rod u ced  to  
equ ivalents o f  e lectric ity  passed w as 0.165. This 
certa in ly  suggests th at w e should  consider the 
ox ida tion  o f solven t am on g  th e  p rim ary  anode 
reactions since the equ ation  representing this 
reaction , nam ely

8 N H 3 =  N 2 +  6N H 4+ +  6 e -  (3)

predicts a n itrogen  to  e le ctr ic ity  ra tio  o f  1 :6  or 
0 .167. T hen , as in  the case o f  th e  d ih y d rop h os
phides, secon dary  reactions o f  p roton s  w ith  solu te  
m ight a ccou n t fo r  the evolu tion  o f phosphine.

O n  reference to  F ig. 2 it  m a y  be  noted th a t v ery  
little phosphine was ev o lv e d  until approx im ately  
5 0 %  electrolysis, i.e ., up  to  a  va lu e  o f u n ity  on  th e  
abscissa axis. A t  th is p o in t the curve has a v ertica l 
segm ent w hich  can  on ly  m ean th at the a d d ition  o f

(8) II. Eyring, S. Glasstone and K. J. Laidler, Trans. Electrochem. 
Soc., 76, 145 (1939).
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a few  am m onium  ions (b y  electrolysis o f  solvent) 
in th is region  causes the ev o lu tion  o f an exceed in gly  
large n um ber o f ph osphine m olecules. In  fact, 
substantia lly  all the phosphine is e v o lv e d  at this 
po in t. T hereafter, the p rod u ction  o f ph osphine 
falls off m easurably  w ith  a d d ition a l e lectrolysis 
and the curve approach es the horizonta l.

T h e  a b ov e  results m a y  be m ore readily  inter
preted  b y  reference to  F ig. 3. H ere there is p lotted  
w hat m ight he term ed the “ solu te  co m p o sitio n ”  
versus the extent o f  electrolysis. T h e  ordinate 
values, H /P ' ,  represent the equ iva len ts o f  h ydrogen  
in trodu ced  b y  electrolysis m inus those e v o lv ed  as 
phosphine d iv ided  b y  the gram -atom s o f ph os
phorus rem aining in the so lu tion ; the axis o f abscis
sas is the sam e as th at em p loyed  in preparing F ig. 2.

Fig. 3.— Elect) olysis of tetrasodium diphosphidc in liquid 
ammonia; curve for “ solute’ ’ composition. H /P ',  gram- 
atoms hydrogen introduced by electrolysis minus that 
evolved as phosphine over the gram-atoms of phosphorus 
remaining in solution. Q/P, faradays electricity passed to 
gram-atoms phosphorus in the alkali metal salt. Dotted 
line represents composition curve if no phosphorus were 
evolved as phosphine.

T hree d istin ct regions, m arked  b y  breaks in the 
curve, m a y  be n oted  in F ig. 3. T h e  first region 
ranges from  zero on  the abscissa axis, Q /P ,  to  
a p prox im ately  0 .5 ; the second  includes the region 
betw een  app rox im ate ly  0.5 and 1.0; the third 
extends to  2 .0, w here electrolysis m a y  be  assum ed 
to  be  com plete , based on the num ber o f fa radays 
needed  to  electrolyze out the sod ium  ions.

L ittle  or no phosphine evolu tion  occu rred  for 
Q /P  values betw een  0 and approx im ately  0.5, 
i.e ., before e lectrolysis was a b ou t 2 5 %  com plete . 
T h is  w e interpret as being due to  the a bsorp tion  o f 
p roton s  b y  t.ie  d iph osph ide  ion , form in g the 
species P 2H ~ 3 accord in g  to  the equation

I V  +  N H 4+ =  P sH -» +  N IL  (4)

I f  ph osph ine were not evo lved , the com p osition  
cu rve  w ould  fo llow  the d otted  line. H ow ever, 
a fter a Q /P  v a ’.ue o f  a p prox im ately  0.5 som e ph os
phine is produ ced , the curve bends som ew hat 
tow ard the abscissa axis and the experim ental 
po in ts  fall under the d otted  line. B etw een  a Q /P  
va lu e  o f 0 .5  and 1.0 it seem s reasonable to  propose 
that the prin cipal reaction  is one betw een  p roton s 
liberated at the anode and p ro top h ilic  IkII 3 ions 
w hich  leads to  the species, P 2H 2-2 , a ccord in g  to  the 
equation

IMI--1 +  NH4+ = ly i .- *  +  N I L  (5)

T h e  existence o f  a d ih ydrod iph osph ide  ion  also 
seems reasonable on the basis o f  certain  chem ical 
studies reported  p rev iou sly31’ and the species a p 

pears to  be stable in liqu id  am m onia  solu tion . 
T o  sum m arize the chem ical ev id en ce : (1 ) W hen  
tw o  equ iva len ts o f  am m onium  brom ide  are added  
to  solutions o f  tetrasodium  d iph osph ide there is a 
p ercep tib le  change in  co lor  and v e ry  little  ph os
ph ine is evo lved . (2) I f  less than  an equ iva len t 
o f  sod iu m  m etal is added  to  the a b ov e  solu tion  the 
blue co lor o f  free m etal persists a fter m a n y  hours 
standing  and  n o  gas is evo lved . T h is  attests to  
the absorp tion  o f p roton s b y  the p rotop h ilic  d i
ph osph ide ions and to  the n on -red u cib ility  o f the 
resulting p rodu ct. Thus, ev iden ce presented in
(1) and (2) suggests th at reaction  betw een  am 
m onium  and d iph osph ide ions has p roceeded  to  the 
stage in d icated  b y  equ ation  (5) above .

In  light o f the ev iden ce presented a b o v e  w e are 
led to  con clu de  th at the ion , P 2H 2“ 2, exists and is 
stable in  liqu id  am m onia, and th at the evolu tion  
o f ph osphine in region 2 m ust result from  a side 
reaction  in  w hich  solven t m ay  be  in vo lved . U n 
d ou b ted ly , in this region there is com p etition  for  
p roton s betw een  the species P 2H ~ 3 and P 2H 2“ 2 
and it does n ot seem  unlikely  th at the latter m ay 
in part be con verted  to  a m ore h igh ly  p roton ated  
species, w h ich  m a y  either d ecom pose  d irect ly  or 
react w ith  solven t evo lv in g  phosphine, perhaps b y  
som e such m echanism  as is discussed below .

In region  3 there is d irect ev iden ce  th at so lven t 
enters in to  reaction  w ith  one or m ore o f the h y d ro 
genated  d iph osph ide species. A s n oted  a b ove , in 
the n eigh borh ood  o f u n ity  on the abscissa axis, the 
com position  curve drops extrem ely  rap id ly  from  an 
ord inate value o f approx im ately  0.6 to  a va lu e  o f 
— 0.6. N egative  values for  the ord inate s ign ify  
th at m ore h ydrogen  has been ev o lved  as ph osph ine 
than  w as in trodu ced  as p roton s b y  electrolysis. 
T h is  can  on ly  m ean that, in  add ition  to  an od ic 
ox idation  o f  solvent, there has been ch em ical attack  
o f solven t. F urtherm ore, since th is rap id  d rop  in 
the curve occu rs over such a sm all range o f Q / P  
values, th is extensive p rod u ction  o f p h osph in e  in 
som e w ay  m ust h ave  been  in itiated  b y  the an od ic 
processes, p rob a b ly  through  the in trod u ction  o f 
proton s. T h ou gh  w c refrain from  offering a co n 
crete m echanism  for  this process, w e should  like to  
propose  a ten tative  explanation— and w o feel its  
v a lid ity  m a y  be  tested  b y  further experim ent— as 
poin ted  ou t below .

R eferrin g  b a ck  to  F ig. 2, it is to  be  n oted  th at 
a fter the rapid  break  in the curve, th e  P H 3/ P  values 
increase gradually  and then  level o ff at ap p rox i
m ately  0.58 as e lectrolysis is con tin u ed , in d icatin g  
th at after a p prox im ately  5 0 %  electrolysis little  or 
no additional phosphine is liberated and th at m ost 
o f  the p roton s p rodu ced  at the an ode thereafter 
rem ain in solu tion  as such or otherw ise enter in to  
reaction . A t  1 0 0 %  electrolysis, then, roughly  
5 8 %  o f th e  phosphoru s has been vola tilized  as 
phosphine. S ince th is va lue is n o t far rem oved  
from  th at obta ined  b y  the d irect d ecom p osition  o f 
b iph osph in e  in  liqu id  am m onia ,9 i t  seem s likely  
that, b iph osph in e  m a y  be  in v o lv ed  as an en d - 
p rod u ct in the p roton ation  process. A t  an y  rate, 
if we m a y  assum e this to  be true, w e have a ten ta -

(9) Values ranging between 60 and 63% have been obtained; 
unpublished observations, E. H. Street, Jr., this Laboratory.
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liv e  explanation  fo r  the form  o f the curve in the 
n eigh borh ood  o f the p o in t o f  5 0 %  electrolysis, as 
explained below .

I t  w ould  appear in the first p lace th at the p ro ton - 
cata lyzed  reaction  is necessarily  o f  the chain  type , 
i.e., a  species p rod u ced  b y  the absorp tion  o f p roton s 
initiates a reaction  w ith  so lven t and is regen erated ; 
and the chain -break ing step in w hich  phosphine is 
produ ced  is the d ecom position  o f som e other species, 
say b iphosphine, w hich  is one o f the p rod u cts  o f the 
chain  reaction. S ince it appears unlikely that 
either the P 2H 2“ 2 ion  or b iph osph in e undergoes 
reaction  w ith the so lv e n t10 w e are forced  to  attribute 
the ca ta ly tic  a c t iv ity  to  an interm ediate species 
w h ich  log ica lly  m a y  be form ed  b y  further p ro ton a 
tion  o f the i b lL  2 ion , nam ely, IL IE  . In  order 
for  reaction  to  o ccu r  w ith  solvent the P 2H 3_  ion 
appears to  be con siderab ly  m ore p rotoph ilic  than 
its precursors. W e  suggest th at reaction  w ith  sol
ven t occu rs accord in g  to  the equation

P ,H 3-  +  N IL  =  PAL +  N H 2-  (6)

T hen , to  establish the chain, b iph osph in e reacts 
w ith  the d ih yd rop h osph ide  ion , w hich  is present in 
considerable q u an tity  at the break -poin t in  the 
curve, a ccord in g  to  the equ ation

P2H 4 +  P A L “ 2 =  2 P A L - (7)

H ence, b y  the add ition  o f  v e ry  few  proton s we 
m a y  h ave an extensive reaction  w ith  solvent. T h e 
chain -break ing step then  in volves the som ew hat 
slow er d ecom p osition  o f b iph osph in e leading to  the 
evo lu tion  o f phosphine. I t  w ou ld  seem  possible 
th at the a b ov e  m echanism  m igh t be verified  b y  an 
a ttem pt to  determ ine w hether am ide ions are p ro 
d u ced  in the region  o f 5 0 %  electrolysis. B u t in 
an y  even t, th is research seem s to  dem onstrate 
qu ite well th a t the d iph osph idc ion  adds p roton s 
stepw ise and is con verted  in to  partia lly  h ydrogen 
ated species at the anode, and it suggests th at the

(10) The solid residue from the decomposition of biphosphine in 
liquid ammonia contains nitrogen. This may be substantially re
moved as ammonia by pumping and heating; consequently, solvent 
docs not appear to be involved chemically; unpublished observation, 
this Laboratory.

electro ly tic  m eth od  m ight be generally  useful in 
in vestigatin g  the beh av ior o f  p rotop h ilic  anions.

In  conclusion  it is o f interest to  n ote  th at the 
m echanism  postu lated  above , in v o lv in g  as it does 
the species P 2H 3~, serves to  augm ent certain  o f 
our previous d ed u ction s regarding the properties of 
the d iph osph ide ion w hich  were based 011 chem ical 
ev id en ce .3b F or exam ple, as n oted  in the in tro 
du ction , w hen  solutions o f  the d iph osph ide  are 
treated  w ith an equ ivalent am ou n t or m ore o f 
am m onium  brom ide, phosphine is e v o lv e d  m uch 
as in the e lectro ly tic  m ethod . U n d ou b ted ly  in this 
case the reaction  y ields b iphosph ine b y  a stepw ise 
process, but, p robab ly , so lven t is n ot in volved  
since here the P 2H 3~ ion  w ou ld  have proton s ava il
able in a m uch  m ore active  form , nam ely, as am 
m on iu m  ions. F urtherm ore, it prov ides a fairly  
satisfactory  explanation  fo r  the course o f  the re
action  w h ereby  d iph osph ide ions m ay be reduced  to  
d ih ydroph osph ide  ions. T o  accom plish  th is a 
solution  conta in ing  tetrasodium  d iph osph ide  and 
free sod ium  is treated w ith  fou r equ ivalen ts o f 
am m onium  brom ide3b; reaction  then occu rs a c 
cord in g  to  the equ ation

P2- ‘ +  2 c - +  4NIL+ =  2PHa-  +  4NIL (8)

Since a solution  o f the d iph osph ide salt conta in ing  
twyo equ ivalents o f  m etal was show n to  be stable 
tow a rd  reduction , it  w as suggested th at p ro ton a 
tion  p ro b a b ly  proceeded  stepw ise through  the 
stage P 2H 2-2 to  b iphosph ine before  the P - P  bon d  
w as su b ject to  attack  b y  the so lva ted  e lectron . 
I 11 light o f  the present research, it  w ou ld  seem 
that, under con d itions leading to  reaction  accord in g  
to  equ ation  (8), the species, P 2H 3~, because o f its 
extrem ely  p rotoph ilic  character, m ight h ave on ly  a 
transitory  ex is ten ce ; con sequ ently , con version  from  
P 2H 2-2  to  P 2H 4 occu rs im m ediate ly  as am m onium  
b rom ide  is added  and the latter then undergoes 
a ttack  b y  the so lvated  e le ctron .11

(11) Even though unstable in liquid ammonia, biphosphine may 
be quantitatively converted by sodium to the dihydrophospbide 
salt under suitable conditions; unpublished observations, E. H. 
Street, Jr., this Laboratory.
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POLAROGRAPHY IX LIQUID AMMONIA. V.1 THE POLAROGRAPIIY OF 
LEAD, CADMIUM, ZINC, NICKEL, COBALT, CHROMIUM AND ALUMINUM
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The reduction o ' the P b(II), C d(II), N i(II), Zn(II), C o(III), C o(II) and C r(III) ions has been studied at the dropping 
mercury electrode in anhydrous liquid ammonia. Of those ions, a reversible reduction was found for P b(II), C d(II), and 
for the first step in the reduction of C r(III). The electrode reaction of N i(II) was clearly irreversible, while that of Zn(II) 
deviated less from reversible behavior. The C o(III), C o(II) system was irreversible at the dropping mercury electrode. 
The second steps in the reduction of C o(III) and C r(III) were not well defined. The A 1 (111) ion was not reduced at the 
dropping mercury electrode at potentials more positive than that required for electron dissolution. Attempts to produce 
stable A1(I) or A l(II) ions by chemical reduction of A l(III) and by anodic oxidation of metallic aluminum, and to detect 
these ions by means of the dropping mercury electrode, were unsuccessful.

P reviou s studies at the d rop p in g  m ercu ry  elec
trod e  in an hydrou s liqu id  am m onia  h ave included 
investigations of the m ercu ry  p oo l an od e ,2 thallium -
( I )  , co p p e r (I I ) , the am m onium  ion  and m olecular 
o x y g e n ,1 the alkali m etal ion s ,3 the electron  elec
tro d e 4 and the alkaline earth  ions.6 In  this w ork  
polarograph ic techniques h ave been  used in an 
investigation  of the e lectrochem ical beh av ior of 
several other ions.

Experimental
The apparatus and experimental techniques, with the 

exception of a few minor modifications, have been previously 
described in detail.2 The reference electrode consisted of 
the mercury pool; the potential and characteristics of this 
electrode have beer, previously determined.2 The half-wave 
potentials were checked by the pilot ion method, using 
either the T1(I) or the C d(II) ion as the reference. The 
current-voltage curves were recorded with a Sargent model 
X X I  polarograph. The measured potentials were checked 
with a student type potentiometer.

Materials.— The ammonia, which was obtained from a 
cylinder of the commercial product, was freed of oxygen 
and water by condensation over potassium. Anhydrous 
aluminum iodide was prepared by a method outlined by 
Fitzgerald.6 The product, freed of iodine by fractional sub
limation, was pure white in color. Hexamminecadmium-
(II)  nitrate and tcIramminezinc(II) nitrate were precipi
tated from aqueous ammonia-saturated solutions by the 
addition of ethyl alcohol; the precipitates were washed with 
alcohol and ether. Hexamminenickel(II) iodide7 and hexam- 
minecobalt(III) nitrate8 were prepared by methods given in 
“ Inorganic Syntheses.”  Hoxamminerhromium(III) iodide 
was synthesized by a method described by Jorgensen.9 The 
product was purified by three recrystallizations from a 1 :1 
H I solution. Cobalt(II) chloride and cobalt(II) iodide 
were prepared by oven-drying the hydrated salts at 115° and 
135°, respectively.

The supporting e octrolytos consisted of potassium iodide, 
potassium nitrate, ammonium iodide and tetrabutylam- 
monium iodide. The first three sails, of reagent grade, 
were oven-dried at 100°. Tetrabutylammonium iodide was 
purified by recrystallization from anhydrous ethyl acetate.

Results and Discussion
Reduction of Lead(II) Ion.— In the presence of 

a trace o f  m ethyl cellulose and w ith  a  supporting
(1) For paper IV of this series, see II. A. Laitinen and C. E. Shoe

maker, J. Am. Chem. Aoc., 72, 4975 (1950).
(2) H. A. Laitinen and C. E. Shoemaker, ibid., 72, 603 (1950).
(3) H. A. Laitinen and C. J. Nyman, ibid., 70, 2241 (1948).
(4) H. A. Laitinen and C. J. Nyman, ibid., 70, 3002 (1948).
(5) C. J. Nyman, ibid., 71, 3914 (1949).
(6) F. F. Fitzgerald, ibid., 29, 1693 H907).
(7) L. F. Audrieth, et ah, “ Inorganic Syntheses,"  Vol. Ill, McGraw- 

Hill Book Co., Inc., Ne.»v York, N. Y., 1950, p. 194.
(8) W. C. Fernelius, e.t nl., “ Inorganic Syntheses,” Vol. II, McGraw ■ 

Hill Book Company, Inc., New York, N. Y., 1946, p. 218.
(9) S. M. Jorgensen, J. prakt. Chem., [2] 30, 22 (1884).

e lectro ly te  o f 0.1 M  K I  or 0.1 M  N H J  the P b (I I )  
ion  gave a w ave w ith  no m axim um . T h e  value 
o f the reciproca l slope o f a p lo t o f log  (¿d — i ) / i  vs.
E . 0.027 as com pared  w ith  the theoretica l va lue o f 
0 .024 fo r  a tw o electron  redu ction  at —3 6 °, in d i
cates th at the electrode reaction  is reversible.

P lesk ov  an d  M o n o sso n 10 have ca lcu lated  that 
the standard  poten tia l o f the P b -P b (I I )  e lectrode  
is 0.043 v . versus the lea d -0 .1  N  lead n itrate 
electrode a t  — 50 °. W ith  this in form ation  a.id 
data  concern in g  the poten tia l o f a saturated  lead 
am algam ,11’ 12 the theoretical h a lf-w ave potentia l 
for P b (I I )  is calcu lated, neglecting tem perature 
differences, to  be  0.04 v . versus th e  lea d -0 .1  N  
lead nitrate electrode.

W hile the polarograph ic w ave for  the P b (I I )  
ion  is very  regular in appearance, it w as observed  
th at in general polarogram s recorded  on  fresh ly  
prepared solutions were som ew hat erratic. T h is 
beh av ior was accen tu ated  w hen sam ples o f  lead 
iod ide w ere added  to  solu tions con ta in ing  am m o
nium ion  at m illim olar concentrations, or w hen a 
sm a'l q u a n tity  o f am m onium  ion  w as added  to  
neutral or slightly  acid ic solu tions o f lead iod ide. 
U nder these con d ition s the solutions had to  be 
a llow ed to  stand for abou t 30 m inutes to  obta in  a 
w ell d eveloped  polarogram . T h e  w ave, in fresh ly  
prepared  solutions, appeared to  be roughly  d iv ided  
in to  tw o parts, the first occu rrin g  a b ou t 0.2 v o lt  
before  the second , w hich  co in cided  w ith the u pper 
p ortion  o f the norm al w ave. T h e  first w ave was 
very  ragged in appearance; its h eight on  the first 
polarogram  taken  a fter preparation  o f the solution , 
was a b ou t 0.8 o f the com bin ed  heights o f b oth  
w aves. I t  d isappeared com p lete ly  in a b ou t 30 
m inu tes; the lim iting current rem ained u nchanged  
during this period  o f tim e.

T hese fa cts  can be  m ost readily  expla ined  in 
term s o f a slow  reaction  in v o lv in g  the P b (I I )  ion. 
F ran k lin 13 reports that this ion  is exten sively  
a m m on olyzed  in  a neutral solu tion . T h e  am m on o- 
basie salts N H 2- P b - N H - P b - N 0 3 and P b = N -  
P b -I '2 N H s  can  be  isolated  from  such  a  solution . 
T h e  d issolved  salts are con verted  to  insoluble

(10) W. A. Pleskov and A. M. Monosson, Ada Physicochim.
U.R.S.S., 1, 871 (1935).

(11) R. II. Gerke, J. Am. Chem. Soc., 44, 1684 (1922).
(12) C. S. Hoyt and G. Stegeman, T his J o u r n a l ,, 38, 753 (1934).
(13) E. C. Franklin, “ The Nitrogen System of Compounds,” 

Reinhold PuDlishing Corp., New York, N. Y., 1935, pp. 75, 76.



June, 1953 POLAROGHAPHY OF M E T A L  I o .NP IN LIQU ID AM M ONIA 565

am m onobasie salts b y  the a dd ition  o f potassium  
am ide. I t  is reasonable to  assum e that the a tta in 
m ent o f  a m m on oly tic  equ ilibrium  is rather slow , 
since the ions in v o lv ed  are rather com plex. T o  
explain  the partial redu ction  o f P b (I I )  at early  
potentials, one m a y  postu late  the existence for  a 
short tim e o f ions, p rob a b ly  relatively  sim ple, 
in com plete ly  a m m on olyzed  ions, w hich  are m ore 
readily  redu ced  than the ions w hich  exist at equ ilib 
rium  cond itions.

P olarogram s o f the lead (I I )  ion, w ith  tetrabu tyl- 
am m onium  iod ide  as the su pportin g  electrolyte , 
d id  n ot furnish ev iden ce  o f  a reduction  to  the 
norm al p lu m bide or to  one o f the polyan ions, such 
as Pb74 - and P b 94~, w hich  h ave been  reported  in 
the litera tu re .14’ 16

T a b l e  I

Ion
Concn. 
X 103 i a volt

Slope, E  v s .  
log id — i / i

P b (II) 1 .33* 4 .8 0 0 01 0 .0 2 7
0 . 4 + 4 .8 3 .01 .026
1 .4 5 “ 4 .7 6 .01 .028

C d (II  )e 0 .6 2 4 .7 6 .4 5 .0 2 8
1 .2 3 4 .7 0 .45 .0 2 8

Z n ( I i r 0 .3 3 4 .9 5 .8 9 .0 3 7
1.22 5 .0 7 .8 9 .0 3 5

N i(H )e 0.68 4 .6 2 .7 9 .0 4 2
1 .1 5 4 .7 5 .7 9 .046

“ /  =  t’d/Cffl’ /ii 'A . b Versus lead-0.1 .V lead nitrate elec
trode. ' 0.1 M  K I  as supporting electrolyte. J 0.1 M  
N H J  as supporting electrolyte. '0 .1  M  K N O 3.

Reduction of Cadmium (II) Ion.— T h e  reduction  
o f C d (I I )  at the d ropp in g  m ercu ry  electrode p ro
ceeded  in on e reversible tw o-e lectron  step, the 
p lot o f log  (?'d — i ) / i  vs. E  being a straight line w ith a 
reciprocal slope o f 0.028. T h e  w ave possessed a 
slight m axim um  w hich  w as effective ly  suppressed 
b y  a trace  o f m ethy l cellulose. T h e  diffusion  
current w as d irectly  proportion a l to  concen tration .

P lesk ov  and M o n o sso n 10 con stru cted  the cell

Cd|Cd(N O ,)2 (0.1 A )| K N 0 3 (satd.)| P b (N 0 3)2 (0.1 N )\\Pb

and fou n d  its e .m .f. to  be  0 .522 v . at — 50°. U sing 
the N ern st equation , the standard potentia l o f the 
ca d m iu m -ca d m iu m (II) electrode w as ca lcu lated  
to  be  — 0.48 v . versus the lead -0 .1  N  lead nitrate 
electrode. N eg lectin g  tem perature differences, the 
va lue o f the theoretica l h a lf-w ave potential o f 
C d (I I ) ,  ca lcu lated  from  the standard poten tia l and 
the p oten tia l o f  a saturated cadm ium  am a lga m ,15-17 
is — 0.41 v .

Reduction of Nickel(II) Ion.— T h e polarograph ic 
w ave for  the red u ction  o f the N i(I I )  ion, w ith  sup
porting  e lectrolytes o f 0.1 M  potassium  nitrate or 
0.1 M  potassium  iod ide, was entirely  sym m etrica l 
in form , even in the absence o f  a m axim u m  sup
pressor. O f the d ipositive  ions investigated , h ow 
ever, its redu ction  appeared to  be  the m ost irrever
sible, the reciproca l slope o f the p lot o f log  (+  — 
i ) / i  vs. E  being 0.042 to  0.050. In  this respect the 
am m onated  N i(I I )  ion  is sim ilar to  the aquated

(14) C. A. Kraus, Chem. Revs., 8, 251 (1931).
(15) E. Zintl, J. Goubeau and W. Dullenkopf, Z. physik. Chem., 

Abt. A, 154, 1 (1931).
(16) G. A. TIulett, Trans. Am. Electrochem. Soc., 7, 333 (1905).
(17) C. E. Teeter, J. Am. Chem. Sec., 53, 3917, 3927 (1931).

N i(I I )  ion. T h e  h a lf-w ave poten tia l o f the cu rren t- 
vo ltage  cu rve  was — 0.79 v . T h ere  is no value 
in the literature fo r  the standard  potentia l, in 
liqu id  am m onia, o f the n ic k e l-n ic k e l( i l)  electrode, 
hence it is n ot possib le  to  ca lcu late  a  theoretical 
h a lf-w ave potential. T h e  observed  h a lf-w ave p o 
tential m a y  be appreciab ly  m ore  n egative than the 
true reversible h a lf-w ave potentia l.

Reduction of Zinc(II) Ion.— T h e polarograph ic 
w ave for Z n (I I ) , w ith a su pportin g  e lectro ly te  o f
O. 1 M  potassium  nitrate or 0.1 M  potassium  iod ide, 
w as characterized b y  a m axim u m  w hich  was nearly  
com plete ly  suppressed b y  a trace o f  m eth y l cel
lulose. T h e  p lot o f log  (id — i ) / i  vs. E  w as a straight 
line w ith  a reciprocal slope o f 0 .035 to  0 .039; this 
ind icates a significant departure from  reversib ility , 
a lthou gh  the effect m a y  be due in  part to  in com plete  
suppression o f stirring at the d rop p in g  m ercury  
electrode.

P lesk ov  and M o n o sso n 10 m easured the e.m .f. o f 
the cell

Zn|Zn(N 03)2 (0.1 N )\K N (h  (satd.) |Pb(N 03)2 (0.1 A)|Pb

and fou n d  it  to  be  0.848 v . at — 50 °. T h e  
va lu e o f the standard poten tia l o f the z in c -z in c  
(I I )  electrode w as ca lcu lated  b y  m eans o f  the 
N ern st equation  to  be  — 0.81 v . at — 50 °. U sing 
this value and the poten tia l o f  a saturated  zinc 
am algam 13’ 19 the theoretica l h a lf-w ave poten tia l o f 
Z n ( I l )  is ca lcu lated  to  be — 0.80 v . T h e  disagree
m ent betw een  this va lue and the observed  half
w ave potential, — 0.89 v ., m a y  be  a ttribu ted  largely 
to  the lack o f com plete  reversib ility  in the redu ction  
o f Z n (I I )  at the d ropp in g  m ercury  electrode.

The Reduction of Cobalt (III) and Cobalt (II) 
Ions.— C o b a lt (I I I )  w as reduced , as expected , in 
tw o steps, the diffusion  current o f  the secon d  w ave 
being tw ice  th at o f  the first. T h e  first w ave was 
well d eveloped  in the presence o f  either potassium  
nitrate or tetrabutylam m on iu m  iod ide as the sup
porting  electro ly te . Its h a lf-w ave poten tia l was 
+ 0 .0 5  v .;  neglecting d ifferences o f  d iffusion  co 
efficients and a c tiv ity  coefficients o f the coba ltic  
and coba ltous ions, this poten tia l should  be  close 
to  the standard  poten tia l o f  the co b a lt ic -co b a lto u s  
ion  electrode if the redu ction  m a y  be considered 
reversible. T h e  reciprocal slope o f the p lo t o f log 
(fa — i) A  vs. E  was 0.058, as com pared  to  the theo
retical va lue o f 0 .047; on this basis the electrode 
reaction  w ould  appear to  be  nearly reversible. 
T h e  assum ption  o f reversib ility  is in this case 
w ith ou t ju stification , h ow ever, as the C o (I I )  ion  
was n ot oxid ized  a t potentia ls m ore negative than 
th at at w h ich  m ercu ry  starts to  d issolve anodically .

A ccord in g  to  B jerru m ,20 C o (I I )  is extensively  
am m onated  on ly  in the presence o f  a large excess o f 
am m onia, in aqueous system s. T h e  hexam m ine- 
c o b a lt (I I I )  ion  is n ot reversib ly  reduced  in aqueous 
so lu tion s.21 I f  the redu ction  in volved  on ly  the 
transfer o f  an electron  w ith ou t loss o f am m onia  o f 
coord in ation  it m ight be expected  to  be reversible.

(18) W. J. Clayton and W. C. Vosburgh, ibid., 58, 2093 (1936).
(19) J. N. Pearce and J. F. Eversole, This Journal, 32, 200 (19281.
(20) J. Bjerrum, “ Metal Ammine Formation in Aqueous Systems,”

P. Haase and Sons, Copenhagen, 1941, p. 189.
(21) H. A. Laitinen, J. C. Bailar, H. F. Holtzclaw and J. V. Quagli- 

ano, J. Am. Chem. Soc., 70, 2999 (1948).
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R easoning  on  diis basis one m ight have predicted  
th at the co b a lt ic -co b a lto u s  electrode w ould  be 
reversible in liqu id  am m onia. A  strict parallel 
can n ot be draw n betw een  the w ater and am m onia 
system s, h ow ever, as in liqu id  am m onia  b o th  ions 
are u n d ou b ted ly  su b ject to  am m onolysis as well 
as am m onation , and therefore p rob a b ly  d o  n ot 
exist as sim ple am m onated  ion s22 as does the hex- 
a m m in e co b a lt(III ) ion  in w ater. T h e  irreversi
b ility  o f the co b a lt ic -co b a lto u s  system  in liqu id  
am m onia m ay , in accordan ce  w ith  the a b ove  state
m ent, be due to  a low  atta inm ent o f an am m on o- 
ly t ic  equilibrium .

T h e  second  step in the redu ction  o f C o (I I I )  
exh ibits a p ron ou n ced  m axim um  w hich  w as n ot 
suppressed b y  m ethy l cellu lose. T h e  h a lf-w ave 
potentia l, a b ou t — 1.1 v ., cou ld  n ot be established 
accu rately . T h e  diffusion  current plateau was 
well defined, how ever.

Reduction of Cobalt(II) Ion.— As stated  p rev i
ously , this ion did  n ot ox id ize at the d ropp in g  m er
cu ry  e lectrode. T h e  redu ction  o f C o (I I )  to  the 
am algam  occu rred  at a h a lf-w ave p oten tia l o f  — 1.1 
v . T h e  polarograph ic w ave had a m axim um , and 
appeared to  be v ery  sim ilar to  the w ave for  the 
second  step in she redu ction  o f C o  (I I I ) .

T able II
Slope, E vs.

Concn. i — E 1/ 2, volt log (t — <)/»
Ion X 103 A“ B* A” B f> A» Bi>

C r(III) 0 .3 3 '’ 2 .4 6 0 .7 4 0 .0 4 8
1 .03* 2 .5 1 .7 3 .051
0 .4 3 '' 2 .2 5 4 .3 2 .7 3  1 .4 1 .0 5 7  0 .0 8
1 .0 1 " 2 .3 7 5 .0 7 .7 4  1 .4 6 .0 5 9  0 .0 9

C o(III) 0 . 4 9 * 2 .2 4 - .05 .0 5 8
1 .56* 2 .1 4 — .0 4 .0 5 9
0 .4 6 " 2 .1 5 4 .2 5  - .0 4  ( 1 . 1 ) .0 5 8
1 .0 6 " 2 .2 4 4 .2 0  - .0 4  ( 1 . 1 ) .060

° First wave. b Second wave . c 0.1 M N H 4I. "S a t -
urated solution of tetrabutylammonium iodide. e0.1 M
k n o 3.

Reduction of Chromium (III) Ion.— H ere also a 
tw o-step  redu ction  was fou n d . T h e  first w ave was 
preceded  b y  a prew ave, w ith either te trabu ty l
am m onium  iod ide or am m onium  iod ide as the 
su p portin g  electrolyte . T h e  height o f  this pre
w ave, 0 .25 /na., did n o t v a ry  w ith  changing con cen 
tra tion  o f C r (I I I ) .  O therw ise the w ave form  
seem ed  to  be qu ite norm al. T h e  h a lf-w ave p o 
tential, — 0.79 v ., was the sam e in b o th  m edia. 
T h e  redu ction  was reversible in acid  solutions, bu t 
dep arted  som ew hat from  reversib ility  in neutral 
solutions, the reciproca l slopes o f p lots o f log  (?'d — 
i ) / i  vs. E  being 0.049 and 0.058, respectively . T h e  
diffusion  lim ited  current for this w ave was p rop or
tional t o  the con cen tration  o f C r (I I I )  if the pre
w ave w as considered  as part o f the first step.

T h e  secon d  w ave, obta ined  on ly  w ith  te trabu ty l
am m onium  iod  de as the supportin g  electrolyte , 
was m arred b y  a slight irregularity  on the diffusion 
current p lateau  abou t 0.2 v . a fter d iffusion  lim ited 
current had been  attained. A t  con cen tration s o f 
C r (I I I )  greater than  0.5 m illim olar, the irregularity 
becam e a p ron ou n ced  hum p, the currents on either 
side o f the hum p being equal. T h e  w ave height of

(22) F. w. Bergstrom, J . A m . C h em . Sot-., 46, 2032, 2634 (1924).

the secon d  step was on ly  a p prox im ately  (2 .0  ± 0 . 1 )  
tw ice  th at o f  the first step.

Experiments with Aluminum(III) Ion.— Jirik 
and D a v id son 23 have recen tly  postu lated  a transi
to ry  existence o f the A 1(I) ion  to  a ccou n t for  
results obta in ed  w ith  the an od ic ox ida tion  o f 
a lum inum  in anhydrous acetic acid. B ennett, 
K le in berg  and  D a v id so n 24 advan ced  a  sim ilar 
exp lanation  for  results o f  experim ents on  the 
an od ic ox ida tion  o f alum inum  in liqu id  am m onia . 
W a tt, H all and C h op p in 25 titrated  liqu id  am m onia  
solutions o f  a lum inum  iod ide  w ith  potassium , 
p oten tiom etrica lly , and con clu ded  th at the A l ( I I I )  
ion  was reduced  stepw ise to  A l(I I )  and A 1(I).

E xperim ents perform ed  in this L a b o ra to ry  have 
n ot furnished ev iden ce  o f the existence o f stable 
low er ox id a tion  states o f alum inum  in liqu id  
am m onia. A  single polarograph ic w ave, w ith  a 
m axim um , w as fou n d  for  solutions saturated w ith  
tetrabutylam m on iu m  iod ide and con ta in ing  an
h ydrous alum inum  ch loride or alum inum  iod ide. 
T h e  h a lf-w ave potentia l w as — 1.4 v., ap p rox i
m ately  equal to  the h alf-w ave potential, — 1.37 v ., 
fou n d  for  the redu ction  o f the am m onium  ion. In  
three experim ents in w hich  the con cen tration s o f 
alum inum  iod ide were 0.19, 0.60 and 1.00 m illi
m olar, the values o f the diffusion  current constant, 
I ,  were 12.1, 9.9 and 8.9, respectively . A ssum ing 
that the ion ic con du ctan ce  at infinite d ilu tion  o f the 
A l(I I I )  ion  is around 150 o h m " 1 c m .-1 , a va lu e o f 
a b ou t 6.0 is ca lcu lated  for  I , if  the electrode  re
action  consists o f  a three-electron  redu ction  o f the 
A l( I I I )  ion . T h e  observed  diffusion  currents thus 
are higher than required for  a three-electron  redu c
tion . S ince the h a lf-w ave poten tia l is nearly equal 
to  the h a lf-w ave potentia l for  am m onium  ion , the 
possib ility  exists that a fraction  o f the tota l current 
can be  a ttribu ted  to  am m onium  ion  reduction , the 
am m onium  ion  being produ ced  b y  am m onolysis o f 
the am ph oteric A l(I I I )  ion. T h e  high diffusion  
current m ay, at least in part, be a ttribu ted  to  the 
low  con cen tration , 0.0057 M ,  o f  the supportin g  
electrolyte . T h e  results o f the fo llow in g  experi
m ent indicates th at no reaction  other than a three 
electron  redu ction  o f the A l(I I I )  ion  to  alum inum  
am algam  occurs at a m ercu ry  cathode. F orty -fiv e  
m illiam peres o f current were passed for  2 .5  hours 
through  a cell conta in ing  50 m l. o f 0.06 M  a lum i
num  iod ide, w ith  the electrodes consisting o f an 
alum inum  an ode and a m ercu ry  p oo l cathode. 
T h e  m ercu ry  pool even tu a lly  becam e sem i-fluid 
in  nature, and  the am ou n t o f d issolved  alum inum  
w as fou n d  b y  analysis to  be th at required for  the 
reaction  A l(I I I )  +  3 e "  +  H g  =  A l(H g ) i . I t  can 
be  con clu ded  from  these experim ents th at no 
interm ediate ox ida tion  states o f a lum inum  are 
form ed  at a m ercu ry  cathode.

T w o  other types o f experim ents w ere perform ed 
in w hich  the o b je c t  was to  detect, b y  m eans o f the 
d rop p in g  m ercu ry  electrode, an y  low er ox id a tion  
states o f alum inum  w h ich  m ight be  form ed  b y  
an od ic ox idation  o f a lum inum  or b y  red u ction  o f

(23) F. Jirik and A. W. Davidson, ibid., 72, 1700 (1950).
(24) W . E. Bennett, J. Kleinberg and A. W. Davidson, ibid., 74, 

732 (1952).
(25) G. W. Watt, J. L. Hall and G. R. Choppin, ibid., 73, 5920 

(1951).
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A l(I I I )  w ith  potassium . T h e  low er ox idation  
states shou ld  be easily ox id ized  at the d ropp in g  
m ercu ry  electrode.

A n  alum inum  an ode w as suspended in a liqu id  
am m onia solu tion  0.166 m olar in am m onium  
nitrate and 0.078 m olar in am m onium  brom ide. 
T h e  anode com partm en t was separated from  the 
cath ode com p artm en t b y  a sintered glass d isc to  
avo id  any con ta ct o f the an oly te  w ith  the cathode. 
A  current o f  a b ou t 0.07 am pere was passed fo r  one 
hour. A  drop p in g  m ercu ry  electrode was inserted 
in the anode com partm en t and  three polarogram s 
were recorded  at in tervals th rou gh ou t the elec
trolysis. T here  was n o  ev iden ce  that an y  ox id iz- 
able m aterial existed  in the solution , a lthough  the 
m ean va len ce o f the ox id ized  alum inum  was 2.0.

In  the final experim ent, 0.33 m m ole  o f  potassium  
and 0.20 m m ole o f a lum inum  iod ide  were p laced  in 
40 m l. o f liqu id  am m onia. A  dropp in g  m ercury

electrode was inserted after the blue co lor  had 
com p lete ly  d isappeared. H ere again the p o la ro - 
gram  d id  n ot in d icate  the existence in  so lu tion  o f 
ox id izab le  ions. In  this experim ent the observa 
tion  w as m ade th at a  gas was e v o lv ed  w hen  the 
solid  potassium  was added  to  the liqu id  am m onia 
solu tion  o f alum inum  iod ide. In  another sim ilar 
experim ent this gas was co llected  and fou n d  to  
correspond in qu an tity  w ith  th at required for  the 
reaction

K  +  N H 3 =  >/2H 2 +  N H 2-  +  K  +

T h e  variations in poten tia l observed  b y  W a tt , 
H all and  C h o p p in 25 during the titra tion  o f alum i
num  iod ide solutions w ith  potassium  d o  n ot, in v iew  
o f this observation , appear to  be a ttribu tab le  to  the 
form ation  o f A l(I I )  and  A 1(I) ions.
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POTENTIOMETRIC TITRATION OF HALIDES OF ALUMINUM, GALLIUM, 
INDIUM AND THALLIUM WITH POTASSIUM IN LIQUID AMMONIA12
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The potentiometric titration of the iodides of gallium(III) and indium (III) with solutions cf potassium in liquid ammonia 
provides evidence only for the three-electron changes resulting in the formation of the corresponding elemental metals. 
Similar titrations involving thallium(III) chloride are complicated by the fact that the elemental thallium first produced 
competes in the reduction of the + 3  chloride. These studies provide evidence for the formation of T1+ 1 ; elemental thallium 
is the end-product of the reduction reaction. Further studies on the potentiometric titration of aluminum(III) iodide with 
liquid ammonia solutions of potassium and potassium amide and different possible reaction mechanisms are considered. 
The reaction with potassium amide produces aluminum(III) amide which is thereafter converted to potassium ammono- 
aluminate.

T h is paper is con cern ed  w ith  results obta in ed  in 
studies in vo lv in g  a n ovel approach  to  the detection  
and ch aracterization  o f unusual ox idation  states 
o f the elem ents. T h e  m eth od  in question  consists 
o f  the poten tiom etric  titra tion  o f liqu id  am m onia 
solutions o f  appropriate  salts o f  h igher ox idation  
states o f  the elem ents w ith  standard solutions of 
alkali or alkaline earth  m etals in liqu id  am m onia. 
T h e  titrations are con du cted  b elow  the norm al 
boiling p o in t o f am m onia  {e.g., — 38 to  —4 0 °) 
in  an an hydrou s and oxygen -free system  using 
equ ipm en t and procedures substantia lly  iden tica l 
w ith  those described  b y  W a tt  and O tto .3

E xperim ental
Materials.— W ith the exceptions noted below, all mate

rials employed in this work consisted of reagent grade 
chemicals.

Alum inum(III) iodide was prepared by direct union of 
the elements by a method especially designed to yield a 
product free of elemental iodine. This procedure will be 
described elsewhere.4 1

(1) This work was supported in part, by the Office of Naval Re
search, Contract N6onr-26610.

(2) Presented at the Symposium on Liquid Ammonia Chemistry, 
September, 1952, Meeting of the American Chemical Society, Atlantic 
City, N. J.

(3) G. W. Watt and J. B. Otto, Jr., J. Electrochem. Soc., 98, 1 
(1951).

(4) G. W. Watt and ,1. L. Hall, “ Inorganic Syntheses,” Vol. IV, 
in press.

Anal. Calcd. for A1I3: A l, 6 .6 ; I , 93 .4 . Found: Al, 
6.5 ; 1 ,9 3 .2 .

Gallium (III) iodide was prepared by essentially the 
method described by Johnson and Parsons.5

Anal. Calcd. for G al3: I , 84.5 . Found: I , 84.5.
W ith only minor modifications, the method of Johnson 

and Parsons was also used in the preparation of indium(III) 
iodide.

Anal. Calcd. for In l3: I , 77.0 . Found: I , 77.0 .
In the absence of a satisfactory procedure for the prepara

tion of either the iodide or bromide of thallium(III), the 
corresponding chloride was obtained from the City Chemiral 
Corporation and used without further purification despite 
its lesser solubility in liquid ammonia.

M ethods.— Since the equipment and procedures involved 
in carrying out the potentiometric titrations have been de
scribed in considerable detail elsewhere3 they need not be 
discussed here except to point out that the initial volume of 
the liquid ammonia solutions titrated was in all cases ap
proximately 50 ml. Reactions carried out on a larger scale 
and having as their objective the isolation and identification 
of intermediates and/or final products employed equipment 
and techniques of the type described by Watt, and Keenan.6

Titration of Thallium(III) Chloride.— A solution and sus
pension of 0.91 meq. of t.hallium(III) chloride and 2.61 meq. 
of sodium chloride (in solution, as a supporting electrolyte) 
was titrated with a 0.0586 M  solution of potassium in liquid 
ammonia. The data for a typical case are given in Fig. 1. 
When the first portion of potassium solution was added a

(5) W. C. Johnson and J. B. Parsons, T h i s  J o u r n a l , 34, 1210 
(1930).

(G) G. W. Watt and C. W. Keenan, J. Am. Chem. Soc., 71, 3833 
(1949).



568 George W. W att, James L. Hall and Gregory R. Choppin Vol. 57

K  Soln., ml.
Fig. 1.— Potentiometrio titration: thallium(III) chloride

with potassium.

black precipitate formed but rather quickly disappeared. 
As t he titration proceeded, however, the rate of disappearance 
of this product decreased; some of it agglomerated and set
tled to the bottom of the reactor where it thereafter re
acted slowly if at all. Finally, upon addition of potassium 
solution in excess of that required for complete reduction 
to elemental thallium, the solution assumed the characteris
tic blue color of solutions of alkali metals in ammonia and 
the accompanying increase in potential was that character
istic of such solutions.3 The blue color, however, was not 
permanent, but it decreased in intensity only slowly. The 
ammonia-insoluble product of the reduction reactions was 
identified as elemental thallium by means of an X -ray dif
fraction pattern obtained using CuK a radiation, a nickel 
filter, a tube voltage of 30 kv., a filament current of 15 ma. 
and an exposure time of 4 hr. Found (relative intensities 
in parentheses): d  =  2.62 (strong), 1.72 (medium) and 1.57 
(medium). The corresponding values from the literature’ 
are: d =  2 .6 2 (1 .0 0 ), 1.73 (0 .3) and 1 .5 7 (0 .5 ).

Titration of Indium(III) Iodide.— A solution containing 
0 .70  meq. of indium(III) iodide was titrated with a liquid 
ammonia solution 0.0498 M  with respect to potassium (see 
Fig. 2 ). Upon the first addition of potassium solution there 
appeared a black precipitate of elemental indium which 
continued to form as the titration proceeded.

Titration of Gallium(III) Iodide.— The titration of a solu
tion of 0.49 meq. of gallium(III) iodide with 0.0403 M  po
tassium solution to form elemental gallium (Fig. 3) pro
ceeded in a. manner substantially identical with that de
scribed for indium.

Titration of Aluminum(III) Iodide.7 8— In a typical case, 
0.83 meq. of aluminum(IIl) iodide in solution in liquid 
ammonia was titrated with 0.0541 M  potassium solution 
(see Fig. 4 ). As the progress of the titration approached the 
first minimum shown in the curve (Fig. 4) a very finely 
divided gray-white solid began to separate from the solu
tion and this persisted throughout the remainder of the ti
tration. After the addition of that increment of potassium 
solution which provided the first excess of alkali metal, the 
blue potassium solution and the gray-white solid coexisted 
apparently without change over periods greater than five 
hours.

(7) A.S.T.M. Index of X-Ray Diffraction Patterns.
(8) Cf. G. W. Watt, J. L. Hall and G. R. Choppin, J. Am. Chem. 

Soc., 73, 5920 (1951).

K  Soln., ml.
Fig. 2.— Potentiometrie titration: indium(III) iodide with 

potassium.

K  Soln., ml.
Fig. 3.— Potentiometrie titration: gallium (III) iodide with 

potassium.

In order to choose between different possible mechanisms 
that might be compatible with experimental results of the 
type shown in Fig. 4, it would be helplul to know whether 
any hydrogen is evolved during the course of the reduction 
reactions. It is impractical to attempt to secure this in
formation from the potentiometrio titration runs since the 
solutions that are titrated are stirred by means of a stream 
of anhydrous oxygen-free nitrogen that is presaturated with
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Fig. 4.— Potentiometric titration: aluminum(III) iodide
with potassium.

ammonia.3 Hence if hydrogen were formed, its volume 
would be negligible in relation to the volume of nitrogen 
collected and the measurement of the quantity of hydrogen 
would be quite inaccurate. Accordingly, this difficulty was 
overcome by reducing aluminum(III) iodide with potassium 
solution on a considerably larger scale using equipment of 
the type described previously6 which provides for stirring 
with a stream of ammonia only and for the collection and 
analysis of water-insoluble gases. In four separate experi
ments, 4 .5 , 4 .0 , 7.2 and 2.5 meq. of aluminum(III) iodide 
(each sample in an initial volume of approximately 40 ml. of 
liquid ammonia) were titrated with, respectively, 0 .19, 0.22, 
0.64 and 0.34 M  potassium solutions. The major variable 
in these four experiments was the rate of addition of the 
potassium solutions which was varied (respectively) from 
ca. 7 to 0 .5  hr. Although the four results were not entirely 
internally consistent, the volumes of hydrogen collected 
during the course of the reduction reactions varied from 0 to 
>  100%  of that calculated on the assumption that all of the 
potassium added reacted to form an equivalent quantity of 
hydrogen. Further, the volume of hydrogen formed ap
pears to depend upon the rate at which the potassium solu
tion is added.

Titration of Aluminum(III) Iodide with Potassium Amide.
— In other experiments potentially of importance in the 
interpretation of the reduction reactions described above,
1.06 meq. of aluminum(III) iodide in ca. 50 ml. of liquid 
ammonia solution was titrated with 0.0478 M  potassium 
amide solution. The resulting data are shown in Fig. 5.

D iscu ssion
In  v iew  o f the well established stab ility  o f  the 

T l +1 it was an ticipated  that the p oten tiom etric  
titration  o f th a lliu m (III ) ch loride w ith  potassium  
m ight at least g ive ev iden ce  o f  the successive 
form ation  o f  T l +1 and Tl°. F or the case show n  in 
F ig. 1, correspon d in g  changes in potentia l should 
occu r  u p on  add ition  o f 10.3 and 15.5 ml. o f  potas
sium  solution . H ow ever, the reaction  th at occurs 
as the result o f the add ition  o f the first 2.2 m l. o f 
potassium  solu tion  (see F ig. 1) ev id en tly  in vo lves 
the partial red u ction  o f T1+3 to  b lack  am m onia- 
insoluble T l° w hich  in turn reacts fa irly  rap id ly  to

K N H , Soln., ml.
Fig. 5.— Potentiometric titration: aluminum(III) iodide

with potassium amide.

reduce som e o f the rem aining T1+3 to  T l +1 a n d /o r  
T1+'2. T h e  reaction  betw een  T l° and T l +3 seems 
m ore probab le  than  a possible in teraction  o f T P  
and the so lven t9 since the rate a t w h ich  the TP  
reacts appears to  decrease progressively  as the 
su p p ly  o f  T 1+3 decreases. F ollow in g  the add ition  
o f 2.2 m l. o f  potassium  solu tion , the b lack  solid 
(identified  as elem ental thallium  at the end o f the 
run) was present as a solid  phase in increasing 
qu an tity  as the titration  progressed and it appeared  
to  react on ly  relatively  s low ly  fo r  a tim e and finally  
n o t at all. O w ing to  the in terference b y  this 
con cu rrent reaction  in vo lv in g  T P , it is n ot to  be 
expected  th at th e  tw o subsequent changes in p o 
tential cou ld  be correlated strictly  w ith the a n tici
p a ted  sto ich iom etry  correspon d in g  to  possible 
interm ediates in the redu ction  process. T hu s in 
the case o f  the data  o f F ig. 1, it is apparently  
fortu itou s that the increase in poten tia l am ounting 
to  0.2 v . that occu rs u pon  add ition  o f 8.0 ml. o f 
potassium  solu tions agrees w ell w ith  the value o f
7.8 ml. ca lcu lated  on  the assum ption  th at the TP  
first p rodu ced  then  reduces T1+3 to  T 1+2 and T l+1. 
A ctu a lly , this increase in  poten tia l p ro b a b ly  corre
spon ds to  the com p letion  o f redu ction  to  T l +1 
b u t is d isplaced to  the left ow in g  to  reduction  
attribu tab le  to  T P . In  e ffect, the in term ediation  
o f redu ction  reactions in v o lv in g  the fresh ly  pre
cip ita ted  T P  renders the data  fo r  the rem ainder o f 
the titration  alm ost im possib le o f rigorous in ter
pretation . F urtherm ore, it has been fou n d  th at 
data  o f the ty p e  show n  in F ig. 1 are n o t strictly  
reprodu cib le ; the sam e changes in poten tia l are 
observed  from  run to  run b u t the relative position s

(9) A. D. McElroy, .1. Ivleinberg and A. W. Davidson, J. Am. 
Chem. Soc.,14:, 738 (1952); cf. C. A. Seely, via Mellor, “ Comprehen
sive Treatise on Inorganic and Theoretical Chemistry,” Vol. V, Long
mans, Green and Co., New York, N. Y., 1937, p. 421.
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a t w hich  these changes occu r  are som ew hat su b ject 
to  variation .

T h e  data  show n  in Figs. 2 and 3 in d icate  th at the 
reduction  o f the iod ides o f  in d iu m (III ) and gallium -
(I I I )  in vo lves on ly  the three-electron  changes 
correspon d in g  to  redu ction  to  the respective  ele
m ental m etals. E v id en tly  the + 2  and  + 1  ox ida 
tion  states o f  these elem ents are n o t stable in 
liqu id  am m onia  under the con d ition s in v o lv ed  in 
these experim ents. T hese results are som ew hat 
surprising in  v iew  o f existing ev iden ce  fo r  these 
low er ox idation  states in  liqu id  am m onia , other 
so lven t m edia, and in  the solid  s ta te .10

T h e  results obta ined  in the p oten tiom etric  titra 
tion  o f alum inum  (I I I )  iod ide  w ith  potassium  have 
p rev iou sly  been  in terpreted8 as ev iden ce  fo r  the 
existence o f  the + 2  and  + 1  ox ida tion  states o f 
a lum inum . W ith  reference to  F ig. 4, fo r  exam ple, 
the ca lcu lated  volum es o f potassium  solu tion  re
quired fo r  redu ction  o f A l+3to  A1+2 and A l+1 are 5.1 
and  10.2 m l., respectively . A n  in spection  o f F ig. 4 
show s th at the experim ental results are in  excellent 
agreem ent w ith  these values and  the reprodu cib ility  
o f  these results has been am p ly  dem onstrated .

I t  has been suggested, how ever, th at these 
results m ight also be explained in term s o f a series 
o f a c id -b a se  equ ilibria ,11 e.q.

A1+3 +  N II3 7 ^  A1NH ,+ 3 +  N H 4 +

AIN H 0+2 +  N IL  A1(NH2)2+1 +  N II4 + 

A1(NII2)2+1 +  N H 3 A1(NH2), +  N Ib  +

wherein the observed  changes in poten tia l cou ld  
correspond successively  to  the three a lum inum - 
con ta in ing  species show n above . T h u s it  is proposed  
in effect th at the a lu m in u m (III) iod ide is am m on o- 
lyzed  and th at th e  reaction  th at occu rs upon  
add ition  o f potassium  is th at w ith  N H 4+ to  liberate 
hydrogen . Our experim ents designed to  determ ine

(10) For review and primary references see: J. Kleinberg, “ Un
familiar Oxidation States and Their Stabilization,” University of 
Kansas Press, Lawrence, Kan., 1950; J. Cfiem. Education, 29, 324 
(1952).

(11) H. A. Laitinen, private communication.

w hether hydrogen  is ev o lv e d  h ave led to  results 
that are n ot satisfactorily  conclusive. I t  appears 
th at h yd rogen  is indeed ev o lv ed  in  substantially  
the sto ich iom etric  qu an tity  if  the reaction  is carried 
ou t rap id ly  b u t that the q u a n tity  o f  h ydrogen  
liberated  decreases as the tim e o f a dd ition  o f 
potassium  solu tion  is increased to  as m u ch  as 7 hr. 
S ince the poten tiom etric  titration  m ust be carried  
ou t v ery  s low ly  (■e.g., periods o f  tim e o f th e  order 
o f  48 hr.) in order to  ensure the re-establishm ent o f 
equilibrium  after each  add ition  o f potassium , there 
rem ains the question  as to  w hether a n y  h yd rogen  is 
p rodu ced  in  runs o f the ty p e  th at led  to  th e  d a ta  of 
Fig. 4. A dd ition a l experim ents con cern ed  w ith  the 
questions o f  h ydrogen  form ation  and the id en tity  
o f  other am m onia-insoluble  in term ediate and  final 
redu ction  produ cts are in  progress.

T w o  add itional lines o f ev iden ce  bearing upon  
th e  m echan ism  o f the redu ction  o f alum inum  (111) 
iod id e  w ith  potassium  also m erit consideration . 
I f  the data  o f F ig . 4  are to  be in terpreted  in term s 
o f am m onolysis, it  m ight be  expected  th at the sam e 
interm ediate and final species should  be form ed  b y  
th e  reaction  betw een  alum inum  (I I I )  iod ide  and 
potassium  am ide in  liqu id  am m onia. T h a t such 
is clearly  n o t the case is show n b y  the data  o f F ig . 5. 
T h e  changes in poten tia l th at occu r u p on  add ition  
o f  22.1 and  29.5 m l. o f  potassium  solu tion  con form  
alm ost exa ctly  to  the reactions

Al+3 - f  3 K N H . — >■ A1(NH2)3 +  3 K  +
A1(NH2)3 +  K N H s — s- K A1(N H 2)4

T h e  w h ite  am m onia-insoluble  a lu m in u m (III) am ide 
th at is form ed  first then  reacts w ith  add itional 
potassium  am ide to  form  a soluble salt o f  an a m p h o 
teric base. F inally , it should  be  p o in ted  ou t that 
if  a lu m in u m (III) am ide w ere the final p rod u ct o f  
th e  redu ction  o f a lu m in u m (III) iod ide w ith  p o ta s 
sium , an y  excess o f  the m etal added  w ou ld  un 
d o u b te d ly  react w ith  the insoluble am ide to  form  
one or m ore salts o f  this am ph oteric base. I t  w as 
observed , how ever, that solutions o f potassium  
d o  n ot react w ith  the en d -p rod u ct o f  the redu ction  
reaction  over periods up to  several hours.
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This paper reports the attainment of unfamiliar oxidation states of certain elements in liquid ammonia by means of two 
widely diverse methods: (1) electrolytic oxidation of metallic anodes; (2) reduction by alkali metals (a) of gaseous oxygen, 
(b) of cyanide complexes of transition metals.

(1) In the anodic oxidation of aluminum, coulometric measurements indicate a mean initial oxidation state lower than 
3 whenever the electrolyte contains nitrate ion. Evidence is presented to support the hypothesis of primary oxidation of 
the metal to a cation of low_ charge (presumably + 1 ) ,  which reduces nitrate ion to free nitrogen in a secondary reaction con
current with the electrolysis. In the cases of gallium and thallium, stable mixtures of unipositive and tripositive ions are 
obtained by anodic oxidation. In the case of indium, the ion of charge lower than 3 formed by primary oxidation immedi
ately disproportionates into metallic indium and In (III) ion. (2) (a) It has long been known that liquid ammonia 
solutions of potassium, rubidium and cesium, upon rapid oxidation with free oxygen, give good yields of the superoxides. 
It may now be added that sodium, under suitable conditions, yields a product of empirical formula Naj.o?, and that in the 
case of lithium there is evidence for the existence of a superoxide stable at —78°, which, however, has not been isolated, 
(b) The existence of N i(I) as N i(C N )3- ~ and of N i(0) as N i(C N )4-4 , both obtained by the reduction of tetracyanonickel- 
ate(II) ion, has been previously reported, as has the formation of Pd(0) as P d(C N )4~4 from tetracyanopalladate(II) ion. 
In our laboratory, the reduction of hexacyanochromate(III) ion has been found to yield a product containing Cr(I), while 
under similar conditions hexacjuinomanganatellll) ion yields a product of empirical formula K nM n2(CN)i2-2NH3, con
taining both M n (I) and M n(0).

T h e  fa ct  th at liqu id  am m onia  is an especia lly  
useful and  con ven ien t m ed ium  fo r  the carry in g  out 
o f reactions w ith  v e ry  strong reducing agents was 
poin ted  ou t m a n y  years ago b y  K ra u s ,1 and has 
been re-em phasized in  m ore  recent review s b y  
Fernelius and W a tt .2'3 A s a corollary , it  fo llow s 
that elem ents m a y  b e  expected  to  exist in liqu id  
am m onia in low  valen ce states w hich, in aqueous 
solution , w ou ld  be  su b ject to  rapid  ox ida tion  b y  
the solvent. Further, the relatively  low  degree o f 
self-ion ization  o f am m onia  perm its the preparation  
in this m edium  o f certain  substances, such as super
oxides, w hich  are su b ject to  im m ediate  and exten
sive h ydrolysis in w ater.

T h e  purpose o f  this paper is to  bring  togeth er the 
results o f  a num ber o f rela tive ly  recen t studies 
o f the existence o f elem ents in  unfam iliar ox idation  
states, either as ions in  liqu id  am m onia  solu tion  or 
in com pou n ds form ed  b y  reactions w hich  take p lace 
in liqu id  am m onia  as a m edium . T h e  m an y  
instances o f  com p ou n d s betw een  alkali m etals and 
other m etals, especia lly  those o f  G rou ps IV  an d  V  
o f the period ic system , in  w hich  the latter m etals 
exist either as sim ple anions or as h o m op o ly a tom ic  
anions h ave been  exten sively  review ed b y  oth ers1-4 
and w ill n ot be  discussed here.

In  our labora tory , tw o  general types o f reaction  
have been  stu d ied : (1 ) the e lectro ly tic  ox id ation  
o f m eta llic  an odes; (2) redu ction  b y  m eans o f 
solu tions o f alkali m etals.

Electrolytic Oxidation of Metals of the Aluminum 
Family

Aluminum.— T h e an od ic ox ida tion  o f alum inum 5 
was carried  o u t b y  passing a d irect current betw een  
an a lum inum  an ode and a  p la tin um  cathode, 
through a solu tion  either o f a  single salt or o f a 
m ixture o f  tw o  salts in liqu id  am m onia . A n  inert 
atm osphere o f n itrogen  w as m aintained  th rou gh ou t 
the electrolysis , w h ich  w as u sually  carried o u t at

(1) C. A. Kraus, Chem. Revs., 8, 251 (1931).
(2) W . C. Fernelius and G. W. Watt, ibid., 20, 195 (1937).
(3) G. W . Watt, ibid., 46, 289 (1950).
(4) F. W. Bergstrom, J. Am. Chem. Soc., 47, 1503 (1925).
(5) W. E. Bennett, A. W. Davidson and J. Kleinberg, ibid., 74, 

732 f 1952).

—3 3 ° . T h e  qu an tity  o f  e lectric ity  w hich  passed 
through  the circu it was determ ined  b y  m eans o f a 
silver cou lom eter in series w ith  the e lectro ly tic  cell, 
w hile the am ou n t o f  alum inum  a n od ica lly  ox id ized  
was determ ined  from  the w eight o f  the anode at the 
begin n in g  and  at the end  o f each  electrolysis.

A  qu an tity  designated as the apparent initial 
va len ce  num ber, Vi, o f  the alum inum  ion  produ ced  
b y  electrolysis was ca lcu lated  b y  m eans o f the 
equation

y  _  wt. of Ag deposited in coulometer X  26.98
107.9 X  wt. of A1 lost from anode

In  the case o f an od ic ox ida tion  to  the fam iliar 
tripositive  alum inum  ion , th is q u a n tity  w ou ld , o f 
course, h ave the va lue 3.

In  a num ber o f e lectrolyses carried  ou t as ju st 
described  in am m onia solu tions o f  single salts 
oth er than nitrates, the values fou n d  fo r  V, w ere 
close to  3 (w ith in  0.1 u n it). In  a few  other in
stances, values higher than  3 w ere observed ; this 
result m a y  be  regarded as in d ica tive  o f  partial 
passiv ity , in th at the an od ic reaction  m u st have 
included  ox ida tion  o f som e substance oth er than 
m etallic a lum inum . In  e v e iy  instance, how ever, 
in vdiich a  n itrate was used as e lectro ly te , w hatever 
th e  cation , the va lu e  o f V-, w as fou n d  to  be  less 
than  3— usually  in the n eigh borh ood  o f  2.7. This 
value, furtherm ore, show ed  little  dependen ce upon  
con cen tration  o f electrolyte , current density  or 
duration  o f the electrolysis. S ince there was no 
ev iden ce  o f  d irect (n on -e lectro ly tic) reaction  b e 
tw een  alum inum  and an y  o f the solutions, these 
results w ere in terpreted  as in d icatin g  th at the anode 
w as e lectro ly tica lly  oxidized, in  part, to  an alum i
num  ion  o f charge low er than + 3 .

Since the results just described  pointed tow ard  
the presence o f  n itrate ion  as the determ ining fa ctor  
in bringing  abou t the an od ic dissolution  o f alum i
num  in  this low er ox idation  state, experim ents were 
m ade to  determ ine w hether or n ot this effect o f 
n itrate w ou ld  persist in  electrolytes con ta in in g  
b o th  n itrate and other anions. It  was fo u n d  th at 
in n itra te -ch lor id e  and n itra te -b rom ide  m ixtures 
it  was possible to  attain  apparent in itia l va lence
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num bers m u ch  low er than those fou n d  for  solutions 
o f  n itrates alone. T h e  va lu e o f Vi, in  fa ct, was 
fou n d  to  v a ry  regularly w ith  the ratio o f the con 
cen trations oi n itrate and  halide, reaching a m in i
m u m  close to  1.5 for  m ixtures con ta in ing  a b ou t 2 
m oles o f  n itrate to  1 o f brom ide, regardless o f  the 
to ta l con cen tration  o f e lectro ly te . A gain , the 
original m ixtures w ere fou n d  to  h ave  n o  action  
u p on  test rods o f a lu m in u m ; further, an alum inum  
rod  used as cathode in  som e o f  th e  electrolyses 
underw ent n o  d etectab le  loss o f w eight, nor was any 
significant change in  in itial va len ce n um ber ob 
served w hen  an in term ittent instead o f a continuous 
d irect current was used for  electrolysis. T hese 
fa cts  appear to  preclu de th e  p ossib ility  o f  n on - 
e lectro ly tic  corrosion  as a d isturbing factor.

M o s t  o f  the electrolyses o f b rom id e-n itra te  
m ixtures were carried ou t in a cell in w hich  the 
an ode and cath od e  were separated b y  a sintered 
P y rex  disk, in order th at the separate exam ination  
o f an od ic and ca th od ic  processes m igh t be  facili
ta ted . N o  com p ou n d  o f low er v a len t alum inum  
cou ld  be  detected  in the grayish  an od ic deposit, 
nor in  solu tion  in  the an olyte , a fter e lectrolysis ; 
b o th  o f these phases were qu ite  d e v o id  o f reducing 
pow er. I t  w as noted , h ow ever, th a t an appreciable 
d im in ution  in  the con cen tration  o f n itrate took  
p lace  during the electrolysis, and  th at m easurable 
quantities o f  n itrogen  were e v o lv ed  at b oth  anode 
and  cath ode. F urtherm ore, the q u a n tity  o f  h y 
drogen  e v o lv ed  a t th e  ca th ode  w as alw ays som ew hat 
less than  th at ca lcu lated  from  cou lom etric  data, 
on  the assum ption  o f h ydrogen  liberation  as the 
sole ca th ode  reaction .

In  order to  a ccou n t for  the ph enom ena w hich  
h ave been  described , th e  fo llow in g  e lectrode  re
actions w ere postu lated.

C ath o d s: 2N H 4 + +  2e~  =  2 N H 3 +  H , 
2 N 0 3-  +  12N H 4+ +  1 0e - =  N 2 +  12N H , +  GH20

Anode: Al =  A l + + + - f  3e - ' 
Al =  A1+ +  e - jpriprimary

5A1+ +  2 N 0 3-  -I- 12N H 4 + =
5A1+++ +  N 2 +  12N H 3 +  GH20  secondary

I f  these hypotheses are correct, the tota l num ber o f 
gram -equ ivalents o f nitrate ion  reduced  during the 
electrolysis , or o f free n itrogen  e v o lv ed , should  be 
g iv en  b y  the equ ation  
N o. of gram-equivalents =

3 X  no. of g.-atoms of A1 dissolved
— no. of g.-equiv. of H 2 evolved 

w h ile  th e  num ber o f moles o f  n itrate lost, or  o f 
n itrogen  ev o lv ed , should  be  1 /5  and 1 /1 0 , respec
tive ly , o f  this figure. Several experim ents were 
carried o u t in w hich  the a m ou n t o f n itrate lost 
during electrolysis was determ ined b y  analysis, 
w hile th e  to ta l vo lu m e o f gas ev o lv e d  w as m eas
ured, an d  its h yd rogen  con ten t determ ined  b y  
com bu stion . R esu lts o f  these experim ents are 
show n in T a b le  I ;  the fa irly  g ood  agreem ent be
tw een colu m n s (E ) and (F ) is in a ccord  w ith  the 
postulated e lectrode  reactions.

In  the a n od ic  ox ida tion  o f gallium , indium  and 
thallium  in liqu id  am m onia  solu tions6 under con d i-

(6) A. D. McElroy, J. Kleinberg and A. W. Davidson, J . A m .
C h em . S o c ., 74, 73G (1952).

T a b l e  I
R eduction of N itrate  during E lectrolysis

NO3“ reduced or N2 evolved, 
mole

(A) (B) (C)
Vi,

from

&
(B)

(D) (E) (F)

Quantity
of

elect.,
faraday

Al
dissolved,

g--
atom

h 2
evolved,

g.-
equiv.

calcd. 
from 

(B) and 
(D) observed

0.003783 0.001928 1.96 0.002513 0.000654] r0.000641
.004460 .002080 2.14 .002560 .000736; .000751
.003593 .002002 1.79 .001955 .000810, 1 .000773
.004917 .003235 1.52 .004240 .0005471[ N , \

1 .000478
.002573 .001354 1.90 .002450 .000161J [ .000165

tions sim ilar to  those used w ith  alum inum , the 
initial m ean valen ce num ber o f the cation s p rod u ced  
w as a lm ost a lw ays ap preciab ly  low er than  3, b u t  
otherw ise the results obta in ed  varied  m ark ed ly  
from  one elem ent to  another, as well as from  those 
observed  for  a lum inum .

Gallium.— E lectrolyses w ere carried  o u t in a 
d iv ided  cell w ith  a gallium  an ode and a p latinum  
ca th ode in solu tions o f  am m onium  brom ide, w hich  
had  been  fou n d  to  show  no appreciable  n on - 
e lectro ly tic  reaction  w ith  gallium . N o  m easurable 
q u a n tity  o f  gas was evo lved  from  the an ode during 
electrolysis. T h e  values o f  V\, ca lcu lated  b y  m eans 
o f an equ ation  exactly  analogous to  th at used for  
alum inum , i.e.

v  _  wt. of Ag deposited in coulometer X  69.72  
1 107.9 X  wt. of Ga lost from anode

w ere fou n d  to  be in the n eigh borh ood  o f  2 .25. 
W ith  am m onium  n itra te-am m on iu m  b rom ide  m ix
tures as e lectro ly te  the va lue o f V „  as in the case 
o f a lum inum , w as fou n d  to  be  a  fu n ction  o f the 
fraction  o f nitrate in the m ixed  solute, w ith  a m in i
m um  o f 2.0 at abou t 17 m ole  %  n itrate. T h is  
m inim um  va lu e need n o t be  regarded as ev iden ce  
for  the form ation  under these con d itions o f  d i
positive  gallium , since it  m ay  m ore  p lau sib ly  be  
interpreted  as corresponding to  an equ im olar m ix
ture o f u n ipositive  and  tripositive  gallium  ion s.7

In  con trast to  the observations reported  for  
a lum inum , the an od ic deposit and the an o ly te  re
su lting from  an od ic ox idation  o f gallium  were 
fou n d  to  exh ib it m easurable reducing properties ; 
in this case, therefore, the ion  o f low er charge is 
relatively  stable  in the presence o f  liqu id  am m onia . 
T h e  prim ary  an ode reactions were postu lated  to  b e

Ga =  Ga + + + +  3e~
Ga — Ga + -f- e ~

T h e  grayish -w hite residue rem aining on  evap ora 
tion  o f am m onia  from  the an oly te  after electrolysis, 
and  the insoluble solid  w hich  had been  form ed  in 
the an ode com partm ent, w ere tested separately  
for  reducing pow er in the fo llow in g  w a y . E ach  
was d issolved  in standard aqueous iod ine solu tion  
w hich  had  been  acidified w ith  acetic acid . A fter  
15 m inutes, the excess iod ine w as titra ted  w ith  
standard sod ium  th iosu lfate solution . T h e  gallium , 
now  com p lete ly  oxid ized  to  the tripositive  state, 
was determ ined b y  precip itation  w ith  8 -h y d rox y - 
qu inoline. T h e  reducing pow er, R .P .,  in each 
case, expressed in gram -equivalents, w as equal to  
the num ber o f gram -equ ivalents o f  iod ine redu ced ; 
and  the m ean valen ce num ber o f the gallium  a t the

(7) A. W. Davidson and F. Jirik, ibid., 72, 1700 (1950).
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end o f th e  reaction , F f, as determ in ed  from  the 
reducing pow er, w as ca lcu lated  b y  m eans o f the 
equation

y  =  3 __________ R .P . X  69.72
wt. of Ga found in solution

A  few  ty p ica l results o f  these experim ents are 
show n in T a b le  II .

T a b l e  II

A n o d ic  O x id a t io n  o f  G a l l iu m  in  L iq u id  A m m o n ia  
So l u t io n s  o f  A m m o n iu m  B ro m id e

% of
Ff theoretical

/------------------------------ *------------------------------ s reducing
Fi Anode power

coulometr ic Ano ly te depos it Over-a ll recovered

2 . 2 6 2 . 2 4 2 . 4 4 2 . 3 2 9 0
2 . 2 3 2 . 1 2 2 . 5 6 2 . 2 9 91
2 . 2 7 2 . 2 7 2 . 6 0 2 . 3 3 91

Indium.— M eta llic  ind ium  is n ot a ttacked  b y  
liqu id  am m onia  solutions o f am m onium  brom ide. 
In  electrolyses carried  o u t  on  this e lectro ly te  in a 
d iv ided  cell w ith  an indium  an ode and an alum inum  
cathode, the results were fou n d  to  v a ry  in a h igh ly  
erratic m anner. V alues o f  F i ranged all the w ay  
from  2.01 to  4 .7 2 ; the values higher than 3 can  be 
accou nted  for  on ly  on  the basis o f  the occu rren ce o f  
som e an ode reaction  oth er than  the ox ida tion  o f 
indium . N o te w o rth y  observations on  these elec
trolyses in cluded  the evo lu tion  o f h ydrogen  in the 
anode com p artm en t as w ell as at the cath ode, the 
occasional liberation  o f n itrogen  at the anode, and 
the precip ita tion  o f finely  d iv ided  indium  in the 
an olyte .

T hese observation s m a y  be  a ccou n ted  fo r  in 
term s o f the fo llow in g  hypotheses. (1) In d iu m  is 
an od ica lly  ox id ized  to  a m ixture o f in d iu m (I) 
and  in d iu m (III ) ions. (2) T h e  an od ic hydrogen  
results from  the redu ction  o f the e lectro ly te  b y  
indium  (I )  ion . (3) T h e  an od ic n itrogen  results 
from  a com petin g  prim ary  reaction  in vo lv in g  the 
ox ida tion  o f am m onia. (4 ) I n d iu m ®  ion , unlike 
the correspon d in g  ions o f alum inum  and gallium , 
is su b je ct to  d isproportion ation  in to  in d iu m (III ) 
ioh and free m etal.

T h u s the an ode reactions m a y  be listed as
In =  I n + +  e~ 1
In =  In +++  +  3e~ [primary 

8 N H 3 =  N 2 +  6N 1L+ +  6c “ J

In + +  2 N H U  =  2N H 3 +  H 2 +  In ++ + 
3In + =  2In +  In + + + I secondary

A fter  several o f  the electrolyses, the am m onia  
w as a llow ed to  evaporate, the residue w as extracted  
w ith w ater, and  the finely  d iv ided  indium  was 
w eighed. T h e  w ater so lu tion  w as then  titra ted  
w ith  standard  potassium  d ich rom ate  solu tion , and 
the reducing pow er, in  gram -equ ivalents, was 
ca lcu lated  from  the equation

R .P.
wt, of Cr20 ,  ~ reduced 

36.01
3 X  wt. of pptd. In

1 1 4 . 8

T h e  m ean  va len ce  num ber o f the indium  a t th e  end 
o f the electrolysis , Ft, as determ in ed  from  the 
reducing pow er o f the residue, w as ca lcu lated  from

____________R .P . X  114.8
1 wt. of indium lost from anode

B efore  th e  m ean  va len ce  num ber so  ca lcu lated  
m igh t p rop erly  be  com pared , h ow ever, w ith  the 
cou lom etric  value, it  w as necessary th at the form er 
be  m od ified  to  F f '  to  take in to  a ccou n t the ox idation  
o f In  (I ) ion  in solu tion  b y  am m onium  ion

=  V, -
2 X  no. of moles of anodic H 2 \ 

no. of g.-atoms of In lost from anode/

and th at the latter be corrected  to  V -/ to  a llow  for  
the com p etin g  an ode reaction

6 X  no. of moles of N 2 liberated \ 
no. of g.-atoms of In lost from anode/

A s show n in T a b le  I I I ,  th e  agreem ent betw een  the 
corrected  values is, in  m ost cases, fa ir ly  good , lend
in g  su pport to  the v a lid ity  o f  the p ostu lated  elec
trode  reactions.

T a b l e  III

A n o d ic  O x id a t io n  o f  I n d iu m  in  L iq u id  A m m o n ia  S o lu 
t io n s  o f  A m m o n iu m  B r o m id e

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

Thallium. —U nlike the other m etals o f
fam ily , thallium  reacts fa irly  rap id ly  w ith  liquid  
am m onia, especia lly  in the presence o f  certain  
d issolved  salts. A lth ou gh  th is n on -e lectro ly tic  
dissolution  was taken in to  consideration  in the 
ca lcu lation  o f the m ean  va len ce  num ber on  e lectro 
ly t ic  ox id a tion  b y  the m eth od  p rev iou sly  d e 
scribed , y e t  the results ob ta in ed  m u st b e  regarded  
as n o  m ore  than approxim ate.

A lth ou gh  an od ic ox id a tion  o f thallium  in n itrate 
solu tions was fou n d  to  y ie ld  th a ll iu m ®  ion  ex
clusively , y e t  in  ch loride, b rom ide  or am ide solu 
tions a  m ixture o f th a ll iu m ®  and th a lliu m (III) 
ions w as form ed. B o th  o f these ions rem ained 
unchanged  th rou gh ou t the electrolysis, an d  cou ld  
be  identified  b y  qu a lita tive  tests in  the final prod 
uct.

Reduction of Gaseous Oxygen by Alkali Metals
I t  has long  been  k n ow n 3 th at w hen potassium , 

rubid ium  or cesium  in  solu tion  in  liqu id  am m onia 
is treated  w ith  a  rapid  stream  o f oxygen , at tem 
peratures ranging from  — 70 to  — 3 3 °, the super
ox id e  o f the m etal is form ed. In  a recen t investiga
tion  o f the ox ida tion  o f sod ium  under sim ilar con d i
tions,8 it was fou n d  th at if a  so lu tion  o f sod ium  
in liqu id  am m onia was slow ly  a d d ed  to  another 
p ortion  o f am m onia through  w h ich  oxygen  was 
being passed1 rap id ly, a p rodu ct o f  constant co m 
position  w as obta ined , regardless o f  the tem perature 
o f  the solu tion . In  th e  absence o f  m oisture, this 
ye llow  p rod u ct w as fa irly  stable  at room  tem pera 
ture. A nalysis o f eleven sam ples b y  m easurem ent 
o f  the oxygen  liberated on  treatm ent w ith  an

(8) W . H. Schechter, J. K. Thompson and J. Kleinbcrg, J. Am. 
Chcm. Soc., 71, 1816 (1949).
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aqueous suspension o f m anganese d ioxide, and 
determ in ation  o f the sod ium  b y  titra tion  w ith  
standard  a c ic , y ie lded  from  1.65 to  1.70 atom s o f 
oxygen  per a tom  o f sodium , the average being close 
to  1.67. T h is  com position  corresponds to  a  m ix
ture o f fou r m oles o f sod ium  superoxide, N a 0 2, 
to  one o f sod ium  peroxide, N a 20 2.

T h e  p rod u ct prepared as ju st described  was 
h igh ly  param agnetic, h aving a specific suscepti
b ility  a t 2 0 ° c f  21.6 X  10 ~6 c.g .s . u n it, as com pared  
w ith  an estim ated  va lu e o f 33.0 X  10-6 u n it for 
pure sod ium  superoxide.9 A lth ou gh  the accu racy  
o f the m easurem ent o f su scep tib ility  was n ot very  
high, y e t w hen the observed  va lu e w as com pared  
w ith  a linear p lo t o f  specific su scep tib ility  against 
w eight percentage in  syn th etic  N a 20 2- N a 0 2 m ix
tures,9' 10 th e  percentage o f sod ium  superoxide 
fou n d  in this w ay , 6 7 .5 % , was in fair agreem ent 
w ith  the figure o f 7 3 .8 %  ca lcu lated  from  the 
an alytica l data.

In  a s tu d y  o f the ox ida tion  o f lith ium  in  liqu id  
am m on ia ,11 it  was fou n d  th at w hen the m etal was 
drop p ed  in to  liqu id  am m onia  at — 7 8 ° through  
w hich  a stream  o f oxygen  w as being passed, a 
b r igh t ye llow  solution  was form ed. W hen this 
so lu tion  was allow ed to  w arm  up  to  —3 3 °, the 
ye llow  co lor  d isappeared and a w hite suspension o f 
lith ium  m on ox id e  and lith ium  p erox ide  appeared. 
H ow ever, a stu dy  o f the absorption  spectrum  of 
the ye llow  solution  show ed a m arked  m axim um  
in absorption  at a w ave length  o f 380 mu. S ince 
solutions o f sodium  and potassium  superoxides 
exh ib it absorption  m axim a at the sam e w a ve  length, 
it m a y  be con clu ded  that lith ium  form s a superoxide 
w hich  is stable in  liqu id  am m onia  solu tion  at 
- 7 8 ° .

R edu ction  o f  T ransition  M eta ls  b y  A lkali M eta ls
It  has been  p rev iou sly  rep orted 12 th at when 

excess potassium  te tra cya n on ick e la te (II), K 2N i- 
(C N )4, is treated  w ith  sod ium  or potassium  in 
liqu id  am m onia, a b righ t red  precip itate  o f potas
sium  tr icya n on ick e la te (I), K 2N i(C N )3, is form ed. 
T h is  com p ou n d  is soluble in w ater, g iv ing  a red 
so lu tion  w hich  slow ly  loses its color, w ith  the 
evolu tion  o f h ydrogen . W h en  potassium  tetra- 
cy a n on ick e la te (II) is treated  w ith  an excess o f 
potassium  in liqu id  am m onia, the p ro d u ct  is a 
y e llow  precip itate  o f potassium  tetracyan on ick el- 
a te (0 ), K 4N i(C N )4. W h en  freed  from  am m onia, 
th is is a copp er-co lored  solid , w h ich  reacts w ith  
w ater to  g ive  h ydrogen  an d  a red solu tion  o f potas
sium  tricya n on ick e la te (I).

S im ilarly, the redu ction  o f potassium  tetra- 
cy a n op a lla d a te (II), K 2P d (C N )4, b y  potassium  in 
liqu id  am m on ia 13 y ields a light ye llow  crystalline 
p recip ita te  o f  potassium  tetracyanopalladate(O ), 
K 4P d (C N )4. In  w ater, this substance m om en 
tarily  g ives  a clear so lu tion ; then h ydrogen  and

(9) S. E. Stephanou, W. PI. Schechter, W. J. Argersinger, Jr., and 
J. Kleinberg, J. Am. Chem. Soc., 71, 1819 (1949).

(10) The sodium superoxide used in the preparation of these mix
tures had been prepared by reaction between sodium peroxide and 
oxygen at elevated temperatures and pressures.

(11) J. K. Thompson and J. Kleinberg, J. Am. Chem. Soc.. 73, 
1243 (1951).

(12) J. W. Eastes and W. M. Burgess, ibid., 64, 1187 (1942).
(13) J. Burbage and W. C. Fornelius, ibid., 65, 1484 (1943).

h ydrogen  cyan ide are e v o lv ed  and  m etallic palla
dium  is p recip itated .

In  our labora tory , in a  recent s tu d y 14 o f the 
redu ction  o f potassium  h ex a cy a n oeh rom a te (III) 
b y  potassium  in liqu id  am m onia, a  dark  brow n  
p rod u ct w as obta in ed  w hich  w as extrem ely  suscepti
b le to  ox id a tion  b y  air or m oisture. In  order to  
determ ine its reducing pow er, an excess o f  solid  
silver n itrate was added  to  a suspension o f the 
ch rom iu m  com p ou n d  in liqu id  am m on ia ; a b lack  
precip ita te  o f  silver was im m ed iate ly  form ed. 
A fter  the excess silver n itrate had  been  w ashed  ou t 
w ith  liqu id  am m onia, the precip ita ted  silver was 
w ashed w ith  w ater and w ith  d ilute h yd roch loric  
acid, and then d issolved  in h o t d ilute n itric  acid. 
Silver was determ ined  in the resulting so lu tion  b y  
precip ita tion  as the ch loride. T h e  m ean o f five 
values o f the reducing pow er so determ in ed  (in 
gram -atom s o f silver per gram -atom  o f chrom ium ) 
was fou n d  to  be  2.09. T h is result appears to  in 
d ica te  the presence in  the com p ou n d  o f C r (I ) .

A  m ore  in tensive investigation  w as m ade o f the 
redu ction  b y  potassium  in liqu id  am m onia  o f 
potassium  h e x a cy a n o m a n g a n a te (III ).16 A  ye llow  
prod u ct, d ifficu lty  soluble in liqu id  am m onia  and 
possessing strong reducing properties, w as o b 
tained. T h e  characterization  o f this p ro d u ct was 
carried  ou t b y  fou r d ifferent m ethods, all o f  w h ich  
gave con cord a n t results.

(a ) A  stu d y  w as m ade o f the ratio b y  w eigh t in 
w hich  potassium  and the starting com p ou n d  
reacted  w ith  each other. I t  w as fou n d  th a t th e  
blue co lor  due to  excess potassium  persisted in the 
solu tion  for  m ore  than  a few  m inutes on ly  w hen 
m ore than 2.5 atom s o f potassium  w ere added  per 
m ole  o f com pou n d . T h is  fa c t  suggested th at the 
sto ich iom etry  o f the reaction  m igh t b e  represented 
b y  the equation

2 K 3M n (C N )6 +  5K  =  K 6M n (C N )6 +  K 6M n (C N )6

and th at the p rod u ct m igh t con ta in  u n ipositive  
and zerova len t m anganese, a tom  fo r  atom .

(b ) A fter a  schem e o f analysis app licab le  to  
m anganese com plexes had  been devised  and show n 
to  be  va lid  on  k n ow n  syn th etic m ixtures con ta in ing  
potassium , m anganese and cyan ide, the redu ction  
produ ct, w h ich  conta ined  som e am m onia  w h ich  
was slow ly  lost on  standing, w as su b jected  to  
com plete  analysis. T h e  ratio  K : M n :C N : N H 3 
as ca lcu lated  from  the analytica l data  (m ean o f 
several determ inations o f each con stitu en t on 
freshly prepared sam ples) w as 5 .4 2 :1 :5 .9 3 :1 .1 1 . 
T hese results in d icate  a com p ou n d  o f the em pirical 
form ula  K n M n 2(C N )i2-2N H 3, as m a y  b e  seen also 
from  the fo llow in g  figures.

Anal. C a lcd . for  K i1M n 2(C N )rr2 N H :.: K , 48 .53 ; 
M n , 12.40; C N , 35 .23 ; N H 3, 3.84. F o u n d : K , 
48 .29 ; M n , 12.51; C N , 35 .11 ; N H 3, 4.29.

(c) T h e  reducing pow er o f the p ro d u ct w as 
determ ined  b y  treating a liqu id  am m onia  suspension 
w ith  an excess o f an am m onia  solu tion  o f silver 
n itrate, and  proceed in g  ju st as in th e  case o f  the 
ch rom iu m  com p ou n d . T h e  m ean o f fou r values o f 
the reducing pow er (in gram -atom s o f silver per

(14) E. Colton, unpublished work.
(15) V. J. Christensen, Ph.D. Thesis, University of Kansas, 1952
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gram -atom  o f m anganese) was fou n d  to  be  1.53. 
S ince the m anganese was ox id ized  b y  silver ion  to  
the d ip ositive  state, the results o f these experi
m ents poin ted  tow ard  an in itial m ean valen ce state 
o f one-half, a figure w h ich  is in com plete  a ccord  
w ith  the observed  reaction  ratio  and  w ith  the 
an alytica l data.

(d ) T h e  m agn etic su scep tib ility  o f  the redu ction  
p rod u ct w as m easured. A s m igh t h ave been 
expected  o f a substance con ta in ing  m anganese in 
the zerovalent state, it was fou n d  to  be d istin ctly  
param agnetic. W h en  the m olar w eight was cal
cu lated  on  the basis o f  the form ula  K n M n « (C N )12- 
2 N H 3, the m ean o f five values fou n d  for  the effec
tiv e  m agn etic m om en t was 1.25 B oh r m agnetons, 
as com pared  to  a ca lcu lated  value for  one unpaired 
electron  o f 1.73 B oh r m agnetons. T h e  d iscrep
an cy , how ever, is less serious than it m ight at first

appear, since a v e ry  slight degree o f ox ida tion  o f 
the p rod u ct w ou ld  ap preciab ly  low er the va lue o f 
the e ffective  m agnetic m om ent. T h u s a m ixture 
o f  40 m ole  %  o f the zerovalent and 60 m ole %  
o f the un ipositive  m anganese com p ou n d  w ou ld  have 
a  th eoretica l m om en t of the sam e m agn itude as 
th at fou n d  experim entally .

In  v iew  o f the substantial con cord an ce  o f all 
fou r lines o f ev idence, there can be  little  d ou b t that 
the redu ction  p rod u ct contains m anganese in b oth  
the un ipositive  and  the zerovalen t state, in at least 
a p prox im ately  the a tom ic ratio o f 1 :1 . Its co m 
position  m ay  perhaps best be represented b v  the 
form ula  K 6M n (C N )6-K 6M n (C N )6-2N H 3.
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A previously described apparatus for the precise measurement of the saturation concentration of slightly volatile solids in 
fluids above their critical temperature has been used to determine the saturation concentration of naphthalene in ethylene 
at 12, 25, 35, 45, 50 and 60° at various pressures. It was found that these measured concentrations are, to high degree, de
pendent on the pressure and the temperature and that they vary from a tenth of a per cent, to 8 0 %  by weight.

In  an earlier p a p er1 w e reported  the solubilities 
o f naphthalene in supercritical eth ylen e at tem 
peratures o f  12, 25 and 3 5 c and fo r  pressures to  
abou t 110 atm ospheres. S ince the a b ove  p u b li
cation , w e h ave m easured the second critical end
poin t in the e th y len e-n apth a len e  system  and it

appears to  be at 52° and 174 a tm osph eres.2 T h u s 
betw een  the tem peratures o f the first (1 1 °) and the 
second  critical en d -poin t (5 2 °) con cen tra tion  m eas
urem ents can  be m ade w ith ou t the form ation  o f a 
secon d  fluid phase. In  other w ords, betw een 11 
and 52° it is im possible at all pressures, fo r  another

12° 25° 3 5 ° 45° 50°

Naphthalene, mole % .
Fig. 1.— Pressure composition sections of the system ethylene-naphthalene at 12, 25, 35, 45 and 50°.

(1) G. A. M. Diepen and F. E. C. Scheffer, J. Am. Chcm. Soc., 70, (2) C. A. van Gunst, F. E. G. Scheffer and G. A. M. Diepen. T his
■1085 (1948). Joub.nal, 57, 578 (1953).
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12° 25° 35° 15°

Fig. 2.— Part of the pressure-composition sections of Fig. t.

fluid phase to  be form ed . M o reov er , it  is possible 
to  find the sam e circum stances at tem peratures 
higher than the tem perature o f the secon d  critical 
en d -poin t, w hen at least the pressure is higher than 
th e  pressure o f the critical line w hich  runs from  the 
secon d  critical en d -poin t to  the critical p o in t o f 
naphthalene. S ince som e o f the poin ts on this 
critical line were m easured, an extrapolation  can 
be  m ade, show ing th at the pressure has to  be 
som ew hat a b ov e  200 atm ospheres if w e w ish to  
observe  up to  80 ° (the m elting p o in t o f naphtha
lene at n orm al pressure). U sing the sam e ap

paratu s1 the m easurem ent o f the isotherm s a t 12, 
25 and 35° w ere continued  at h igher pressures. 
In  add ition  the isotherm s at 45 and 50° and finally  
one p o in t at 60° and 270 atm ospheres w ere m eas
ured.

R esu lts and D iscu ssion
T h e  data  obta ined  at the various tem peratures 

are show n in the table w hereas these d a ta  at 12, 25, 
35, 45 and 50° togeth er w ith  the data  from  the 
first paper1 are show n in F ig. 1. W hereas in the 
previous m easurem ents on ly  the isotherm s o f 12° 
had a slight slope (dp /d ;c)T  in the n eigh borh ood  
o f the first critical en d -poin t, the present d a ta  in d i
cate that the isotherm  of 50° has a slight slope in 
the n eigh borh ood  o f 190 atm ospheres and 12 m ole  
%  naphthalene w here (d p /d x )r  is sm all. I f  w e 
raise the tem perature to  52° (the tem perature of 
the second critical en d -poin t), the p -x  cu rve  m ust 
have a horizonta l po in t of in flection  situated at 
174 atm ospheres. C onsequ en tly  the con cen tra 
tion  of naphthalene in the supercritical fluid phase 
has to  be  there in approxim ately  12 m ole % .

F igure 2 show s the part o f Fig. 1 up  to  120 a tm os
pheres and  2 m ole % . F rom  F ig. 2 it is ev iden t 
that the p -x  sections a t various tem peratures su pp ly  
a bundle o f  curves possessing tw o envelopes (draw n 
w ith  d o tted  lines) bou nding  the curves at their left 
and right sides. A s poin ted  ou t earlier1 these tw o 
envelopes o f the p -x  lines are the lo c i o f the poin ts 
w here (d p /d T %  =  0 and (d T /d a ^ p  =  co. In  F ig . 3 
and F ig . 4 the t -x  and p -t  sections, derived from  the 
p -x  figures fou n d , are draw n fo r  d ifferent pressures 
and different com positions. T h e  poin ts w here 
(d 71/d ;r )p  =  co and (d p /d T )x  =  0 are con n ected  
w ith dotted  lines. T herefore  on these d o tted  lines 
the poin ts are to  be fou n d  for  b o th  envelopes o f the 
p -x  figure.

Fig. 3 .— Temperature-composition sections of the system ethylene-naphthalene for various pressures.
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Fig. 4.— Pressure-temperature sections of the system ethyl
ene-naphthalene for various concentrations.

F urtherm ore it is ev iden t from  these results that 
b y  raising the pressure as well as the tem perature 
the so lu b ility  o f  naphthalene in supercritical 
eth ylen e increases en orm ou sly  and that, fo r  in
stance, at 50 ° and 270 atm ospheres it  am ounts to  
50 w t. %  (18 m ole  % ) .  A ctu a lly  these are v ery  
concentrated  solutions o f slightly  vo la tile  solids 
in a supercritical fluid phase.

In  the table  w e gave  one observation  at 60 ° and 
270 atm . T h is  is therefore an observation  a b ove  
the critical line running from  the second critical 
en d -p o in t to  the critical p o in t o f naphthalene. 
It  w as our in tention  to  ob ta in  several m ore data  
at this pressure at tem peratures rising to  the m elt
ing p o in t o f naphthalene. T h is  appeared n o t to  
be possible, because these v ery  con cen trated  solu 
tions caused obstru ctions in the apparatus. W ith  
the aid  o f this observation  at 60° and other o b 
served or extrapolated  values a t -x  section  fo r  the 
w hole range o f con cen tra tion s at 270 atm . w as 
com piled  (F ig. 5 ). T h e  so lu b ility  line has to  end 
in the m elting p oin t o f n aphthalene at 270 atm os
pheres and th is is ca lcu lated  to  be  9 0 .0 ° .3 T h e  
initial slope o f the so lu b ility  line has to  be  in agree
m ent w ith  the m olecu lar depression  o f the freezing 
poin t o f naphthalene. T h is  w as ca lcu lated  to  be  
73° fo r  a m eltin g  p o in t o f 90 .0 ° and a heat o f  fu sion  
o f 36.0 cal. g .4 T h e  shape o f the so lu b ility  line

(3) International Critical Tables,” Voi. IV, p. 10.
(4) J. H. Perry, Chem. Eng. Handbook, 213 (1950).

Fig. 5.— Temperature-composition section of the system  
ethylene-naphthalene at 270 atm.

ind icates still the in fluence o f  the second  critical 
en d -poin t (tw o  poin ts o f in flection ).

T a b l e  I

Pr e s s u r e - C o m p o sitio n  D a t a  fo r  E t h y l e n e - N a p h t h a 
l e n e  S y s t e m

p, atm . x, mole % p, a tm . x, mole % p, atm . x, mole %

1 2 ° 4 5 ° 5 0 °

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

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

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

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

1 5 0 . 6 1 . 7 2 1 1 2 . 3 1 . 5 2 2 1 6 1 . 0 5 . 6 3

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

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

3 5 ° 6 1 . 2 . 0 8 3 1 2 3 . 0 2 . 2 0

5 2 . 0 . 0 7 0 1 1 3 . 6 1 . 5 7 5

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

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

1 8 9 . 8 3 . 0 1 8 4 . 7 . 3 3 9

1 4 5 . 7 2 . 1 7 6 0 ° 7 5 . 1 . 1 8 8

1 4 2 . 2 2 . 0 4 6 5 . 2 . 1 5 6

1 2 6 . 3 1 . 7 0 2 7 0 . 3 4 8 . 2 4 6 . 6 . 1 3 9
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scribed  in this p u b lica tion  w as perform ed b y  L . A . 
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a id  o f  the “ D elftse  H ogesch oo lfon d s.”  W e  wish 
to  express ou r thanks for this valuable assistance.



ON CRITICAL PHENOMENA OF SATURATED SOLUTIONS IN BINARY
SYSTEMS. II

By C. A . van Gunst, F. E . C . Scheffer and G . A . M . D iepen

Laboratory fo r  Inorganic and P hysical Chemistry at the Technical University, Delft, Holland
Received September 23, 1952

(1) Data are given for a number of binary systems, consisting of a volatile component (ethylene) and a slightly volatile 
substance (anthracene, hexamethylbcnzene, hexaethylbenzene, stilbene, m-dinitrobcnzene, hcxachloroethane or naphtha
lene). They all belong to the type of system with an interrupted liquid-vapor critical locus. Measurement of the second 
critical end-point of the system ethylene-naphthalene is also reported. (2) For measurement of the solubility of mixtures 
of two solids in a fluid above the critical temperature, the system ethylenc-naphthalene-hexachloroethane was chosen.
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T h e  present paper presents a con tin u ation  o f 
studies o f critical phenom ena in system s o f tw o 
com pon en ts o f w idely  d iffering vo la tility . In  a

groups show n in Figs. 1 and 2, b o th  show ing tw o 
critical end-poin ts, K i  and K-i, in vo lv in g  equilibrium  
w ith  the solid  phase, B  (the less vo la tile  co m p o 
n ent). In  the first, case, o n ly  one liqu id  phase 
occurs. T h e  second case is characterized  b y  
m etastable liq u id -liq u id  im m iscib ility  in the pres
ence o f vapor. T h e  tw o cases are n ot p ositive ly  
d istinguishable experim entally  unless m easure
m ents can be  m ade in the m etastable region. H o w 
ever, stron g  inferences can be  draw n from  the 
trends o f the tw o  stable segm ents o f the liq u id -  
v a p or  critical locus and from  the character o f the 
curve or curves describing the equilibrium  betw een  
solid , liqu id  and vapor. In  the paper cited  a  n u m 
ber o f system s h ave been discussed w h ich  alm ost 
certa in ly  be lon g  to  the second group. T h e  system  
eth y len e-n aph th a len e  is considered exten sively  in 
som e later p u b lica tion s .2

T h e  purpose o f the present in vestigation  is to  
find a sligh tly  vola tile  com pon en t w hich  w ill form

Fig. 1.— Pressure-temperature projection of a system w it+h the S-VstelA  eth ylen e-n aph th a len e a ternary  
with two Critical end-points: ------- , stable equilibria;-----------, system , upon  w hich  m easurem ents o f the so lu b ility
metastable equilibria.

t, °c .
Fig. 2.— Pressure-temperature projection of a system with 

two critical end-points and metastable liquid-liquid immisci
bility: ------- , stable eq u ilibria ;-------- , metastable equilibria.

previous p a p er1 it has been poin ted  ou t that sys
tem s o f this ty p e  possessing an interrupted  liq u id - 
vapor critical locus can be d iv ided  in to  the tw o

(1) G. A. M. Diepen and F. E. C. Schefier, J. Am. Chem. Soc., 70,
4081 (1948).

of a m ixture o f tw o  solids in a supercritical fluid 
can be perform ed. T h is substance should  
possess the fo llow in g  properties : (1) W ith  
ethylene a b in ary  system  m ust be form ed  
in  w hich  the critical curve cu ts the three- 
phase line S b - L - G .  (2) T h e ternary sys
tem  w ith  ethylene and naphthalene m ust 
possess a supercritical region, an a logou s to  
the system  eth ylen e-n aph th alen e. T h is  
can be  best fulfilled, if the eu tectic  tem 
perature o f the b inary system  w ith naphtha
lene is rather h igh .3 (3) T h e  so lu b ility  in 
supercritical ethylene m u st be  o f such an 
order that determ inations can be perform ed  
accu rately . A n  in d ication  o f this solu 
b ility  near the critical p o in t is fou n d  in 
the tem perature difference betw een  the first 
critical en d -poin t o f the system  w ith  eth y l
ene and the critical po in t o f e th y len e .4 
T h e  quantita tive determ ination  in m ix
tures w ith  naphthalene, con ta in ing  som e 
im purities, such as drops o f m ercu ry  and 
particles o f grease should  be  sim ple. In  
order to  test the agreem ent w ith  these 
desiderata, the pressure-tem perature p ro 
jection s  of a n um ber o f b in ary  system s

(2) G. A. M . Diepen and F. E. C. Scheffer, ibid., 70, 4085 (1948); 
T h i s  J o u r n a l , 57, 575 (1953).

(3) C. A. van Gunst, F. E. C. Scheffer, and G. A. M . Diepen, ibid., 
57, 581 (1953).

(4) M . Centnerzwer, Z. physik. Chem., 427 46, (1903); 60, 441,
(1907); 61, 356 (1908); 69, 81 (1909); E. Sehroer, ibid., 129, 79 (1927).
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were m easured, w ith  ethylene as the vola tile  com 
ponent, and anthracene, hexam ethylbenzene, hexa- 
ethylbenzene, stilbene, m -d in itrobenzene or hexa- 
ch loroethane, as the sligh tly  vo la tile  com pon en t. 
A  rem easurem ent o f the system  eth y len e-n ap h th a 
lene was perform ed  to  find the second critical en d 
poin t.

E xperim ental M e th o d .— A ll p ressu re-tem per
ature m easurem ents were carried ou t in glass 
C ailletet tubes w ith  electrom agnetic stirring ac
cord ing  to  K uenen . T em peratures were deter
m ined w ith  ca librated  A nsch u tz therm om eters 
w hile pressures were read from  regularly con trolled  
Schaeffer and B uden berg  precision  pressure gages.

A  different su p p ly  o f ethylene was used from  that 
in the previous research. T h e  m aterial used here 
was prepared from  a com m ercia l p rod u ct.6 A fter  
w ashing it th orou gh ly  first w ith am m oniacal 
CU2CI2 solution  and then w ith  dilute sulfuric acid, 
it w as dried b y  passing it over  P 2O 5. N ext the 
n on -con den sab le  gases were rem oved  (controlled  
w ith  T esla -apparatus) and finally  the ethylene 
was further purified b y  elim inating ten tim es the 
m ost volatile  and the least vola tile  fraction  during 
condensation .

A s an ind ication  o f the pu rity  o f the sam ple, sev
eral poin ts w ere m easured on  the va p or  pressure 
curve using different vo lu m e ratios o f v a p o r  and 
liqu id ; n o  detectab le  pressure differences were

Co) Ohio Chemical and Manufacturing Co. 99.5% pure.

n oted  at constant tem perature. M easurem ents 
o f the critical constants were fou n d  to  be in g ood  
agreem ent w ith those o f M aass and co -w ork ers6 
using the classical defin ition  o f critical poin t (t =  
9 .2 2 ° ; p =  4 9 .7 4 atm .).

T h e  values for  the p -t  line o f ethylene differ 
s ligh tly  from  those cited  in an earlier pu b lica tion .1

E xperim ental R esu lts .— T h e  m easurem ents are 
sum m arized in the T ab les I - V I I .  T h e  curve S b ~  
L2- G  o f the system  eth ylen e-h exach loroeth an e 
cou ld  n ot be m easured, because the second  com 
pon en t reacted w ith  m ercu ry  at such high tem 
peratures. U nder 60° this reaction  w as unnotice- 
able. O n ly  the m easurem ents o f  the system  ethyl
en e-n aphtha lene are show n graph ica lly  in F ig . 3.

D iscu ssion  o f R esu lts .— In  all system s described, 
the three-phase line S b - L - G  has tw o  critical end
poin ts / i i  and K t. T h e  pressure-tem perature p ro
je ct ion s  of the system s eth y len e-an th racen e, eth y l- 
en e-h exaeth ylben zene, e th v len e-h exa m eth y lb en - 
zene, eth y len e-m -d in itrobenzen e, e th y len e -h ex a 
ch loroethane and  eth y len e-stilb en e  are an a logou s 
to  the one for  eth y len e-n aph th a len e  (F ig . 3 ). 
A lth ou gh  m etastable  im m iscib ility  cou ld  n o t be  
detected  in a n y  o f these cases, it is probable , from  
the curvature o f the three-phase lines S b - L - G ,  th at 
th ey  all be lon g  to  the system s with m etastab le  
im m iscib ility . P articu larly  hi the case o f e th y le n e -

(6) J. Daoey, R. McIntosh and O. Maass, Can. J. Research, 17B , 
206 (1939); S. M. Naldrett and O. Maass, ibid., 18B , 118 (1940).
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naphthalene, w here the tw o  m easured parts o f  the 
critical line d o  n o t seem  to  he parts o f one curve 
w ith ou t cusps, the m etastable  im m iscib ility  is 
h igh ly  probable.

In  the sam e system  it w as possible to  determ ine 
the second  critical en d -p o in t b y  d irect observa 
tion  and  b y  graphical extrapolation  from  the 
three-phase line Sb - L 2- G  and the critical curve 
(L 2 =  G ).

A t  the secon d  critical en d -poin t, con trary  
to  the first critical en d -poin t, a saturated so lu 
tion  w hich  coexists w ith a gas phase becom es

critical b y  a. slight tem perature low ering.
T h e  system  eth y len e-h exach loroeth an e show s 

a m axim um  increm ent o f the critical tem perature, 
has a rather extended  supercritical region, and g ives 
a ternary  system  (w ith  naphthalene) o f the desired 
ty p e  w hich  w ill be reported  in another paper .3 
F urtherm ore hexachloroethane easily  can be deter
m ined qu antitatively . T herefore  h exachloroethane 
seem s prom ising fo r  use as a th ird  com pon en t, to 
gether w ith  ethylene and naphthalene, for  m eas
urem ents o f the solu b ility  o f m ixtures o f solids in a 
supercritical fluid.

ON C R ITICA L P H E N O M E N A  OF SATU R ATED  SOLUTIONS IN  T E R N A R Y
SYSTEM S

B y  C . A . van Gunst, F . E . C . Scheffer and G . A . M . Diepen

Contribution from, the Laboratory for Inorganic and Physical Chemistry at the Technical University, Delft, Holland
Received September 23, 1952

Pressure-temperature measurements are given for the ternary system ethylene-naphthalene-hexachloroethane, including 
the critical phenomena of saturated solutions. Observations are discussed from the viewpoint of the theory of the phase 
equilibria in the critical region. The system shows a temperature range where solubility measurements can be made of two 
solids in a supercritical fluid.

Introduction
T h e  purpose o f  this in vestigation  was to  stu dy  

the phase-equilibria  o f  a tern ary  system  w hich  
cou ld  be  adapted  fo r  exact m easurem ents o f the 
solu b ility  o f m ixtures o f tw o solids in a super
critical fluid.

T o  find such a system  the necessary con d ition s 
m u st be  tra ced . In  som e prev iou s1 ~4 papers b in ary  
system s, consisting o f a vo la tile  com p on en t A  and 
a  sligh tly  v o la tile  com p on en t B  show ing an in
terrupted  liq u id -v a p o r  critical locus w ith  tw o 
critical en d -p oin ts are described. In  such system s 
a tem perature range is n oticed  betw een  the first 
and second  critica l en d -poin ts where, at a n y  pres
sure, on ly  one fluid phase can coexist w ith  solid B .

N o w  w e w an t to  find a tern ary  system  o f a v o la 
tile com p on en t A  and  tw o  s ligh tly  vo la tile  co m 
pon ents B  and  C  w h ich  has a tem perature range in 
w hich  solids B  and  C  can  coexist o n ly  w ith  a super
critical phase. Such  a tern ary  system  can be b u ilt 
from  tw o  b in ary  system s A -B  and A - C  in w hich  
the three-phase lines Sb - L - G  and S c - L - G ,  respec
tive ly , cu t the critica l liq u id -v a p o r  curve. I f  w e 
n ow  consider the tern ary  univariant equ ilibriu m : 
solid  B , solid  C , liqu id  and gas w ith  increasing tem 
perature, there w ill be  the possib ility , at least if the 
so lu b ility  o f B  and C  in liqu id  A  is n ot to o  high, 
th a t this series o f u n ivariant equ ilibria  ends in a 
first d ou b le  critical en d -p o in t ,5 w here the liqu id

(1) G . A. M . D ie p e n  a n d  F . E . C . S ch e ffe r , J. Am. Chem. S o c . ,  70, 
4081 (1 9 4 8 ).

(2 ) C . A . v a n  G u n s t , F . E . C . S ch e ffe r  a n d  G . A .  M .  D ie p e n , T h is  
J o u r n a l , 5 7 , 5 7 8  (1 9 5 3 ).

(3 ) G . A . M .  D ie p e n  a n d  F . E . C . S ch e ffe r , J. Am. Chem. S o c . ,  70, 
4 0 8 5  (1 9 4 8 ).

(4 ) G . A . M .  D ie p e n  a n d  F . E . C . S ch e ffe r , T h is  J o u r n a l , 57, 575
(1 9 5 3 ).

(5 )  S o  d e n o t e d  b y  A . S m its , V e rs la g  G e w o n e  V e r g a d e r in g  W is e n .-  
N a tu u r k . A fd . ;  Nederland A had. Wetenschap. 21, 149 (1 9 1 2 ) ;  24, 731 
(1 9 1 5 ).

and gas phase b ecom e identical. T h e  four-phase 
line Sb-Sc-L -G  w ill appear again  at the second  
d ou b le  critical en d -p o in t and  run to  th e  corre
spon d in g  quadruple p o in t o f  the b in a ry  system  
B -C . T h e  p - t  p ro je ct ion  o f such a system  is de
p icted  in  F ig. 1. K iK \  and  K J t i  are the first 
and second  critical end-poin ts, respectively , o f the 
tw o  b in ary  system s. T w o  critical lines run from  
these poin ts to  the tern ary  critical en d -p o in ts  p 
and q o f the fou r-ph ase line S s - iS c -L -G . On these 
lines the ternary  critical p o in ts  are fou n d  fo r  liqu ids 
saturated w ith  one o f the solids.

Fig. 1.—Pressure-temperature projection of a ternary sys
tem with a four-phase line Sb-Sc-L-G  cut in two parts. 
Full drawn lines are univariant ternary curves, dotted lines 
are the univariant curves of the binary systems.

B etw een  the tem peratures of p  and  q there is a 
tem perature range w here together w ith solid  B , C  
or b o th  on ly  one supercritical phase can coexist at 
all pressures.

F rom  Fig. 1 it fo llow s th at the eutectic tem per
ature o f the b in ary  system  B - C  has to  be  w ell 
a b ov e  the tem perature o f the critical p o in t o f  A . 
I f  this eu tectic  tem perature is to o  low , there w ill 
be a possib ility  th at the fou r-ph ase line Sb - S c - L - G  
will not intersect the liq u id -v a p o r  critical locus,
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A n oth er ty p e  o f ternary  system  for  w h ich  the 
stable equ ilibria  are v e ry  sim ilar to  the a b ove  m en
tioned  can be fou n d  if A , B  and C  are selected so 
that the b in ary  system  A -B  and A -C  show  a super
critical region, b oth  possessing m etastable  im 
m iscib ility  in the liqu id  phase, the eu tectic  tem 
perature E  c f  the b in ary  system  B - C  will be well 
a b ove  the critical poin t o f A , and the solubilities o f 
B  and C in liqu id  A  will be rather low . Such  a 
system  is shown in Fig. 2.

Fig. 2.—Pressure-temperature projection of a ternary 
system of two slightly volatile substances (B and C) and a 
volatile one (A) showing metastable immiscibility in the 
liquid phase. Full drawn lines are univariant ternary 
curves, dotted lines are the univariant curves of the binary 
systems.

A gain  a supercritical region  is fou n d  betw een 
the tem peratures o f the first and secon d  dou b le  
critical end-poin ts, w here at all pressures, at least 
in the stable state, together w ith  solid  B , solid  C  or 
m ixtures o f b o th  on ly  one fluid phase can exist.

In  the stable equilibria a d irect p ro o f o f the 
(m etastable) im m iscib ility  is im possible. In d i
cations can on ly  be  fou n d  from  the form  o f the 
four-phase line Sb - S c - L 2- G  and from  the less 
p robab le  coherence o f the critical curves of satu
rated solutions.

U ntil now  it has been assum ed th at the b in ary  
system  B -C  had  an eu tectic  tem perature in the 
m elting  diagram . In  the case th at B  and C  pos
sess a continuous series o f solid  solutions in the 
solid  phase analogous view s can be  held. E xperi
m en tal p roo fs  fo r  such cases h ave been reported 
fo r  the system  S 0 2-H g B r 2-H g I 2 b y  N ig g li6 and for  
H 2- C O - N 2 b y  V ersch oy le .7 H ow ever fo r  experi
m ental purposes such system s are far less attrac
tive.

I t  can be  concluded  th at tw o types o f ternary 
system s, viz., those show n in F ig . 1 and F ig . 2, are 
suitable fo r  m easurem ent of the so lu b ility  of a m ix
ture o f  solids in a supercritical fluid.

Experimental Results
For reasons stated earlier2 measurements were carried out 

on the system ethylene-naphthalene-hexachloroethane us
ing a Cailletet apparatus with a glass capillary above mer
cury. Pressures were measured by means of a calibrated 
Schaeffer and Budenberg high pressure gage. Temperatures 
were read from calibrated Anschutz thermometers.
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t, °C.
Fig. 3.—Pressure-temperature projection of some univariant equilibria in the ternary system ethylene-naplithalene-hex-

aol'lorocthane (B = hexachloroethane; C = naphthalene).
The ethylene was prepared as described in an earlier 

paper.2 The naphthalene was purified by repeated crystal
lization from alcohol (m.p. 80.0°), the hexachloroethane by 
the same procedure (m.p. under slightly increased pressure 
187°). 56.6° for the eutectic temperature of naphthalene- 
hexachloroethane was found to be in agreement with Parijs.8 
The four-phase line S b- S c~ L i- G  was measured analogous 
to vapor-pressure measurements. The four-phase line 
Sb-S c-L 2-G  was determined by “die first melting for two 
considerably different compositions. The critical curves of 
solutions, saturated with one solid, including the first, ar.d 
second double critical end-points, were measured for a num
ber of different compositions. For each composition in the 
Cailletet tube the quantity of B and C could be changed 
to some degree by bringing a portion under the mercury.

Table I gives the four-phase line naphthalene-hexachloro- 
ethane-Li-G. Table II contains the measurements of the 
four-phase line naphthalene-hexachloroethane-Lo-G. Tables 
III and IV give points from the critical curves (L, = G) for 
solutions, saturated with naphthalene or hexachloroethane. 
In Tables V and VI the measurements are recorded for the 
critical curves (L2 =  G) of solutions saturated with naphtha
lene or hexachloroethane. The curve naphthalene-L2 = G 
terminates in the second critical enc-point of the system ethyl
ene-naphthalene published in another paper.2 The curve 
hexachloroethano-Lz = G has not been measured up to the 
second critical end-point of the system hexachloroethane, 
because hexachloroethane reacts at such high temperatures 
with mercury. From these results the constants of the first 
and second ternary critical end-points can be taken as 
Ip = 15.3°, Pv = 55.1 atm. and tl = 25.5°, pq = 86.6 atm.

D iscu ssion  o f R esu lts
T h e  fou r-ph ase line n a p h th a len e-h exach loro- 

e th a n e -L 2- G  m u st possess a five-phase poin t, as
(8 ) S. P a r i js , Z. anorg. allgem. Chem., 225, 4 2 5  (1 9 3 6 ).

the result o f a conversion  o f the triclin io a -ferm  of 
h exachloroethane to  the rh om bic /3-m odification. 
T h is  p o in t can be  calcu lated at 29 atm . as 44 .4 °, 
using the m easurem ent o f the transition -tem per
ature from  W ieben ga 9 and  th e  p ressu re-tem pera 
ture dependence b y  B ridgm an .10 A n  alteration  o f 
the slope o f the fou r-ph ase line is n ot self-evident, 
from  the m easurem ents. T h e  tem perature range 
where, together w ith  solid  naphthalene, h exach lo 
roethane, or m ixtures o f both , on ly  one fluid phase 
can coexist is betw een  15.3 and  25 .5°.

N otw ith stan d in g  our efforts in realizing the 
m etastable im m iscib ility  in the liqu id  phase, w e  
d id  n ot succeed. In  this case, how ever, the choice 
betw een  the typ es  o f F ig. 1, w ith ou t, and F ig . 2, 
w ith m ètastable im m iscib ility , is n o t difficult. 
T h e  m etastable im m iscib ility  is h igh ly  probable 
because o f the form  o f the fou r-ph ase  Ime naph- 
th a len e -h ex a ch loroe th a n e -L 2- G ,  the relatively  
great pressure difference o f the first and second 
dou b le  critical en d -poin ts and the fa c t  that the 
critical curves o f saturated solu tion s d o  n o t seem 
to  be  parts o f  tw o curves w ith ou t cusps. T h e  re
sults o f the so lu b ility  m easurem ents o f naphthalene 
and  h exachloroethane in ethylene in the tem per
ature range betw een  15.3 and 25 .5 ° w ill b e  reported  
in another paper.

(9 )  E . H . W ie b e n g a , ibid., 225, 38  (1 9 3 5 ).
(1 0 ) B r id g m a n , PfQQ-. Awn- Acad. Arts Sci., 51, 5 5  (1916),.
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TH E  ADSORPTION OF FLE XIB LE  M ACR O M O LECU LES1

B y  R obert Simha, H . L . Frisch2 and F. R . E irich

New York University and Polytechnic Institute of Brooklyn, New York, N. Y.
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The formation of a monolayer from dilute solution is considered. A statistical analysis indicates that only a fraction 
~i'/* of the total number t of chain segments is deposited on the average. The adsorbed segments are arranged in short 
sequences, separated by bridges extending into the solution. From the respective frequency distributions, the free energy 
changes arising from the mixing with sites on the surface and with solvent are obtained. For very large chains, the adsorp
tion isotherm approaches the form expected for molecules which dissociate on the surface into single units. The heat of 
adsorption is proportional to the square root of the molecular weight for low degrees of occupancjr of the surface. There
after a term proportional to tne molecular weight is to be added. It represents the interaction of the adsorbed segments 
and hence depends on the cohesion energy of the polymer. For a given molecular weight, the number of anchor points 
and consequently the heat of adsorption are the larger, the smaller the radius of the free coil, that is, the more flexible the 
molecule. In this manner the results have a bearing on the adhesion problem also. Certain recent experiments are briefly 
discussed in respect to the effect of solvent, temperature and molecular weight.

R obert Simha, H. L. Frisch and F. R. E irich

I. Introduction
T h e  statistical m echanics o f adsorption  o f gases 

on solids has been developed  in great d eta il.3 S i
m ultaneously  there h ave occu rred  im portan t de
velopm en ts in the th eory  o f solutions. B ecause o f 
fundam ental sim ilarities this was, o f  course, n ot 
accidental. In  recent years the ph ysica l chem istry  
o f high p o lym er solutions has received considerable 
attention , y e t  w e are n ot aw are o f a n y  recent treat
m en t o f the adsorption  p rob lem .4

In  the fo llow in g  an equilibrium  th eory  o f ad
sorption  is presented. S ince w e are concerned  w ith  
flexible chains, tw o  aspects are to  be considered. 
F irst there is "he statistics o f  deposition  o f chain 
units on the substrate. I t  is obv iou s  th at deposi
tion  o f the w hole chain  is extrem ely  u nlikely  and 
on ly  a fraction  o f the tota l num ber o f chain  seg
m ents w ill b e  “ trap p ed ”  on  the surface. T h ese  form  
segm ents o f v a ry in g  length  w hich  are separated b y  
portions extend ing  in to  the solu tion . S econ d ly  
the th erm odyn am ic properties o f the m on om olecu - 
lar layer on the surface are to  be  determ ined. 
T h is y ields the adsorption  isotherm  and the free 
energy o f adsorption  as a fu n ction  of, am on g others, 
the m olecu lar w eight and  flex ib ility  o f  the polym er. 
T h e  m on olayer w ill be regarded as localized.

T h e  m anner in w hich  a chain  an chors itself to  a 
substrate is im portan t also fo r  the prob lem  o f ad 
hesion . H en ce  our results have a bearing on this 
question .

T h e  fo llow in g  assum ptions w ill be m ade. T h e  
original p o lym er is supposed  to  be  in d ilute solu 
tion . T h e  adsorbing surface is th ou ght o f  as co n 
sisting o f a regular array o f “ a ctive  sp ots ,”  closely  
p a ck ed  on  the surface. I t  is at these sites th at in
teraction  betw een the surface and  som e part o f  the 
p o lym er chain occurs, leading finally  to  a  strong 
adhesion  o f the part o f the p o ly m er chain  to  a given  
site. T h e  n um ber o f sites, N s, is tak en  to  be p ro
portional to  the surface area o f the adsorbent.

T h e  a ctive  spots  o f the po lym er chain  w hich  are 
capable o f  d irectly  participating  in the in teraction  
w ith  the surface m a y  each be part o f a single m on o
m er unit, or  in cluded  once, on  the average, in r m on o-

(1 ) P re s e n te d  a t  t h e  1 2 2 n d  M e e t in g  o f  t h e  A m e r ic a n  C h e m ic a l  
S o c ie ty ,  A t la n t ic  C i t y ,  N . J ., S e p te m b e r  1 4 -1 9 ,  1952 .

(2 ) D e p a r t m e n t  o f  P h y s ic s , S y ra cu se  U n iv e rs ity ,  S y ra cu s e , N . Y .
(3 ) A . R .  M ille r , “ T h e  A d s o r p t io n  o f  G a ses  o n  S o l id s ,”  C a m b r id g e  

U n iv e rs ity  P ress , 1 9 4 L
(4 ) F o r  a n  e a r ly  d is c u s s io n , see  E . B r o d a  a n d  H , M a r k , Z. phveik, 

Ch*m ,> A180, 392 (1937).

m er segm ents (r  2: 1) m aking u p  the chain . T h e  
h yp oth etica l po lym er w e w ill s tu dy  w ill consist 
o f t such “ statistical segm ents”  w hose length  is A ,  
rou gh ly  the size o f the statistical segm ent w hich  
characterizes the beh av ior o f  the am orph ou s p o ly 
m er chain  in solution . F urtherm ore, we assum e 
th rou ghou t th at the area o f an a ctive  adsorption  
site is equal to  the area o f the statistical segm ent 
o f  the polym er. O nce a segm ent of the po lym er 
finally  adheres to  a g iven  site, this site w ill be co n 
sidered as saturated and h enceforth  n o  fu rth er a d 
sorption  w ill occu r  at th at locus. T h e  im m ediate  
area surrounding a g iven  site can be  th ou gh t o f  as 
being planar, since the adsorben t or particles o f  the 
adsorben t are m a n y  tim es larger in size than  the 
po lym er. T h e  solven t is supposed n o t to  partic i
pate  in the adsorption .

II. Statistics of Deposition
T h e  po lym er chain, in d ilute solution , exists as 

a  m ore or less flexible random  coil. L et it be  char
acterized  b y  a G aussian d istribu tion  o f end  to  end 
distances
W(x, y, z, t)(lx d y di =

C3jjjyj, exp [ -  (x2 + y2 +  z*)/4ft]dx dy dz (1)

wdiere x, y ,  z are the com pon en ts o f  the v e c to r  r, 
con nectin g  one end o f the p o lym er chain  to  the 
other end loca ted  at the origin o f our coord in ate  
system , x, y ,  z are expressed here in units o f  A .  
C 3 is part o f the norm alization  con stan t and equal 
t o  ~ 3. f  is a pure n um ber and  accou n ts fo r
the va lence angle tt — betw een successive bon ds 
o f  the p olym er as well as the flex ib ility  o f  the chain 
determ ined  prim arily  b y  the in term olecu lar p oten 
tial barrier F (£ 2) restricting rotation . U sing eq.
( 1) w e will be able to  ca lcu late the con figuration  o f 
a p o lym er m olecu le  adsorbed  b y  the adsorbent. 
W e  n ote  th at eq. ( 1) can be w ritten  as

nx’ y’ 2’ 0 = W h  ' ' l W l p  e~yWLW u  e“zV4/i

T h a t is, the com pon en ts o f the end to  end d istance 
are in dependent o f  each  other. W h en  a m olecu le  
is located  in the im m ediate v ic in ity  o f th e  ad sorb 
ing surface, eq. (1) n o  longer holds. L ettin g  z — h 
=  0 be  th e  equation  o f the adsorb in g  surface, eq.
( 1) has to  be m odified , since n o  part o f  the p o ly m er
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chain  m a y  penetrate the surface. In  ran dom - 
w alk  term in o logy  the surface acts as a reflecting 
w all.5 T h e  d istribu tion  fu n ction  o f t.he end to  end 
distance v ector  becom es con sequ ently  
Wh(x, y, z, t)dx dy dz = W(x, y, z, i)dx Ay dz

+  W(x, y, 2h — z, t)dx dy dz; z S h 
or

C  3Wh(x, y, z, t) =  e'W + v!)/4/i[e_22/4/(
+  e “ (2 h -  zy/ W ]  ( 2 )

T h e  x, y ,  z com p on en ts are again  independent, cf. 
eq. (2 ). In  w h at fo llow s, little  error is m ade b y  
setting h =  0. T h is  is equ iva len t to  assum ing 
that every  p o ly m er m olecu le  adhering to  the sur
fa ce  is a dsorbed  at the first segm ent. E quation  (2) 
becom es

Wo(x, y, z, t) =  e (P2 + *2)/4/<

where
p2 = x2 +  y2 and z S 0 (2a)

T h e  relation  exh ib ited  b y  eq. (2a) w ill a llow  us 
to  ca lcu late th e  p rob a b ility  th at v ou t o f  t seg
m ents o f a p o ly m er  chain  are adsorbed. F irst 
h ow ever we m u st find the p rob a b ility  p (r )  that, 
p rov ided  the first segm ent o f  a p o ly m er m olecule 
is adhering to  the surface loca ted  at z =  0 , the rth  
o f the t segm ents o f  the p o ly m er chain  also adheres. 
M a k in g  im plicit use o f  the ran dom  p lacing  o f seg
m ents o f the chain  and  lettin g  a be  the constant 
p rob a b ility  th at if  a segm ent tou ch es the surface 
it w ill adhere, w e find fo r  the desired p rob a b ility  
(0 =  tan-1 y/x),

P(t) = «  T" fJ 0 Jo

= “JoTX

J2 W(2)(x, y, 0, t / x ' ,  y\ z', t -
all x',y'; z' ^  0 r)pdpd$

■*2ir
Wq{x, y, 0, r)2lFo(x', y'y z\ t — r)pdpd<£

- f fJo Jo

(3)
2ir RirC3™WJx, y, 0, t)pdpd0 = ß ^ ( l  -  e-r/4f)

Since t is v e ry  large (e ffective ly  in fin ite) it is o f  in
terest to  ca lcu late the average va lue o f p(r)  over 
all t segm ents

V =  < p ( r ) > t  =  * X  V ( t) -  \ J! p{r)dT

E valu atin g  th is integral w e find

P = -  O ( J )  (4)

T reatin g  p (r )  as a ran dom  variab le  one easily  finds 
th at the varian ce o f  p ( r ) ,  < [ p ( r )  — p ] 2> i  is 
0 ( 1/0  f ° r large t, and  therefore the error m ade in 
replacing p(r)  b y  p  if  p  is v e ry  sm all.

W e  are n ow  ready  to  evalu ate the p rob a b ility  
u(v, t) th at a  g iven  chain  adheres to  the surface a t v 
segm ents ou t o f  a to ta l o f  t, these v segm ents being 
ran dom ly  p laced . A  p o ly m er chain  w ill adhere 
to  the surface w ith  v segm ents if either o f tw o  m u 
tu a lly  exclusive con d itions are fu lfilled, (a ) A t 
the (t — l ) st segm ent, v — 1 segm ents adhere and 
the Ith segm ent is so  p laced  th at it adheres, or (b )

(5 )  S ee , f o r  in s ta n ce , 9 . C h a n d r a s e k h a r , Revs. Modern Phys., 15» 
1 (1 9 4 3 ).

at the (t =  l ) st segm ent, v segm ents adhere and 
the fth segm ent is so p laced  that it does n ot adhere.

H en ce  u(v, t) satisfies

t) = p{t)u(v — 1, r — 1; +  [1 — p{t)]u(v, t — 1) 
for T = 1, 2......... t; V ê  1 (5)

T his difference equation  has to  be  so lved  w ith  the 
in itial and b ou n d a ry  con d itions

u(v, t) =  0 for v > t
u{ 1, t) = 0 for t = 0 (6)

= 1 for t = 1
In trodu cin g  the m om en t generating fu n ction

M S )  =  X )  S“UM  T)
» = o

we find from  eqs. (5) and (6)
t

M S )  =  -  U -  p M ISI
T = 1

and con sequ ently
t

u{v, I) =  JJ [1 -  p( r )  1 [ ( - 1 ) - S , ( « 1 , « 2 , . . . . « , ) ]  ( 7 )

where
p(t)

1 -  p (t)
an d  S„(ai, ar, . . . .  at) is the vth e lem entary  
sym m etric fu n ction  in the variables at, . . . at, i.e.

S v ( a i ,  . . . a t)  =  ( — 1)" X )  dj, « i ,  . . . .  ctj„

F rom  eq. (7) one finds
t

<v> =  X] VU(V1 0  =  pi (8)

w here p  is g iven  b y  eq. (4 ).
F or large values o f t, all p (r )  m a y  be  rep laced  b y  

p  and  eq. (7) fo r  u{v,t) sim plifies to  the B ernou lli 
d istribution

«(?, ^ = ( T - ' y)!y! _  = C ) p ' (1 “  p̂ ‘ "
(7a)

w hose first m om en t <  v >  is also pt and w hich  satisfies 
identica lly

u(v, t) = pu{v — 1, t — 1) +  (1 — p)u(v, t — 1)
I f  IVo p o ly m er m olecules are transferred from  the 

solu tion  to  the surface, the n u m ber N „  o f these 
w hich  adhere w ith  v segm ents ou t o f a to ta l o f t, is 
g iven  b y

Nv =  N0u{v, 0  =  W /*  V ( !  -  P)1- -  (7b)

W e can th ink o f these adsorbed  p o ly m er  chains
as each consisting o f subchains o f  1, 2, ...... X, .....
ad jacen t adsorbed  segm ents con n ected  b y  “ bridges”  
o f  non-adhering segm ents w hich  w ill stick ou t o f 
the adsorben t surface. T h e  “ X-m ers”  will arrange 
them selves on the surface, m ixing w ith the u n o c 
cu p ied  adsorption  sites and  form in g  essentially  a 
tw o  d im ensional solu tion  o f “ X-mers”  an d  u n 
occu p ied  sites. C orrespond ing  to  this p rocess w e 
observe a free energy as well as an en trop y  o f  m ix 
ing-



586 R obert Simha, H. L. F risch and F. R. E irich Yol. 57

T h e  p rob a b ility  o f finding a “ X-m er”  am on g  the 
adsorbed  sites is g iven  fo r  large t b y  p x“ 1 (1 — p) 
ws p x_1, since 1 -  p  w  1 . A ssum ing th at each o f 
the Y „  chains is adsorbed  at <  v >  po in ts  w h ich  is a 
va lid  approxim ation , the average n um ber o f X-mers 
from  the Y 0 chains is
M\ =  N0<v>C- — p)px-1(l — p) = N„pH 1 — p)H (8)
I f  we take in to  a ccou n t the finite m agn itude o f t, 
w e m ust w rite, as d o  M on tro ll and S im h a ,0 fo r  M x 

M\ = A'oPx-1(l — p)[ 2 +  (pt — X)(l — p)]
C onsidering the actual values o f p , t an d  X, eq. (8) is 
adequate.

B etw een  the adsorbed  sequences o f  chain  seg
m ents, there are portions, anchored  to  the substrate 
at the sequence boundaries b u t otherw ise extending 
in to  the solution . T h e  size d istribu tion  o f these 
bridges is g iven  b y

Me = N0ph(l — p)e; y ' , e = (t — <v>)N0 (8a)
e

and the num ber average chain  length  o f a bridge is
<e> = t/<v> — l = (l — p)/p

III. Thermodynamic Properties of the Monolayer
N ext w e consider the free energy o f the system  

w hich  consists o f sites p artia lly  occu p ied  b y  X- 
sequences and the solution  con ta in ing  bridges and 
d issolved  po lym er chains. T h e  m ole fraction s n¡¡ 
and n\ o f em p ty  sites and sites occu p ied  b y  X- 
sequences are
rao = l — SMx/A'a = 1 — N0pt(l — p)/N„-,

rax = Afx/.Vs = iV0px( 1 — p)-l/Na (9)
and the corresponding vo lu m e fraction s
¥>o = l -  XM\\/Na =  1 -  Aropi//Vs;

= \M\/NS =  A'0Xpxi(l — p)2/N s (10)
where Y s represents the num ber o f sites available 
fo r  adsorption .

L et there be a ltogether Y  p o lym er m olecules, 
No o f w h ich  are (partia lly ) adsorbed. T h e  partition  
fu n ction , Z[, o f the w hole system  is then

Z ^  describes the m ixing o f X-sequences o f  all 
lengths and the em p ty  sites, Z ^ t the m ixing o f 
th e  e-bridges and the solu tion  consisting o f Y l 
so lven t and N  — Y 0 p o lym er m olecu les, x  is the 
en ergy  required to  rem ove an adsorbed  segm ent 
from  th e  surface and Y 0 < v >  is the to ta l num ber o f 
adsorbed  segm ents. j\{T) is the partition  fu n ction  
for the internal degrees o f freedom  o f segm ent i, 
taking as the state o f zero energy the low est energy 
state in  th e  m onolayer, referred to  the p o lym er dis
solved  in an in fin itely  d ilute solution . I t  is as
sum ed here th at the adsorption  process does n ot 
affect these internal degrees of freedom , although  
there will be  a difference in the internal rotations. 
T h e general form  o f the equations to  be derived  is 
n ot altered b y  this postu late. j tr a ccou nts fo r  the 
translational degrees o f  freedom  in the solution  
and j s for the v ibra tion s around adsorption  sites.

(6 ) B . W , M o n - r o l l  a n d  R .  S im h a , J. Chum. Plum,, 8 , 721 (1 9 4 0 ).

N o  corresponding  term s for  the so lven t h ave been  
w ritten  since th e  solven t is assum ed n o t to  par
tic ipa te  in the adsorption  process. A lso  the co n 
figurational partition  fu n ction  o f the solid  po lym er 
has been om itted  in eq. ( 1 1 ) and su bsequ ent eq u a 
tions. T h e  fa ctor  Z mix( Y  — No, e) arises from  th e  
m ixing of N  — No chains w ith  a solu tion  con ta in 
ing M e  bridges, t =  I, 2 . . ., and Y l so lven t 
m olecules. P rior to  the adsorption , the partition  
fu nction  is

Z = ZnuRAO (12)

w here Z m\x(N)  refers to  the m ixing o f Y  p o ly m er 
and Y l so lven t m olecules. F rom  eqs. (11) and 
( 12) the free en ergy  change AFada resu lting  from  
the deposition  o f Y o  out o f Y  chains, each  at < v >  
sites, is

A.fU = -k T  In (Zf/Z ) (13)
E xp licit expressions fo r  the m ixing term s are 

m ost s im p ly  obta ined  from  the F lo ry -H u g g in s  
th eory  o f po lym er solutions. S ince w e w ish  to  
treat the w hole con cen tration  range on  the surface, 
the difficu lties o f this th eory  at m oderate  con cen 
trations will persist here. F urtherm ore, special 
orientation  effects, arising at th e  bou ndaries b e 
tw een X- and «-sequences will be  d isregarded . In  
this w a y  w e find7'8

-k T  In z£x)x = A = kT Ns[n0 In ¥>0 +
T . 1/X¥>x In <p\ +  Ki^ ¥ ’x,pi1 (14)

X X.l

T h e  in teraction  betw een  th e  adsorbed  segm ents is 
expressed b y  m eans o f a van  L a a r -II ild e b ra n d - 
Scatchard  term . Ki is a m easure o f the in teraction  
energy, but conta ins also an en trop y  con tribu tion . 
A  m ore refined treatm ent o f the in teraction  w ou ld  
fo llow  the lines indicated  b y  M ille r .3 On carry in g  
out som e o f the sum m ations and in trodu cin g  6, the 
fraction  of the surface covered

9 = £ x  n\ = N<s<v>/Nb (15)
x

\ j,{T )\ < » > N « (j lT) N - N e 7jm^ N  _  AY e) (11)

there results

AF^l/kTN, =  (1 -  0) In (1 -  0) +  K,02 +
0(1 — p)- In [0(1 — jo)2] +  0(1 — p)2 ^  px~l In

X =  2

[Xpx" 1(l -  p)20] (16)
T h is can be approxim ated  b y

AF^>JkTNa = (1 -  8) In (1 -  0) +  0 In 0
+  p6 In [p(l — 0)/0] +  Ki02 +  0(p2) (16a)

T h e  com pu tation  o f all further m ixing term s is 
sim plified b y  th e  con d ition  stated  in S ection  I , th a t 
the solu tion  from  w hich  deposition  occu rs is a lready  
in fin itely  d ilute to  start w ith . T h is  elim inates in 
terference betw een  bridges and d isso lved  m ole
cules. T h u s We com pu te  the free en ergy  change 
on m ixing Y l solven t m olecules w ith  the bridges

(7 )  P . J . F lo r y ,  ibid., 12, 42.5 (1 9 4 4 ).
(8) R i J,, S c o t l a n d  M, M a g a t , ibid,, 13> 172 (!94/>)i
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-k T  In Z(J X = AF^l = ¿TWl In (JVl/A l +  2eMe)
+  K2Ao2eAfe/(AL +  Seife)

or from  eq. (3a)

AFtl = kTNz [In (AL/[A L +  (i -  O » A 0] +
K2(i -  < , » A „ / [ A l +  (i -  < r> )A „]) (17)

T h e absence o f a term  depend ing  on  the num ber of 
bridges is due to  the im m obilization  o f the bridge 
term ini. K 2 is, in th e  usual fash ion , a m easure of 
the p o ly m e r-so lv e n t in teraction  and conta ins also 
an e n trop y  con tribu tion .

F or the solu tion  o f N  — No chains, w e w rite, d is
regarding the presence o f bridges in accord  w ith  our 
assum ptions
-k T  In Zmix(iV -  N o ,  e) =  AFraii(A -  N o ,  c) = 

k T N L(ln A l/[A l +  t ( N  -  A»)] + ( N  — A 0) /A L In 
t ( N  — N o )  /  [A’l -f- t ( N  — N o ) j +  Ki t ( N  — N o )  / [A j, +

t(N -  Nt)] ) (18)
T his is sm all in com parison  w ith  the solu tion  term  
A F mix(A0
-k T  In / :  h(a') = AFmix(A) =kTNL{In A L/(A L +  IN)

+  N/Nl In tN/(NL +  tN) + K-,tN/ (Al +  tN) (19)
H ence w e a dop t fo r  the fo llow in g  the approxim a
tions A F mix(M — No, e) ~  0, and N  «  ¿Vo in eq. (19).

O m ittin g  she fa ctor  Z mi*.(N — N 0, e) in eq. (11) 
and dropp in g  the d istin ction  betw een  the partition  
fu n ction s o f the w hole system , includ ing  the par
tia lly  dep leted  solu tion , and o f the m on olayer, we 
deduce from  eqs. (16a) and (17)

-k T  In 2, = Ft =  A +  A i l l  -  No<v>x -  
kTNo2 In j-,(T) -  kT<v>Na In j,(T) = kTNs \ (1 -  

8) In (1 -  6) +  9 In 8 +  pB In [p(l -  8)/6] +  K,82 +  
0(p2) J +  JcTNl [In A L/A L +  (t -  O > ) A 0 +  K2(i -  

< > > > )A o/ A l +  (i — < j ’ > )A ro] — A 0< y > .r  — k T N o  

£  In j,(T) -  kT<v>No In j.(T) (20)
i

T h e  partial m ola l free energy of the adsorbed  p o ly 
m er is fou n d  b y  considering  th at d /d i\r0 =  < v > / N s 
d/dd.  H en ce
Mf/kT = 1/kTdFi/dNo = < r>  fin B/( 1 -  B) + 
p In [p(l — 6)/B] — p/(l — B) +  2Ki0 — A l< 6 > /A j. +

( t — < p> ) N o -f- K 2< e >  [A l / A l +  (< — < ^ > )A o l2 — 
x/kT] -  2 In j,{T) -  <v> In j.(T) (21)

Since N l »  it — < v > ) N 0, the con tribu tion  o f the 
bridges reduces to

— <p> < e> (l -  Ks) = - ( t  -  0 > ) ( 1  -  K2)
F rom  eq. (21) the adsorption  isotherm  is d e 

rived  in th e  cu stom ary  w a y  b y  con siderin g  the 
equilibrium  betw een  adsorbed  and d issolved  p o ly 
m er. T h e  absolu te  a c t iv ity  o f  the latter is in d i
lu te solu tion

exp  (,xp0/ k T ) - t ( N  -  N o ) / N w ~ 0 - - K 1)t

w here pp°  represents the chem ical poten tia l o f the 
pure am orph ou s polym er. T h is can  be  w ritten  in 
term s o f all the degrees o f freed om  o f the chain and 
the con figurational partition  fu n ction  o f th e  solid  
0 . On con vertin g  to  the con cen tration  c in w eight 
b y  vo lu m e and considering the changes in the d e 
grees o f  freedom  on  adsorption , the adsorption  iso
therm  assum es the form
j0eiK,e/(i -  0)\p(i -  0 )/0 e -V (!-e )]?)«->

“  K[T , t, x. K„> (22)

with

-  kT( 1 -  K2)] -

(2vmkTyJ* ^ <”> V ‘
T h e  ratio o f the tw o m olecu lar w eights M  is to  be 
set equal to  u n ity , d is the d en sity  o f  the solven t and 
F m a y  b e  regarded as the “ free v o lu m e ”  per m ole 
cule o f  solid . I t  w ill be n oted  th at the first three 
fa ctors  on the le ft hand side o f eq. (22) w ould  
represent a L an gm u ir-type  isotherm  corrected  for 
lateral in teractions, p rov id ed  the expon ent < v >  
were u n ity . In  the lim it p -*■ 0, w hen all X-se- 
quences consist o f single segm ents, the equ ation  re
chices to

[Be2«-»/(I -  0)1 <"> = Kc (22a)
E x ce p t for the defin ition  o f K ,  this is form ally  
identica l w ith  the result for  the adsorption  o f < r > -  
m ers w hich  dissociate com p lete ly  in to  m on om er on 
the surface. S ince <  v >  is a rela tive ly  large num 
ber, 0 depends on ly  s ligh tly  on the po lym er con 
centration  c after an in itial steep  increase and re
m ains below  the values p red icted  b y  the L angm uir 
isotherm  ov er  a large range o f c. T h is  pattern  is 
m itigated  b y  a finite value o f p.

E qu ation s ( 1 1 ), ( 12 ), (13 ), (16a), (17) and (19) 
y ie ld  for  the integral free en ergy  change A Fads on 
adsorption  o f N 0 chains at N 0<  v >  s ites for  A’ l > >  
tN  a
AFada/kTNs — (1 — B) In (1 — 0) +  8 In 8 +  

pB In [p{ 1 — 8)/8] +  8/<v> lnjtr
-  8 In j. -  6{x/kT +  K.) +  K,02 (23)

T h e  integral heat o f adsorption  is thus ap p rox i
m ately  equal to  
A HadJkT  =

-No<v>(x/kT +  K2') +  (K FAoVAr.)««'»* (24)
neglecting  the tem perature dependence o f th e  j ' s  
and o f p. T h e  prim es indicate th at on ly  th e  energy 
con tribu tion s in KJ and K 2 are to  be in cluded . F or 
low  degrees o f surface coverage the first term  is 
predom inant. U nder these con d itions the heat of 
adsorption  is proportion a l to  th e  square root o f the 
m olecular w eight, since <v>  =  pt ~  t,/2. A s the 
coverage increases, the secon d  term , due to  the lat
eral in teractions and  proportion a l to  M ,  can becom e 
appreciable. T h e  approxim ation s m ade in calcu
lating the heat o f adsorption  m a y  be  gaged b y  a 
com parison  w ith  m ore elaborate expressions de
ve lop ed  in the th eory  o f adsorption  o f gases.3 
T hese  affect the second term  in eq. (21) and hence 
w ill n ot be im portan t for  sm all 6 and  p. W h en  this 
is the case, the difficulties con n ected  w ith  th e  use 
o f  eq. (14) are also not v e ry  im portan t, since p re
pon deran tly  single anchored  segm ents are sepa
rated  b y  long  sequences o f units stick ing ou t o f  the 
adsorben t plane. In  a ttem p tin g  estim ates o f  K j, it 
shou ld  b e  recalled  th at it m easures m erely an ex 
cess over  th e  segm ent in tera ction  in the bu lk  p o ly 
m er.

IV. Discussion
A lth ou gh  the present th eory  deals exclu sive ly  

w ith  m on om olecu lar adsorp tion  and d o e s  n o t  con
sider the deposition of further layers ar.d rate

K = ___ M{so]v)-___  exp | ^M (segm)d(solv) 1 ( kT
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processes, the results obta in ed  have a bearing on 
the problem  of adhesion  insofar as the strength  o f 
the b on d  betw een  adherent and adhesive, due to 
m olecu lar forces, is a determ ining factor. F or, one 
im portan t qu an tity , ceteris paribus, should be the 
average num ber o f anchor poin ts o f the chain on 
the substrate. In  a flexible, ran dom ly  coiled  m ac
rom olecule, < v >  ~  h  and the num ber o f 
anchor poin ts increases w ith  the */* pow er o f the 
m olecular w eight. < v >  depends furtherm ore on 
the flexibility  of the chain w hich  appears in the 
fa ctor  / .  A s s.iow n  b y  several authors9

6f  =  r '/ A J t
1 +  cos ft 1 +  <cos
1 — cos £i 1 — <cos £>> (25)

H ere r 2 is the m ean square separation  o f chain ends 
o f the free chain, x  — £i the fixed valence angle, A 0 
the length  o f a C -C  b on d , £2 the angle o f  rotation  
o f a segm ent relative to  a g iven  stable position  and

< cos £>> = f  cos exp [— V(£s)/kT]d£i/

Jjexp  [ - F f e ) / f c r id a

F (£ 2) is the poten tia l restrictin g  this rotation . A  
h igh ly  flexible chain  is characterized b y  a small 
va lue o f < c o s  f* and hence o f f, and  the m olecu le 
is a ttached  to  'h e  substrate w ith  a rela tive ly  high 
num ber o f units. Q ualita tively  it appears to  be  a 
m atter o f experience th at chain flex ib ility  is a fa v or
able fa ctor  in adhesion. B y  the sam e reasoning, 
deposition  from  a p oor  solvent, in w h ich  f  is effec
tiv e ly  small, should  be  advan tageous fo r  adsorp 
tion . A lth ou gh  fu n dam en tally  th is effect is not 
independent of, it occurs in addition  to  the increase 
o f th erm odyn am ic a ctiv ity  in a p o o r  solven t (large 
K 2). T h is  alsc favors adsorption  b y  m aking the 
constant K  larger. In  the fram ew ork  o f the pres
ent th eory  w hich  operates w ith  a d ilute solu tion  and 
chains attach ing  them selves in depen den tly  to  the 
surface, n o  precip ita tion  effects need to  be co n 
sidered.

A t th is point, a com m en t a b ou t the use o f  the 
G aussian distribution  ( 1 ) is necessary, in v iew  o f 
th e  effect o f excluded  segm ent vo lu m e on  the chain 
statistics and average chain dim ensions. I t  seem s 
qu ite  clear tha~ th e  d istribution  does n ot rem ain 
G aussian  when the vo lu m e effect is in trodu ced , re
gardless o f existing differences in p o in t o f  view . 
T h is  can change our relations (3) and (4) either b y  
a con stan t fa ctor  on ly  w hich  can be absorbed  in the 
defin ition  o f / ,  or a lternatively  have the m ore p ro
fou n d  consequence o f changing the expon ent o f  the 
m olecu lar w eight in the expression for  p. E ven  so, 
the characteristic features, in particular the exist
ence o f  sh ort sequences on the surface and long 
bridges, w ill persist. C onsidering the uncertainties 
regarding the d istribution  fu n ction , it w ou ld  n ot be 
useful at th is stage to  a ttem p t a m od ifica tion  o f 
the results g iven  in S ection  II . F or v e ry  short 
chains, on the oth er hand, the situation  changes. 
B ecause o f th e  effective  lack  o f  flexibility , the rela
tive  num ber o f  an chor poin ts will be  reduced. 
E xtrem ely  sh ort m olecules, how ever, a ct as one

(9 ) F o r  in s ta n ce , W . J . T a y lo r ,  J. Chem. Phys., 16 , 2 5 7  (1 9 4 8 ) , o r  
A . R . U b b c lo h rie  a n d  I .  W o o d w a r d . Trans. Faraday Son., 4 6 , 113 
(1 9 5 2 ) .

rigid  u n it and are either com plete ly  deposited  or 
a ttached  norm ally  to  the su rface .10

One m ore w ord  abou t the derivation  o f eq. (3) 
and (4 ). I t  neglects any correlation  betw een  pre
v iou sly  a ttached  segm ents and the trapp ing  o f suc
ceeding ones. In  this sense our result fo r  < v >  ~  
tl/l represents a  m inim um  value, the strongest 
possible dependence being p rop ortion a lity  w ith  t. 
Such a situation  arises on ly  if the surface exerts 
long n fnge forces on the polym er, say, in the 
presence o f  e lectric charges. A  partial correlation  
along the chain contour, how ever, is a short range 
effect in lon g  chains and should  m erely  in trodu ce 
a fa ctor larger than un ity , b u t in depen den t o f 
m olecular w eight, in p and 0 > .  A ll this im plies 
su fficiently  long bridges and thus sm all p.

T h e  th eory  has been restricted  to  extrem ely  
d ilute solutions. In  concentrated  system s, n o t 
on ly  the m ixing term s in eq. ( 1 1 ) and ( 12 ) b u t also 
the statistical results in S ection  I I  are affected , 
since the p rob a b ility  o f deposition  o f a g iven  chain 
depends on the num ber w hich  are already ad
sorbed. T h is  applies particu larly  to  the deposition  
in the case of adhesives. U nder these con d itions 
orientation  effects appear. F urtherm ore, w e are n o  
longer dealing w ith  an equilibrium  and variou s 
rheological fa ctors  b ecom e im portant. A lso , w hen  6 
is large, the bridges m a y  be  forced  in to  preferred  
configurations, even  in dilute solution .

R ecen tly  adsorption  experim ents w ith  p o ly m er 
fraction s o f m ethyl m ethacrylate, styrene and 
v in y l ch loride have been reported  b y  Jen ckel and 
R u m b a ch .11 G o o d  solvents were used and th e  con 
centrations did  n ot exceed  1 g .l .-1 . T h e  adsorb 
ents w ere A l-du st, sand, glass w o o l and activa ted  
charcoal. F o r  th e  first three the surface cou ld  be 
obta in ed  from  m icroscop ic  determ inations, w hereas 
in the last case d y e  adsorption  was used. H ow ever, 
because of the large internal surface, charcoal p re
sents a special prob lem  and is best le ft ou t for  our 
purposes. T h e  fo llow in g  fa cts  and conclusions 
em erge from  th is w ork : 1. T here  is an inital steep 
increase in  d, fo llow ed  b y  an apparent saturation  
at con cen tration s as low  as 0.1 g. I .-1 . T h e  authors 
fit L angm uir isotherm s to  their data. H ow ever, 
th is ty p e  o f beh av ior should be reprodu cib le  b y  our 
equations. T h e  results are n ot available in a form  
w hich  m akes such an analysis read ily  possible. 2 . 
F rom  the w eight o f adsorbed  m aterial, one can 
calcu late th at layers o f adsorbate ten  or m ore 
m on om er units th ick  m ust be p iled  up on the sur
face, if d eposition  o f entire chains is to  occur. 
S ince there is n o  reason fo r  such m u ltilayers in d i
lu te solutions, considering the short range o f m olecu 
lar forces, th e  authors con clu de  th at adsorption  
occurs in sequences separated  b y  som e kind o f 
bridges. T h e  chain length  o f th e  latter can be esti
m ated  to  be  o f the order o f m agn itude resu lting 
from  our equations, th at is, o f ten . 3. T h e  am ounts 
adsorbed  are larger for  th e  p oorer  so lven t. 4 . 
T h ere  is a p ositive  tem perature coefficien t o f  ad
sorption , particu larly  in those instances in w hich  
the isotherm  rises sharply.

(1 0 )  T h e  a d s o r p t io n  o f  r o d s  h a s  b e e n  tr e a te d  r e c e n t ly  b y  E . L .
M a e k o r  a n d  J. H . v a n  d e r  W a a ls , Jr., J , Colloid St'i., 7 , 5 3 3  (1 9 5 2 ).

(11) E. JAiipktd and B. Kmnharh, X. Elektroch*,»., 66, G12 (1951).
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W h at can one con clu de  from  our th e o ry  abou t 
this last p o in t?  F rom  eq. (22 ) and the defin ition  
o f K  we derive the fo llow in g  principal con tribu tion s 
to  the qu an tity  d  9 / d T : (a) T h e  d issociation  from  
the surface o f an isolated segm ent and loosen ing  o f 
lateral in teractions, determ ined  b y  x  and Ki, re
spective ly . (b ) T h e  im provem en t o f the solven t 
w ith an increase in tem perature, (c ) A  co n tr ib u 
tion  o f the translational and v ibra tion a l degrees o f 
freedom  and o f the so lven t density . A ll o f these 
factors, w ith  the excep tion  o f a possible repulsion 
betw een  segm ents in (a) and the den sity  and  v ib ra 
tional changes, in  (c ) , m ake for  a n egative tem 
perature coefficient. T here  is one m ore term  
nam ely, (d ), the change in the flex ib ility  param eter 
/  and hence in <  v > .  In  a g o o d  so lven t we have 
d f / d T  <  0. F or  p -*■ 0, one finds for  this term  the 
expression
— (u-/8a2)«> '>VO d/Ydl’ l l/kT[x -  kT{\ -  K2)]

— In l8e2K'e/( 1 — 9)]}
to  balance the foregoin g  con tribu tion s, in particular 
the desorption  term . F or  a fixed t, the fa ctor  in 
fron t o f the brace increases w ith  the square o f <  v > ,  
the sam e qu an tity  w hich  determ ines also the m ag

n itu de o f the initial slope o f the isotherm . T his 
fa ctor  m a y  be w ritten  as

- lAd In//(127 = ->A d In i*/dT
and therefore obta ined  from  appropria te  solu tion  
m easurem ents. A lth ou gh  d f / d T  is sm all, there 
cou ld  well be  an overba lan ce and p os it iv e  d d /d T ,  
considering values o f  x  o f the order o f 5 -1 0  k'T oi 
even  m ore. T h e  to ta l change in 8 observed  is 
rather small, o f the order o f 1 5 -3 0 %  in th e  flat p or
tion  o f the isotherm  betw een  T  =  298 and 3 2 3 °K .

E q . (22) y ields p ositive  values o f  dd/dt. O n the 
other hand, C laesson and C laesson 12 observed  6.0/ 
dt <  0 for  various polym ers. T h e ir  con cen tra tion  
range exceeded  th at in ref. 11. A t  h igher con cen 
trations such an e ffect m a y  b e  due to  th e  presence 
o f  the bridges.

O bv iou sly  th erm odyn am ic m easurem ents and 
determ inations o f the isotherm  as fu n ction  o f m o
lecu lar w eight and tem perature, and using b oth  
g o o d  and p o o r  solvents, w ill b e  im portan t on gen
eral grounds and in the light o f the present th eory . 
W e  h ope to  undertake such experim ents.

(1 2 )  T .  C la e sso n  a n d  S . C la e sso n , ArJciv Kemi Mineral. Geol., 19A, 
N o . 5  (1 9 4 5 ) .
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The viscosity of ethyl chloride vapor is measured by the capillary tube method at temperatures well below the critical 
point. The applicability of the transpiration formula was tested at each of these temperatures and found to hold quite 
well. Then the validity of Sutherland’s model was examined for ethyl chloride vapor.

Introduction
In  stu dy in g  the varia tion  o f the v iscosity  (17) o f  

vapors w ith  tem perature (T),  it was fou n d  that 
for  som e vapors, the observation s at high tem 
peratures fitted  well w ith  S utherland ’s equ ation

T%h
v =  k (7+At  (1)

while at low er tem peratures dev iation s from  this 
form ula  occu r. K  an d  C  are con stan ts; C  is 
k n ow n  as Su th erlan d ’s con stan t, and  w as show n 
to  be  p rop ortion a l to  the p oten tia l energy o f at
traction  betw een  m olecules. T o  explain  this d ev ia 
tion  from  Su th erlan d ’s form ula  at low er tem 
peratures, R a n k in e 1 suggested either: (1) the n on 
app licab ility  o f  the transpiration  form ula  fo r  the 
flow  o f vap ors  th rou gh  the cap illary  tu be  at low er 
tem peratures, or (2) the p ossib ility  o f  chem ical 
association  o f the v a p o r  at these tem peratures.

T h e  o b je c t  o f  th is paper is to  in vestigate  the 
effect o f  tem perature on  th e  v iscos ity  o f the eth yl 
ch loride v a p o r  at tem peratures starting from  ju st 
a b ov e  its bo ilin g  p o in t (285.3 °K .) ,  exam ining in 
each  case the ap p lica b ility  o f  th e  transpiration  
form ula  and  finally  testing the v a lid ity  o f Suther
lan d ’s m odel fo r  the eth y l ch loride vapor.

Experimental
The apparatus used in the present work is based on 

Edwards’2 constant volume method, which provides a most 
convenient method for testing the transpiration formula 
at any temperature.

In the constant volume method, the vapor is enclosed in 
a large bulb and then allowed to escape through a capillary 
tube to the atmosphere for a given interval of time t. Then 
the coefficient of viscosity is given by the transpiration for
mula

J_ (2P„ +  P2)P 1 
tP0 10Sl° (2P0 + PdP-2

,  1 +  R /«  
y (2)

where K = (15 xa4g.po/4.606 IV) is a constant depending 
on the dimensions of the bulb and the capillary tube. Here 
Po = atmospheric pressure during the experiment (measured 
in cm. of mercury), Pt = initial excess pressure in bulb over 
the external atmospheric pressure; P2 = final excess pres
sure in bulb over the external atmospheric pressure; t = 
time of flow (measured in minutes); £ = coefficient of slip, 
and po = density of mercury at 0°.

The volume (T ) of the bulb was 755.4 cc. at 22.2°, the 
length (l) of the capillary tube, 154.3 cm. and the mean value 
(a) of its radius, 0.0203 cm. The capillary tube was bent 
twice so as to form three parallel parts. Both the bulb and 
the capillary tube were surrounded by a water (and then oil) 
bath to maintain the various constant temperatures at which 
observations were taken.

In equation (2) it is assumed that the flow of the gas 
through the capillary tube is streamlined. It is therefore 
essential that the pressure of the gas in the bulb must not

(1) A. O. Rankine, P r o c .  R o y .  S o c .  ( . L o n d o n ) ,  88A, 575 (1913). (2) R. S. Edwards, i b i d . ,  117A, 248 (1928).
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0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Fig. 1.

R esu lts

Since an y  slight error in the m easurem ent o f  the 
radius o f the capillary  tube causes a m u ch  larger 
error in the va lu e o f K  (see equ ation  2 ), it is co n 
ven ient to  a d op t a com parative  m eth od . F or  this 
purpose a series o f observations was taken  on  pure 
d ry  air at room  tem perature, 2 2 .1 5 ° ; in  each 
set o f values o f P 0, Pi, Pi  and t were m easured, and  

K (  4 A
the value o f the fa ctor  — ( J +  — ) was then  cal-

v \ a/
culated. T h e  average value o f th is fa ctor  was 
fou n d  to  b e  0.001095.

U sing M illik an ’s va lue for the slip coefficient for  
air, and its tem perature factor, w e get £ =  7.49 X  
10 -6 c .g.s. units.

S im ilarly using B earden ’s v a lu e3 fo r  the coe f
ficient o f v iscos ity  o f air together w ith  his tem 
perature coefficient, w e get ??22.ióoc . =  1829.8 X  
IO“ 7 c.g .s. units. F rom  these three values w e get 
for the con stan t K ,  th e  value o f 2.0009 X  10 -7
c.g.s. units.

H a v in g  determ ined  the con stan t o f  the system , 
K ,  we carried  ou t several sets o f observations, each 
for a g iven  tem perature fo r  the eth y l ch loride 
vapor. T h e  pressure con d itions were varied  in 
each case, so as to  test the a p p licab ility  o f  the 
transpiration  form ula  (2 ). In  the fo llow in g  table

k (  i  +
we h ave recorded  the values o f—  --------------- a t each

be high enough to give rise to turbulent flow through the V
capillary tube. Talcing for the value of the critical Reyn- tem perature.

T, ° C. 28.7 43.9 64.8 82.2 98.0 120.8 151.0 175.0 190.7 197.5
1.9799 1.8824 1.7969 1.7106 1.6728 1.5832 1.4774 1.4068 1.3581 1.3464
1.9529 1.8756 1.8012 1.7412 1.6990 1.5666 1.4632 1.4036 1.3550 1.3265
1.9788 1.8854 1.8061 1.7119 1.6643 1.5762 1.4823 1.4011 1.3594 1.3498
1.9601 1.8849 1.7895 1.7229 1,6724 1.5918 1.4732 1.3990

* 0 + ? ) 1.9645 1.8765 1.8202 1.7111 1.6704 1.5690 1.4768 1.4016
1.9834 1.8815 1.8108 1.7143 1.6778 1.5697 1.4918 1.3902
1.9557 1.8884 1.8012 1.7187 1,6762 .1.5896 1.4030
1.9943 1.7949 1.7262 1.6727 1.5839 1.4057
1.9673 1.8073 1.7190

1.7914 1.7075
1.7958

Av. 1.9697 1.8821 1.8014 1.7187 1.6720 1.5787 1.4774 1.4014 1.3575 1.3409
v X 10-7

c.g.s. unit 1016.5 1053.8 1111.0 1165.1 1197.7 1268.8 1355.6 1429.4 1475.7 1493.9
T ’̂ /r, X 107,

c.g.s. 5.1578 5.3054 5.5879 5.7481 5.9690 6.1628 6.4425 6.6361 6.7687 6.8335

old’s number, 2000, the following values for the critical 
pressure were calculated: P„ +  160 and P0 +  37 cm. of 
mercury for the cases of dry air and ethyl chloride vapor, 
respectively.

The coefficients of slip { between glass and methyl chlo
ride vapor were calculated at, each temperature by the for
mula

Ï = 0.81 8 v /2 „ 
3v N  P

Ir t  
X M

where M is the molecular weight, and P the mean value of 
the pressure of the vapor through the tube. The value of
the correction factor ^  at the lowest temperature+  - Ja )
28.7° was 1.0003 and at the highest temperature 197.5° 
1.0012 which is of the same order of magnitude as the ac
curacy of the measurements, and so can be neglected.

T h e  con stan cy  o f the values o f  the fa ctor

k ( i  +
------------------- at each tem perature for  various values

V
o f the pressures P», P h P 2 and the tim e t, p roves 
the a p p licab ility  o f  the transpiration  form ula  at 
the tem peratures considered. T h is  result m ight 
be  considered as con firm ed b y  the w ork  o f Braune, 
B asch  and W en tzel w ho studied  the v iscos ity  o f 
brom ine v a p or  using the oscillating disc m eth od , 
and  fou n d  the sam e beh av ior as th at fou n d  b y  
R an k in e  using the capillary  tube. T h is  show s 
th at the transpiration  form ula  for  the flow  o f gases

(3) J, A. Bearden, Phys. Rev., 56, 103 (1939).
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and vapors tnrou gh  cap illary  tubes cou ld  in  general 
be  safely app lied  at tem peratures near or even  
b elow  the critica l tem perature where deviations 
from  the gas law s occu r. T h u s  it seem s p robab le  
th at the d ev ia tion s from  Su th erlan d ’s law , w h ich  
occu r for  som e vap ors  at low er tem peratures, cou ld  
be  a ttribu ted  to  a  p robab le  change in the m olecu lar 
field in  this range o f  tem peratures.

If, now , ( T 3/*/ri) is p lo tted  against T  as 
ordinate, S utherland ’s equ ation  (1) gives a straight 
line, w ith  the n egative in tercep t on  the T  axis, 
as Sutherland ’s con stan t C. W e  see in F ig . 1 
the experim ental cu rve  is first con ca ve  upw ards 
and then  becom es straight at higher tem peratures. 
T h e  straight part gives fo r  C  the va lue 398. Sim ilar 
curves w ere obta in ed  fo r  b rom in e v a p or  b y  R a n - 
k in e ,1 B raun e and  oth ers4; fo r  ethylene b y  Z im -

(4 ) H . B ra u n e , R .  B a s c li  a n d  W . W e n tz e l, Z. physik. Chem., 13 7 , 
4 4 7  (1 9 2 8 ).

m er6 and  fo r  sulfur d iox ide  b y  T rau tz  and W eitze l.6
A s  far as we know , the on ly  m easurem ent for  

the v iscos ity  o f  eth yl ch loride v a p o r  was th at b y  
V ogel a t 0 ° , using the oscillating disc m ethod . 
H is va lu e is 937 X  10~7 c.g .s . units. I t  is easy to  
see th at our extrapolated  va lu e  is in  com plete  
agreem ent w ith  th at o f V ogel.

R ankine7 observed  th at for  m ost gases ( T J C ) =  
1.14, w here T a is the critical tem perature F or 
eth y l ch loride vap or T c =  460.3 ° K . ;  therefore, 
( T c/ C ) =  (4 6 0 .3 /3 9 8 ) =  1.16, in  agreem ent w ith 
R a n k in e ’s rule.

In  conclusion  the w riter w ishes to  express his 
appreciation  to  P rof. M . F a h m y fo r  his helpful 
discussions during the progress o f  th e  w ork.

(5 )  O . Z im m e r , Vrndlg. Phys. Ges., 14 , 471  (1 9 1 2 ).
(6 ) T r a u tz  a n d  W . W e itz e l , Ann. Phys., [4 ]  7 8 , 3 0 5  (1 9 2 5 ).
(7 ) A . O . R a n k in e , Proc. Roy. Soc. {London), 8 4 A , 190  (1 9 1 1 ) ;  

8 6 A , 106 (1 9 1 2 ).
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The adsorption isotherms at 25° of n,-propyl alcohol on reduced iron, untreated iron, Fe20 3  and Fe30 , have been deter
mined. The phase changes which occur in the adsorption isotherms at very low pressures are primarily first order, although 
one second-order change is observed. The phase changes are more prominent in the alcohol film than in heptane, and the 
presence of oxides on the iron surface has a marked effect on the phase changes of adsorbed alcohol. The values of 7re, 
decrease of free surface energy of a solid due to the adsorbed vapor, and Wa, work of adhesion between adsorbed liquid and 
solid, are given. These values, calculated from the adsorption data for re-propyl alcohol on the solids, increase in the order: 
reduced iron, Fe30 4, untreated iron and FeiOj. The greater the oxygen in the solid surface, the higher the energy change of 
adsorption. Abnormal B.E.T. and Huttig plots, which lead to negative values of “c,” are obtained in several cases. Com
parison of the area values for the four solids obtained by the Langmuir, B.E.T., Huttig and H.J. methods indicates that use 
of n-propyl alcohol data for area measurements gives results of only fair self-consistency and accuracy. Unpublished data 
for re-propyl alcohol on anatase are included for purpose of area correlation.

In trodu ction
P ra ctica lly  n o  difference w as fou n d  in the ad 

sorp tion  isotherm s a t 2 5 ° of a n on -polar va p or, 71- 
heptane, on  a clean m etal and on  the sam e m etal 
coa ted  w ith  o x id e .2 A lth ou gh  the values for  the de
crease o f free surface energy o f the solid  ( tt) caused 
b y  the adsorbed  heptane film  increase in the order 
copper, silver, lead and iron , the ir-value is essen
tia lly  in dependent of the presence or absence o f an 
oxide film  on  the surfaces o f these m etals. T here 
is ev id en ce3 th at the e ffective  cross sectional area 
o f the heptane m olecu le  in the com pleted  m on olayer 
on  the surface o f n on -porou s solids is nearly  in de
pendent o f th e  nature and  spacing o f the solid  
lattice. T h e  shape o f the adsorp tion  isotherm s and 
the 7r-value fo r  a polar vapor, w ater, appear to  be 
related to  the percentage o f ash in graph ite .4 T h e 
purpose o f this paper is to  present the results o f  the 
ad sorp tion  studies o f n -p ro p y l a lcoh ol, a m olecular 
species h av in g  polar characteristics, on  iron  and 
iron  oxides. In vestigation s o f the ph ysica l a dsorp -

(1 )  D e ce a se d
(2 ) W . D . H a rk in s  a n d  E . H . L o e se r , J. Chem. Phys., 18 , 556  

(1 9 5 0 ).
(3 ) E . I i .  L o e s e r  a n d  W . D . H a rk in s , J. Am. Chem. Soc., 7 2 , 3 42 7  

(1 9 5 0 ).
(4 )  W . D . H a rk in s , G . J u ra  a n d  E . H . L o e se r , ibid., 6 8 , 5 5 4  (1 9 4 6 )

tion  o f tw o  other polar adsorbates, 71-am yl chloride 
on  reduced  irou  and iron ox ide, F e20 3, and  oxygen - 
free w ater on  redu ced  iron fa iled  since these vapors 
reacted ch em ica lly  w ith  the pow ders at 25 °.

E xperim ental
The volumetric apparatus and procedures used in the de

termination of the adsorption isotherms were described in 
an earlier paper.5 Stock valves were used instead of stop
cocks. The temperature of the bath surrounding the bulb 
which contained the adsorbent was maintained within 
±0.05°. The mercury manometer M was made of 25 mm. 
tubing which should be large enough to minimize capillary 
depression errors and to allow the meniscus to move freely. 
Care was taken that the arms of the manometer were parallel 
and that the manometer assembly was clamped securely in 
a vertical position. The heights of the mercury in the arms 
of the manometer were determined with a traveling micro
scope of a sensitivity of 0.001 mm. The microscope was 
mounted on a transit mount; its arc of rotation was limited 
by means of stops. Thus, measurements were made at 
the same location on the fiat section of each meniscus. A 
fluorescent lamp illuminated the menisci.

The following procedure -was used for loev pressure de
terminations. Approximately 24 hours were allowed to 
establish equilibrium between the solid and the vapor. 
Pressure readings were made after gently tapping the 
manometer. The absorbent was then isolated from the 
manometer by closing a Stock valve. After both arms of 
the manometer had been pumped out, the zero point cor-

(5) G. Jura and W. D. Harkins, i b i d . ,  66, 1356 (1944).



592 E dward H. Loeser, W illiam D. H arkins and Sumner B. T wiss Vol. 57

Fig. 1.—Low pressure isotherms at 25°: -A-, n-propyl 
alcohol on untreated iron: -A-, n-propyl alcohol on reduced 
iron; —, n-heptane on untreated or reduced iron.

rection was determined. The reversibility of these iso
therms was not tested as was done in an earlier investiga
tion.6 However, in several of the systems reported here a 
large sample of adsorbent was used to determine the ex
tremely low pressure region and a smaller one to determine 
the remainder of Lhe isotherm. The fact that the curves 
overlapped in the discontinuous portion indicates the repro
ducibility but not necessarily the reversibility of the iso
therms.

The n-propyl alcohol was obtained from the Coleman and 
Bell Company and was purified by the method of Lund and 
Bjerrum.7 The liquid was thoroughly degassed by re
peated solidification and ebullition in a vacuum maintained 
at 10-6 mm. The vapor tension of the n-propyl alcohol de
termined at 25° was 20.86 mm.

The iron was 32E-mesh electrolytic powder (annealed) and 
was obtained from Charles Hardy, Inc., of New York. It 
was guaranteed to be 99.4+ % iron and iron oxide. The 
existence of an oxide film, formed on the surface of iron ex
posed to air, is well established. The thickness of the oxide 
film on this sample, calculated from the amount of water 
formed on reduction, is about 60 A. Untreated iron is a 
sample of the unreduced iron, which has been cleaned by 
heating at 200° in vacuo for 16 hours. The reduced iron 
was prepared by passing dry hydrogen through the heated 
(350°) metal powder for eight hours. The entire process 
was carried out in the adsorption bulb on the vacuum line 
and the water formed during the reduction was removed 
from the reaction zone by means of a liquid Na trap. The 
reduced iron was degassed by heating at 200° in vacuo for 
36 hours. The Fe20 3, of Baker and Adamson reagent 
grade, was degassed in vacuo at 500° for 16 hours. The 
sample of Fe3Ch was a 325-mesh powder containing 0.065% 
Mn, 0.003% Al, 0.005% Cu +  Ni and a trace of Si. The 
Fe30 4  content of this sample at the time of its use is un

(6 )  G. Jura , E . H . L o e s e r , P . R .  B a s fo r d  a n d  W . D . H a rk in s , J. Chem. 
Phys., 14 , 117 (1 9 4 6 ) .

(7 )  H . L u n d  a n d  J . B je r r u m , Ber., 6 4 ,  2 1 0  (1 9 3 1 ).

Fig. 2.—Low pressure isotherms at 25°: -0-, n-propyl 
alcohol on Fe20 3; n-propyl alcohol on Fe30 ( ; —, n- 
heptane on Fe20 3.

known. An X-ray diffraction analysis, run on the sample 
about two years after its use in these studies, indicated the 
presence of 60% Fe3C>4 and 40% Fe20 3. It was degassed 
in vacuo at 325° for 16 hours.

P h a se  C han ges in  A d so rb e d  F ilm s.— T h e  low
pressure reg ion  o f the adsorption  isotherm s ex
h ib ited  in  F ig . 1 ind icates the presence o f  tw o 
extensive d iscontinuities in the cu rve  for  n -C 3H 7O H  
on  untreated  F e . I f  the ox ide coating  is rem oved  
from  the iron  p ow der b y  redu ction , the am ou n t o f 
adsorp tion  is decreased an d  th e  d iscontinu ities 
n early  d isappear. T h e  cu rve  fo r  n -h eptan e on  un 
treated  F e, show n  in F ig. 1 fo r  purposes o f co m 
parison, exh ib its n o  d iscon tinu ity . T h e  curves in 
F ig. 2 in d icate  a single d iscon tin u ity  in the a dsorp 
tion  isotherm s o f n -C 3H 7O H  on  F e 30 4 or F e20 3 a t 
2 5 ° . A lth ou gh  the pressure at w h ich  the d iscon 
tin u ity  occu rs is the sam e for  the tw o  oxides, F e20 3 
adsorbs a p prox im ately  tw ice  as m a n y  a lcoh ol m o le 
cules per u n it area before  leaving  the d iscontinuous 
p ortion  o f the curve. T h e  length  o f the d iscon 
tin u ity  in the a lcoh ol on F e20 3 cu rve  is m a n y  tim es 
that in the heptane on  F e20 3 curve.

T h e  heterogeneous nature o f  the solid  surfaces 
m akes the in terpretation  o f the experim ental data  
difficult. T h e  d iscontinuities com m on ly  observed  
in  th is s tu d y  are o f  the ty p e  in  w h ich  the am ou n t o f 
va p or  adsorbed  varies w ith ou t a n y  change in pres
sure. T h e y  m a y  be in terpreted  as first-order phase 
transitions in the adsorbed  film s .6 T h e  tw o  first- 
order changes in  the film  o f w -C 3H 7O H  on  u ntreated  
F e  m a y  be  due to  the presence o f  tw o  different
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crystal surfaces w h ich  act as nuclei fo r  cluster fo r 
m ation . R em o v a l o f the ox ide  coa tin g  changes the 
solid  surface since on ly  a  v e ry  short first-order 
transition  and a secon d -order change are fou n d  in

the adsorbed  phase o f a lcoh ol on  reduced  iron. 
I t  is n<?t k n ow n  w hether the first-order change in 
the a lcoh ol film  on  F e30 4 is due to  con tam ination  
b y  F e20 3.

T h e relation  betw een  %, the film  pressure and 
c , the area per adsorbed  m olecule, fo r  n -C 3H 7O H  
on  untreated  F e and iron  ox ides is show n in F ig. 3. 
T h e  low  pressure region  on ly  is show n. T h e  transi
tion s take p lace  at film  pressures ranging from  0.2 
to  2 ergs c m .-2 . T h e values o f ir begin to  rise 
again w hen the area occu p ied  b y  the m olecu le  is 
a b ou t 33 A .2 on  untreated  Fe. 42 on F e20 3 and  86 
on  F e30 4. T hese values are in reasonable agree
m ent w ith  the area occu p ied  in a com pleted  m o n o - 
layer, <7m, as g iven  in T a b le  II.

F ree  S u rface  E nergy  R e la tion s .— T h e  adsorption  
isotherm s at 25° o f  n -p rop jd  a lcoh ol on  untreated  
and  reduced  iron  for  the entire pressure range are 
exh ib ited  in F ig. 4. T h e  presence o f  the thin  coa t 
o f  ox ide on  the u ntreated  iron  increases the am ount 
o f a lcoh ol adsorbed . T h e  cu rve  w hich  represents 
the adsorp tion  o f a  h yd rocarbon , n -h eptan e, on 
either u ntreated  or redu ced  iron  is g iven  also in 
F ig. 4. T h e  n um ber o f heptane m olecules ad 
sorbed  per u n it area o f solid  is less th an  th at o f 
p rop y l a lcoh ol at all pressures and  is u naffected  b y

T a b l e  I

F r e e  E n er g y  o f  I n t e r a c t io n  b e t w e e n  So lid s  and  A d
sorbed  V apors a t  25°

TTe» d e cre a se
o f  fre e

su r fa c e  e n e rg y ,
IF  a , w o rk  o f 

a d h e s io n ,
S o lid L iq u id e r g s /c m .  " 2 ergs cm . ~2

Fe (untreated) n-PrOH 1 0 2 148
Fe (reduced) n-PrOH 7 3 119
Fe3Of n-PrOH 86 132
Fe20 3 n-PrOH 122 168
Fe (untreated) n-C?Hi6 54“ 94“
Fe (reduced)

0 Reference 2.
»-C 7H16 53“ 93“

the presence o f  the ox ide coa tin g  on  the iron. In  
F ig . 5 are show n  the com plete  isotherm s a t 25 ° o f 
n -p ro p y l a lcoh ol on  F e / ) 3 and  on F e30 4. F or 
p/p o  values b e low  0.5, the num ber o f a lcoh ol m ole 

cules adsorbed  per unit area 
on  F e203 is m u ch  larger than 
adsorbed  on  F e30 4. T h e  shape 
o f the cu rve  o f the a lcoh ol on 
untreated  iron  is sim ilar to  
th at o f  the a lcoh ol on F e20 3. 
T h e  values o f  the free sur
fa ce  energy changes w^ere cal
cu lated  from  the adsorption  
data  b y  the m eth od  described 
b y  Jura and  H ark ins.6 F ig 
ure 6 exh ibits the curves for  
the low ering o f the free sur
fa ce  en ergy  ( 77) o f  the solids 
as a fu n ction  o f the relative 
pressure o f  n -p ro p y l a lcohol. 
T h e  a lco h o l’s effectiveness at 
a n y  p / p 0 va lu e  in low ering 
the free surface energy de
creases in the order, F e20 3, 
untreated Fe, F e30 4 and  re
du ced  Fe.

T a b le  I  presents the values 
o f  ire, the free energy decrease o f the solid  caused 
b y  the adsorbed  film , and W \ ,  the w ork  o f ad
hesion  fo r  the various system s. T h e  we and IFa 
va lues fo r  n -heptane on  the untreated  iron  are

0 0.2 0.4 0.6 0.8 1.0

RELATIVE PRESSURE, p /
P0

Fig. 4.—Adsorption isotherms at 25°: - A - ,  n-propyl
alcohol on untreated iron; -A-, n-propyl alcohol on reduced 
iron; —, »-heptane on untreated or reduced iron.
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Fig. 5.— Adsorption isotherms at 25°: -O-, n-propyl alco
hol on Fo2().-i; n-propyl alcohol on Fe30 4; —, n-propyl 
alcohol on untreated iron.

the sam e as those for  heptane on the reduced iron. 
In  the case o f the a lcohol, h ow ever, the oxide film 
produces a large increase in the 7re and W \  values. 
T hese values appear to  increase w ith  the percen t
age o f oxygen  present in the solid  lattice. T his 
is also in agreem ent w ith  earlier results fo r  polar 
liqu ids adsorbed  on u ntreated  tin  and tin  oxide, 
tvhere ire and IFa were p roportion a l to  con cen tra 
tion  o f polar sites on the so lid  surfaces.

S u rface A rea R elationsh ips.— Several m ethods 
h ave  been utilized to  ca lcu late  the areas o f solids 
from  adsorption  data. T h e  L angm uir ,8 B .E .T .9 
an d  H u tt ig 10 m ethods p rov id e  the m eans for  the 
ca lcu lation  o f vm, the vo lu m e o f va p or  required to  
fo rm  a com pleted  m on olayer on the solid . In a d 
d ition , the average cross-sectional area, <xm, o c 
cu p ied  b y  the adsorbed  m olecule is needed fo r  area 
ca lcu lations b y  these m ethods. T h e H ark ins- 
Jura11 (H .J .) m eth od  uses the adsorption  data  and 
a con stan t, k. T h e  value o f k fo r  each va p or  at a 
g iven  tem perature is evaluated  b y  the use o f a solid  
of k n ow n  area, anatase. T h e  area o f the anatase 
is 13.8 m .2g . _1 as determ ined b y  the H arkins and 
Jura absolu te  m ethod.

In  general, the vap ors  used fo r  area determ ina
tions have been  non -polar, e.g., n itrogen  or h y d ro 
carbons. T h e  value o f crm fo r  n -heptane on

(8) I . L a n g m u ir , J. Am. Chem. Soc., 4 0 , 1361 (1918).
(9) S. B ru n a u e r , P. H . E m m e t t  a n d  E . T e lle r , i b i d . ,  6 0 , 309 (1938).
(10) S. Ross, T h i s  Journal, 5 3 , 383 (1949).
(11) W. D . H a r k in s  a n d  G. J u ra , J. Am. Chem. Soc., 66, 1366 

(1944).

Fig. 6.—Lowering of free surface energy (vr) for films of 
n-propyl alcohol on various solids as a function of the 
relative pressure (p/po).

tw en ty -on e  n on -p orou s solids was fou n d  to*be co n 
stan t .3 L iv in gston 12 has assigned “ b est”  values of 
crm for  the adsorbed  m olecules o f tw en ty -th ree  
chem ical com pounds. T h e  app licab ility  o f the
B .E .T . and H u ttig  theories to  the n -p rop y l a lcoh ol 
isotherm s presented here m ay  be qu estion ed  for  
tw o reasons. T h e  first is the presence o f d iscon 
tinuities. A ccord in g  to  the B .E .T . and H u tt ig  
theories there are no significant interm olecu lar 
forces betw een the adsorbed  m olecules in an in com 
plete m onolayer. T his w ou ld  rule ou t phase 
changes. S econ d ly , several o f the B .E .T . and one 
o f the H u ttig  p lots  g iven  in Figs. 8 and 9 h ave in 
tercepts on the abscissa rather than on the ord i
nate. T hese are the first such curves to  be reported  
and w ou ld  yield  negative values o f the param eter c 
o f the B .E .T . equation .

B ecause o f th is anom aly, the experim ental p ro 
cedures used and  the calcu lations m ade in th is in 
vestigation  were re-exam ined. T h e  correction  for  
the change in den sity  o f m ercu ry  w ith  tem perature 
was applied  to  the pressure readings. A  correction  
for  adsorption  o f p rop y l a lcoh ol on the glass surface 
o f the apparatus was n ot m ade. I t  w as p rob a b ly  
negligible since the largest area o f glass, the bu lbs 
o f the buret, was n ot used until a p /p «  va lu e  o f 0.7 
was reached. T h e perfect gas law  was assum ed to  
h old  for  n -p rop y l a lcoh ol at 25 °. T o  test this, the 
data  fo r  n -p ro p y l a lcoh ol on anatase was reca lcu 
lated  using the B erth elot equation

pv = RT _9_ ( .  _  6 7 V n
128 pcT V r- J  J

w here the critical tem perature and pressure, T c and 
pc, are the constants in the equation . T h e  reca lcu 
lated  values indicate a  v ery  slight dev ia tion  from  
the perfect gas law and n o  change in the n egative  
in tercept o f the B .E .T . p lot. In  sp ite o f the o b -

(1 2 ) H . K . L iv in g s to n , J. Colloid Sci., 4, 4 4 7  (1 9 4 9 ).
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Fig. 7.—Langmuir plots for /¡.-propyl alcohol at 25°: -A-,
duced iron; -O-, FejO»; -V-, T i02.

jection s to  the use o f the B .E .T . and H iittig  th eo 
ries, the results obta ined  b y  these m ethods were in 
cluded in the correlations betw een  <rm and 2  values 
obta ined  b y  various m ethods.

In  T ab les H A , B  and C  are listed  the vm values 
calcu lated b y  the Langm uir, B .E .T . and H iittig  
m ethods from  the adsorption  data  o f n -p rop y l a lco 
hol on  five n on -p orou s solids. T h e  results fo r  ana- 
tase were ca lcu lated  from  unpublished data  o b 

tained in this L abora tory . 
T h e p/pu  ranges over w hich  
the linear relationships hold  
and values are also given. 
T h e latter were ca lcu lated  
from  the equation , 7m =  
2 /A ,  w here 2  is the surface 
area o f the solid , determ ined  
in this case from  « - C 7H 16 or 
No adsorp tion  data, and N  is 
the num ber o f adsorbate 
m olecu les necessary  to  co m 
p lete the m on olayer. N  m ay  
be  ca lcu lated  from  vm T h e  
results indicat e that the value 
o f <7in for  the alcoh ol is not 
con stan t b u t varies from  solid  
to  solid . T h e  L angm uir 
va lue is less variable than the
B .E .T . or H iittig  values. 
T h e  dm va lu e ca lcu lated  b y  
L angm uir ’s m eth od  is ap
prox im ate ly  the sam e as that 

ca lcu lated  for  close ly  p ack ed  liqu id  m olecu les 
while the B .E .T . and H iittig  values are abou t 1.4 
tim es larger. T h e  p/po  ranges over w hich  the 
H iittig  relation  holds are m ore extensive than 
obta in ed  b y  th e  oth er m ethods. F igures 7, 8 
and 9 sh ow  the L angm uir, B .E .T . and H iittig  
p lots  fo r  n -p rop y l a lcoh ol on  T i 0 2, F e 20:i, un
treated  iron  and redu ced  iron. T h e  p lots  for  FesCfi 
w ere om itted  from  F igs. 7, 8 and 9 because th ey

untreated iron; -A-, re-

P R E S S U R E  p . m m .  HG.

Fig. 9.—Htittig plots for .a-propvl alcohol at 25°: -A-, un
treated iron; -A-, reduced iron; -0-, Fe-.CL; “7-, TiOj.
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T a b l e s  IIA, B  a n d  C

C a l c u l a t e d  V a l u e s  o f  a f o r  r e -C 3H 7O H  a t  2 5 °  a s

T a b l e  I V

IL a r k i n s - J u r a  k V a l u e s  f o r  re.-C3H7OH a t  25°
O b t a i n e d  f r o m  V a r i o u s  T h e o r i e s A re a , 2 ,

R a n g e  o f  
v a l id it y ,

A rea,®  vm, c c .  g . 1 R a n g e  o f C a lc i . S o lid in .2g . _1 k V a lu e p /p o
S o lid (S .T .P .) v a lid ity ,  p /p o <Tm, A. 2 TiO, 13.8 fa = 4.31 0.03 to 0.18

A. Langmuir fa = 5.13 .18 to .43
Ti0 2 13.8 2.006 0.03 to 0.36 25.6 fa = 8.93 .58 to .76
Fe2Os 7.51 1.136 .003 to .17 24.6 Fe20 3 7.51 k.2 = 5.14 .01 to .30
Fe30 4 1.83 " fa = 8.79 . 42 to . 8 8

Fc (untreated) 0.187 0.02874 .01 to .23 2 1 . 2 Fe.Ch 1.83 fa = 12.82 .01 to .04
Fe (reduced) .182 .02439 .004 to .19 27.8 ki = 11.51 .06 to .52

B. B.E.T. fa = 8.42 .52 to .92

Ti02
Fe (untreated) 0.187 fa = 4.14 .05 to .23

13.8 1.3809 0.07 to 0.25 37.2 fa = 8.59 .47 to .82
Fe^Oj 7.51 0.8976 .05 to .25 30.9 Fe (reduced) .182 fa = 8 . 2 1 .09 to .54
F03O4 1.83 .1816 .04 to . 24 36.9 ki = 11.7 .75 to .87
Fe (untreated) 3.187 .02161 .05 to .23 32.6
Fe (reduced) .182 .01870 .03 to .28 38.2 T a b l e  V

C. Hiittig A r e a s  o f  S o l i d s  C a l c u l a t e d i b y  H . J .  M e t h o d , k = 8 . 9 3
H .J . a rea . % D iffe re n ce , 

: z c -  2 h .j . )  100Ti0 2 13.8 1.3176 0.09 to 0.76 39.1 C o r r e c t  area,
2 h.j., u sin g  k = 8 .93  fo r

Fe20 3 7.51 0.9684 .05 to .50 28.9 S o lid Sc, m.! g . -> - n-CjHvOH Sc
Fe30 4 1.83 .1733 .01 to .17 39.3 Ti0 2 13.8 13.8
Fe (untreated) 0.187 .02253 .06 to .55 30.9 Fe20 3 7.51 7.57 - 0 . 8

Fe (reduced) .182 .02053 .005 to .55 33.0 Fe30 ( 1.83 1.91 - 4 .4
“ Area values calculated by B.E .T. and H.J. methods Fe (untreated) 0.187 0.199 -6 .4

using N2 or n-CiH« data. 6 No linear relationship found. Fe (reduced) 0.182 0.206 -1 3 .2

T a b l e  III
A r e a s  o f  S o l i d s  C a l c u l a t e d  b y  L a n g m u i r , B . E . T .  a n d  H u t t i g  M e t h o d s

L a n g m u ir % D iffe re n ce ,
B.E.T.

%  D iffe re n ce ,
H iit t ig

%  D iffe re n ce ,
a re a , 2 C, u s in g  <Tm — (2 c  -  S L ) 100 u s in g  <rm =* ( 2 C -  2 l ì }  100 u s in g  erm — ( 2 C -  2 h ) 10

S o lid m P g . - i 2 5 .6  I P S c 3 7 .2  A.1 Sc 3 9 .1  A . 2 Sc
Ti02 13.8“ 13.8 13.8' CO 00

cl

Fe2Os 7.51“ 7.81 - 4 .0 8.97' -1 8 .8 10.2 -2 6 .1
Fe30 4 1.83" 1.82 +  0.5 1.82 +  0.5
Fe (untreated) 0.1876 0.198 - 5 .9 0.216' -1 5 .5 0.237 -2 6 .7
Fe (reduced) . 182" .168 + 7 .7 .187 -  2.7 .216 -1 8 .7

“ Area calculated from N2 data using B.E.T. or II.J. methods. b Area calculated from re-C7H,6 data using B.E.T. or H.J. 
methods. e Plots give negative values of constant “c” ; therefore B.E.T. theory may not apply. d Plot gives a negative 
value of “c";  therefore Huttig theory may not apply.

w ould  n ecessita te  using a th ird  ord inate scale, o f  <r

0 05 0 . 1 0 0  15 0 20 0 2 5 0 3 5

Fig. 10.—H.J. plots for re-propyl alcohol at 25°: -V-, T i02; -O-, Fe20 2.

In  actual p ra ctice  th e  process is reversed ; the 
area, 2 , is ca lcu lated  from  vm and <rm. T h e  value

is usually  approxim ated . H ow ever, since 
<Tn, is not constant, the cal
cu lated  area values m ay  d e
v ia te  from  the true values. 
T h is  is show n in T a b le  I II . 
T h e  area values obta in ed  
from  the a lcohol data  b y  the 
L angm uir m eth od  are m ore 
self consistent and are closer 
to  the probab le  values d e
term ined b y  n itrogen  adsorp 
tion ; the B .E .T . and H u ttig  
values show  dev iation s from  
values determ ined  b y  n itro 
gen adsorption , w h ich  we 
consider to  g ive  the m ost 
p robab le  va lue o f the area.

I f  the adsorption  data  are 
p lo tted  w ith  log  p vs. 1 / v 2, 
one or m ore  linear sections 
are obta ined . A ccord in g  to  
the H .J . m eth od , the square 
root o f  the slope, A ,  o f  these 
linear p lots is p rop ortion a l to  
the area o f  th e  solid . T h e  

eq u a tion  fo r  th is relation  is 2  =  k A 'h , w here 
k is the con stan t for  a g iven  adsorbed  va p or  a t a
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specified  tem perature. T h e  value o f  k for  
n -C 3H 7O H  was determ in ed  from  the slopes o f  these
H .J . lines for the vap or adsorbed  on solids of 
know n areas. F igure 10 exh ib its the H .J . p lots  
for  n -C 3H 7O H  on  TiCb and  FeoOj. I t  is apparent 
from  these p lots  and the values given  in T a b le  
IV  that several k values m a y  be  ca lcu lated  for  
each isotherm . A lth ou gh  the k va lues appear to  
fall in to  groups o f a p prox im ately  the sam e m ag
n itude, th e  p /p o  range o f app licab ility  o f  each  is 
n ot the sam e fo r  the various solids. T h e  areas 
o f fou r solids: F e20 3, F e 3C>4, F e (u n treated ) and 
F e (reduced) w ere ca lcu lated  using k3 =  8.93, 
w h ich  was one o f the va lues obta ined  fo r  
n -C 3H 7O H  on  TiCb. T h e  results g iven  in T a b le

V  sh ow  fa irly  g ood  self con sisten cy . T h e  deter
m ination  o f area b y  the H .J . relative m eth od  
using n -C 3H 7O H  data  is n ot recom m en ded  since 
there appears to  be n o  m eans o f determ in ing the 
p/po  region  o f the isotherm  over  w hich  a g iven  k 
va lu e  is valid .

I t  is apparent from  th e  lack  o f agreem ent b e 
tw een  these m ethods fo r  ca lcu lating area, and the 
d ivergen t results obta ined  w ith  the polar vapor, n-  
prop y l a lcohol, as com pared  w ith  the n on -polar 
vapors, n itrogen  and n -heptane, th at the safest p ro 
cedure is to  use n on -polar gases fo r  accu rate area 
m easurem ents. T h is  b ecom es increasingly  im 
portan t w hen  polar solids are in v o lv ed , such as the 
iron  oxides used in this study .

A S T U D Y  OF TH E  SYSTE M  c i s -  A N D  frcms-CYCLOHEXANEDIOL-1,2

By W . J. Svirbely and Samuel Goldhagen1'2
Contribution from the Department of Chemistry, University of Maryland, College Park, Md.

Received December 5, 1952

A phase study of the cis- and (rans-eyclohexanediol-1,2 system was made using a micro hot stage in conjunction with a 
chemical microscope. X-Ray diffraction patterns were determined for the cis-diol, trans-diol and several solutions ranging 
from 5% to 25% irans-diol in order to help establish the phase diagram. The resulting diagram shows: (1) a eutectic, 
melting at 71.9°, at 56.6% irans-diol; (2) a solid solution field for mixtures containing more than 55% cis-diol; (3) three 
different crystalline forms for the pure cis-diol.

T h e  use o f the cis- and iran s-cycloh exan ed iols in 
determ ining m echanism  has been  w idespread. In  
tw o  o f the instances ,3’4 d a ta  h ave  been obta ined  
from  w hich  the tem peratu re -com p osition  curve 
o f the cis- and £ran s-cycloh exan ed iol-l,2 system  
cou ld  be  con stru cted . T h e  diagram s obtained  
from  those studies are n o t in agreem ent.

In  the present w ork , tem peratu re-com p osition  
d a ta  h ave been  obta ined  ch iefly  from  experim ents 
carried ou t on  a “ h ot stage”  in con ju n ction  w ith  a 
polarizing m icroscope . T h e  results h ave been 
used to  con stru ct the phase diagram  o f the cis- and 
trans-cyclohexaned io l-1,2  system .

Experimental Procedure
cis- and irans-Cyclohexanediol-1,2.—The crude mixture 

of isomers was prepared by hydrogenating catechol in eth
anol over Raney nickel at 195-200°. The isomers were 
separated from the crude mixture by use of various pro
cedures. The m. p. of the cis-diol and the irares-diol were 
98.5-99.5° (uncor.) and 103-104° (uncor.), respectively. 
Mixed melting points of the cis- and frares-diols with each 
other and with catechol (m.p. 104°) showed a marked lower
ing.

Apparatus and Method.—At the start of this work, the 
classical, cooling curve technique was attempted. The re
sults obtained could not be interpreted; therefore, a proce
dure involving a chemical microscope with a micro hot stage 
was used. Crossed nicols were used to make observations 
when anisotropic crystals on a fused slide were not easily 
discernible. Isotropic substances were observed directly. 
If some doubt existed, for a particular sample, as to whether 
an isotropic or an anisotropic solid resulted, then a first- 
order red plate was used. The temperature of the hot stage 
was raised slowly so that the temperature at which the last 
crystal disappeared could be determined. If cooling were

(1 ) A b s tr a c t e d  in  p a r t  fr o m  th e  M .S . T h e s is  o f  S. G o ld h a g e n .
(2 ) P re se n te d  a t  th e  A t la n t ic  C i t y  M e e t in g  o f  th e  A m e r ic a n  C h e m i

c a l  S o c ie ty ,  S e p te m b e r , 1949 .
(3 ) B . R o th s te in , Ann. Chem., 14 , 461 (1 9 3 0 ),
(4 ) 8 , W in s te in  a n d  11. E , B u ck le s  J. Am. Churn, ¿ion,, 44 , ‘2730 

(IMS).

then started immediately by decreasing the heat input, 
super-cooling was avoided in most cases.

The samples were prepared as follows: weighed amounts 
of cis- and frans-diols, usually amounting to 0.4 g. for the 
mixture, except when the mixture approached one of the 
pure components in composition, wore placed in a vial. 
The mixture was molted and the melt stirred thoroughly 
with a wore stirrer. After cooling, the solid mixture was 
pulverized and again mixed thoroughly. A small portion 
of the powder, 10-20 mg., was placed on a 1" X 1.5" micro
scope slide, covered with a cover glass and slowly melted 
over a low flame. The cover glass was then squeezed tightly 
against the slide to decrease the amount of the solid to a 
minimum. The excess solid was removed and the slide 
wiped clean. The slide was placed on the hot stage and the 
microscope was focused on an interior portion of the mate
rial. Actual observations as to the changes taking place 
during the slow heating and slow cooling were thus easily 
obtainable.

In the above work, a Leitz petrographic microscope with 
a 16-mm. objective and a 10X eyepiece was used. The light 
source was a Spencer Type 370 lamp with a blue, frosted 
glass. The hot stage was an electrically heated, Kofler 
micro unit. The current input was controlled with a vari
able rheostat supplied with the hot stage. The thermom
eter belonging to the hot stage was calibrated using fused 
slides containing pure compounds whose true melting points 
were in turn obtained by standard cooling curve technique. 
In the latter case, Anschutz thermometers calibrated in 
0.2° and checked against similar thermometers calibrated 
by the Bureau of Standards were used.

Experimental Results
T em peratu re data  were gathered  fo r  the d isap 

pearance o f the last crysta l (f 'p O  and the appear
ance o f the first crysta l ( ip ). A nyw here from  th ree 
to  eight determ inations in vo lv in g  new  slides an d  
used slides were m ade on  each m ixture o r  pure 
com pou n d . In  tw o cases, nam ely, pure frans-diol 
and 7 7 ,6 %  ¿rans-diol, supercooling preven ted  the 
ob ta in in g  o f (fp ) data. Otherw ise, the d isappear
ance o f the last crysta l and its reappearance were 
found to be reproducible. All data obtained for
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each m ixture or com p ou n d  were averaged  w ith  an 
average dev iation  o f the m ean o f a b ou t ± 0 .1 °. 
T h e  results are listed in the secon d  colu m n  o f T a b le  
I.

U sing new  slides o f som e o f the m ixtures, ob 
servations w hich  help to  fix portion s o f the phase 
diagram  other than the disappearance o f the last 
crystal were m ade. W e  have sum m arized these 
data  in the th ird  colu m n  of T a b le  I.

T a b l e  I

S u m m a r y  o f  D a t a  U s i n g  M i c r o s c o p i c  T e c h n i q u e

C o m p o s it io n  
in  %  ¿ra n s -d io l C o r . t e m p .,  ° C .

C o r .  t e m p .,  ° C .  
f o r  o th e r  o b s e r v a t io n s

100.00 102.8
90.80 98.4 71.7 ±  0.3“
84.30 94.7
77.67 90.0
70.05 84.0
65.05 79.7 72.1°
58.80 73.5
56.95 72.8

00

52.62 73.8 73.1 ± 0 .4 “
49.20 74.9
39.52 78.0 76.1 ±  0.4"
31.59 80.9 77.4“
24.99 83.5 82.3 ±  0 .15 6
22.00 84.7
20.04 86.5 80.4 ±  0.2“
13.92 90.2
10.29 92.7e
4.99 95.7C 82.2 ±  0.4"
0.00 99.2e

First appearance of liquid. h Sharp increase in
amount of liquid. c Birefringence disappears in each of 
these cases on raising the temperature at about 86-88°.

D erx ,5 from  coo lin g  curves and from  observations 
m ade using a m icro  h ot stage, determ ined the freez
ing p o in t and tw o  transition  tem peratures fo r  the 
cfs-d iol, n am ely , 94, 78.1 and 75 .2 °. H ow ever, the 
m elting  p o in t th at he used to  id en tify  the cfs-d iol 
w as 98 °. A s reference to  T a b le  I show s, there is a 
loss o f b irefringence fo r  the cfs-d iol betw een  86- 88°. 
T w o  runs m ade on pure cfs-d iol using a coolin g  
cu rve  tech n iqu e6 in d icate  phase changes in pure 
cfs -d io l at 99.60, 87.34 and 80.5 ±  0 .2 °.

0 10 20 30 40 50 60 70 80 90 100
¿nms-Cyclohexanediol-l ,2, %.

Fig. 1.—Phase diagram of cis- and ¿rans-cyclohexanediol-1,2.
(5) H . D e rx , Ree. trav. chim., 4 1 , 312  (1 9 2 2 ),
(6 ) P r o c e d u r e .— A b o u t  2  g . o f  th e  m - d i o l  w a s p la c e d  in  a  sm a ll t e s t -

t u b e  A-. T u b e  A W0t3 M ltflititted b y  m e a n s  o f  a  c o r k  in th e  n ook  o f  i*

D iscu ssion
F igure 1 show s the phase diagram  fo r  the system  

based u pon  the experim ental observations.
T h e  intersection  of the freezing p o in t curves fo r  

the m ixtures con ta in ing  m ore than  3 0 %  ¿raws-diol 
ind icates th at the eu tectic  com position  and  tem 
perature are 5 6 .6 %  trans-d io l and 7 1 .9 °, respec
tive ly . T h is  eu tectic  tem perature is in fa ir ly  g ood  
agreem ent w ith  the experim ental values obta ined  
for  irans-rich  m ixtures.

A lth ou gh  the reprodu cib ility  o f the tem perature 
data  fo r  the appearance o f liqu id  richer in cfs-d iol 
than the eu tectic  w as n ot as g ood  as the data  used 
in establish ing the freezing p o in t curves, never
theless, it is definite th at the data  lead to  the 
postu lation  of a solid  solution.

T here  are tw o  transition tem peratures fo r  pure 
cfs-d io l, one at 87 .34° and  the other at 80.5 ±  0 .2 °. 
T h e  latter transition  tem perature w as n ot as re
p rodu cib le  as the higher transition  tem perature. 
H ow ever, its existence leads to  the con clu sion  th at 
there is a y -cfs -d io l and that the y-cis  form  dis
solves the trans form  to  the extent in d icated  b y  the 
solidus.

X -R a y  d iffraction  patterns were also determ in ed 7 
fo r  pure cfs-d iol, pure trans-d iol and  fo r  five m ix
tures from  5 to  2 5 %  frans-diol. d -V alues were 
ca lcu lated  u sing B ra gg ’s law . W hile  th is p ro 
cedure does n o t g ive  a true interplanar distance, 
d, it gives defin itive values fo r  each com p ou n d  or 
m ixture. A n  exam ination  of the d and in tensity  
values in d ica ted : ( 1) w ith  the excep tion  o f tw o
w eak lines, the rem ainder o f the lines cou ld  be 
traced  to  either pure cis- or pure ¿rans-diol; (2 ) 
changes occu rred  in the in tensity  va lue fo r  m ost o f 
the spacings in go in g  from  pure cfs-d iol to  m ixtures 
w ith increasing am ounts o f the ¿rans-diol and also 
in go in g  from  pure ¿rcros-diol to  m ixtures w ith  in
creasing am ounts o f the cfs-d iol, (3) the spacin g  o f 
the pure irems-diol w ith  the greatest in ten sity  
va lue d id  n ot occu r in  a n y  o f the m ixtures. W e  
have n o  explanation  for  this.

T h e  results o f the X -r a y  studies are com patib le  
w ith  the phase diagram  show n in F ig . 1 . A  solid  
solu tion  phase continuous w ith  7 -c fs -d io l w ou ld  
have the sam e (or v ery  n early  the sam e) crystal 
structure as the pure cfs-d iol even  w ith  increasing 
con cen tration s o f  irans-diol. C hanges in in ten sity
la rg e  te s t -tu b e , B . A n  A n s ch u tz  th e r m o m e te r  c a l ib r a t e d  in  0 .2 °  w as 
p la c e d  in  tu b e  A . T h e  e x p o s e d  s te m  o f  th e  t h e r m o m e t e r  w a s c o v e r e d  
w ith  a  tu b e  t o  p r o t e c t  it  f r o m  a ir cu rre n ts . T u b e  B  w ith  its  c o n te n ts  
w as s u p p o r te d  b y  a  c o r k  in  th e  n e c k  o f  a  o n e -p in t  d e w a r  fla sk  c o n ta in in g  
o i l  p re h e a te d  t o  a b o u t  1 0 1 ° . C o o l in g  o c c u r r e d  a t  th e  ra te  o f  a b o u t  
0 .0 8 °  p e r  m in u te . T h e  first a rrest  c o r r e s p o n d in g  t o  th e  s o l id i f ic a t io n  
o f  th e  d io l,  la s te d  a b o u t  fiv e  m in u te s . T h e  s e c o n d  a rrest, c o r r e s p o n d 
in g  t o  a  tr a n s it io n  o f  o n e  s o lid  fo r m  t o  a n o t h e r ,  as in d ic a te d  b y  th e  
ch a n g e  in  o p t ic a l  p ro p e r t ie s , la s te d  a b o u t  3 0  m in u te s . T h e  th ird  d is 
c o n t in u it y  co n s is te d  o f  a  m a rk e d  ch a n g e  in  th e  s lo p e  o f  th e  c o o lin g  
c u rv e .

(7 ) W e  a c k n o w le d g e  o u r  in d e b te d n e ss  t o  D r .  J o h n  J . L a n d e r  o f  th e  
N a v a l  R e s e a rch  L a b o r a to r ie s  f o r  m a k in g  t h e  X - r a y  s tu d ie s . T h e  
in s tru m e n t  w a s a  N o r t h  A m e r ic a n  P h il ip s  X - r a y  s p e c t r o p h o t o m e te r .  
T h e  d e ta ils  o f  c a l ib r a t io n  a n d  a p p lic a t io n  t o  s o lid s  are d e s c r ib e d  in  
N a v a l  R e s e a rc h  L a b o r a t o r y  R e p o r t  N o . C -3 2 6 2 . T h e  sa m p le s  w ere  
th e  u n u se d  p o r t io n s  o f  th e  m ix tu re s  p re p a re d  f o r  th e  s tu d ie s  o n  th e  
m ic r o  h o t  s ta g e . T h e  c r y s ta ls  w ere  g ro u n d  a n d  th e  re s u lt in g  p o w d e r  
w as p ressed  in t o  a  d isc  o n e  in ch  in  d ia m e te r  a n d  a b o u t  1/s  in . t h ic k  a t  
a  p re ssu re  o f  a b o u t  f iv e  th o u sa n d  p o u n d s  p e r  s q u a re  in c h . T h e  d iscs  
w e re  m o u n te d  o n  g lass  s lid es  an d  th e  d i f fr a c t io n  p a t te r n s  w e re  d e te r 
m in ed  a t  r o o m  te m p e ra tu re .
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o f the spacings fo r  the pure a s -d io l w ou ld  be  ex
p ected  (an d  w ere ob ta in ed ) as the am ou n ts o f 
¿rans-diol increased in the solid  solu tion  phase.

T h e  absence o f spacings in the m ixtures n o t

traceable to  either pure cis- o r  pure ¿rans-diol 
elim inates the p ossib ility  o f  existence o f either a 
new  com p ou n d  or o f a solid  solu tion  w hich  is n o t 
con tin u ou s w ith  pure cfs-d iol.

SIM PLE G E N E R A L NO TATIO N S FOR SYSTEM S OF SIM U LTAN EOUS
REACTIONS

B y  F. H alla

A s so c ia tio n  y o u r  les E tu d es  T ex tu ra les , 4 , ru e  M o n to y er , B ru ssels , B elg iu m  
Received December 8, 1952

With the aid of a simplified notation the general conditions for the kinetics in a system of simultaneous reactions are 
derived.

F o r  a general treatm en t o f  the k inetic laws 
govern in g  sim ultaneous rea ction s1 it m a y  som e
tim es be  useful to  h ave  a  m ore  consistent and 
adequate n otation  than  a n y  em p loyed  till now . 
In  an earlier paper o f W egsch e id er2 such a n otation  
is a lready a lluded  t o  b u t no further pursued. I t  
consists in w riting  th e  sto ich iom etric equations 
in such a  w ay th at all s reactants M a appear on 
b o th  sides in  each  equation . T h e  latter are 
m arked  b y  a  line in dex  p ( “ rea ction ” ), the su b 
stances b y  th e  co lu m n  index  a. T h e  term s on  the 
right sides are distinguished b y  a bar on top .

T h e  system  o f r sto ich iom etric  equations
S S

Y  npaMa =  Y  YlpaMa (1)
<r =  1 a =  1

m u st be  com p leted  b y  the m atrices o f  the coe f
ficients {npa)TS and (npa)rB w h ich  allow  fo r  the 
fa ct  th at som e o f th e  npa an d  npc m ust disappear.

B y  p u ttin g
T r ip p  --  T ip ?  —  T lp a  (2)

( 1 ) m a y  also b e  w ritten 3
S

Y  =  0 (3)
<7 =  1

T h e  m atrices w ill in  general n o t be quadratic, 
fo r  s m u st exceed  r at least b y  1 (excep t in cases 
w here the s to ich iom etric  equ ation s are n ot linearly 
in d ep en den t; th e y  w ill n o t be  considered  for the 
m om en t).

E a ch  o f th e  partia l reactions (1) has in  the tim e 
in terva l from  ta t o  t b rou gh t abou t a certain  ex
change £Pp for  each  reactan t M „

i f :  IT —  7l l p o X p  (4)
w here x p is th e  “ norm al exch an ge”  o f  the reaction
( 1 ) , i.e.,  th e  decrease in  con cen tra tion  o f  a  reactant 
w hose m pc w ou ld  be  u n ity .

T h e  to ta l exchange £„ for a  certain  reactant
r r

=  Y i  ~  S  mf>axp g )
p= i p=i

T h e  aim  is to  ob ta in  the x p b y  so lv in g  the d if-
(1 ) S e e  fo r  in s ta n ce , C . A . H o ll in g w o r t h , J. Chem. Phys., 20, 9 2 1  

1649 (1 9 5 2 ).
(2 )  R .  W e g s c h e id e r , Sitzungsber. Akad. Wissensch. Wien, 110, I la , 

561 (1 9 0 1 ) ;  Z. physik. Chem., 3 9 , 2 6 6  (1 9 0 2 ).
(3 )  S e e  f o r  in s ta n ce , J . P r ig o g in e  a n d  R . D e fa y ,  “ T h e r m o d y n ftm jq u e  

C h lm iq u e ,”  V o L  I ,  E d it io n «  UJeappr, L iegp , 1944, p , 17,

ferential equations g iven  b_y the law  o f k inetic 
mass action

i s _ B -
—  =  Xp' =  tp J J  Off""" — kp U  Cff"'“ '  (0)

<7—1 <7=1

kp, kp are the v e lo c ity  coefficients.
T h e  con cen tration s cy occu rrin g  in these equa

tions are con nected  w ith  the exchanges b y  th e  s 
relations

r
Cff — A a iff =  A p )  ) TTlpoXp (7)

p = l
in w h ich  the A „  m ean the initial con cen tration s.

E lim inating the r quantities x p from  the system
(7 ), w e obta in  s — r =  t  in depen den t linear rela
tions betw een  th e  ca and  the A a

/ r ( c , . . . . c , ; A , . . . . A . )  =  0 (r =  1, 2, . . . . )  (8) 
T h e y  are equ iva len t to  (7) and  especia lly  usefu l 
for  sim plify in g  the equ ation s (6 ).

S ubstitu ting in (6) th e  c„ from  (7) or (8) w e get
s r s

X p ' =  kp J J  ( A p  — 7Rpff X p )" 'OT — kp J J  ( A a  —
< 7 = 1  P =  1 < 7 = 1

r

Y  mP‘' Xp)npff (9)
p = i

E xpan din g  the p rod u cts  in (9 ), r in teger rational 
fu n ction s R p o f  the x p
Xp' =  Rp(xi . . . ,x,\ Ai , . . . A,; nPp. . . .; nPp. . . .;

kp,kp) (10)
are obta ined .

T h e  solu tion  o f th e  r equ ation s (9) is possible in 
princip le and m ust g ive  b y  reasons o f ph ysica l con 
tin u ity , s unique sohr.ions c „ ( t )  w h ich  are m u tu 
a lly  related b y  the s-r equ ation s (8). B u t it can
n ot be p ractica lly  execu ted  because o f m athem ati
cal d ifficulties in cases w here th e  order o f  th e  re
action  exceeds 1 . Suppose w e h ad  obta in ed  these 
r solutions Xp(t), the con cen tration s as fu n ction s o f  
tim e are then fou n d  from  (7)

r
Cff =  Ap — TTlppXolt', A, . . . .^laj k,. . . . kr~) (H )

P =  1
T herew ith  the principal o b je c t  o f sim ultaneous 

kinetics w ould  be  ach ieved .
T h e  task becom es sim pler if we have to  deal 

on ly  w ith an equilibrium state (i.e., the final state 
in k inetic sense, for t =  ) o f  the w h ole  system  of
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reactions. T h is  state is characterized  b y  the ca 
o f all reactants rem aining constant. T h erefore  b y  
d ifferentiating (7) we ob ta in  the s con d itions

r

Ca' =  — =  —  W .  MpaXp' =  0 (12)
P = 1

from  n ow  on  w e h ave to  replace in  all expressions 
the con cen tration s c„  and the norm al exchanges x„ 
b y  their stationary values C a and X „ .  ( 12 ) then
gives s equations

r

^ m P„Hm [xp'\ i = 0 (7')
* = i

where, a ccord in g  to  ( 10), w e h ave to  put

lim [z/],_ „ =  RP(X„ . . . ;  A,,.. X )  = 0 (10') 

T h e re b y  (7 ')  changes in to  the s relations

£  m paR A X x,. .X )  =  0 (7")
p = 1

B ecause the s sta tion ary  con cen tration s m ust 
have definite values and because w e h ave from  
( 7 " ) o n ly r s o lu t io n s X p(fci. . . ,kT; k\. . .kT) A , . .  . T „) 
the C„(ki. . ,kr; . , l r ; A\. . .A s) m u st b e  con 
n ected  w ith  the b y  s — r in depen den t linear 
relations.

W e  m ay  put the prob lem  in another w a y  too , 
requiring that in the equilibrium  state all lim[a:(] < =. „  
d isappear. T h is  m eans, w e require th e  existence o f 
(therm odyn am ica l) equilibrium  constants, inde
p en den t o f all the A a

KP =  k„/kP =  J J  Ca""’’ (13)
tr= 1

for  th e  single partial reactions. I f  th ey  exist, the 
equations (7 ')  and  (7 ") are iden tica lly  satisfied.

N ow , each  further con d ition  im posed  u p on  the 
system  m u st lead to  a relation  betw een  the param 
eters kp, kp on ly , because the param eters A p m a y  
b e  arb itrarily  chosen  a priori and can  therefore  
n ot lie affected .

L et us take as an exam ple W egsch eider ’s2 treat
m en t o f the m utual conversion  o f 3 isom ers,

M, Ms (a)
M2 Ms (b)
M3 M, (c)

T h e  first tw o  equations correspond togeth er to  
the case r =  2, s =  3 w ith  Ci +  c2 +  c3 =  A\ +  
A i  +  A ?, as a  se co n d a iy  con d ition  accord in g  to
(8), and g ive  unique solutions X h X 2, X^A  B u t 
if  w e in clude equation  (c) which is n o t linearly  
in dependent o f (a ) +  (b ), w e im pose u pon  th e  
system  a further con d ition  and this m ust lead to  
a relation  betw een the kp, kp, viz.

hi tj/.'s = kikJcz
as a lready  show n b y  W egsch eider .2 T h is  top ic  
in  con n ection  w ith  W egsch eider ’s paradox  has been 
treated  in  another p a p er .6

(4 ) F . H a lla , Monatsh., 8 4 , 1448  (1 9 5 2 ).
(5 )  F .  H a lla , ibid., 84, 162 (1 9 5 3 ) .
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The vapor pressure of hydrogen fluoride has been measured, in a dynamic system, over the temperature range 0 to 105 °. 
Data have been fitted to two equations:

log10P „ „  = 8.38036 -  3 3 5 5 2  +  t W  and Iog>o P-■» = -1-91173 -  +  3.21542 log,„r (2)
The utility of these normal vapor pressure equations is surprising when examined in light of the association of hydrogen 
fluoride which varies with temperature. Of interest is the value of 335.52 in equation (1) which is greater, rather than 
less than 273.16, and the fact that the first constant in equation (2) is negative. Association factors for the saturated 
vapor have been calculated from vapor density measurements; heats of vaporization have been calculated, by use of the 
Clapeyron equation, for a formula weight, 20.01 g., of material.

V a p o r  pressure d a ta  in  the literature on  h y d ro 
gen fluoride are restricted to  tem peratures near the 
norm al boilin g  p o in t (1 9 .4 °) and low er. Such 
data  as g iven  b y  K e lle y 2 at higher tem peratures are 
derived  from  extrapolation  o f low  tem perature 
m easurem ents. T h e  present report deals par-

(1 ) (a )  T h is  d o c u m e n t  is  b a s e d  o n  w o rk  p e r fo rm e d  fo r  th e  A t o m ic  
E n e rg y  C o m m is s io n  b y  C a rb id e  a n d  C a r b o n  C h e m ic a ls  C o m p a n y . 
U n ion  C a rb id e  a n d  C a r b o n  C o r p o r a t io n , a t  O a k  R id g e ,  T e n n e sse e , 
(b )  F o r  o r ig in a l d a ta  o r d e r  d o c u m e n t ,  f r o m  A m e r ica n  D o c u 
m e n ta t io n  In s t itu te , 1719  N  S treet , N . W .,  W a s h in g to n  6, D . C . ,  r e m it 
t in g  $ 1 .0 0  fo r  m ic ro film  ( im a g e s  1 in ch  h ig h  o n  s ta n d a r d  3 5 -m m . m o 
t io n  p ic tu re  film ) o r  $ 1 .5 0  fo r  p h o t o c o p ie s  (G X  8 in ch e s )  r e a d a b le  
W ith ou t o p t ica l  a id .

(2 ) K. K . K elley*  Ut Si D e p a r t m e n t  o f  th e  I n te r io r , B u re a u  o f  M in e s , 
B u lle t in  383 .

tia lly  w ith  va p or  pressures at tem peratures from  
0 t o  105°. D en sity  m easurem ents o f  the satu 
rated v a p or  have been run in the tem perature in 
terval 23 to  105°. T hese data  h ave been used  to  
calcu late the degree o f  association  in the satu rated  
vapor.

E xperim ental
Apparatus.—Apparatus used for obtaining vapor pressures 

and vapor densities is shown schematically in Fig. 1. Prin
cipal components were the pot, A, containing liquid hydro
gen fluoride; a vapor volume, B, that could be isolated from 
the rest of the circulation system; a vapor pump,3 C, to force 
the vapor through the liquid, at point D ; and a Booth-

(3 ) F . D . R o s e n , Rev. Sci. Instruments, in  press.
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Cromer pressure transmitter,4 BC-1, for measuring vapor 
pressures. These components were mounted, as indicated 
in Fig. 1, in one side of a two-section air thermostat, each 
side being heated independently. Expansion ballasts and 
the sampling manifold were located in the other side of the 
air thermostat so that the vapor circulation system would 
not be affected by temperature changes produced while the 
weighing flask was being connected to or removed from the 
system.

Construction materials were as follows: heavy walled,
Vs-inch nickel tubing was used for connection lines; the pot 
was made from Winch wall, 4-inch diameter nickel pipe, 
with Vs-inch plate nickel ends; the pump, except for monel 
tubing around the nickel plunger, was made of nickel. 
Booth-Cromer pressure transmitter BC-1 was enclosed in a 
steel pressure cylinder having Winch walls and Vs-inch thick 
ends. Electrical contact was made through a 14-nun. 
aircraft-type spark plug.

Valves V-l through V-5 were Hoke type M-342; the 
barrel containing the needle was silver-soldered to the body. 
The usual packing was replaced with Teflon. Valves V-6 
through V-10 were Hoke, monel body, diaphragm valves, 
with replaceable diaphragms. The vapor bubbler, D, was 
made from a Winch nickel sweat cap perforated with a 
number of '/us-inch diameter holes. All joints were made by 
welding except where otherwise noted.

The weighing flask was made from spun-nickel to reduce 
the weight to about 200 g. Replacement of the brass gasket 
in a W inch compression fitting by one machined from 
Teflon made it possible to obtain a vacuum tight seal with 
finger tip pressure on the ears soldered to the compression 
nut (Fig. 1).

Materials.—Hydrogen fluoride was obtained from a com
mercial tank that had been partially emptied and, therefore, 
depleted of most of the impurities ether than traces of water. 
Further purification was accomplished by first distilling 
hydrogen fluori jo onto sodium fluoride and then onto cobalt 
trifluoride. In the first step hydrogen fluoride was added 
until the approximate ratio was 6 moles of hydrogen fluoride 
to 1 mole of sodium fluoride. This combination exhibits a 
vapor pressure of about 4 p.s.i.a. at room temperature. 
Hydrogen fluoride removed from such a mixture had been 
checked by thermal analysis and shown to be about 99.74 
mole % pure. Cobaltic fluoride served to remove any final 
traces of water. Hydrogen fluoride after such treatment was
99.9 mole % pure. A portion of the hydrogen fluoride used 
in this work was removed from tne equilibrium apparatus 
during the course of the measurements and was found to 
be 99.75 mole % pure, with a melting point at —83.76°. 
Sodium fluoride was C . p . material dried by extensive pump
ing while heating. Commercial grade cobaltic fluoride was 
first heated and pumped and then treated with fluorine at 
about 100° for several hours.

Temperature and Pressure Measurements.—Tempera
tures in the air thermostat were controlled by mercury 
regulators operated in conjunction with appropriate elec
tronic relays. Measurement of solution temperature was 
accomplished by use of a copper-constantan thermocouple, 
as indicated in Fig. 1, in a well below the liquid surface. 
Vapor and liquid temperatures were the same within 0.1 to 
0.2°. The thermocouple was calibrated at 0° (ice), about 
25° (room temperature as determined by a calibrated Beck
mann thermometer), 64.02° (melting point of pure uranium 
hexafluoride5 6 by the calorimetric fractional melting point 
method), and 122.353° (Bureau of Standards certified 
benzoic acid melting point standard).

Most pressures were measured by means of a Bourdon 
gage that had been calibrated with nitrogen against a dead 
weight gage.0 This Bourdon gage had a 7-inch diameter 
scale of 0 to 160 p.s.i.g. graduated in 2-pound increments; it 
was used to measure pressures alxwu 1400 mm. Pressures 
below this value were observed on a mercury manometer.

Procedure.—The pot (A, Fig. 1) of the equilibrium ap
paratus was charged with hydrogen fluoride and the system 
heated to one of the 9 differem temperatures above zero 
degrees used in this work. (For the 0 and —80° determina
tions of the vapor pressure the hydrogen fluoride was trans
ferred to a ballast flask on the sampling manifold, where a

(4 ) S. C ro m e r , U .S .A .E .C .  D e c la ss ifie d  R e p o r t  M D D C -8 0 3 .
(5 ) G . D . O liv e r , H . T .  M il t o n  a n d  J. W .  G risa rd , J. Am. Chem. 

Soc., 75, 2 8 2 7  (1 9 5 3 ).
(6 ) W . B . K a y  ibid.. 69, 1 27 3  (1 9 4 7 ).

Fig. 1.—Vapor pressure and liquid-vapor equilibrium 
apparatus.

water ice or Dry Ice bath served to maintain a constant 
temperature.) Vapor was circulated through the liquid 
while the material was heated and until constant tempera
ture and pressure had been achieved. Pumping w'as then 
stopped, valve V-4 (Fig. 1) of the vapor flask, B, w'as 
closed, and the system was allowed to remain in this condi
tion for 5 minutes. This delay was to allow drainage of any 
traces of liquid spray from the vapor flask back into the 
liquid flask. Valve V-3 was closed following which the 
entire sample in B was condensed, by means of liquid nitro
gen, into the weighing flask. The flask and counterpoise 
were then removed from the air thermostat and allowed to 
reach room temperature and the sample weight taken. 
The tare weight of the flask was determined just prior to 
taking the sample and also after the sample weight wras ob
tained. In addition, the counterpoise was always simul
taneously taken through the same heating and cooling cycles.

Results
V a por pressure data  obta ined  in this w ork  were 

fitted  to  the A n toin e  equation , 1, and the K irch h off 
equ ation , 2 . C onstants fo r  each equ ation  have 
been listed at the 9 5 %  con fiden ce level.

login Pm m  —  A  ^ . j ,  (l)

A = 8.38036 ±  0.10896 
B = 1952.55 ±  125.85°
C = 335.52 ±  8.15°

log Pmm = a + j, + c log T (2)

a = -1.91173 ±  1.02000 
b = -918.24 ±  48.06°K. 
c = 3.21542 ±  0.34672
t = Centigrade temp.
T = Kelvin temp.

A  'priori estim ates o f precision  im posed  b y  the ex
perim ental con d ition s are as fo llo w s : tem perature, 
± 0 .0 5 ° ;  pressure, ± 2 0  m m . at pressures o f 1400 
m m . or higher, ± 0 .2  m m . at pressures below  1400 
m m .

T a b le  I  gives sm oothed  values o f v a p o r  pressure, 
from  the tw o equations, saturated v a p or  den sity , 
association  num ber ( / ? %  =  M / 20), heat o f  v a 
porization  A H  per form ula  w eigh t (20.01 g .) , and 
the heat required to  vaporize  enough  liqu id  to  p ro 
du ce 1 m ole  of saturated va p or  (ZJ&t A H ).

Discussion
Vapor Pressures.— V a por pressure d a ta :b o b 

ta ined  in this research are sum m arized ab co n 
ven ient tem peratures in T a b le  I. O riginal vap or
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T a b l e  I *

* For supplementary Table IA giving the experimental data, order Jarry-Davis Document from the American Docu
mentation Institute, c/o Library of Congress, Washington 25, D.C.

V a p o r  P r e s s u r e , V a p o r  D e n s i t y , A s s o c i a t i o n  F a c t o r  a n d  H e a t  o f  V a p o r i z a t i o n  o f  H y d r o g e n  F l u o r i d e

V a p o r  p ressu re , m m .
V a p o r

d e n s ity ,
A s s o c ia t io n

fa c to r , A 11,a Zlat. AR,
T,° K . E q u a t io n  1 E q u a t io n  2 g . / l . zLt. c a l . /2 0  g. c a l . /m o le  v a p o r

193.16 5.55 4.84
198.16 7.61 6.92
223.16 34.82 33.52
248.16 123.7 122.5
273.16 363.8 363.8 2.015 4.717 1257 5929
278.16 443.0 443.2 2.251 4.407 1354 5967
283.16 536.2 536.7 2.521 4.148 1445 5994
288.16 645.6 646.3 2.826 3.929 1532 6019
293.16 773.2 774.1 3.170 3.743 1616 6049
298.16 921.4 922.5 3.553 3.580 1698 6079
303.16 1093 1094 3.979 3.438 n n 6109
308.16 1290 1291 4.454 3.315 1852 6139
313.16 1516 1517 4.976 3.203 1925 6168
318.16 1776 1775 5.554 3.104 1995 6193
323.16 2069 2069 6.192 3.015 2063 6220
328.16 2403 2401 6.885 2.934 2130 6249
333.16 2778 2777 7.645 2.861 2194 6277
338.16 3201 3199 8.482 2.795 2253 6297
343.16 3677 3674 9.390 2.734 2312 6321
348.16 4208 4205 10.37 2.677 2371 6347
353.16 4801 4797 11.44 2.625 2427 6371
358.16 5460 5457 12.59 2.577 2481 6394
363.16 6191 6189 13.85 2.534 2530 6411
368.16 C999 6999 15.20 2.492 2581 6432
373.16 7891 7894 16.64 2.453 2631 6454
378.16 8872 8880 18.20 2.417 2678 6473

“  A  H =  (H* S
hIISìi -  F ‘ ) (dP/dT)

pressure data  were fitted , b y  m eth ods o f least 
squares, to  tw o norm al vap or pressure equations 
1 and 2 , on  the chance th at one w ou ld  y ie ld  a better 
fit than the other. T h is  d id  n o t p rove  to  be  the case 
since the variance o f data  in each equ ation  was 
abou t 23,000, equ iva len t to  a precision  o f ±  28 m m . 
fo r  the 31 m easurem ents m ade w ith  the B ou rd on  
gage. E ith er o f these equ ation s agrees well w ith  
th at o f S im ons7 in  the tem perature region  — 25 to  
+ 5 0 ° .  A b o v e  the latter tem perature m easured 
pressures show  increasingly larger dev iation s from  
th ose  ca lcu lated  from  S im on s’ equation .

T h e  norm al bo ilin g  p o in t ca lcu lated  from  equa
tion  1 is 19.51 ±  0 .0 5 °, as com pared  to  19.6° g iven  
b y  S im on s ,7 19.9° b y  C laussen and H ild eb ra n d ,8 
19.4° b y  S im cns and  B o u k n ig h t ,9 and  19.56° b y  
F red en h agen .11 I t  shou ld  be  n oted  th at w hile the 
norm al va lue of con stan t C  in equ ation  1 is less 
than  27 3 .1 6 °K ., in this case it is greater, being 
335 .52°K .

Heat of Vaporization.—Sim ons and  R ussell, 11 
along w ith  m an y earlier and later investigators, 
have con sidered  h ydrogen  fluoride, liqu id  and vapor, 
to  be com p osed  o f a series o f  polym ers (H F )», 
w h e re iis  1, 2 ,3 , . . . ,  m. T hese au th ors11 h ave  stated, 
how ever, th a t ob v iou s ly  it w ou ld  b e  in correct to  
assume th at the liqu id  is com p osed  o f the sam e 
species and  in  the sam e p rop ortion s as the vapor.

(7) J. S im o n s , J. Am. Chem. Soc., 46, 2179 (1924).
(8) W . H . C la u sse n  a n d  J . H . H ild e b r a n d , ibid. , 5 6 , 1820 (1934).
(9) J. S im o n s  a n d  W . K .  B o u k n ig h t , ibid., 54, 129 (1932).
(10) K. F re d e n h a g e n , Z. anorg. allgem. Chem., 210, 210 (1933).
(1 1 ) J, H . S im o n s  a n d  A , S. R u sse ll, T h is  Journal, 43, 901 (1 9 3 9 ).

W h eth er th is sta tem en t be  correct or n o t can n ot 
be p rov ed  from  experim ental d a ta  n ow  available, 
at least if the reference v a p o r  is saturated. I f  such 
a sta tem en t is a ccep ted  th en  the term  “ heat o f 
v a p oriza tion ”  has a m ean ing on ly  w hen expressed 
on  a  w eigh t basis; m ore specifica lly , th e  “ h eat o f 
va poriza tion  per m o le ”  has n o  m ean ing. B ecause 
o f this, heats o f v ap oriza tion  presen ted  in th is paper 
are on  a w eigh t basis, the form ula  w eigh t h avin g  
been  chosen  as a con ven ien t one. H eats o f v a p o r 
ization  listed  in T a b le  I  are b ased  on  eq u ation  2 
(for  d P / d T ) ]  v a p o r  volu m es, o f  20.01 g., ob ta in ed  
in  th is  w ork  (fo r  F v) ;  liqu id  v o lu m es ( F 1) for
20.01 g. rep orted  b y  S im on s12; and the rearranged

AHww = [W — Hl) = T (Vv -  7 9  (dP/dT) (3)
C lapeyron  equ ation  3. H v and H 1 are th e  en
thalp ies o f form ation  o f 1 form ula  w eigh t o f  satu 
rated  v a p o r  and liquid, resp ective ly . T o  p ro v id e  
a ready  com parison  o f data  o f th is w ork , A H vap 
has been  m u ltip lied  b y  ZJat_ (the satu rated  v a p or  
associa tion  fa ctor ) and  listed  in T a b le  I. T h is  
qu an tity  (Z gvat A H vap) is th e  h eat n ecessa ry  to  
vaporize  en ough  liqu id  to  p rod u ce  on e m ole  o f 
saturated  vap or. A t  th e  norm al b o ilin g  p o in t  o f 
19 .51°, ZJat A H vap =  6050 ca l./7 5 .2  g . ; values 
rep orted  in th e  literature are essentially  the sam e 
as this, on e12 be in g  6025 ca l./g . m ole  o f  v a p or . 
C alorim etric va lu es rep orted  b y  F red en h agen 10 
p rov id e  an add ition a l com parison  o f  th e  h eat o f

(1 2 ) J . H . S im o n s , “ F lu o r in e  C h e m is t r y ,”  V o l .  1, A c a d e m ic  P re ss , 
I n c .,  N e w  Y o r k , N . Y . ,  1950 , p . 228 .
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vaporization . Specific va lues so  rep orted  are 1704, 
1751 and  1780 c a l./2 0  g. at tem peratu res o f  4.40, 
17.56 and  19.54°. F rom  data  o f T a b le  I values 
at these sam e tem peratures are 1342, 1575 and 1608 
ca l./2 0  g. T hese va lu es are som ew hat low er than 
those o f F redenhagen  because o f one or b o th  o f the 
fo llow in g  p ossib ilities : ( 1 ) values from  the present 
w ork , below  2 3 °, are d ep en d en t on  extrapola tion  
o f  v a p o r  v o lu m es ; (2) F reden h agen ’s va lues m ay  
contain  sm all con tribu tion s from  the h eat o f  d is
socia tion .

Saturated V apor A ssocia tion .— A ssocia tion  fa c 
tors listed  in T a b le  I are equal to  the average 
m olecular w eigh t d iv ided  b y  20.01. M olecu lar 
w eights were ca lcu lated  from  vap or den sity  m eas
urem ents on  the assum ption  th at ideal gas laws 
a p p ly  to  the m ixture o f  p o ly m ers  th at m u st be 
present. D a ta  w ere fitted  t o  tw o  equ ation s for 
correlation  purposes. T h ese  are g iven  b e low  w ith  
constants determ in ed  b y  least m ean square p ro
cedures. E q u a tion  4 sum m arizes the m ath e-

-  42.38089 + 8660.4
T

0.56577 126.28
T

( 4 )

(5)

m atics th at resu lt from  a m o d e l18 o f equ ilibrium  
betw een  (H F h  and (H F )B and has been  used to  
indicate a com parison  betw een  the present w ork  
and th at o f  L ong , H ild ebran d  and M o rre ll .13 14 
T his com parison  is show n in F ig. 2 in w h ich  the 
qu an tity  — log  K  is p lo tte d  against reciproca l 
tem perature.

K  =
/  5 V  ÍZ” -  1) 
\Pnu J  (6 -  Z 'V (6)

In the p resen t paper Z v o f  th is equ ation  is at the 
saturated  v a p o r  pressure, w h ile  d a ta  o f L ong , 
H ildebrand and M orre ll w ere tak en  at less than 
7 0 %  o f saturation . E xperim en ta l data  sh ow  v e ry  
little  dev ia tion  from  th e  stra ight line o f  F ig . 2.

C onstants for  th e  linear equ ation  4 g iven  b y  L ong, 
H ildebran d  and M o rre ll14 are — 43.65 and  8 6 1 0 °K . 
as com pared  w ith  — 42.38089 and 8660.4 ° K . o f the 
p resen t w ork .

A ssocia tion  data  also have been  sum m arized in 
F ig. 3 in w hich  the quantities log  {1 — ( l /2 J at) j  
have been  p lo tted  against reciproca l tem perature. 
W ith  this ty p e  o f correlation , sca tter in th e  experi
m ental values o f ZJat is m ore rea listica lly  show n 
than  is apparent in F ig . 2. W ith in  experim ental 
error the d a ta  p o in ts in Fig. 3 are best fitted  b y  the 
linear relation  o f equ ation  5, ov er  the tem perature 
range 24 to  105°.

Fig. 3.—Summary of effect of temperature in the function 
log i 1 — l /Z Sat. j : X , Simons and Hildebrand13; •, Freden
hagen10; O, this research.

T h e  fu n ction  (1 — l /Z J at.) o f  equ ation  5 has a 
defin ite sign ificance if  th e  saturated  v a p o r  is co m 
posed  on ly  o f linear chains. T hu s, if w e le t n\, 
n 2, e tc., be the num bers o f  m oles o f (H F )i, (H F )2, 
etc., in 1 form ula  w eigh t o f v a p o r  then  the num ber 
o f p o lym er bon ds per form ula  w eight o f v a p o r  is

Fig. 2.—Equilibrium constant, using monomer-hexamer 
model: •, Long, Hildebrand and Morrell14; O , this re
search.

(1 3 ) J . S im o n s  a n d  J. H . H ild e b r a n d , J. Am. Chem. Soc., 4 6 , 2 18 3  
(1 9 2 4 ).

(1 4 ) R . \Y. L o n g , J . H . H ild e b ra n d  a n d  W . E . M o r r e l l ,  ibid., 6 5 , 182
(1 9 4 3 ).

w here N  is A v o g a d ro ’s num ber. On this basis Fig. 
3 sum m arizes th e  effect o f  tem perature on the 
num ber o f po lym er, perhaps “ h y d ro g e n ,”  bridges 
in 20.01 g. o f saturated  vap or. O riani and S m y th 15 
have fou n d  a  difference betw een  their values o f 
vap or association  factors, determ ined  b y  dipole 
m om en t m easurem ents, and  those o f L ong , H ilde
brand and M orre ll, 14 w hich  th ey  h ave  interpreted 
as suggestive o f the existence o f som e sym m etrica l 
po lym er, i.e., one th at has n o  d ip o le  m om ent. I f  
this interpretation  is correct and if this sym m etrica l 
po lym er is cyc lic , the n um ber o f “ h y d rog en ”  
bridges per form ula  w eigh t o f  saturated vap or 
w ould  n ot be g iven  b y  equ ation  7.

It  is interesting to  note , how ever, that if  quan
tities ZJat. are ca lcu lated  b y  use of equ ation  4 and 
these “ sm ooth ed ”  values used  to  obta in  qu an ti
ties (1 — l /Z s a J ,  tfie  dashed curve o f F ig . 3 is 
obta ined . A lth ou gh  th is curve does n o t  fit the 
data  o f the present research as well as d oes  the 
straight line defined b y  equation  5, it d oes prov id e

(1 5 )  A. A . O rian i a n d  C . P . S m y th , ibid., 70 , 125 (1 9 4 8 ) .
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a com parison  w ith  previou s d a ta 1013 on  saturated 
vap or association  factors. Such correlation  m ust 
be v iew ed  w ith  som e caution  because it  is based on 
extrapolation  o f an equation , 4, w h ich  m arkedly  
tends to  m in im ize differences in d a ta ; fo r  exam ple, 
m inor extrapolation  o f a  straight line draw n b y  
S im ons and H ild ebran d 13 through  their data  in a 
p lo t o f  m olecu lar w eigh t versus tem perature (in the 
range 234 to  2 8 9 °K .) leads to  =  3.13 at 20° 
as com pared  w ith  a va lue o f 3.74 g iven  in T a b le  I.

I t  is apparent that extrapolation  o f either equ a

tion  4 or 5 is defin itely  n o t  justifiable, although  
equation  4, em b od y in g  the m on om er-h exa m er 
equ ilibrium  m odel, does p rov ide  a qu a lita tive  sum 
m ary  o f d a ta  obta ined  b y  various w orkers, as is 
in d icated  in F igs. 2 and 3.

A ck n ow led gm en ts.— T h e  authors w ish  to  ac
know ledge th e  help o f M r. P . B . W o o d  in sta
tistical analysis o f  data , M r. G . D . O liver for  ther
m al analysis o f sam ples o f  hydrogen  fluoride and 
D rs. G . F . M ills and H . A . Sm ith for  m a n y  helpful 
discussions during the course o f  this w ork .

P O L YM ER IZATIO N  OF POLYSILICIC ACID  D E R IV E D  FR O M  3.3
R ATIO  SODIUM  SILICATE

B y  R . K . I ler

C on trib u tion  fr o m  the G ra sselli C h em ica ls D ep artm en t, E x p er im en ta l S ta tion ,
E . I .  d u  P o n t  de N em o u rs  and  C om p a n y , In c .
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Polysilicic acid obtained at pH 1.7 by treating with acid sodium silicate having an Si02: Na.O molar ratio of 3.3:1.0, has 
an initial number-average molecular weight of 200, based on extrapolation of curves relating silica concentration and molecu
lar weight at a fixed sol age, to zero concentration where the polymerization rate must be very slow. This compares favor
ably with a weight-average molecular weight of 325 found by Debye and Nauman by light scattering, for a sodium silicate 
solution of this ratio. Further polymerization of this polysilicic acid to higher molecular weight species, at pH 1.7, occurs 
in such a way that (a) the number-average molecular weight increases in proportion to the square root of time, (b) the rate 
of polymerization is proportional to the square of silica concentration, and (c) the gel point is reached as the extrapolated 
number-average molecular weight approaches the order of 6,000, regardless of the silica concentration within the range of 2 
to 6% SiO-2. This behavior is consistent with the hypothesis that the dense polysilicic acid units, postulated by Debye 
and Nauman as being present in this type of sodium silicate, combine in some unknown manner to form a three-dimensional 
network structure. This network becomes infinite at the gel point, even before all units have joined the structure, thus 
explaining the relatively low number-average molecular weight at the gel point. The strength of the gel network appears 
to increase with si.ica concentration, suggesting that the strength of the network increases as the network becomes more 
compact.

A s poin ted  ou t b y  V a il, 1 a large am ou n t o f  w ork  
had  been d on e to  determ ine the m echanism  o f the 
aggregation  o f silica in  sols, its  transition  in to  solid  
h ydrated  gels, and the chem ical nature o f  the 
silica -w ater system . I t  w as first show n b y  M yliu s  
an d  G rosch u ff2 th at silicic acid  o f  low  m olecu lar 
w eigh t was obta ined  b y  neutralizing a  solu tion  o f 
sod iu m  silicate w ith  acid . Subsequently , W ill
sta tter and K ra u t3 fou n d  that m on osilicic  acid  
cou ld  be  prepared b y  add in g  sod ium  m etasilicate 
to  a  solu tion  o f acid  in such prop ortion  to  g ive  a 
final p H  o f 3 .2  at w h ich  the m on om er is m ost 
stable . S ince E e b y e  and N au m an 4-6 h ave  show n 
b y  ligh t scattering studies th at in a  h igh ly  purified 
so lu tion  o f  sodium  m etasilicate there is essentially  
n o  aggregation  o f silicate ions, it  appears th a t the 
m eth od  o f W illstatter and K ra u t m akes possible 
th e  con version  o f sod ium  silicate d irectly  to  silicic 
acid  in a  state  o f aggregation  corresponding  to  th at 
in the orig inal alkaline silicate solu tion . D e b y e  
and N a u m a n 6 further h ave show n th at in a solu 
tion  o f sod iu m  silicate o f  higher Si02/N a 20  ratio, 
the silica is in  a higher state o f  po lym eriza tion ; 
in a  solu tion  h a v in g  a  m olar ra tio  o f  S i0 2/N a 20  o f

(1 ) J . G . V a il, “ S o l jb l e  S il ica te s ,”  V o l .  1, R e in h o ld  P u b l. C o r p . ,  
N e w  Y o r k ,  N . Y . ,  1 9 5 2 , p . 173.

(2 ) F .  M y l iu s  a n d  E  G ro s c h u ff , Ber., 3 9 , 116 (1 9 0 6 ).
(3 ) R .  W ills ta t te r  a n d  H . K ra u t ,  ibid., 6 4 B , 1709  (1 9 3 1 ).
( 4 )  P . D e b y e ,  T h i s  J o u r n a l , 5 3 , 1 ( 1 9 4 9 ) .

(5 ) P . D e b y e  a n d  R . N a u m a n , J. Chem. Phys., 1 7 , 6 6 4  (1 9 4 8 ).
(fi) P . J. D p h y e  an ti R , V . N a u m a n , T h is  J o it r n a i ., 55 , 1 ( 1 9 n l ) ,

3 .3 :1 .0 , a m olecu lar w eigh t o f  the order o f  325 was 
fou n d .

I t  is th erefore  o f  interest to  report th e  m olecu lar 
w eigh t o f  po lysilicic  acid  prepared from  3.3 ratio 
silicate, as m easured b y  the freezing p o in t m eth od , 
and  also to  describe som e o f the observations w hich  
h ave been  m ad e in regard to  factors a ffectin g  its 
polym erization .

E xperim ental
Preparation of Silicic Acid.—In order to form silicic acid 

from the sodium silicate wdth as little polymerization as 
possible, the method described by Iler and Pinkney7 was 
employed: Grasselli No. 20 WW grade sodium silicate 
(28.4% Si02, 8.75% Na20 ) and Grasselli C.p. hydrochloric 
acid were the materials used. The resulting solution, con
taining 6.34% Si02, having a pH of 1.7, was stored at 25°.

Molecular Weight by Freezing Point.—The number- 
average molecular weight of the silicic acid was followed as 
the solution was aged, using a conventional freezing point 
apparatus with a Beckmann thermometer. Considerable 
difficulty was encountered due to supercooling. Instead 
of following the customary procedure of cooling the sample 
until it began to freeze and then noting the freezing point, 
it was found necessary to supercool the sol several degrees 
by immersing it in a bath at —5° and stirring it vigorously 
until ice crystals suddenly formed. The container was then 
placed in the freezing point apparatus which was at 0°; 
under these conditions the temperature increased slowly at a 
constant rate, under uniform conditions of agitation, until 
the last trace of ice disappeared, then increased more rap
idly. By plotting the time-temperaturo curve and extra
polating the two straight portions of the curves to a point 
of intersection, the freezing point was determined.

(7) R, K. Iler and p. s. Pinkney, I n d .  E n g .  C h e m , ,  3fl. 1379 (1947).
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In order to calculate the depression of the freezing point 
due to the silicic acid, it was necessary to determine the 
freezing point of the same solution after the silicic acid had 
polymerized until no silica remained in solution. The 
following procedure was adopted: A sample of the sol was 
sealed in a Pyrex tube and heated at 100° for 24 hours; 
this polymerizes and gels the silicic acid. The tube was 
then enclosed in a still larger tube and frozen by placing it 
in Dry Ice for 24 hours; freezing invariably cracks the 
sealed container. The frozen sample was then permitted 
to melt, forming a slush of finely divided silica upon which 
the freezing point was then run. After filtering off the pre
cipitate, it was found that less than 0.02% Si02 remained 
in solution.

The number average molecular weight was calculated 
from the formula

where

M = lOOOXff
G(AZ')

M = molecular weight of silicic acid 
g = weight of Si02 
G =  weight of solute

AT =  depression of f.p. due to silicic acid 
K =  molal freezing point constant

It was assumed that K =  1.86, although it is realized that 
the value of this constant for the solvent which was a dilute 
solution of a salt, might differ slightly from that of pure 
water; e.g., for a solution containing 6.34% SiC>2, 3.74% 
NaCl and 0.06% HC1 and 89.86% H20

_  1000(1.86)(6.34) _  2.18 
N (60) (89.86) (AT) (A T)

where
N — the degree of polymerization, which is the number 

of Si02 units per molecule of polysilicic acid, 
based on the number-average molecular weight

Titration Procedure for Following Changes in Molecular 
W eight.—In order to follow changes in molecular weight 
more conveniently, an empirical titration procedure pre
viously described by Her and Pinkney7 was employed. In 
this procedure the amount of a hydrogen-bonding agent, 
carbide and carbon diethyl "Carbitol”  solvent, required 
to prevent precipitation of the polysilicic acid by gelation 
under specified conditions, gives an empirical figure, the 
“ X-value,”  which has been correlated with the number- 
average molecular weight as determined by the freezing 
point method. As the solution of silicic acid polymerized, 
samples were taken for simultaneous determination of the 
“ X-value,”  and of the molecular weight by the cryoscopic 
method. The results on two separately prepared and aged 
sols are given in Table I. The linear relationship between 
the “ X-value”  and the square root of N, is shown in Fig. 1. 
(No explanation for this relationship can be offered at pres
ent.)

In a separate experiment, the increase in molecular weight 
of a solution of silicic acid was followed carefully over a 50- 
hour period, by the titration procedure. As shown in Fig. 2, 
the number-average molecular weight appears to increase

Fig. 1.—Relationship between X-value and degree of poly
merization (Ar).

/TIME (HRS.) .
Fig. 2.—Degree of polymerization (N) versus square root of 

time; pH 1.7; temp., 25°; Si02, 6.25%.

T a b l e  I
S i l i c i c  A c i d  S o l u t i o n : Si02, 6.34%; pH 1.7; T e m p . ,  25°

A g e , h ou rs

B e c k 
m a n n
f.p. Ar N " X -Value”

0.5
So] 1 

2.937 0.206 10.6 3.8
2.0 2.985 .168 13.0 4.2
2.75 2.991 .153 14.3 4.3
6.0 3.022 .121 18.1 5.0

31.0 3.110 .033 60.0 8.3
Heated 100°, 24 

hr. and frozen

0.1

3.143

Sol 2 
2.984 0.211 10.4 3.8

3.25 3.084 .110 19.9 5.1
10.5 3.130 .065 33.6 6,0
Heated 100°, 24 

hr. and frozen 3.195

with the square-root of time. However, from this particu
lar curve it is not possible to extrapolate accurately back to 
zero-time and thus to estimate the initial molecular weight 
of the silicic acid.

Factors Affecting the Rate of Polymerization.—Using 
the titration method, the changes in molecular weight of 
silicic acid were followed under a variety of conditions.

(a) Effect of pH.—It was of interest to determine whether 
the effect of pH on the rate of polymerization was the same 
when determined by the titration method, as when deter
mined by observation of the time required for the sol to gel. 
As previously reported,8 the time required for a sol made with 
H2S04 to gel, reaches a maximum at about pH 1.5. Using 
the titration procedure, the time required for the silicic acid 
solution to reach an arbitrarily selectedX-value correspond
ing to N — 28, was observed over a range of pH values, as 
shown in Fig. 3.

A maximum time required, corresponding to a minimum 
rate of polymerization, was observed at pH 1.7. It is con
cluded that the effect of pH on the rate of polymerization, 
as determined by the titration procedure, parallels the rate 
of gelling and that the two phenomena are closely related, 
if not identical.

(b) Effect of Silica Concentration.—In another series of 
experiments, aliquots of the silicic acid solution, freshly 
prepared in accordance with the standardized procedure, 
were diluted to 4,3 and 2% Si02. The titration method was 
then employed to follow the “ X-value,”  plotting curves 
of this value vs. time, from which the “ X-values”  at 1, 4 
and 16 hours were then interpolated and plotted vs. silica 
concentration, giving a linear relationship, as shown in Fig.
4.

Three significant observations were made in this series 
of experiments;

(i) Regardless of the silica concentration, tho silicic acid
(8 ) R .  K .  H er, T h is  J o u r n a l , 8 6 , 6 7 8  (1 9 5 2 ).
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Fig. 3.—Effect, of pH on time required for silicic acid to 
polymerize to a number-average of 28 silicon atoms per 
molecule; Si02 concn., 1.0 M; temp., 25°.
solution gelled when the “ X-value”  reached about 10, corre
sponding to a number-average molecular weight, of the order 
of 6000. At the gel point, the 6% gel was hard and brittle, 
whereas the more dilute solutions gave gels which were in
creasingly soft,, the 2% gel being extremely soft, and weak. 
Nevertheless, in all cases the gel point was readily observ
able, and there is little doubt that the gel point corresponded 
to the same degree of polymerization, regardless of concen
tration.

(ii) The rate of polymerization per unit amount of silica 
(inverse of the tune) was approximately proportional to the 
square of the silica concentration. Thus, as shown in Fig. 
4 by the dotted line A, doubling of the silica concentration 
reduced the required time by a factor of four.

(iii) Perhaps cf greatest significance, from the standpoint, 
of the molecular weight of the original sodium silicate, is 
the fact that extrapolations to zero silica concentration, 
where polymerization would be very slow, give an “ X- 
value”  of about 2.5. This must represent the molecular 
weight of polysilieic acid initially formed from 3.3 ratio 
sodium silicate. As shown in Fig. 1, this would correspond 
to v ly  = i.8, or a degree of polymerization of 3.25, corre
sponding to a number-average molecular weight of 200 
based on Si02. This is a reasonable value, in view of Debye 
and Nauman’s6 figure of 325 for the weight-average molecu
lar weight of the particles in 3.3 ratio sodium silicate.

Changes in Viscosity during Polymerization.—The follow
ing viscosity data were obtained on a 6% SiO» solution of 
polysilieic acid at, pH 1.7 as polymerization progressed.

'*X-Value” E s t im a te d  N
Specific, v is e o s ity  

(H 20  =  1 .0 0 )

2.6 4 1.18
2 .9 5 1.18
4 .1 13 1.18
4 .4 15 1.18
4 .7 18 1.20
5 .3 23 1.22
8.8 72 1.62
9 . 0 78 4 .2 3

As the “ X-Value”  exceeded about 9.0, the viscosity in
creased very rapidly and gelling occurred soon thereafter.

D iscu ssion
D e b y e  an d  N au m an 6 have show n from  v iscosity  

data  that in solu tions o f  sod ium  silicate the u ltim ate 
particles m u st be  rela tively  flense. O ne m ight 
therefore v isualize a  solu tion  o f 3 .3  ratio sodium  
silicate as consisting  o f a dispersion o f dense p o ly - 
silicate ions con ta in in g  abou t 3 S i0 2 units each 
on  a num ber-average basis, or up  to  5 units each

Fig. 4.—Relationship between silica concentration and rate 
of polymerization.

on a  w eight-average basis. T h e  corresponding 
polysilieic acid  m a y  be  a p olym er such as th e  cy clic  
trim er S i30 3(O H )6, or (S i0 2-H20 ) 3.

I t  is o f in terest to  n ote  th at the v iscosity  o f  the 
fresh ly  prepared  polysilieic acid  is o f the order th at 
w ou ld  be pred icted  for  a 6%  suspension o f (S i0 2- 
H 20 )3 in a solution  o f sodium  sulfate. T h e  v is 
cos ity  o f a silica-free solu tion  o f sod ium  su lfate at 
a con cen tration  equ ivalen t to  th at in the sol (0.3 
M ) ,  relative to  w ater, is 1.062. T h e  dispersion  o f 
6%  b y  w eigh t o f S i0 2 p lus 1.8 g. o f ch em ica lly  
b ou n d  w ater corresponds to  a vo lu m e fra ction  o f 
a b ou t 0.05, assum ing norm al densities fo r  am or
ph ous S i0 2 and w ater. T h e  v iscosity  o f th is sus
pension  relative to  the sod ium  su lfate so lu tion  can 
b e  estim ated from  the E instein  equation

Relative viscosity =«1 +  2.5c

w here c is the vo lu m e fraction  o f dispersed phase. 
T h en  the v iscos ity  o f the solution  o f polysilieic 
acid , relative to  the sodium  su lfate solution , w ou ld  
be  1.125 and the v iscosity , relative to  w ater, w ou ld  
be 1.125 X  1.062, or 1.19. T h is is close to  the 
observed  value o f 1.18.

T h e  fo llow in g  m echanism  o f po lym erization  o f 
polysilieic acid  was postu lated  in 1925 b y  Y a il9:

“ I f  w e assum e that these phenom ena are the 
result o f a ten d en cy  on the part o f v e ry  sm all par
ticles o f collo idal silica to  gather togeth er in to  
clusters or m asses until th ey  b ecom e large enough 
and sufficiently im m obile  to  p rodu ce  first a v iscous 
liqu id  and then a solid  gel structure, w e  shall h ave
a con cep t w diich..........fits in w ith  a large num ber
o f observed  fa c ts .”

T h e  observations herein reported  are consistent 
w ith  V a il’s p icture o f gel form ation , b u t  g ive  a 
further insight in to  the progressive form ation  o f 
the gel netw ork . T h is n etw ork  p rob a b ly  extends 
through  the m edium  and form s a rigid structure 
b e fore  all the polysilieic acid  units b ecom e a t
tached . T hese u nattach ed  units m a y  explain  the 
relatively  low  num ber-average degree o f  p o ly 
m erization  observed  at th e  gel poin t, even  though  
the w eight-average m olecu lar w eigh t m u st be  
infinite.

(9 )  J a m e s  G . V a il, J. Soc. Chem. Ind., 44 , T  214  (1 9 2 5 ).
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T h e  linking togeth er o f the dense p olysilic ic  
acid  units m u st occu r in  a b ou t the sam e w ay, 
w hether th is occu rs in  d ilu te  or in con cen trated  
sols, since the sam e degree o f  p o lym eriza tion  is

reached in each case at the gel po in t. H ow ever, 
the gel form ed  in the m ore  con cen tra ted  solu tion  
appears to  have a m ore  com p act, stronger netw ork  
structure.

TH E  VAPOR PRESSURE OF A C E T Y L A T E D  A M IN O  A C ID  E T H Y L
ESTERS1

B y  Edward F. M ellon, Samuel J. Viola and Sam R . Hoover

Eastern Regional Research Laboratory,2 Philadelphia 18, Pa.
Received February 6, 1953

A semimicro ebulliometer was used in conjunction with a manostat and mercury Zimmerli gage to determine the vapor 
pressure-temperature curves of a number of acetylated amino acid ethyl esters over the pressure range of 2 to 90 mm. 
The amino acids whose derivatives have been studied are glycine, alanine, valine, leucine, isoleucine, phenylalanine, methi
onine, tyrosine, aspartic acid and pyrrolidonecarboxylic acid.

A lth ou gh  m ost o f the acety la ted  am ino acid  
eth yl esters h ave been prepared  and distilled, the 
am ount o f in form ation  availab le on their boiling 
poin ts and v a p or  pressures is v e ry  lim ited. U sually  
on ly  the boilin g  poin ts fou n d  during their prepara
tion  are availab le  and  these m a y  be  expressed as a 
range o f tem perature at a pressure know n on ly  to  
one significant figure. T h e  best co llection  o f such 
data has been  reported  b y  C herbuliez an d  P la ttn er3 
w ho m ade boilin g  poin t readings at one or tw o pres
sures for  eleven  o f the com pou n ds.

M ore  accu rate v a p o r  pressure data  over a w ider 
range o f pressure were desired to  s tu d y  the possi
bilities of separating these com pou n ds b y  distilla
tion  techniques. T h e  v a p o r  pressure-tem perature 
curves over the range o f 2 to  90 m m . pressure were, 
therefore, determ ined  on  purified  m aterials using 
a regu lated  pressure system  and a sem im icro 
ebu lliom eter.

E xperim ental
The acetylated amino acid ethyl esters were prepared by 

various standard methods of acetylation and esterification 
of the amino acids and their derivatives. The nitrogen 
analysis4 of each derivative agreed with the theoretical 
value.

Since the preparation of the N-acetylmethionine ethyl 
ester has not been described previously, the details of its 
synthesis are as follows: Methionine was esterificd with al
coholic hydrogen chloride. The ester hydrochloride crystals 
were mixed with an equal weight of fused sodium acetate 
and double their weight of acetic anhydride, and heated on 
a steam-bath for one hour. The reaction mixture was ex
tracted with chloroform. The extract was evaporated in 
vacuo and the residue was Claisen distilled at 1.3 mm. and 
163-164°.

Anal. Calcd. for C»H„0,NS: C, 49.3; H, 7.8; N, 6.4; 
S, 14.6. Found: C, 49.6; H, 7.6; N, 6.4; S, 14.8.

The vapor pressure measurements were made in the semi
micro ebulliometer of Hoover, John and Mellon.5 Pres
sure was regulated by means of a Ratchford and Fein mano-

(1 ) T h is  p a p e r  is  p a r t  o f  a  ta lk  p r e s e n te d  b e fo r e  th e  M e e t in g - in -  
M in ia tu r e  o f  t h e  P h ila d e lp h ia  S e c t io n  o f  t h e  A m e r ic a n  C h e m ic a l  
S o c ie t y ,  J a n u a r y  29 , 195 3 . A r t ic le  n o t  c o p y r ig h t e d .

(2 ) O n e  o f  th e  la b o r a to r ie s  o f  th e  B u re a u  o f  A g r ic u ltu ra l  a n d  
In d u s tr ia l  C h e m is tr y , A g r ic u ltu ra l  R e s e a rc h  A d m in is t ra t io n ,  U . S. 
D e p a r tm e n t  o f  A g r ic u ltu re .

(3 ) E . C h e rb u lie z  a n d  PI. P la ttn e r , Ilelv. Chim. Acta, 1 2 , 3 1 7  (1 9 2 9 ).
(4 ) T h e  a u th o rs  a r e  in d e b t e d  t o  D r .  C . L . O g g  fo r  t h e  a n a ly s is  o f  

th e  co m p o u n d s .
(5 ) S . R .  H o o v e r ,  H . J o h n  a n d  E . F  M e llo n , Anal. Chem., in  press.

stat6 and measured with a mercury Zimmerli gage.7 A 
series of determinations at increasing pressures was made for 
each compound. A 10-15 minute period of refluxing was 
used to assure stable pressure and temperature readings for 
each point. The thermometer was calibrated in the appara
tus by determining the boiling points at atmospheric pres
sure of pure compounds which are accepted standards for 
thermometer calibration. The temperatures reported are, 
therefore, corrected temperatures.

R esu lts
T h e  num erous v a p o r  pressure m easurem ents o b 

tained h ave been con solidated  b y  calcu lating, a c 
cord ing  to  the least squares m eth od , the equations 
fo r  the straight lines ob ta in ed  b y  p lo ttin g  the log  
o f the v a p o r  pressure against the reciproca l o f  the 
absolu te tem perature. T h e  relationship o f the 
lines for  the various n -a cety la ted  am ino acid  eth yl 
esters is show n in F ig . 1. T h e  experim ental po in ts  
are show n on the alanine and m ethion ine cu rves to  
g ive  a v isib le representation  o f the closeness o f  the 
fit o f the calcu lated line. T h e constants, A  and  B,  
for  the equation  o f these lines, log  P  =  A  — B / T ,  
are given  in T a b le  I. T h e  pressure is in m m . and 
the tem perature, T, is in degrees K elv in . T he 
standard error o f the estim ate, S p =  a / 2 d 2/n ,  is 
g iven  in the th ird  colum n o f figures. F rom  Sp

T a b l e  I
C o n s t a n t s  f o b  V a p o r  P r e s s u r e  E q u a t i o n s  f o r  N“- 

A c e t y l a m i n o  A c i d  E t h y l  E s t e r s

Amino acid A B Sp

7 0 %
lim it ,

% P o in ts

Glycine 9.7488 3627 0.0090 2.4 11
d l -  Alanine 9.3647 3408 .0140 3.5 9
d l - Valine 9.5313 3535 .0125 3.2 8
DL-Methionine 10.1663 4264 .0053 1.4 10
L-Leucine 10.1594 3906 .0092 2.4 16
L-Isoleucine 9.5376 3610 .0054 1.4 17
DL-Phenylalanine 10.1199 4306 .0023 0.8 6
L-Aspartic acid 9.7816 3970 .0139 3.8 6
L-Glutamic acid 8.9254 3509 .0087 2.5 6
DL-Pyrrolidone-2-carboxyl:c 

acid“ 9.4941 3849 0106 2.7 9
s The pyrolidone-2-carboxylic acid was esterified but not 

acetylated.
(6 ) W . P . R a t c h fo r d  a n d  M . L . F e in , ibid., 22, 8 3 8  (1 9 5 0 ) .
(7 ) A . Z im m e r li,  Ind. Eng. Chem., Anal. Ed., 10, 2 8 3  (1 9 3 8 ) .
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Fig. 1.—Vapor pressure-temperature relationships for thè 
acetylated amino acid ethy] esters.

one can ca lcu late the lim its w ith in  w hich  a certain 
percentage o f the experim ental poin ts will agree 
w ith the values given  b y  the curve. T h is  lim it ca l
cu lated  to  include 7 0 %  o f the experim ental poin ts 
is reported  in colu m n  4 as a  percentage o f the pres
sure va lu e  represented b y  the correspon d in g  poin t 
on the curve. T h e  average fo r  this lim it over all 
the data  is abou t 2 .5 % . T h e  num ber o f observa 
tions on w hich  each curve is based is g iven  in colum n 
5. T h e  few er num ber o f poin ts used fo r  the aspar
tic and glu tam ic acid  ca lcu lations was a reflection  
o f their ten den cy  to  decom pose  slow ly  at elevated  
tem peratures. A n  in dependent determ ination  o f 
six poin ts on a second  sam ple o f  the g lu tam ic acid  
d eriva tive  gave the sam e curve as the original 
sam ple used.

A  sam ple o f N -acety ltyros in e  eth yl ester m elting 
at 80 ° was boiled  in the m icro-ebu lliom eter at 2.3 
m m . an d  a tem perature o f 244 .4°. T here was n o  
d ecom p osition  bu t on ly  one p o in t w as obta ined  
becau se the m axim um  tem perature lim it o f the 
apparatus had been reached.

T h e  data  obta ined  from  our experim ents d o  n ot 
agree v ery  closely w ith  the corresponding poin ts 
obta ined  b y  Cherbuliez and P la ttn er3 b u t the d if
ferences are w hat m ight be expected  betw een  b o il
ing poin ts obta ined  during a C laisen d istillation  
during prepara~ion and the equilibrium  boiling 
poin ts o f p rev iou sly  d istilled m aterial obta ined  in

an ebu lliom eter. T h e  a cety la ted  m ethion ine eth y l 
ester reported on here also show s a d ifference in 
boilin g  poin t betw een  the first purification  d istilla 
tion  and the equilibrium  value.

One o f the m ore im portan t observations w as that 
o f the low ered vap or pressure o f  the g lycin e  deriva 
tive . Instead  o f being the m ost vo la tile  o f the 
derivatives because o f its low er m olecu lar w eigh t 
an d  sim plest structure, it has a  v a p or  pressure 
w hich  is v e ry  close to  th at o f the va line d eriva tive  
w hich  is the th ird  m em ber o f the h om ologou s series; 
and  con siderab ly  less than the v a p or  pressure of 
the alanine derivative  w hich  is the second  m em ber 
o f the series.

A  sim ilar inversion  ph enom enon  appears w ith  
the aspartic and g lu tam ic acid  derivatives. T h e  
low er m olecu lar w eight h om olog— the aspartic 
acid  derivative— actu a lly  has a low er va p or  pres
sure than the higher h om olog— the g lu tam ic acid  
derivative. T h e  pyrro lid on ecarboxy lic  acid  e th y l 
ester w h ich  can be form ed  b y  heating the a ce ty 
lated  d iethy l g lu tam ate also show s a v a p o r  pressure 
w hich  is low er than the g lu tam ic acid  derivative.

T hese differences are also reflected  in the heats 
o f vaporization  w hich  can easily be ca lcu lated  as 
calories per m ole b y  m u ltip ly ing  the slope co n 
stant “ B ”  b y  the fa ctor  2 .3R  =  4 .577. T h e y  can , 
therefore, p rob a b ly  be a ttribu ted  to  d ifferences 
in the polar b in d in g  forces betw een  the in d iv id u a l 
m olecules w ith  the m olecules o f the g lycin e  an d  as
partic acid  derivatives being held  to  each  oth er 
m ore stron gly  than the m olecules o f the alanine 
and g lu tam ic acid  derivatives are held  to  each  other. 
T h is  e ffect o f  in teraction  betw een  m olecules is 
show n clearly  w ith  the leucine and  isoleucine d e 
rivatives. T hese tw o com pou n ds differ on ly  in 
the location  o f a branching m ethy l group  on  the 
am ino acid  side chain. T h is m eth y l group  on  the 
beta  carbon  as in isoleucine, interferes w ith  the 
polar activ ities o f the am ino group  on the alpha 
carbon  and gives this com p ou n d  a low er heat o f 
va poriza tion  than w hen the m ethy l grou p  is on 
the gam m a carbon  as in leucine.

T h e  v a p o r  pressure curves show  th at w ith  on ly  
a few  exceptions the v a p or  pressures o f  these a ce ty 
lated  am in o acid  eth y l esters are su fficiently d iffer
ent from  each other to  m ake possible their separa
tion  b y  distillation  in an efficient fraction atin g  
colum n. T h e pressure best suited fo r  a particu lar 
separation  can  also be  pred icted  from  the curves. 
One n otew orth y  separation— the separation  o f the 
leucine derivative from  the isoleucine deriva tive—  
has been  show n to  occu r  v ery  sharply  a t several 
m illim eters pressure b u t n o  separation  shou ld  be 
expected  a t 100 m m . pressure. T h is separation  
and the separation  o f other m ixtures o f  these a ce ty 
lated  am ino acid  esters w ill be described  in a subse
qu ent pu b lication .
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