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SYMPOSIUM OX RADIATION CHEMISTRY: INTRODUCTION
By M ilton Burton

Department of Chemistry, University of Notre Dame, Notre Dame, Indiana
Received February So, 195S

Radiation characteristic of nuclear energy pre
sents problems of protection and of possibility of 
technological application. Evidence has been ad
duced that certain compounds may protect others 
and that certain groupings within compounds also 
confer special resistivity to radiation. Conversely, 
other compounds and groupings have special 
features of reactivity. Details of the elementary 
and gross physical and chemical phenomena en- 
suant on absorption of radiation must be more 
thoroughly understood for interpretation of such 
results and for advancement of this exciting field.

The papers on the present program are a sampling 
of work in progress and represent merely fragments 
of the most recent developments of theory and 
results of experiments in a wide diversity of radia
tion-chemical studies.

The papers by Morehead and Daniels and by 
Ghormley and Levy are concerned with details of 
ionic crystals. They appear recondite but the 
results of the former may have very important 
consequences and applications in prospecting for

ore. The paper by Magee is a theoretical examina
tion of some possible phenomena in mixtures and 
the paper by Manion and myself involves experi
mental evidence of such phenomena as well as an 
indication of an important elementary process of 
excitation transfer, implications of which have not 
been extensively considered hitherto. In particular, 
it is shown that under certain conditions the com
ponents of a mixture may protect each other. The 
paper by Williams and Gevantman shows how they 
have employed radioiodine for tracing details of 
radiation chemical phenomena in organic systems. 
The group of three papers by Allen, Hochanadel, 
Ghormley and Davis, by Hochanadel, and by Hart 
show how study of a variety of effects in aqueous 
solution have served both to clarify the phenom
ena there occurrent. and to pose some new and 
unsuspected problems. Finally, the paper by 
Yosim and Davies takes up one phase of phenom
ena occurrent in pure metals and puts us on the 
doorstep of what in the past, we have considered 
purely physical phenomena.
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STORAGE OF RADIATION ENERGY IN CRYSTALLINE LITHIUM FLUORIDE
AND METAMICT MINERALS1

B y  Frederick F. M orehead, Jr ., and Farrington D aniels 
Chemistry Department of the University of Wisconsin, Madison, Wisconsin 

Received February 25, 1952

Measurements have been made on the energy of thermoluminescence obtained when lithium fluoride is exposed to 30,000 
roentgens of 7 -radiation and then heated to 500°. The bluish light emitted is equivalent to 1.5 X 10- 6  calorie per gram 
and amounts to a storage in electron traps of about 0.005% of the 7 -radiation. Metamict minerals have their crystal lat
tices so damaged by alpha rays from radioactive elements for millions of ĵ ears that they fail to exhibit an X-ray diffraction 
pattern. When the temperature is raised to 450 however, the crystal lattice is restored and at the same time, it has been 
found in this investigation that there is an evolution of about 25 calories of heat per gram, as measured with a thermal analy
sis apparatus.

The mechanism by which energy from a-, fi- and 
7 -rays is stored in a crystal lattice is a matter of 
theoretical interest for studying the nature of the 
solid state, and it is a matter of practical importance 
for developing materials for nuclear reactors which 
will withstand the intense radiation.

When a crystal or semi-conductor is subjected 
to 7 -rays or X-rays part of the energy is absorbed 
in displacing electrons from their atoms. Some 
electrons return immediately to their normal 
positions giving off fluorescent light; others become 
trapped in lattice imperfections or holes. The 
trapped electrons give rise to the so-called F-centers 
which absorb definite wave lengths of light. When 
the crystals are heated, the increased kinetic energy 
drives the electrons out of their traps from which 
they fall eventually to positions of lower energy 
with the emission of light, a phenomenon known as 
thermoluminescence.

The thermoluminescence of rocks, which contain 
uranium, and alkali halides which have been 
exposed to 7 -radiation, has been under investiga
tions in this Laboratory in an attempt to under
stand better the various ways in which the energy 
of radiation can be stored. Lithium fluoride has 
been studied thoroughly and the absolute energy 
of its thermoluminescence is reported here. It is 
small, 1.5 X 10- 6  calorie per gram, amounting to
0.005% of the 7 -radiation absorbed. Although the 
energy stored in trapped electrons is small it seemed 
likely that the atoms of the lattice might be dis
placed also and that this displacement would in
volve much more energy. In general, where there 
is light there is apt to be more energy present in the 
form of heat, but the measurement of small amounts 
of heat is much more difficult than the measurement 
of an equivalent amount of light energy. In order 
to study the storage of energy in crystal lattices 
attention was turned to metamict minerals which 
have been exposed for millions of years to a- 
particles from the considerable amounts of uranium 
and thorium which they contain. The crystal 
lattice of metamict minerals has been so damaged 
by radioactivity that the minerals do not show an 
X-ray diffraction pattern, but the pattern is easily 
restored by heating to a sufficiently high tempera
ture. The evolution of energy by the restoration 
of atoms to their normal positions in the crystal 
lattice should evolve more heat than is evolved by

(1) Further details of this research may be obtained from the Mas
ter’s thesis of Frederick F. Morehead filed in the Library of the Uni
versity of Wisconsin, June, 1951.

the release of trapped electrons. Energy storage 
as large as 25 calories per gram was found, and 
other minerals will be examined in the hope of 
finding still larger amounts of stored energy.

Measurements of Thermoluminescence.—The apparatus 
for measuring thermoluminescence2'3 consists of a light-tight 
box containing an electrical plate heated at the rate of 1  ° per 
second, a photomultiplier tube (RCA 1 P21) and a suitable 
optical system. The current through the photomultiplier 
tube is amplified and recorded with a potentiometer in which 
the intensity of the light is plotted automatically as a func
tion of the time. The temperature of the hot-plate as re
corded by a thermocouple is automatically plotted on the 
same graph, and the heating current is controlled so as to give 
a linear rise in temperature.

The light intensity as recorded by the photomultiplier 
tube was calibrated with monochromatic light from an AH-4 
mercury lamp at a distance of 25 meters. The energy of 
this light in turn was calibrated at a distance of one meter 
with a thermopile which in turn was calibrated with a stand
ard carbon filament lamp provided by the Bureau of Stand
ards. Applicationof the inverse square law showed that for 
blue light at 4300 A. the highest sensitivity for one recorder 
gave a deflection amounting to 4.1 X 10s divisions per erg 
per second, and for a second recorder 1.1 X 106 divisions. 
Farrand interferenceofilters were used with the mercury lamp 
for 4300 and 5500 A. and the ratio of the calibrations at 
these two wave lengths (2.36) agreed within 4% with the 
ratio of relative values given by the manufacturers.

The crystals of lithium fluoride, 1  cm. square and 1 mm. 
thick, were obtained from large, clear crystals grown from 
the molten material by the Harshaw Chemical Company. 
They were irradiated in a hollow aluminum cylinder sur
rounded by cobalt powder which had been exposed in the 
pile of the Oak Ridge National Laboratory and calibrated 
directly with ionization meters as will be described in a later 
communication. The density of 7 -radiation within the 
cylinder was 6000 roentgens per hour as determined by three 
different methods which gave an average deviation of less 
than 1 0 %.

A spectrogram of the weak thermoluminescent light ex
tends from about 4005 to 4823 A. It shows regions of vary
ing intensity but no structure can be detected with the 
instruments used. The midpoint of the emission is taken as 
4400 A.

The sensitivity of the recorder is such as to give a deflec
tion of 1.1 X 106 divisions for one erg per second. The 
graph paper travels at the rate of 1 inch in 40 seconds. 
Since there are nine divisions per inch on the recording graph 
paper, one square inch under the thermoluminescent curve 
corresponds to 9 X 40/1.1 X 106 or 3.3 X 10- 4  erg. The 
lens which focuses the light from the crystal onto the photo
multiplier tube is 4.5 cm. in diameter and 10.5 cm. from 
the crystal. Assuming that there is no reflection from the 
perfect crystal, the total light in all directions for each 
square inch under the curve of thermoluminescent light 
intensity, as recorded on the graph paper, is*

4tt(10.5) 2

t(4.5)2/4 X 3.3 X IO“ 4 =  2.9 X 10—2 erg

(2) F. Urbach, Weiner Ber., 139, 353 (1930).
(3) C. A. Boyd, J. Chem. Phys., 17, 1221 (1949).
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For crystals which had a 7 -ray exposure of exactly 5  hours, 
amounting to 30,000 roentgens, the area under the thermo
luminescent curve was 2 0 0 0  square inches per gram when 
converted to the highest sensitivity. The total light energy 
emitted is them 2000 X 2.9 X 10- 2  erg or 58 ergs or 1.4 X 
10“ 6 calorie. Assuming that the energy of the trapping 
level is about 1 0  electron volts above the highest ground 
level in lithium fluoride, as it is in sodium chloride, the 
energy of one 4400 A. photon is 4.5 X 10~ 12 erg, the number 
of photons emitted per gram is 1.3 X 1013, we find that the 
energy stored by the trapped electrons is 5 X 10̂ ® cal./g.

Lattice Displacements in Metamict Minerals.—Differen
tial thermal analysis, long used for studying cooling and 
heating curves in metallurgy, has found extensive use 
recently in the analysis of clays. The ceramic material can 
be identified by means of heat effects at definite temperatures 
due to the melting or oxidation of some of the ingredients. 
An instrument manufactured by the Eberbach Company 
was modified for the present investigation. It consists of a 
metallic block 3 cm. in diameter which contains two cylin
drical holes, one for the inert or deactivated (heated) ma
terial and the other for the material under investigation. A 
chromel-“ P ” -alumel thermocouple measures the difference 
in temperature between the two, and a second thermocouple 
measures the temperature of the metal block. A furnace 
with nichrome coils fits over the metal block and heats it by 
radiation while the energy input is kept constant by a volt
age regulator. A sensitive galvanometer was substituted 
for the millivoltmeter, and the whole furnace and block was 
mounted in a gas-tight box so that oxygen could be removed 
by evacuation or by displacement with nitrogen. The 
return of the displaced atoms to their normal positions in the 
lattice at a definite temperature evolves heat, and the object 
of the experiment is to measure this heat. It is necessary 
then to eliminate all other sources of exothermic heat such 
as the oxidation of sulfides.

When there is no evolution or absorption of heat the dif
ferential thermocouple reads zero, but if there is a lattice 
transition, a fusion, or a chemical reaction in one of the two 
samples of material there will be a galvanometer deflection 
indicating the absorption of heat or evolution. If one plots 
this temperature difference against the temperature for 
a given rate of heating, a minimum in the curve indicates the 
temperature of heat absorption such as fusion, and a maxi
mum indicates the evolution of heat.

A simple mathematical analysis1 shows that the area under 
the curve in which temperature differences are plotted against 
temperature, is nearly proportional to the heat evolved by the 
active material. The area under such a curve within a definite 
temperature range is calibrated in terms of calories with ma
terials of known heats of fusion as follows: tin at 232°, bismuth 
at 268°, lead at 327°, zinc at 419° and lead chloride at 485°.

A given weight of one of these powdered metals or salts 
was mixed with inert lithium fluoride powder in one of the 
holes in the heated block. The calibrations ranged from 
2.19 X 10- 3  calorie per cm. deflection (scale division) X 
degrees at 232° to 3.49 X 10- 8  at 485°.

Two radioactive minerals were studied exhaustively by 
this method. One a poly erase mineral (a titano-niobate) 
designated as D-100 was a metamict mineral supplied by Dr. 
J. C. Rabbitt of the U. S. Geological Survey. The thermal 
analysis curve for this mineral is shown in the upper half of 
Fig. 1. The other mineral, shown in the lower half of Fig. 1 , 
came from a radioactive inclusion in a quartz core of pegma
tite collected in Ontario by Dr. Donald F. Saunders. It 
exhibited radial cracks with decreasingly intense smoky 
color with increasing distance from the radioactive inclusion. 
The metamict minerals have complex lattice structures con
taining rare-earth elements.

The metamict mineral shows an exothermic peak at 460° 
which was the same in air, in nitrogen and in a vacuum of 4 
mm., thus showing that it does not involve air-oxidation. 
The fact that it involves a true change in the crystal lattice 
is proved by the fact that X-ray diffraction measurements of 
the mineral showed no patterns with the original mineral, but 
did show patterns corresponding to a definite crystal lattice 
after heating above 460°. This peak has an area equivalent 
to 2700 cm. degrees for a sample weighing 0.5 g. and the en
ergy evolved is 2700 X3.5 X 10“ 3/0.5or21 calories per gram.

Holland and Kulp4 have reported the evolution of heat on 
heating a metamict costal.

In the sample of radiation-damaged quartz there are two 
endothermic transitions or fusions clearly evident but the 
exothermic peak at about 440° in air disappears when the 
heating is carried out in nitrogen or in a vacuum. It is prob
ably due to the oxidation of iron or sulfur, and is similar to 
the peak found by Rowland and Lewis5 in the thermal analy
sis of certain pyritic clays. There is no evidence for exo
thermic changes in the crystal lattice. It is highly impor
tant to exclude the possibility of chemical reactions, particu
larly air-oxidations, wdien looking for heat effects which are 
due to radioactive damage of the crystal lattice.

The present equipment is not sensitive to less than about 
1  calorie per gram and all attempts failed to measure the 
heat evolved when an irradiated crystal of lithium fluoride 
was heated. One crystal was irradiated with the high volt
age electron accelerator at Brcokhaven National Laboratory 
through the courtesy of Dr. A. O. Allen. Although this 
crystal wras nearly black in color it failed to give a measurable 
quantity of heat when tested in a manner similar to that 
used for the metamict minera..

Two additional metamict minerals supplied by Dr. J. C. 
Rabbitt were run by Mr. Warren E. Thompson in this 
Laboratory. One (samarskite) gave no evolution of heat; the 
other (eschybite-prionite) gave about 2 0  calories per g-am.

Conclusions
The amount of energy stored as trapped elec

trons in lithium fluoride is very small— 5 X 10~ 6 
calorie or 0.005% of the 30,000 roentgen exposure. 
This corresponds to 1.3 X 1013 photons of blue light 
per gram or 4 X 1014 photons per mole. Optical 
and density measurements of crystals exposed to 
-y-radiation for long periods of time lead to esti-

(5) R. A. Rowland and D. R. Lewis, American Mineralogist, 36, 80
(1951).(4) H. D. Holland and .T. L. Kulp, Science, 111, 132 (1950)
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mates of a saturated value of about 1 0 18 trapped 
electrons per mole. It is not clear why the stored 
energy capable of producing thermoluminescence 
is only about one ten-thousandth of the amount 
expected on the basic of F-center studies. It will 
be shown in a later communication that thermo
luminescence in lithium fluoride does not reach 
saturation until about 1 0 0 , 0 0 0  roentgens and an 
exposure to y-radiation much in excess of 32,500 
roentgens would have given somewhat greater 
thermoluminescence, but not more than three times 
as much. The extremely low efficiency is com
parable in magnitude to the efficiency of the pro
duction of X-rays by means of electron bombard
ment of a metal target.

It has been calculated1 from the geometry of the 
cobalt source with 6000 roentgens per hour that
4.8 X 107 * * * * photons of 7 -rays were absorbed per 
second by the lithium fluoride crystal 1  cm. square 
and 1 mm. thick. This is equivalent to 0.33 X 
1013 photons absorbed per gram during the 5.00 
hour exposure of 30,000 roentgens. Since 1 * * *.3 
X 103 photons of blue thermoluminescent light were 
emitted, it is seen that 5 photons of thermolumines
cent light are emitted for every photon of y-radia
tion absorbed.

The experiments with metamict minerals show 
that the storage of energy from radioactivity, 
mostly from «-particles, can be very much greater. 
The mechanism of energy storage is quite different. 
Although the samples studied thus far give a 
maximum of 25 calories per gram, other samples of 
old minerals rich in uranium or thorium will be

studied to ascertain if still greater amounts of 
energy can be stored under certain conditions. The 
possible storage of radioactive energy in rocks is a 
matter of interest in geology.

This investigation was carried out as a coopera
tive research with the U. S. Atomic Energy Com
mission under contract number A T (ll-l)-27 .

REMARKS
Professor Daniels, in reply to a question by Profes

sor Burton concerning the thickness of the lithium fluoride 
crystals which were used for the dosimeter tests, said: The 
crystals were 1 cm. square and 3 mm. thick. It is true that 
in very thin crystals a considerable amount of energy may be 
lost by the escape of electrons released by y-rays. In these 
experiments, however, crystals three mm. in thickness 
were stacked up in a pile inside the cobalt y-irradiator, and 
so the thin crystals were behaving essentially as thick crys
tals and any loss of electron energy from one crystal was 
offset by a similar addition of energy from the adjoining 
crystal.

Professor Daniels, in reply to a question concerning 
the effect of impurities, said: The presence of impurities in 
the crystal lattice is certainly a factor in the thermolumines
cence glow curves. Sometimes, however, impure crystals 
give nearly the same glow curves as purer crystals. Unfor
tunately the thermoluminescence can be so much more sensi
tive than other physical or chemical tests that it is difficult to 
connect the thermoluminescent glow curve peaks with 
traces of specific impurities. Sometimes samples from the 
same crystal 2 cm. apart will vary by 50% in their thermo
luminescent intensity, presumably due to different amounts 
of trace impurities.

The areas under the peaks are proportional to the number 
of electrons released from traps. If the peaks are narrow, 
the peak heights are nearly proportional to the areas. A 
rapid rate of heating produces sharp narrow peaks, a slow 
rate gives broad flat peaks but the areas are practically the 
same.

SOME OBSERVATIONS OF LUMINESCENCE OF ALKALI HALIDE CRYSTALS 
SUBJECTED TO IONIZING RADIATION

By J. A. Ghormley and H. A. Levy
Chemistry Division, Oak Ridge National Laboratory,1 Oak Ridge, Tennessee, and the Department of Chemistry, University of

Tennessee, Knoxville, Tennessee
Received February 25, 1952

Luminescence phenomena of some alkali halides subjected to ionizing radiation under a variety of conditions have been 
measured and interpreted on an elementary level in terms of trapped electrons and positive holes. The observations include 
fluorescence and phosphorescence (primarily glow-curves for thermoluminescence) and spectral distribution of the emitted 
light in the range 2300 to 12,000 Â. Infrared emission has been observed from y-irradiated and additivelv colored potas
sium chloride during the exposure to F-band light. This emission is interpreted as associated with a transition from the ex
cited state of F-centers to their ground state. Glow curves for infrared emission during heating of additively colored potas
sium chloride following exposure at low temperatures to F-band light exhibit five peaks between —196 and +25°, indicaring 
five types of electron traps. Glow curves obtained simultaneously for different emission bands indicate that at least two 
types of processes requiring activation energy may occur, and a single type of activation step can lead to more than one 
spectral emission band. Sodium chloride and lithium fluoride crystals irradiated at 4 °K. and allowed to warm give maximum 
emission at 6 6  and 135 °K., respectively, with little phosphorescence below these temperatures. These emission peaks are 
thought to arise from release of self-trapped electrons. A temperature-independent afterglow observed in alkali halides is 
attributed to tunnelling of trapped electrons to trapped holes.

1. Introduction
The effects of ionizing radiation on alkali halides

have received considerable attention in the past
twenty-five years. Most of this attention has
been directed toward the study of color centers,
and some of the observed phenomena are thought to
be relatively well understood. 2 A fairly specific

(1) This work was performed for the Atomic Energy Commission
under the resident graduate program of the University of Tennessee
and the Oak Ridge National Laboratory,

(2) F. Seitz, Rev. Modern Phys., 18, 384 (1946).

picture of the nature of these changes has been 
developed and provides a basis for interpretation of 
phosphorescence.

The luminescence of irradiated alkali halides has 
also been studied. The complex nature of emission 
spectra and glow curves causes difficulty in inter
pretations of observations in this field. The low 
intensity of emitted light from pure alkali halides 
makes measurements of phosphorescence spectra 
impossible except with the most sensitive light de
tecting techniques.
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Urbach3 has subjected alkali halides to radium 
irradiation and has studied phosphorescence stimu
lated in them by infrared radiation, heat and pres
sure. Urbach and Schwarz4 studied thermo- 
luminescence of alkali halides, especially the 
effects of time of irradiation, time lapse before 
heating, exposure to light, and mechanical stress 
applied either before or after irradiation. Kats5 
has reported different temperatures of maximum 
emission for visible and for ultraviolet thermolumi
nescence following X-ray irradiation of sodium 
chloride, potassium chloride and potassium bromide 
at liquid air temperature, and has attributed visible 
emission to the transition occurrent in formation 
of F-centers by electrons from the conduction band. 
He postulates that ultraviolet emission results from 
recombination of electrons of F-centers with posi
tive holes migrating to them. Our observations 
lead to an interpretation somewhat different with 
respect to the transitions leading to visible and 
ultraviolet emission.

According to the current picture, when ionizing 
radiation is absorbed in a crystal, some electrons 
are excited into the conduction energy band, in 
which state they may diffuse through the crystal. 
An electron may remain mobile until it comes into 
a region where an electron is missing from the 
filled band (a positive hole) or becomes trapped at a 
position of relative stability, for example at a lattice 
imperfection. At a sufficiently low temperature 
the electron may become localized by polarizing 
its surroundings, that is, displacing the surrounding 
ions, to give a self-trapped electron predicted by 
Landau. 6 For each type of trap, there is a charac
teristic activation energy for release of the electron. 
As an irradiated crystal is heated, electrons are 
released from their traps by thermal activation and 
migrate through the crystal until they combine 
with a positive hole or again become trapped. 
Either of these processes may lead to light emission; 
therefore when light emission is measured during 
heating of an irradiated crystal several temperatures 
of maximum emission are observed, each related to 
the activation energy for release of electrons from 
traps of some specific configuration. Exposure to 
light of appropriate wave lengths may also cause 
release of electrons from traps and thus give rise to 
light emission. The behavior of positive holes is 
parallel to that of excited electrons: they may dif
fuse through the crystal (actually the surrounding 
electrons are mobile) and may become trapped, 
for example, at positive ion vacancies. Their re
lease may also lead to light emission when the 
hole subsequently meets an excited electron, or 
possibly when it becomes retrapped.

We describe here some measurements of light 
emission by alkali halide crystals subjected to 
ionizing radiation and subsequently heated or ex
posed to light. Both intensities and spectral dis
tributions in the range 2300 to 12,000 A. have been 
studied. The phenomena are interpreted on an

(3) F. Urbach, Sitzb. Akad. TFtss. Wien. Abt. I la , 139, 353, 363 
(1930).

(4) F. Urbach and G. Schwarz, ibid., 4 8 3  (1930).
(5) M. L. Kats, J. Exp. Theoret. Phys. ( (J. S. S. R .), 18, 501 

(1948).
(6) L. Landau, Physik. Z. Soiojetunion, 3 ,  664 (1933).

elementary level in terms of trapped electrons and 
positive holes as described above.

2 . Apparatus
The 300-curie cobalt-60 7 -ray source used in the present 

work is described elsewhere. 7 A block diagram of the 
apparatus used for measuring emitted light is shown in Fig.
1 . A Beckman quartz spectrophotometer was used in some 
experiments for obtaining emission spectra and in other 
experiments as a source of monochromatic light for illuminat
ing samples. For most of the phosphorescence measure
ments, crystals were irradiated in a dewar flask of liquid 
nitrogen, then transferred to a copper block in a silica dewar 
flask of liquid nitrogen, then transferred to a copper block in 
a silica dewar flask having an unsilvered band for optical 
measurements. A heater and thermocouple junctions for 
controlling and recording temperature were attached to the 
copper block. The sample in the dewar flask was placed 
directly in front of what is normally the exit slit of the spec
trophotometer and light emerging from what is normally the 
entrance slit fell on the photocathode of a photomultiplier 
at liquid nitrogen temperature. Two types of photo
multipliers were used, a 1P2S for the range 2300 to 6000 A. 
and a C70507a for red and infrared to 12,000 A. A pulse 
counting technique gave maximum sensitivity for light 
detection. We estimate that a minimum of 10 photons per 
second was required for measurements with the 1P28 photo
multiplier. The usual background was about 1  count per 
second with the amplifier sensitivity adjusted to count nearly 
every photoelectron from the cathode. Pulses were ampli
fied with a high-gain preamplifier and linear amplifier8 and 
fed into a logarithmic count rate meter9 permitting con
tinuous recording of the light intensit}' on a logarithmic scale.

Fig. 1.—Apparatus for light emission measurements. 
Optical links are indicated by dashed lines and electrical 
links by solid lines.

Another 1P28 photomultiplier at room temperature was 
connected with a circuit which permitted continuous re
cording of the logarithm of total light intensity or of spectral 
bands isolated by filters.

For control of temperature during thermoluminescence
(7) J .  A. Ghorinley and C. J. Hochanadel, Rev. Sci. Instruments, 2 2 ,  

473 (1951).
(7a) We are indebted to R. W. Engstrom of RCA for the loan of this 

developmental-type infrared-sensitive photomultiplier.
(8) W. If. Jordan and P. R. Bell, Rev. Sci. Instruments, 18, 703 

(1947).
(9) W. G. James, A. E. C. Report, ORNL-413.
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measurements, the desired temperature (in terms of thermo
couple e.m.f.) change as a function of time was laid out as a 
broad conducting line on the strip chart of a Speedomax 
recorder. The e.m.f. from a thermocouple was fed into this 
recorder and deviation of its indicator from one edge of the 
conducting line controlled the heater. For this purpose the 
recorder was modified by substituting for the pen a platinum 
contact point connected to a vacuum tube relay which turned 
the heater on or off.

3. Experimental
3.1 Role of Impurities.—In any investigation of lumines

cence of pure materials the influence of inevitable impuri
ties must be considered. Methods for determining the ef
fects of impurities include ( 1  ) observations on relatively pure 
samples before and after further purification, (2 ) study of ef
fects of added impurities and (3) comparison of luminescence 
properties of samples from various sources. We have ob
served that in some samples the impurities present have a 
large effect on the magnitude and spectral distribution of the 
emitted light although the temperatures and relative heights 
of the glow curve peaks are not significantly affected by the 
impurities. For example, air-grown and vacuum-grown 
single crystals of lithium fluoride (Harshaw Chemical 
Company) gave very similar glow curves below room tem
perature, except that the magnitude of emission at any tem
perature was ten times greater for the purer vacuum-grown 
crystals. Addition of a trace of copper to relatively pure 
potassium bromide or to sodium chloride produced a sig
nificant change in the emission spectra but had little effect 
on the glow curves except for about a hundred-fold displace
ment in the direction of greater light emission. We conclude 
from these and other experiments that most of the glow 
curves we have observed are characteristic of pure alkali 
halides with naturally occurring lattice imperfections serv
ing as electron (or hole) traps whose affinities for electrons 
(or holes) determine the temperatures at which the glow- 
curve peaks are observed. Emission spectra may be more 
strongly influenced by presence of impurities. However, 
we believe the significant features of those described below 
to be characteristic of pure alkali halides.

3.2 Fluorescence of Color Centers.— Mott and 
Gurney10 have concluded from theoretical con
siderations that the transition from the excited 
state of an F-center to the ground state should 
result in emission of light and have suggested a 
search for near-infrared fluorescence in alkali

at 7000 A. during heating shown for same sample in Fig. 3).
(10) N. F. Mott and R. W. Gurney, “ Electronic Processes in Ionic

Crystals/’ Oxford University Press, London, 1940, p. 136.

halides illuminated in the F-band. Both Molnar1 1  
and Klick12 have observed fluoresence, peaked 
around 7000 A., attributed to the M-band in LiF 
(absorption peak at 4500 A.), but have not ob
served F-center fluorescence.

As shown in Fig. 2, we also have observed the 
emission peak at 7000 A. and in addition a peak at
10,000 A. during illumination o foa 7 -irradiated 
lithium fluoride crystal with 4500 A. light isolated 
with filters. The lower curve of Fig. 2 shows the 
fluoresence emission spectrum of the crystal while 
still at liquid nitrogen temperature. The two 
upper curves show the emission spectrum observed 
after heating the crystal to 140° and cooling to 0° 
and —196°, respectively, for fluorescence measure
ments. As has been pointed out by Pringsheim 
and Yuster13 the 4500 A. absorption band in lithium 
fluoride irradiated at low temperature does not 
reach a maximum until the crystal has been heated 
to room temperature or above. We have carried 
out an experiment to determine whether 7000 A.
fluorescence in lithium fluoride irradiated at —196°0and heated during excitation by 4500 A. light also 
reaches a maximum above room temperature. The 
results are shown in Fig. 3. The dashed portion 
of the curve probably represents thermolumines
cence rather than fluorescence. Emission increased 
by a factor of ten between 50 and 130° then dropped 
rapidly above 200°. After heating the crystal to 
225° ando cooling to —196°, fluorescence excited 
by 4500 A. light showed only the 10,000 A. band. 
Most of the 4500 A. absorption band anneals out 
below 225° so the 10,000 A. fluorescence must be 
associated with relatively weak absorption in the 
4500 A. region.

Fig. 3.—Emission at 7000 A. from lithium fluoride excited 
by 4500 Â. light after 7 -irradiation of 2 X 107 r. at —196°. 
Dashed portion of curve is probably thermoluminescence but 
emission at other temperatures is fluorescence (curve traced 
directly from recorder chart).

Figure 4 shows infrared emission resulting from 
absorption of F-band light in potassium chloride 
which contains F-centers. (The shapes of the 
emission curves shown are determined to a great 
extent by the sensitivity of the photocathode; 
the actual peaks would appear at wave lengths 
greater than 10,000 A.) It is not possible to deter
mine from available data whether the emission is 
true F-center fluorescence or results from formation

(11) J. P. Molnar, The Absorption Spectra of Trapped Electrons in 
Alkali Halides, Thesis, Massachusetts Institute of Technology, 1940.

(12) C. C. Klick, Phys. Rev,, 7 9 ,  894 (1950).
(13) P. Pringsheim and P. Yuster, ibid., 7 8 ,  293 (1950).
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WAVELENGTH, A.

Fig. 4.—Spectra of fluorescence excited by light absorbed by 
F-centers of potassium chloride.

of other centers such as M-centers. The amount 
of light absorbed by F-centers in the additively 
colored sample (F-centers produced by electrolysis 
with pointed cathode) and in the irradiated sample 
was about the same; for most of the incident light 
was absorbed, yet the emission at 10,000 A. was 
much greater in the irradiated sample. We have 
no explanation for this difference.

Similar infrared emission spectra were observed 
during y  irradiation of sodium chloride and potas
sium chloride. This emission is also assumed to 
arise from transitions occurring in the formation 
of F-centers or other centers.

3.3 Phosphorescence
3.3.1 Glow Curves for Electron Trapping.—

When additively colored alkali halides absorb 
light in the F-band at appropriate temperatures, 
F-centers disappear and F '-centers are formed. 1 
F '-centers in potassium chloride are thermally 
unstable at room temperature, F-centers being- 
reformed as F '-centers disappear. If luminescence 
is a consequence of a transition which occurs 
during or immediately subsequent to electron 
capture with accompanying formation of F-centers 
(or perhaps other stable trapped-electron centers), 
it should be observable on warming an additively 
colored crystal after exposure to F-band light at 
temperatures at which F '-centers are thermally

50 O - 5 0  -100 -150 -2 0 0
TEMPERATURE, °C.

Fig. 5.—Glow curves for infrared emission from additively 
colored KC1 following exposure to F-band light at —196°: 
curve A, exposed 10 minutes to 5500 A; curve B, exposed 
2 minutes to 5500 A.

stable. Figure 5 shows glow curves obtained from 
such experiments.

Instead of a single peak in the infrared glow 
curves corresponding with thermal dissociation of 
F'-centers, five distinct peaks are observed, of 
which four must be due to release of electrons from 
other types of traps. The last peak at just above 
0 ° may correspond with release of electrons from 
F'-centers since this temperature corresponds 
closely to their stability limit. The latter are prob
ably formed following release of electrons from 
each of the less stable types of traps. No lumines
cence was detectable with the 1P28 photomultiplier 
(range 2300-6000 A .); therefore, the visible thermo
luminescence from irradiated potassium chloride 
does not accompany formation of color centers as 
proposed by Flats. 5

3.3.2 Simultaneous Glow Curves for Different 
Spectral Bands, a. Potassium Bromide.— Figure 
6  shows some typical phosphorescence spectra of 
irradiated potassium bromide thermostimulated 
at three temperatures and photostimulated with 
infrared (Tungsten lamp with 2550 Corning glass 
color filter) at —196°. These curves are not 
corrected for changes in total emission rate during 
progress of the measurement; consequently the 
positions of the peaks in the broad visible bands 
may be shifted by these changes and are subject 
to some uncertainty. Two distinct bands are ob
served in the ultraviolet at 3200 and 2900 A., 
respectively. The 2900 A. band appears in thermo
luminescence only at about —10°. A number of 
potassium bromide samples from several different 
sources all gave the 3200 A. peak in their emission 
spectra, although glow curves for this emission 
were not the same for the different samples. In all

Fig. 6 .—Typical phosphorescence spectra of fused purified 
potassium bromide after 1 0  minutes irradiation at 2 0 0 0  r./ 
min. and —196c.
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samples glow-curve peaks for 3200 A. emission 
appeared at temperatures different from those for 
visible emission, indicating that the activation 
processes resulting in 3200 A. and in visible emission 
are different.

If one assumes that one type of emission, either 
visible or ultraviolet, follows release of trapped 
electrons and their migration to trapped holes, and 
the other type of emission follows release of trapped 
holes and their migration to trapped electrons, it is 
possible experimentally to determine the source of 
the visible and ultraviolet emission. Electrons 
in stable traps (F-centers) and positive holes in 
stable traps (V-centers) may be produced in a 
crystal by 7 -irradiation at room temperature. 
This crystal may then be cooled and exposed to 
light absorbed by F-centers to give electrons in 
less stable traps, as indicated by observations dis
cussed in the previous section. On warming, some 
of the electrons released from shallow traps will 
migrate to trapped holes and the observed thermo
luminescence will be characteristic of the resulting 
transitions. Similarly, absorption of light by V- 
centers in a crystal at low temperature might be 
expected to yield holes trapped in less stable con
figurations, and upon subsequent warming to give 
thermoluminescence characteristic of the combina
tion of free holes with trapped electrons. This sort 
of experiment would, however, not be conclusive as 
far as emission resulting from freed holes is con
cerned, as Seitz14 has pointed out that V-center 
light may excite but not free the trapped holes.

Results of an experiment to determine the 
origin of visible and ultraviolet emission from 
potassium bromide are shown in Fig. 7. A sample 
was 7 -irradiated with 25,000 r. at room tempera
ture, then cooled in the dark to —196° and exposed

Fig. 7.—Glow curves for a sample of potassium bromide 
7 -irradiated with 25,000 r. at 25 then exposed at —196 0 to 
each of three types of radiation and heated to 25° for ob
servation of thermoluminescence after each exposure.

(H ) F. Seitz, Phya. Rev., 79, 529 (1950).

to 50 r. Visible and ultraviolet emission isolated 
by filters (Corning glass filters, No. 9863 for ultra
violet and No. 3850 for visible) was measured as the 
crystal was warmed to room temperature, by in
serting first one filter then the other between sample 
and photomultiplier for alternate 1 2  second periods 
during the heating, giving the two upper curves of 
Fig. 6 . The crystal was againo cooled to —196° 
and exposed this time to 6000 A. light (the wave 
length of the F-band peak) isolated with the spec- 
trophototometer. As seen in Fig. 7 the subsequent 
glow curve for total light shows predominantly 
temperature peaks characteristic of the ultraviolet 
and not the peaks characteristic of visible emission. 
It was not convenient to isolate the two spectral 
regions because of the low intensity. Following 
exposure to 2400 A. (the absorption band with peak 
at 2320 A. termed the Vi-band by Casier, Prings- 
heim and Yuster16 absorbs in this region) the glow 
curve for total emission exhibited peaks character
istic of both visible and ultraviolet emission. The 
result of the experiment involving F-band irradia
tion indicates that thermal release of trapped 
electrons leads to ultraviolet emission from irradi
ated potassium bromide. Visible emission must 
then follow from some other type of activation 
process, possibly from thermal release of trapped 
holes. A different picture was given by Kats , 5 
who postulated that ultraviolet emission accom
panies the combination of F-center electrons with 
positive holes which have been thermally freed and 
have diffused to the F-center locality. This inter
pretation is not supported by our foregoing observa
tions.

b. Lithium Fluoride.— The phosphorescence 
(thermostimulated) spectrum of gamma irradiated 
lithium fluoride is characterized by two broad 
bands with peaks at about 2700 and 4400 A., 
respectively (see Fig. 12). Figure 8  shows glow 
curves obtained simultaneously (by alternating 
the wave length setting of the spectrophotometer

Fig. 8 .—Glow curves for the two emission bands LiF after 
40 min. exposure to 2000 r./min. Co60 7 -rays at -196°. 
Heating rate 8  °/min.

(15) R. Casier, P. Pringsheim and P. Yuster, J. Chem. Phya., 18, 
1564 (1950).
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between the two wave lengths) for the peaks of the 
two bands. With the possible exception of the last 
(high temperature) peak, the difference between the 
two curves is only a gradual change in ratio of in
tensities of the two bands as the temperature in
creases; each peak of one curve appears also in the 
other. We assume that the particular wave lengths 
selected for examination in the glow curves are each 
representative of their bands. The width of the 
bands does not represent a composite of essentially 
different phenomena but the fact that the processes 
themselves are not precisely defined; e.g., the initial 
or terminal energies or both may not be sharply 
fixed. The two emission bands show that two 
different capture-emission processes are involved— 
whatever they may be. The peaks in the glow 
curves indicate that a variety of activation energies 
is required to release the species later captured to 
give the observed emission. The identities of the 
peaks in the two glow curves indicate that they 
represent the release of identically trapped species. 
Since the temperature peaks are identical for both 
emission bands, each such peak corresponds to the 
release of one species later captured to give the 
emission. It can be reasonably assumed that a 
specific emission band corresponds to only one 
process; i.e., the capture of a single species at a 
single trap. Thus, we conclude that either initially 
trapped electrons or initially trapped holes are 
involved—but not both, and that this species is re
leased from a variety of traps of different energy 
depth. The emission processes yielding 2700 and 
4400 A. light involve capture of the released species 
at two different emission sites. The shift in rela
tive intensity of the two bands as a function of 
temperature indicates a gradual change in the 
relative probabilities of the two emission processes 
as the crystal is warmed. The relative probabilities 
of emission may not be the same as the relative 
probabilities of capture.

3.3.3 Self-Trapped Electrons.—The general shape 
of all the glow curves for alkali halides irradiated 
at liquid nitrogen temperature was the same, 
namely, about eight peaks between —196 and 
+250°. The glow curve for lithium fluoride was 
exceptional in that the first peak was much higher 
than any other peak observed in alkali halides. 
This feature was thought to be significant because 
of the calculation of Markham and Seitz16 that self- 
trapped electrons should be stable in lithium fluo
ride at liquid nitrogen temperature. The calcula
tions also showed that in sodium chloride and 
presumably in all other alkali halides they would be 
stable only at lower temperatures. At the be
ginning of an irradiation of a crystal at a tempera
ture where self-trapped electrons are stable nearly 
every ionization event should result in an electron 
which polarizes its surrounding ions and becomes 
self-trapped. Thus at sufficiently low tempera
tures very little phosphorescence should occur, 
because electrons will not be able to move through 
the crystal to the holes.

We have carried out an experiment to determine 
whether phosphorescence does occur in lithium 
fluoride at lower temperatures. A crystal was

(16) J. J. Markham and F. Seitz, Phys. Rev., 74, 1014 (1948).

Fig. 9.—Glow curve for visible and ultraviolet emission 
from lithium fluoride following 4000 r. 7 -irradiation at 4°K. 
Temperature measurements were made with a carbon resis
tor calibrated only in the range indicated.

irradiated at liquid helium temperature and phos
phorescence observed while the sample was warming- 
after irradiation. As shown in Fig. 9, very little 
phosphorescence was observed below 90°K , but 
the intense peak at 135°K. appeared just as it 
did after irradiations at liquid nitrogen tempera
ture (Fig. 8 ). Figure 10 shows the results of a 
similar experiment revealing release of self-trapped 
electrons in sodium chloride at a much lower tem
perature. An intense peak in the glow curve was 
observed at 6 6 °K. with practically no emission 
below this temperature.

Fig. 10.—Glow curve for visible and ultraviolet emission 
from sodium chloride following 4000 r. 7 -irradiation at 
4°K.

The calculations of energy depths of electron 
traps from temperatures of the corresponding glow- 
curve peaks has been discussed by Randall and 
Wilkins. 17 For a rigorous calculation, a number of 
variables must be evaluated, the most important 
of which is the probability of retrapping following- 
thermal release of a self-trapped electron. We 
have not attempted to estimate this probability. 
A rough calculation of the trap depth which ignores 
the effect of retrapping is given by the expression 
E  =  25JcT; this formula yields the values 0.32 
and 0.14 ev. for the traps giving rise to the pre
dominant peaks in lithium fluoride and sodium 
chloride, respectively. The values predicted by 
Markham and Seitz for self-trapping in these 
materials are 0.3 and 0.13 (± 2 5 % ). Thus, the 
theory is consistent with the interpretation that 
these glow curve peaks result from release of self- 
trapped electrons.

3.4 Temperature-independent Afterglow (“Tun
nelling Phosphorescence” ).— In some experiments,

(17) J. T. Randall and M . H. F. Wilkins, Proc. Roy. Soc. (London), 
A 1 84 , 366 (1945).
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it is possible to separate glow curve peaks by first 
heating the sample until the thermoluminescence 
of one peak is nearly exhausted then quenching 
and heating again at a constant rate through the 
following peak. In this way the glow curve on the 
low temperature side of a peak may be observed 
without interference from preceding peaks. Figure 
1 1  shows an attempted application of this technique 
to lithium fluoride. On first warming the irradi
ated sample from liquid nitrogen temperature a 
shoulder appeared on the glow curve at about
— 180° followed by a rapid rise of emission into the 
first peak. Upon reaching —156°, the tempera
ture at which the emission was about one-tenth of 
the maximum, the crystal was quenched rapidly 
with liquid nitrogen. As shown in Fig. 11, the 
emission did not drop as expected to a low value at
— 196° but was actually higher than the initial 
emission at that temperature. When the crystal 
was allowed to warm a second time, the emission 
did not start to increase until the temperature 
reached —180° and no shoulder was observed. 
The same slow drop in emission occurred after 
quenching the second time. A similar afterglow 
from the initial portion of another peak was ob
served on quenching from —80°.

Fig. 11.—Thermoluminescence and temperature inde
pendent afterglow in lithium fluoride following 1 0 s r. y- 
irradiation in one hour at —196 °.

Figure 12 shows spectra for thermoluminescence 
and temperature-independent afterglow of lithium 
fluoride. Within the limits of reproducibility 
determined by statistical fluctuations and response 
time, all of the spectra at times indicated by 
arrows in Fig. 11 are identical, and when corrected 
for photocathode sensitivity and spectrophotom
eter prism dispersion give the upper curve in 
Fig. 1 2 . The emission process thus appears to be 
the same for the thermoluminescence and for the 
temperature-independent afterglow.

Similar temperature-independent afterglow was 
observed in sodium chloride and potassium bromide 
irradiated at —196°. Emission from silver-acti
vated sodium chloride irradiated’ at 25° and 
quenched in the dark to —196° was independent 
of temperature between —196 and —100° but the 
emission spectrum was quite different from that 
for normal phosphorescence at 25°, indicating two 
different emission processes.

Fig. 12.—Emission spectra for temperature-independent 
afterglow and thermoluminescence in lithium fluoride at 
points indicated in Fig. 10. Upper curve is curve B cor
rected for cathode sensitivity and prism dispersion. Lower 
curves are traced directly from recorder chart and have been 
automatically corrected for changes in total light.

A phenomenon termed slow fluorescence18 has been 
reported for a number of materials. This tempera
ture-independent emission is characterized by ex
ponential decays with time constants of not more 
than a few seconds. The temperature-independent 
afterglow here reported showed decay times of 
many minutes and decay curves which were not 
exponential but which could be described as the 
sum of several exponentials.

Seitz2 has suggested that when a high density 
of F-centers is reached the electrons in F-centers 
are able to combine with the positive holes by a 
quantum mechanical tunnelling process. Some tun
nelling would be expected to occur at any concen
tration of trapped electrons and holes. The char
acteristics of temperature-independent afterglow 
in alkali halides appear .explicable on the basis of 
tunnelling processes. There would exist a large 
number of possible mutual configurations for a 
trapped electron and trapped hole and each con
figuration will have a definite probability for re
action by tunnelling; therefore, the observed decay 
rate should represent a sum of exponential decays. 
Since no activation step is involved, the rate of the 
reaction should be temperature-independent.

REMARKS
Professor F. Daniels (University of Wisconsin): Is 

it not likely that in the experiments of Ghormley and Levy 
the crystal lattice was changed considerably by the radiation 
itself? As pointed out in the previous paper, the width of 
the peaks in the thermoluminescent glow curves and the 
absorption bands in the colored crystals broaden consider
ably with continued exposure to y-radiation. It was pointed 
out that to obtain measurements characteristic of the origi
nal undamaged crystal lattice, the exposures should be quite 
short, perhaps of the order of 1,000 roentgens or less. Ex
posures described by Ghormley and Levy were of the order 
of many thousands of roentgens. It might be worthwhile to 
redetermine some of the measurements after very short ex
posures to y-radiation in 'order to distinguish if possible the 
behavior of the original crystal from the behavior of the crys
tal which had been altered by the exposure to y-radiation.

(18) P. Pringeheim, “ Fluorescence and Phosphorescence,” Inter
science Publishers, Inc., New York, 1949, p. 290.
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The mechanism of transfer of positive charge from an ion to a neutral molecule or atom is considered. The resonant 
process A + +  A -*• A +  A + may have a large cross section since the momenta of the heavy pair (ion and molecule) do not 
have to change as the electron jump occurs and a close collision is thus not necessary. The non-resonant process A + +  
B —► A +  B + is formally equivalent to a quenching reaction. For it to be possible, two potential curves of the system (A +  
B )+ must cross. The potential curves contain the vibrational energy of the system and so the charge transfer will in general 
be accompanied by vibrational excitation. A special case of this excitation is dissociation of one of the molecules. The 
possibility for an adiabatic “ charge transfer” exists when chemical reaction occurs.

Introduction
Singly charged ions occur in greater abundance 

than multiply charged ions in irradiated matter. 4' 6' 6

A + +  B — > A  +  B+ (1)
C - + D — > C + D -  (2)

The charge transfer mechanisms will, therefore, 
cover most cases of interest for radiation chemistry. 
Of these two processes we believe that the first 
{i.e., the transfer of positive charge) is of more 
general interest and it is with this process we shall 
be concerned here. In a formal sense, the two 
processes are equivalent because an electron jump 
occurs in each case. In aqueous systems, the 
charge transfer process

O H - +  X  — >- OH +  X -  (3)
is sometimes of great importance, but we shall not 
consider it in this paper.

We recognize three mechanisms for the transfer 
of a single charge in gas phase collisions, (a) 
The resonant case, A =  B. This case will usually 
be of no practical importance in radiation chemistry 
since no observable effect on chemical yields result 
from it. We consider it because of its theoretical 
interest, (b) The general transfer reaction, A 
4= B. The two incident molecules or radicals A 
and B remain intact after the charge is transferred. 
This process is of great interest in radiation chem
istry since the radiolysis products will in general 
depend upon the extent to which it occurs, (c) 
The transfer reaction accompanied by chemical 
change.

'B+ +  C +  D (4a)
AC +  D + (4b)
AC+ +  D (4c)
etc.

This process is not strictly a charge transfer in the 
same sense as the other two processes, since at least 
one of the incident pair undergoes chemical change. 
However, it is of great importance for radiation 
chemistry and so its mechanism will be con
sidered briefly.

(1) A contribution from the Radiation Chemistry Project, operated 
under Atomic Energy Commission contract A T (ll-l)-38 .

(2) Paper presented before the Symposium on Radiation Chemistry, 
Division of Physical and Inorganic Chemistry, American Chemical 
Society, Cleveland, Ohio, April 11, 1951.

(3) Papers I and II of this series are given in references 7 and 8.
(4) M . Burton, Ann. Rev. Chem., I , 113 (1950).
(5) M . Burton, J. Chem. Ed., 28, 404 (1951).
(6) D. E. Lea, “ Action of Radiation on Living Cells,”  Cambridge 

IJniversity Press, Cambridge, England, 1947.

The ionization processes induced by energetic 
charged particles tend to be non-selective; i.e., 
the fraction of positive ions produced in any given 
molecular component of a mixture is approximately 
proportional to the mass fraction of the component. 
It is, therefore, easy to prepare a mixture in which 
most of the positive ions will be of a type A+ and 
also have a molecule B present which has a lower 
ionization potential than A. The transfer reaction 
1  will frequently occur in such a system.

Previous work7 ' 8 has indicated that electron 
capture takes place in a very selective way, and 
thus negative ions C -  are very special entities. 
There will usually be no molecule D in the medium 
which has a higher electron affinity than C. Thus 
we do not expect to find many systems in which 
reaction 2 is of great importance. As noted above, 
aqueous systems furnish a very important exception 
to this rule. The H20  molecule is present in such 
high concentration in aqueous systems that it will 
capture all electrons even in the presence of a 
molecule (or radical) X  which has good electron 
affinity.

The Ionization Process in Molecules
From spectroscopic and mass spectroscopic 

studies, ionization potentials of many molecules 
have been obtained. 9- 10 In Table I a collection 
of a few selected values of interest for radiation 
chemistry is given.

By “ ionization potential”  one frequently means 
the excitation energy of the lowest ionized state or 
the least amount of energy required to remove an 
electron. Any molecule will have many ionization 
potentials, since the resulting ion can have any one 
of many possible excited electronic states. The 
most important ionized states of the molecule can 
be reached by removal of an electron from any one 
of the various molecular orbitals without excitation 
of any of the other electrons. Thus the lowest 
ionized states are formed by removal of a valence 
(or possibly non-bonding) electron. There will be 
n/2 ionized states for a molecule with n valence 
electron, and all of these should lie within a few 
electron volts of each other.

The equilibrium internuclear separations in the 
resulting ion will always be somewhat different

(7) J. L. Magee and M. Burton, J. Am. Chem. Soc., 72, 1965 (1950).
(8) J. L. Magee and M . Burton, ibid., 73, 523 (1951).
(9) R. E. Honig, J. Chem. Phys., 16, 105 (1948). References to 

earlier work are collected here.
(10) W . C. Price, Chem. %evs.: 41, 257 (1947),
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T a b l e  I

Som e  I o n iza t io n  P o t e n t ia l s  o f  I n t e r e s t  in  R a d ia t io n  
C h e m is t r y ” (V a l u e s  A r e  G iv e n  in  E lec tro n  V o l t s )
Rare gases
and atoms Simple molecules Unsatd. hydrocarbons

He 24.581 H, 15.422 Ethylene 10.50
Ne 21.559 N, 15.576 Propylene 9.70
A 15.756 O, 12.2 1-Butene 9.65
Kr 13.996 CO 14.1 Butadiene 9.07
Xe 12.127 CO, . 13.78 Acetylene 11.41
Rn 10.746 H .0 12.61 Benzene 9.24
II 13.60 IIBr 12.04 Toluene 8.92
C 11.217 III 10.38
N 14.48
O 13.550
Cl 12.952
Br 11.80
I 10.6

Satd. hydrocarbons Substd. hydrocarbons Radicals
Methane 13.1 Methyl alcohol 10.8 Methyl 10.07
Ethane 11.6 Acetone 10.1 Ethyl 8.67
Propane 11.3 Methyl bromide 11.17 7i-Propyl 7.80
n-Butane 10.34 Methyl iodide 9.49 i-Propyl 7.77

¿-Butyl 7.19

“ Values in table are to be found in references 9 and 20 or 
Ilerzberg, “ Atomic Spectra and Atomic Structure,”  Pren
tice-Hall Publishers, Inc., New York, N. Y., 1937.

from the parent molecule, and so vibrational motion 
is excited along with ionization. This excitation 
can be so violent that dissociation will occur. It is 
known that a variety of dissociation products are 
formed when a molecule undergoes electron bom
bardment. In Table II the products formed from

T a b l e  II
A pp e a r a n c e  P o t e n t ia l s  o f  t h e  P o sit iv e  I on  P roducts  
from  B o m b a r d m e n t  o f  M e t h a n e  w it h  50 -V o lt  E lec

tro n s
Appearance Fraction energy

Ion potential in process
CH,+ 13.1 ± 0 . 4 50.7
CII3 + 14.4 ±  .4 39.5
c h 2+ 15.7 ±  .5 4.2
CÍI + 23.2 ±  . 6 1.7
C + 26.7 ±  .7 0 . 6

II3+ 25.3 ± 1 . 0 .005
II,+ 27.9 ± 0 . 5 .3
II4 27.7 ± 0 . 5  

29.4 ± 0 . 6
3.0

the bombardments of methane with 50-volt elec
trons in a mass spectrometer are given. 11 Each 
product has its characteristic appearance potential. 
A fast charged particle has, of course, sufficient 
energy to initiate all of these processes and so a 
distribution of them is expected. A theoretical 
prediction of this distribution has not been made in 
any case, although it is an important quantity for 
radiation chemistry.

Mass spectroscopic studies on hydrocarbons12 
indicate that 'he larger fragment usually retains 
the positive charge when dissociation occurs. 
There is a certain amount of resonance energy in 
positive ions which tends to increase with size of the 
ion, and this factor may determine the dissociation 
products. The low ionization potentials of the 
radicals (see Table I) is in agreement with great 
stability for the radical ions.

(11) W . Bleakney, E. U. Condon and L. G. Smith, T h is  J o u r n a l , 
41, 197 (1937).

(12) A. Langer, T h is  J o u r n a l , 54, 618 (1950).

Interaction of Molecules with Ions
A positive ion interacts strongly with a neutral 

molecule. The three principal kinds of interactions 
which may be involved are:

(1) Dipole-ion attraction or repulsion. For 
neutral molecules which have permanent dipole 
moments this is the strongest force of a long range 
nature. The energy of the interaction is given by

V = ~2. i coae (5)
where d is the angle the dipole makes with the line 
of centers of the approaching pair, H is their separa
tion, e the electron charge, and ¡x the dipole moment. 
The energy is positive or negative depending upon 
the dipole orientation.

(2) Induced dipole-ion attraction. Any mole
cule has some polarizability and thus will form an 
induced dipole and interact in this manner. The 
energy is

V =  -  ae!/2R2 (6)
The polarizability a is really a tensor quantity and 
so this energy also depends in general upon orienta
tion of the two molecules. The energy is always 
negative, however.

(3) Exchange attraction or repulsion. Ex
change interaction decreases exponentially with 
distance and so is only effective at short range. 
At moderate distance this energy can be positive 
or negative depending upon the nature of the states 
involved. At sufficiently small distances, however, 
a repulsion always sets in.

The exchange interaction of a molecule in its 
lowest state, which has a closed shell of molecular 
orbitals, with a molecular ion, which has one vacant 
orbital is similar to the interaction of He with H e+. 
It is known that the He2+ molecule is stable from 
spectroscopic studies13 and the molecule has been 
investigated theoretically by Pauling14 who cal
culated an attractive potential. The interaction 
of excited states may be attractive or repulsive.

Between any molecule-positive-ion pair attrac
tive forces will exist for separations of the order of 
kinetic theory diameters (this requires proper orien
tation of permanent dipoles) and so there will be a 
tendency to cluster. The early theory of S. C. 
Lind15 recognized this clustering tendency but over
estimated its importance. Calculations of Eyring, 
Hirschfelder and Taylor18 for the case of H 2 indicate 
that relatively few ions, say 1 0 %  or so will be in
volved in AB + pairs, and larger clusters are very 
unimportant. As we shall see later the pair forma
tion tendency may be very important for the charge 
transfer mechanism.

The Resonant Charge Transfer Process
The most simple type of transfer process to dis-

(13) G. Ilerzberg, “ Molecular Spectra and Molecular Structure. 
I. Diatomic Molecules,” 2nd edition, D. Van Nostrand Co., Inc., 
New York, N. Y ., 1950.

(14) L. Pauling, J. Cham. Phys., 1, 56 (1933).
(15) S. C. Lind, “ The Chemical Effects of Alpha Particles and Elec

trons,” The Chemical Catalog Company (Reinhold Publ. Corp.) 
New York, N. Y ., 2nd edition, 1928.

(16) H. Eyring, J. O. Hirschfelder and H. S. Taylor, J. Cham. Phys., 
4, 479 (1936).
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cuss theoretically is that which occurs between like 
atoms in the gas phase.

A + +  A — > A +  A + (7)
The initial and final states have exactly the same 
energy and so conservation of momentum is not 
Golated for the electron jump at any separation of 
the pair. Quantum mechanical treatments of this 
problem have been given by several authors17 and 
a recent reconsideration has been made by Gurnee 
and Magee. 18 Here we shall make a heuristic 
treatment which is expected to give the cross section 
only approximately.

Consider a collision between an ion and a mole
cule with relative velocity v and distance of closest 
approach b. If this distance b is moderately small, 
the resonance integral will be large and the electron 
has ample opportunity to jump from molecule to 
ion provided the velocity is not too great. The 
order of magnitude of the time required for the 
electron jump, at the separation b, is h/¡3(b) where 
f3(b) is the resonant integral calculated for the dis
tance b and h is Planck’s constant. The time which 
the pair can be considered to be in collision is ap
proximately b/v where v is the velocity. At some 
particular value of b, say b'(v), for each velocity the 
ratio of these times is unity. If the collision takes 
place for 5 <  6 ’ the electron certainly has time to 
jump, while if b > b’ the resonance integral /3 
may be too small for the electron to jump in the 
allowed time. Thus we take as an approximation 
to the cross section

<r(») =  TTi {b \ v)Y  (8)
In Fig. 1 values of o(v) for He+ ions in He gas 

calculated from equation 8  are compared with 
experimental values19 20 ~ 22 and a more exact quantum 
mechanical treatment. 18 For small values of the 
velocity the crude model described above gives 
cross sections which compare well with the more 
exact theoretical calculations, which are in satis
factory agreement with the experimental results.

Fig. 1.—The cross section for the charge transfer process 
He+ +  He -*■ He +  He+ as a function of the velocity of the 
incident ion. Lower curve, equation 8 ; upper curve, 
Gurnee and Magee18; the various points are experimental 
values: O, Wolff22; 0 , Berry19; Q,Smith21; g>,Dempster. 20

(17) W . Mott and H. S. W. Massey, "Theory of Atomic Collisions,” 
Oxford University Press, 2nd edition, p. 1934, 1950. Other references 
are given here.

(18) E. F. Gurnee and J. L. Magee, forthcoming publication.
(19) W . H. Berry, Phys. Rev., 74, 848 (1948).
(20) A. J. Dempster, Phil. Mag.. 3, 115 (1927).
(21) R. A. Smith, Proc. Cavib. Phil. Soc., 30, 514 (1934).
(22) F. Wolf, Ann. Physik, 25, 527, 737 (1936); 29, 33 (1937).

If the ion is diatomic such as H2+ there is an 
additional factor involved. For the process H2+ 
+  H 2 —> H 2 +  H2+ the equilibrium separations of 
the protons in the ion and molecule are different 
and so, in agreement with the Franck-Condon 
principle, the electron jump can only take place for 
certain internuclear positions, i.e., in a classical 
sense for certain phases of the oscillation of the 
pair of molecules. In quantum-mechanical lan
guage vibrational overlap integrals are involved in 
the transition probability. For the case of H2+ +  
H 2 the overlap integral is 0 . 1  and this factor reduces 
the resonance integral in the example given above 
as compared with the (fictitious) equivalent atomic 
case.

The H2+ +  H 2 case has also been studied experi
mentally. 2 1 ' 23 In Fig. 2 calculated cross sections18 
are compared with the available experimental re
sults.

Fig. 2.—The cross section of the charge transfer process 
H2+ +  H2 —*■ II2 +  H2+ as a function of the velocity of the 
incident ion. The solid curve is calculated. 18 The points 
are the experimental results: © , Simons23; O , Wolff. 22

In more complicated molecules there is an overlap 
integral for every vibrational degree of freedom and 
their sizes depend upon the difference of internu
clear separations in the molecule and ion. The over
lap can be vanishingly small if there is a great dis
parity in these internuclear separations. Usually 
there are only small differences and so great restric
tions are not placed by this factor on electron 
transfers.
The General Charge Transfer Process for Gases

For the general charge transfer process there is 
not equality of the energy of the initial and final 
states. The reaction

A +  +  B — > A  +  B +  ( l )

is exothermic, if it is expected to occur readily, since 
ions will usually have thermal energy only. The 
system (A +  B)+ passes from an excited electronic 
state to a lower state; the process is, therefore, 
formally equivalent to a quenching process of photo
chemistry. The general features of such processes 
are understood although the detailed mechanisms 
for very few cases have been examined.

Consider all the potential curves of (A +  B)+. 
Some of them will correspond, for large separations 
to A+ -f- B and excited states of this pair; others 
will correspond to A +  B + and their excited states. 
(In this reaction we neglect the possibility for 
chemical change.) Since we start presumably

(23) J. II. Simons, el al., J. Ckem. Phys., 11, 312 (1943).
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with the lowest state of A+ +  B, the excited states 
of this pair will not be important. The system can 
transfer exothermically to any state of A +  B + 
which has lower energy. According to familiar 
arguments, the potential energy of the two states 
must cross in order for a radiationless transition to 
occur. The reaction coordinate will involve the 
motion of the unit A+ with respect to B and the 
“ potential curve”  for the system must contain the 
vibrational energies of the two components. As 
A + changes to A and B changes to B+ simulta
neously at the crossing point in the potential curves, 
the various equilibrium internuclear separations 
and vibrational frequencies change too. The 
Franck-Condon principle applies to these simul
taneous transitions, of course. Most internuclear 
separations and vibrational frequencies are only 
changed slightly, so that the most probable final 
state is the lowest, but there will be a definite prob
ability for the excitation of one or more quanta of 
vibrational motion.

A “ potential curve”  must be drawn for every 
possible vibrational state of the products for each 
electronic state and at each crossing point a transi
tion is possible. As an example a set of schematic 
curves are shown in Fig. 3. These curves apply to 
the charge transfer reactions between the rare 
gas argon and hydrogen

A+ +  H2 — ^  A +  H2+ (9)

as regards asymptotic positions of states and 
vibration frequencies. 24 For A+ +  H 2 there are 
three curves since A + is in a P state. The solid 
curves apply to the two systems for H 2 and H2+ in 
their lowest vibrational states; the dashed curves 
indicate the H2+ ion in its first and second vibra- 
tionally excited states. If these curves are approxi
mately correct in relative positions, there can be no 
transfer of charge from A+to H2+in its ground state, 
but the transfer should occur readily to the first

Fig. 3.—Some potential curves for the system (A +  
H2)+. The solid curves give (schematic) behavior of the 
systems A + ~f- H> and A +  H2 + for the lowest vibrational 
state of II2 and H2 +. The dotted and dashed curves are for 
the system A +  H2+ for the first and second vibrational 
states of H2+,

(24) In equations 9 and 10 only, A refers to the argon atom.
Throughout the remainder of the paper it, is used to represent an arbi-
trary molecule or radical.

vibrationally excited state of H2+. A slight activa- 
energy (~6.5 kcal./mole) is required for transfer 
to the second vibrationally excited state of H2+. 
Higher states exist, of course, but they are not in
dicated in the figure to avoid complication.

The mechanism described above for changes of 
vibrational excitation in radiationless transitions 
between pairs of electronic states is similar to the 
situation in ordinary electronic spectra where usu
ally several vibrational levels of a final electronic 
state are obtained in a transition. The transition 
to a dissociated state is only a special case of this 
mechanism and it is to be expected if the potential 
curves of a molecule-ion pair have the necessary 
relative positions. Dissociation is possible also by 
an adiabatic mechanism which we shall consider in 
the next section.

In a molecule-ion collision there will frequently 
be several possibilities for charge transfer corre
sponding to several different vibrational levels of the 
products so that one would expect a rapid reaction. 
Furthermore, many of the collisions between any 
pair A+ +  B will occur on attractive potentials 
curves and thus will be “ sticky,”  i.e., the collision 
complex will not separate in the time of a vibration 
but will last for several or even many times this 
value. For such a complex the charge transfer 
will be an internal conversion and there will be 
more time for it to occur. Most exothermic 
processes should be possible with at least a small 
transition probability.

In certain cases in which potential curves do not 
cross, charge transfer with the emission of radiation 
is also a possibility. It is to be noted that the 
transition dipole moment for such a process could 
be very large since an electron jumps an angstrom 
or more, and so the mean life could be quite small.

It has been emphasized here that the possibilities 
for charge transfer in low velocity collisions depends 
upon the potential curves. There is a definite 
possibility for certain exothermic processes to be 
forbidden or at least require large activation 
energy. As mentioned earlier, complicated molec
ular ions are expected to have low-lying excited 
states and these will frequently play an important 
role in the process. The transfer of charge may 
form electronically excited products.

There are no experimental measurements which 
give values directly for the process discussed above. 
Experimental values23 for much higher energies, 
twenty-five to hundreds of electron volts, are avail
able. At these high energies the transfer process

H.+ +  A — > A +  +  H2 (10)

is found to occur with cross sections not much 
smaller than the kinetic theory value. These 
collisions certainly do not involve more than one 
oscillation of the complex and tend to confirm the 
belief expressed above that transition probabilities 
for this case should be high.

Adiabatic Charge Transfer
_ We have emphasized in this paper the mecha

nism in vdfich an electron changes from one mole
cule to another without chemical transformation. 
This must be a “ non-adiabatic”  process, since the 
system changes from one state of excitation to
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another. On the other hand, if there is a chemical 
transformation, the adiabatic connection of the 
initial to final state may involve an electron transfer 
which takes place with no restriction. There are 
many chemical reactions of ions which in this sense 
are “ charge transfers.”  For example, the reaction

H2 + +  Na — > 2H +  Na +

transfers the charge from the hydrogen molecule, 
although dissociation of the molecule results. 
This reaction is an “ adiabatic”  reaction in the ordi
nary meaning of the term; it is similar, to the adia
batic chemiluminescent reaction

2H +  Na — >  H2 +  Na*

which has been discussed. 25
Another example of a reaction of this type has 

been discussed by Eyring, Hirschfelder and Tay
lor. 16 It is the reaction

H2+ +  H2 — >- H3+ +  H

which is adiabatic and has a large rate constant.
Reactions of this type are important for radiation 

chemistry and will be the subject of a later paper.

Charge Transfer in Radiation Chemistry
While it is known from considerations such as 

we have been making above that positive charge 
transfer is certainly a very important elementary 
process in radiation chemistry, it is not known in 
any particular case just what the effect is in detail. 
Several types of experiments would seem to re
quire charge transfer as an important step. The 
earliest example in the literature is the “ catalysis” 
of the radiation induced polymerization of acet
ylene by various inert gases. 26 The most plausible 
explanations of the results requires that positive 
charge is readily transferred from many different 
kinds of ions to acetylene with high efficiency, since 
it is found that the reaction yield is almost com
pletely independent of where the initial ionization 
occurs. 27 Dr. Lind28 has recently pointed out that 
the efficiency seems to be related only to the total 
amount of ionization as compared among several 
unreacting gases which must receive considerably 
different amounts of electronic excitation. This

(2 5 )  J .  L . M a g e e  a n d  T .  R i ,  J. Chem. Phys., 9 , 6 3 8  (1 9 4 1 ).
(2 6 )  H e , N e , A , N 2, X e ,  K r  w e re  u se d  in  t h e  e x p e r im e n ts .
(2 7 )  R e fe r e n c e  15, p a g e  184 .
(2 8 )  S. C . L in d , p r iv a t e  c o m m u n ic a t io n .

seems to indicate greater importance for charge 
transfer than excitation transfer.

This series of experiments might suggest that 
charge transfer can take place with high efficiency 
between almost any pair A+ +  B which has an 
exothermic reaction. It is also known, however, 
that large amounts of C 0 2 present do not affect 
the rate of the radiation induced oxidation of 
methane. 27 It is possible that the charge transfer 
reactions which are also exothermic, have negligibly

C02+ +  02 — C02 +  02+
C02 + +  CH, — C02 +  CH4 +

small rates, and furnish examples of cases in which 
potential curves do not cross favorably.

It is almost certain that such phenomena as 
sensitization, protection, etc., are due in part to 
charge transfers. Manion and Burton29 have used 
a charge transfer in their interpretations of the 
radiolysis of certain hydrocarbon mixtures.

REMARKS
Dr. J. N o r t o n  W i l s o n  (Shell Development Co., Em

eryville, California): With regard to ionization potentials 
of hydrocarbons, it appears that the ionization potential of 
normal paraffins decreases monotonically with increasing 
chain length, whereas that of olefins more rapidiy approaches 
a constant value with increasing chain length. The signifi
cance of this fact for charge-transfer processes is that it im
plies that, the charge in C„H2,h. 2+ is distributed over the 
whole molecule, whereas in C:„H2n+ it is concentrated in the 
vicinity of the double bond of the CnH2„, so the wave func
tions to be considered for computation of cross-sections for 
charge transfer differ considerably in spatial extent.

Dr. K u r t  E. S h u l e r  (Applied Physics Laboratory, Sil
ver Spring, Maryland): I snould like to ask Dr. Magee 
about the meaning of the minima for the A-A+-H2-H 2 + 
systems and how the potential curves for the vibrationally 
excited complexes were calculated.

R e p l y : These curves are intended to be schematic only 
and have not actually been calculated. Qualitative argu
ments can be given, however, for the existence of large 
exchange interaction between H2+ and A. The electronic 
energy of the system A + +  H2 is almost identical with that 
of H2+ +  A and for small separations of the pair any method 
for calculating the resonant integral between the two states 
is sure to lead to a large value. This means exchange at
traction exists for the system in its lowest state. There will 
be three other states of the system since A + is in a P state. 
One of these will be an antibonding state and higher than 
the others.

The vibrationally excited states have been obtained by 
adding the vibrational energy of H2+, which is correct for 
large separations.

(29) J. P . M a n io n  a n d  M . B u r to n , T his Journal, 5 6 , 560 (1952).
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RADIOLYSIS OF HYDROCARBON MIXTURES12
By J. P. Manion3 and M ilton Burton 

D ep a rtm en t o f  C h em istry , U n iversity  o f  N o tre  D a m e , N o tre  D am e, In d ia n a  

Received February 25, 1962

Yields of hydrogen, methane, acetylene and ethylene resultant from action of 1.5 mev. electrons on pure liquid toluene, 
cyclohexene, benzene and cyclohexane as well as the liquid mixtures toluene-benzene, cyclohexene-benzene, cyclohexane- 
benzene and cyclohexane-cyclohexene are consistent with a mechanism in which both ionization transfer and excitation trans
fer play a significant role. Because of ionization transfer the primary chemical process occurrent in a mixture tends to be 
characteristic of the component of lower ionization potential. Excitation transfer usually operates similarly. In cyclo
hexene-benzene radiolysis the two effects apparently act in opposition, with cyclohexene playing a sacrificial role in protec
tion of benzene ions and benzene offering sponge-type protection to excited cyclohexene molecules.

Comparison of the C2-gaseous products from liquid and vapor radiolyses of benzene and cyclohexene indicates fundamental 
differences in mechanism in the two phases. In the vapor mixture of these compounds, as well as in the pure vapors, 
violent attack by free atoms apparently occurs.

1. Introduction
According to Schoepfle and Fellows4 exposure of 

a solution of benzene and cyclohexane to 170 kv. 
cathode rays gives a yield of hydrogen much less 
than that predictable by application of the law of 
averages to the behavior of a mixture.® The mo
tivation of the work herein reported was the 
suggestion of Magee and Burton6 that in the 
radiation chemistry of mixtures ion-exchange proc
esses may play an important role. In a mixture 
of two components, irrespective of the component 
primarily ionized, the ionization is quickly trans
ferred to the species of lower ionization potential. 7 
Thereby, the resultant chemical processes may be 
greatly modified.

Protection in a binary mixture is, however, not 
so simple as might be expected merely from con
sideration of ionization potentials and reactivities 
of the molecules involved. Excited states of both 
components are produced in a primary process and 
the same, or other, excited states may be produced 
in neutralization processes. Energy may transfer 
from one component to the other so that it becomes 
difficult to predict a 'priori which excited species will 
predominate and control the nature of the primary 
chemical processes, although there is indication 
from studies of X-ray induced fluorescence by Kall
mann and Furst8 that lower excited states will de
termine the end effects.

The various effects involved in ionization and 
excitation transfer and in reaction of intermediate 
free radicals ir a mixture are important because 
most real situations in radiation chemistry, includ
ing especially those in radiobiology and radiology, 
pertain to multicomponent systems. Benzene, 
toluene, cyclohexane and cyclohexene have fea-- 
tures both of similarity and dissimilarity. Conse
quently, comparisons of the radiation chemistry of

(1 )  P a p e r  p r e s e n te d  at, S y m p o s iu m  o n  R a d ia t io n  C h e m is tr y ,  D iv i 
s io n  o f  P h y s ic a l  a n d  In o r g a n ic  C h e m is tr y ,  A m e r ic a n  C h e m ic a l  S o 
c ie t y ,  C le v e la n d , O h io , A p r i l  11, 1951 .

(2 )  A b s t r a c t  o f  a  r.hesis s u b m it te d  b y  J . P . M a n io n  t o  th e  D e p a r t 
m e n t  o f  C h e m is tr y  o f  th e  U n iv e rs ity  o f  N o t r e  D a m e  in  p a r t ia l  fu lf i ll 
m e n t  o f  th e  r e q u ir e m e n ts  f o r  t h e  d e g r e e  o f  D o c t o r  o f  P h ilo s o p h y .

(3 ) S in c la ir  R e s e a rc h  F e l lo w ;  p r e s e n t  a d d re s s : W e s te rn  C a r tr id g e  
C o . ,  E a s t  A l t o n ,  I ll in o is .

(4 )  C .  S . S c h o e p fle  a n d  C . I i .  F e llo w s , J. Ind. Eng. Chem., 2 3 ,  1396 
(1 9 3 1 ) .

(5 )  M .  B u r t o n , P r o c .  C o n f .  o n  N u c le a r  C h e m ., C h e m . I n s t ,  o f  
C a n a d a , 179  (1 9 4 7 ) .

(6 )  J . L . M a g e e  a n d  M . B u r t o n , J. Am. Chem. Son., 7 3 ,  523  (1 9 5 1 ).
(7 ) I I .  D . S m y t h , Rev. Modern Phys., 3 , 347  (1 9 3 1 ) .
(8 )  II. K a llm a n n  a n d  M . F u rs t , Phys. Rev., 7 9 ,  857  (1 9 5 0 ).

their mixtures promise some possibility of elucida
tion of the simpler aspects of the elementary proc
esses involved. Four mixtures have been exam
ined, namely, toluene-benzene, cyclohexene-bcn- 
zene, cyclohexane-benzene, and cyclohexane-cy
clohexene. Studies were confined to liquid sys
tems, except for cyclohexane-benzene, and for the 
most part to determination of the gaseous products 
of radiolysis. The results obtained are consistent 
with an interpretation involving considerable em
phasis on the ion and excitation-transfer mecha
nism.

2. Experimental
2.1 Chemicals.—One liter of Merck and Co., Inc., C.r. 

benzene, thiophene-free, was distilled at atmospheric pres
sure in a 50-theoretical-plate column. The middle one- 
third constant-boiling fraction was retained: n 21D 1.4999; 
“ International Critical Tables,”  n wo  1.5017.

A 500-ml. sample of Eimor and Amend C.r. toluene was 
distilled in a Todd column at atmospheric pressure and the 
middle constant-boiling 175 ml. fraction was retained: 
n2,n 1.4954; “ I.C.T.,”  n 20d 1.4957.

Two liters of Dow' Technical cyclohexane was distilled at 
atmospheric pressure in the 50-theoretical-plate column and 
the middle constant-boiling one-third fraction was retained: 
?j21d 1.4253; “ I.C.T.,”  n i9-6D 1.4266.

A 500-g. sample of Eastman Kodak (1043) cyclohexene 
W'as distilled in the Todd column at atmospheric pressure 
and the middle one-third constant-boiling fraction was 
retained: ra21n 1.4460; “ I.C.T.,”  ra20n 1.4451.

For prevention of accumulation of atmospheric water 
vapor the benzene, toluene and cyclohexane were stored over 
freshly prepared sodium wire in glass-stoppered bottles. 
The cyclohexene, which polymerizes in presence of sodium, 
was stored over finely powdered anhydrous magnesium sul
fate which had been heated in an oven at 150° for two hours.

2.2 Cell Filling.—Two techniques were employed for till
ing of irradiation cells. In a “ vacuum-filled”  technique, 
liquid was stored and degassed on a vacuum line and 
transferred into the cells as described by Hentz and Bur
ton.9 In a “ pipet-filled”  technique liquid stored over 
sodium wire was transferred by syringe-operated pipet into 
the irradiation cell which was then attached to a vacuum 
line by a ground glass joint, thoroughly degassed by con
ventional freezing and melting operations, and then sealed 
off under vacuum. The latter technique permits adven
titious introduction of a small amount of atmospheric W'ater 
vapor during pipet transfer. However, the two techniques 
were carefully compared in the case of cyclohexane without 
observable effect on the results. Consequently, for con
venience in quantitative preparation of liquid mixtures, the 
“ pipet-filled” technique was used for all mixtures, and most 
pure-compound, irradiations.

2.3 Electron Bombardments.—Electron bombardments 
were made on the HVEC Van de Graaf generator of the 
Radiation Chemistry Project at the University of Notre 
Dame. Voltages were adjusted to 1.5 mev. ±  1% by auto-

(9) R. R. Hentz and M. Burton, J. Am. Chem. Soc., 73, 532 (1951).
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matic stabilization (before energy loss in the thin glass win
dows of the irradiation coll) and currents were adjusted 
cither to 2.0 ±  0.1 or to 0.50 ±  0.05 microampere.

2.3.1. Liquid State.—Times of bombardment were varied 
over periods of 30 to 1200 sec. to permit accumulation of ap
proximately the same amount of gaseous products in all 
cases. The type of irradiation cell used was similar to that 
described by Hentz and Burton.9 Thicknesses of the win
dows, measured with a micrometer to an accuracy of 0.001 
in., varied from 0.018 in. to 0.030 in. A grounded alumi
num shield of 4 mm. thickness, with a circular hole some
what smaller in diameter than the cell window, located be
tween the generator tube and the cell window, minimized the 
effect of secondary electrons originating in the thin aluminum 
window of the generator and permitted entry into the cell 
window only of electrons which entered at such angles as to 
ensure complete dissipation of their energy in the liquid. 
Accuracy of measurement of the number of coulombs en
tering the cell is estimated at ± 2 %  except in the 30-second 
runs, in which the error may approach 10%.

Cells were cooled during exposure by a stream of water 
(temperature ~20°) falling dropwise to ground. No water 
contacted the tungsten lead through which the current went 
from the cell via Leeds and Norrimip Speedomax recording 
potentiometer to ground. The Speedomax recorder was 
standardized frequently with its internal standard cell and 
calibrated weekly externally with a Rubicon potentiometer. 
Earlier runs performed with a Brown recording poten
tiometer were corrected to the Speedomax base.9 Energy 
expenditure in the cell was calculated as described by Hentz 
and Burton.9

Conditions of irradiation (e.g., location of cell in respect to 
generator window, method of water cooling, electrical con
tact to tungsten lead) were carefully reproduced. Periodic 
checks of a cyclohexane standard guarded against variation 
in technique during progress of the work.

Data on yield are reported in terms of G; i.e ., number of 
molecules produced or converted per 100 e.v. of energy 
expended in the irradiated material.

2.3.2. Vapor State.—Benzene, cyclohexane and a 1:1 
mixture of the two compounds were irradiated in the vapor 
■state. Figure 1 shows the design of the Pyrex irradiation 
cell. Liquid was introduced from a pipet (e/. 2.3.1) at the 
standard-tapered joint C and thus into vessel G. There
upon, the cell was connected at C to (.he vacuum apparatus 
and the liquid was degassed by conventional freezing and 
melting procedure prior to seal-off of the apparatus at B. 
Both compounds have the same vapor pressure of 100 mm. 
at 25°; thus, the vapor in the irradiation compartment 
II was at a pressure of 100 mm. during irradiation of both 
compounds as well as the mixture. For removal of liquid 
film from the walls of compartment H, vessel G was sub
merged briefly in liquid nitrogen just before irradiation; 
in this way adventitious irradiation of liquid layers was 
avoided. The Pyrex window A was 0.080 inch thick and the 
cylindrical cell was about 2.7 cm. in diameter and 28.5 cm. 
long between window A and collector plate E. Current was 
collected on a nichrome disk E, just smaller than the inter
nal diameter of the cell, spotwelded to a tungsten lead F 
which was in turn connected to ground through the Speedo
max recorder. The cell was cooled during irradiation by an 
overhead sprinkling system which consisted of a length of 
copper tubing fitted with holes for exit of cooling water 
(temperature, 20°).

Each vapor-state irradiation lasted 6000 sec. with the gen
erator preset to deliver 1.5 mcv. electrons at 2 ^ amp. 
After exposure the cell was scaled at D to a vacuum appara
tus for analysis and the break-off seal was broken.

The energy input was calculated as follows. According to 
the Feather formula a thickness of 0.101 in. Pyrex (density
2.5 g./cm .3) will just stop a 1.5 mev. electron; 0.0175 in. 
stops a 0.5 mev. electron. Thus, in the energy range 0.5-
1.5 mev. the average energy loss is 0.8% per mil of Pyrex. 
Since the window of the cell was 80 mil thick, a 1.5 mev. 
electron entering the window emerges into the vapor at an 
energy of 0.54 mev. Data on energy dissipation of high- 
energy electrons in biological tissue10 yielded a value of 
0.200 kev. m- 1 g--1 cm.3 for a 0.54 mev. electron. On the 
same basis, in cyclohexane vapor at 100 mm. and 25° 
(density 4.5 X 10-1 g./cm .3), a 0.54 mcv. electron dissipates

(10) D. E. Lea, "Actions of Radiation on Living Cells," Cambridge
University Press, Cambridge, 1047.

4.75% of its energy in straight-line travel from the window to 
the collector plate (28.5 cm.).

Many electrons collected deviated considerably from 
straight-line travel. Furthermore, although the generator 
was preset to deliver 2 y  amp. in all runs, the current col
lected at the plate ranged from 1.0 to 1.4 y  amp.; i.e., a 
sufficient number of electrons (up to 50%) were lost by back- 
scattering, by deviation to the wall, and by leakage to 
ground through ionized air so that they missed the collector 
entirely and were not recorded. The energy dissipation in 
the gas of such uncollected electrons was real but was 
probably less than 4.75%. Such factors result in a cal
culated energy input (based on 2 y  amp. current) which is 
too high. Thus, G values so obtained represent a lower 
limit, not less than half of true values. Relative values, 
however, are felt to be reasonably accurate because of 
constancy of irradiation conditions throughout the vapor 
state studies.

2.4 Product Analyses.—After irradiation, each cell was 
attached to a vacuum line for analysis of product gases. 
Two gas fractions were examined, those non-condensable at 
— 196° (i.e., hydrogen and methane) and those non-con
densable at —120° (i.e., ethane, ethylene and acetylene). 
After determination of its pressure in a calibrated volume, 
the first fraction was analyzed for hydrogen by the Saunders- 
Taylor technique.11 The residual gas, after treatment with 
moist potassium hydroxide to remove a small and reasonably 
constant amount of carbon dioxide evolved from hot copper 
oxide during hydrogen determination, was considered to be 
methane. Only in the case of toluene and its mixtures was 
the methane residue large enough for confirmation by mass 
spectrometry.

The second fraction, after measurement, was stored in a 
gas sample bulb for mass spectrometric analysis.

After gas analysis, the liquids were stored in contact with 
the atmosphere for various lengths of time. Polymer was 
determined by transfer of the liquids to fared weighing bot
tles and evaporation to constant weight. The value £?(p) 
is the estimated number of molecules converted to polymer 
per 100 e.v. input.

2.5 Reliability of Data.—Hydrogen values are accurate to 
better than 5%. Methane G values were usually too low for 
accurate determination. Only in the case of pure toluene 
and its mixtures was methane established by mass spectro
metric analysis. The agreement obtained in repeated runs 
(r f .  Table I) indicates that the technique employed leads to 
reproducible, if not absolutely correct, results. The inter
pretation requires comparison only between quantities of 
the same relative accuracy so that use of these data appears 
justifiable.

Analyses for Cz-liydrocarbons were not so clean cut as for 
hydrogen, since some difficulty was encountered in deciding 
when all Cz’s had been collected. However, the reproduci
bility was good and, for this reason, significance can prob
ably be attached to gross (7(C2) values for both pure com
pounds and mixtures. On the other hand, mass spectro
metric analyses of the Ci-fractions can be in error by as much 
as 10%.

Polymer G values are not very accurate because of diffi
culty attendant on evaporation to constant weight. In 
cyclohexene and its mixtures, particularly, the polymer 
seemed to contain a component possessing rather high vapor 
pressure so that it was difficult to decide rvhen solvent

(1 1 )  K .  W . S a u n d e rs  a n d  IT. A .  T a y lo r ,  J. Chem. Phys., 9, 610  
(1 9 4 1 ) .
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evaporation was complete. Since the polymer fraction is 
probably multicomponent, with some constituent possessing 
vapor pressure similar to that of the parent compound, this 
difficulty is expected. Thus, for G(p) not even the relative 
accuracies are gcod and the data for the mixtures are not 
reported.

3. Results and Discussion: Liquids 
3.1 Pure Liquids.—Tables I and II summarize 

results of irradiation of pure liquids. In all experi
ments included in those two tables total energy

T able I
D ata  on L iquid State Irradiation  of P ure C ompounds

G a s  
y i e ld ,"  
m o le s  
X  105

E n e rg y
in p u t ,

e .v .
X  1 0 - m

w ith  1.5 M e v . E lectrons

C u r 
re n t, H 2, C H 4 , C 2, 

b a m p . %  %  %  (7 (g )* G ( p ) ‘

5.13 0.0518 0 . 5

Cyclohexane 
95 .5¿0 .9  J 3.6 5.98 1.66

5.58 .057 . 5 95.7 .8 3.5 5.92
3.30 .0336 . 5 97.0 .7 2.4 5.93d 1.66
3.88 .045 2 . 0 96.6 .7 2.6 5.21;

12.70 .150 2 . 0 93.0 .6 6.5 5.12'
3.12 .0337 D.5 93.5 1.9 4.6 5.60d
4.00 .0405 2.0 91.5 1.5 7.2 5.96d
5.84 .049® 9.5 95.8 0.6 3.6 5.98d
6.08 .052“ 9.5 96.0 0.4 3.7 5.88d

1.85 1.90 2.0
Benzene11 

62.0 1.0 37.0 0.0588 0.76
2.06 2.11 2.0 59.0 1.0 40.0 .0588 .77
1.97 1.67” 2.0 58.1 0.8 41.1 .058id
2.30 1.79* 2.0 58.6 0.9 40.5 . 0633d
1.96 1.52 2.0 59.5 1.8 38.9 .0614

3.89 1.63 2.0
Toluene 

92.0 5.7 2.3 .144
3.83 1.73 2.0 91.0 5.0 4.0 .133 .918

3.60 0.157 0.5
Cyclohexene 
88.3 1.4 10.3 1.38 12.4

a Total gas volatile at —120°. b Total number of mole
cules of gas produced per 100 e.v. of energy dissipated in 
liquid. c Weight of polymer times Avogadro’s number 
divided by molecular weight of parent compound and 
energy input in units of 100 e.v. d Cells filled by “ vacuum 
technique.”  e Current recorded on Brown potentiometer; 
G corrected to Speedomax results. f Air was found in these 
samples after irradiation. g The (7(g) values for pure liquid 
benzene are confirmed by more accurate work of Mr. Shef
field Gordon; c/., however, footnote 14.

T a b l e  II
100 e.v. Y ields for P ure C ompounds in  the L iquid 

State14
G (H 2) G (C H ,) G ( CO G (p )

Benzene 0.036 0.0012 0.022 0.76
Toluene 0.13 .0077 .0043 0.92
Cyclohexane 5.7 .09 .21 1.7
Cyclohexene 1.2 .019 .142 12.4

input varied over a rather small range (less than a 
factor of two except in one case) and intensity of 
irradiation was adjusted to one of two values 
varying by a factor of four. The data show rather 
well that the “ vacuum-filling” technique gave re
sults not significantly different from the “ pipet- 
filling”  technique gave results not significantly dif
ferent from the “ pipet-filling”  technique.

The principal gas produced in all four pure liquids

studied is hydrogen. Methane comprises a signifi
cant portion of the total only in toluene irradiation 
and even in that case it is small, presumably be
cause of protection of thejmethyl group by the 
ring. 9’ 12 ' 13 In the case of benzene the yield of C2- 
gas comprises about 40% of the total. 14 The rela
tively small amount of C2-gas from cyclohexane is 
entirely ethylene, while in cyclohexene nearly all of 
of the C2-gas is ethylene with only 2% acetylene 
present. Explanations of the low yield of acetylene 
from that compound and the high fraction of ethyl
ene in the C2-fraction of toluene are not obvious. 
An interesting point is the relatively low value of 
(?(C2) for toluene compared with that for benzene. 
A possible explanation is that in toluene the more 
probable processes are at the side group, either 
primarily as a result of internal conversion of en
ergy (c/. Hentz and Burton9) or secondarily in the 
reactions involving free radical disappearance.

3.2 Liquid Mixtures
3.2.1. General Examination of Data on Methane 

and Hydrogen Yields.—Since cyclohexane is satu
rated it may be presumed that product yields in the 
pure compound are determined principally by pri
mary processes. In a mixture the fate of primarily 
produced radicals or atoms will depend in part on 
the other component present. However, the 
amount of primary chemical process in the cyclo
hexane should be linearly related to the amount of 
energy absorbed in the cyclohexane itself provided 
no other interfering process (e.g., some special kind 
of deactivation) occurs in a mixture. This state
ment is equivalent to the proposition that the law 
of averages is obeyed in a mixture so far as the pri
mary process is concerned. We assume as a rea
sonable approximation, lacking pertinent data, that 
the amount of energy absorbed in each compound 
in a mixture is proportional to the total number of 
electrons in each component; i.e., to the combined 
atomic number (Z ) of a compound times its mole 
fraction (n) in the mixture. For convenience, 
therefore, the figures show the yields as function of 
the fraction of electrons associated with one compo
nent— called electron fraction.

Figs. 2  and 3 give G(H2) as function of electron 
fraction for the four mixtures studied. The dotted 
lines represent the yields expected if the law of av
erages were to apply to the over-all processes. Fig
ure 2  shows considerable departure from such be
havior when benzene or cyclohexene is added to cy
clohexane and a much smaller departure when ben
zene is added to cyclohexene. On the other hand, 
Figure 3 shows that in a mixture of benzene and 
toluene, compounds very much of the same type, 
the law of averages holds rather well.

Returning to Fig. 2 the ratio of the 100 e.v. yield 
of hydrogen which might have been expected on the 
law of averages and the 1 0 0  e.v. yield of hydrogen 
actually observed shows the extent of effect of the

(1 2 ) M .  B u r t o n , S . G o r d o n  a n d  R .  R .  H e n tz ,  J. chim. phys., 48, 
1 9 0  (1 9 5 1 ) .

(1 3 ) T .  J . S w o rsk i, R .  R .  H e n tz  a n d  M .  B u r t o n , J. Am. Chem. Soc., 
73, 1 9 9 8  (1 9 5 1 ) .

(1 4 ) M o r e  a c c u r a te ,  a s  y e t  u n p u b lis h e d , w o r k  o f  M r .  S h e ff ie ld  G o r 
d o n  h a s  n o w  e s ta b lis h e d  t h a t  n o  m e th a n e  is  p r o d u c e d  in  t h e  r a d io ly s is  
o f  l iq u id  b e n z e n e  a n d  t h a t  th e  p r o d u c t  gases a re  e x c lu s iv e ly  h y d r o g e n  
a n d  a c e ty le n e .
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Fig. 2.—Variation of 100 e.v. yield of hydrogen with com
position of mixtures: O, cyclohexane-benzene; C, cyclo
hexene-benzene; ©, cyclohexane-cyclohexene.
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Fig. 3.—Variation of 100 e.v. yield of hydrogen with electron 

per cent, benzene for toluene-benzene liquid mixtures.

added component. However, it is more useful to 
calculate the law-of-averages 1 0 0  e.v. yield for the 
more sensitive component, G(H2, A)iaw, and to 
compare it with the portion of the observed yield 
calculated to come from that component, G(H2, 
A)0bsd. The latter figure is obtained by subtrac
tion from (?(H2) of the contribution from the less 
sensitive component, on the assumption that the 
latter is a linear function of the electron per cent, of 
that component. We define a quantity

= G(HS. A W  
p G(H2, A)obsd

For a useful expression we require some addi
tional definitions. We let; A be the more sensitive 
component of the mixture, B the less sensitive. 
E\ and Eb are the respective electron numbers 
(i.e., sums of atomic numbers in the molecules) and 
/  is the ratio Ea/Eb. The values 1  — x and x are 
the respective mole fractions. The 100 e.v. yields

of hydrogen from pure A and’ pure’ B'are, respec
tively, me and m. From the definitions of <?(H2, 
A)iaw and (?(H2, A)0bsd, it follows that

/ ( I  -  x)mc . f^/TT  ̂ mx 1
p -  7(1 - x ) + x  T LG(H2) ~

or

 ̂ G(H2)[ /(l -  x) +  x] -  mx w
Figure 4 gives plots of p for the three mixtures 

shown in Fig. 2. In two of the cases (cyclohexane- 
benzene and cyclohexane-cyclohexene) p appears 
to be a simple linear function of the mole fraction of 
the less reactive component with a value equal to 1  
when x =  0 ; i.e.

p = 1 +  bx (II)
It follows from equations I and II that

G(H2) = / ( I  — x)nc
(1 +  6x)[/(l — x) +  x]

/ ( I  — x) +  x ( H I )

where b is evaluated from Fig. 4 and is 11.9 for cy
clohexane-benzene and 5.1 for cyclohexane-cyc.lo- 
hexene.

Fig. 4.—Variation of ratio “ G(H2) expected” to “ G(H2) 
observed” from Component 1 with mole fraction o: Com
ponent 2: O, cyclohexane-benzene; C, cyclohexene-ben
zene; ©, cyclohexane-cyclohexene.

A very simple interpretation of equation III may 
be made on a straightforward energy-transfer basis. 
Consider that energized molecules of A and B 
(i.e., A+ and B +) are the sole source of H atoms and 
that the latter readily give H2 molecules by second
ary reactions which involve either A or B in purely 
random fashion.

. — >- A=t -— > H +  residue (1)
! — ^ B=h -— > H -)- residue (2)
H +  A — i>- H2 +  residue (3a)
H +  B — ;► H2 +  residue (3b)
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The descriptions A *  and B *  include both ions 
and excited molecules. Such entities are not all 
equally stable. While energized alkane molecules 
appear to decompose very readily, energized ben
zene molecules are very enduring. 6 According to 
the Magee-Burton picture of the role of ionization 
transfer, 6 ionization is transferred with high prob
ability from a molecule of higher ionization poten
tial to one of lower and the chemistry of the entity 
so-produced thereafter plays a dominant role. 
We write, quite formally

A=t +  B — >- A +  B *  (4)
where both ions and excited molecules are indicated 
by reaction (4) and the excitation potential of A is 
likewise presumed to be higher than that of B.

The kinetics may be seen from the following 
scheme. For a particular concentration of A+

— di'A4=)/d2 = kiA  ̂ + kiX A+ (IV)
The two terms on the right represent the respective 
rates of decomposition and of energy transfer to 
component B, the rate of the latter depending on its 
mole fraction x. Thus, the fraction of energized A 
decomposing and eventually yielding product H2. 
molecules is kx/ [kx +  ktx) ; i.e.

1 _ A' i 1.;, A)obed _ k\ __ _______1________  (\T\
p  ~ G(H2, A ) i a„  k, +  ktx  ~  1 +  (k,/k,)x

and from II
b = h/h (VI)

Now, according to the law of averages, the yield of 
H 2 which might have been expected from the com
ponent A in a mixture, had no other process inter
vened, would have been simply

g(H2,AW <VII>
but the “ observed yield,”  (?(H2, A)0i,sd is less by 
the factor 1 / ( 1  +  bx) and the first term of equation 
III results.

The second term of equation III represents H2 
yield attributable to primarily energized B and 
makes a significant contribution only at very high 
values of x.

We might properly expect a third term in equa
tion III to account for energy absorbed in A and 
transferred to B with resultant production of H2. 
This term would be

ktx X /(I -  x)
k, +  ktx /(I — x ) +  x X m bx

I -f bx X

/(I ~ x) 
ft  1 -  x) + X m

Such a term tends to be negligible at low values of 
x when m is small because mx will be small and ap
proaches zero as x approaches unity. Thus, it has 
no usefulness in equation III for the two cases of in
terest.

Other explanations of the form of equation III 
have been suggested. One involves the idea that 
component B is the predominant absorbent of en
ergy in a mixture and that its absorption is greater 
by a factor p. While this idea yields a formally 
satisfactory equation it is not in consonance with 
what we know of additivity of stopping power of 
atoms in a molecule; this additivity is the essential 
basis of the use of the parameter/ in establishment

of the value of p. Another explanation (suggested 
by Dr. Eric J. Y. Scott) is that all the molecular 
hydrogen results from action of hydrogen atoms on 
component B and that two reactions compete, a 
reaction like (3b) and

II +  B  > BH — > polymer (5)
Such a treatment can be made to lead to a kinetic 
equation formally similar to that already discussed 
but involves considerations of the relative rates of 
(3b) and (5), no satisfactory data for which are 
presently available.

The deviation from linearity in Fig. 4 in the case 
of cyclohexane-benzene and, in particular, the failure 
of p to extrapolate to unity at zero mole fraction of 
the less reactive component are real and reflect a 
situation in which the (7(H2) values of the pure sep
arate components are not very greatly different and 
in which the defined term G(H2, A)0bsd is not ap
proximately identical with any useful quantity.

At this point the mechanism of formation of ob
servable hydrogen requires examination. Sche
matically the primary reaction involving C-H  bond 
rupture may be written

XH — ^ X  +  H (6)
In benzene, cyclohexane and cyclohexene the hydro
gen atoms involved are, of course, connected di
rectly to the ring but in toluene the hydrogen atom 
is in the methyl group. 9 The ensuant reactions 
must depend on the energy with which the H atom 
is produced in reaction (6 ). The bond strength in
volved is roughly 4-5 e.v. while the energy involved 
in the decomposition process may be as low as 4.8 
e.v. (as in excitation-induced decomposition of tolu
ene9) or 5.9 e.v. (as in similar decomposition from 
the lowest excited state of cyclohexene16) or as high 
as 8  e.v. or more when an ionization process is 
involved. 16 Thus, under certain conditions the H 
atom product of reaction (6 ) may carry with it 2  
e.v., or more, excess energy; i.e., the H atom may 
be “ hot.”  The ensuant reactions are

XH +  II — >  - X  +  II2 (7)

XH +  H — -> - x h 2 (8)
Reaction (8 ) is ruled out only in the case of cy

clohexane. Indeed, the evidence from the work of 
Melville and Robb 17 is that it has zero activation 
energy for benzene and cyclohexene, at least in the 
gas phase, and presumably the same activation 
energy for toluene. On the other hand, reaction
(7) has activation energy, E7, roughly near 10 kcal.; 
on the basis of bond strengths18 we may estimate 
that E7 will be lowest for the vinyl C-H  in cylohex- 
,ene, intermediate in toluene, and highest in ben
zene. For H-atoms of the same energy reaction
(8 ) would thus be most favored, relatively to (7), 
in benzene, least in cyclohexene. Actually, the 
work of Melville and Robb 17 indicates that the spe-

(1 5 )  L .  W .  P ic k e t t ,  M .  M tm z  a n d  E . M .  M c P h e r s o n , J. Am. Chem. 
Soc., 7 3 , 4 8 6 2  (1 9 5 1 ) .

(1 6 ) T a b le  V  su m m a r iz e s  io n iz a t io n  p o t e n t ia ls .  Cf. M ,  B u r t o n , 
J. Chem. Ed., 2 8 ,  4 0 4  (1 9 5 1 ), f o r  a  g e n e ra l d is c u s s io n  o f  e le m e n ta r y  
p ro ce s s e s  in  r a d ia t io n  ch e m is tr y .

(1 7 )  H .  W . M e lv il le  a n d  J. C . B o b b ,  Proc. Roy. Soc. {London), A 2 0 2 ,  
181 (1 9 5 0 ) .

(1 8 )  M .  S zw a re , Chem. Revs., 4 7 , 7 5  (1 9 5 0 ) .
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cific rates of reaction (8 ) (i.e., with “ cold”  H) are
9.8 X  1013 and 9.6 X  1013 cc. mole“ 1 sec. - 1  in ben
zene and cyclohexene, respectively. Greater yield 
of H 2 from cyclohexene, as compared with benzene 
may be attributed not only to greater probability 
of the primary reaction (6 ) "but also to the lower ac
tivation energy of reaction (7).

Returning now to the meaning of p, we see that 
(7(H2, A)0bsd is determined in a mixture by compe
tition between both components for H atoms, which 
have an energy distribution determined by the rela
tive amounts of the two components being simul
taneously decomposed. Actually, observed yields 
of hydrogen are thus determined by relative proba
bilities of reaction (7) in the two components as 
well as by the extent to which the relative probabil
ities of reaction (6 ) in the two components affect 
each other. In particular, if the energy distribu
tion of H atoms primarily produced varies consider
ably as the composition is changed, we must also 
consider the impact of this variation on the ratio of 
rates r8/r 7 for each component and on the actual 
rate r7. In the interpretation of equation IV the 
explicit assumption was made that the primary H 
atoms yielded H 2 by purely random reaction with 
either of the components of a mixture. This as
sumption is consistent with the view that irrespec
tive of the primary reaction the H atom is produced 
with sufficient excess energy to make the activation 
energy of reaction (7) a negligible consideration.

3.2.2 Ionization and Excitation Transfer.— In 
a mixture of two components A and B, both are 
primarily affected by ionizing radiation with 
production both of ions A + and B+ and of excited 
molecules A* and B*. Both ions and excited mole
cules can be produced in states above the lowest but 
such states make a relatively small contribution 
and are neglected in the following discussion. Con
sider the situation 7a >  7b where 7a and 7b 
are the respective ionization potentials. Then, 
according to Smyth7

A + +  B — >  A +  B + +  energy (9)
and it might appear, consequently, that the radia
tion chemistry of the mixture is really that of B, 
modified by the fact that secondary processes in
volving radicals may involve also component A. 
Such a conclusion is an over-simplification and neg
lects not only the processes intermediate between 
formation of B+ and the first chemical change but 
also the contribution of A* and B* to the chemistry 
of the whole system.

We consider first the contribution of primary ex
cited molecules A* and B*. Let E\ and 7?b rep
resent respective excitation potentials. The rela
tive values of 7?a and 7?b are not set by I  a and 7b. 
Indeed, Ea may be less than 7?b and the situation 
is made even more complicated by consideration of 
higher excited states resulting from the general class 
of reactions

A + +  e — > A * '  (10)
We note merely that either of the reactions

* A* +  B — >- A +  B* (10a)
A +  B* — >  A* +  B (10b)

can occur dependent on the relative heights of the 
energy levels involved.

The condition for mos* probable excitation trans
fer is that Ea =  Eb. Under such conditions excita
tion transfers in either direction. Our concern is 
with conditions which effectively favor energy flow 
in one direction, as in reaction (10a). Imagine 
that B has excitation levels lower than the lowest 
excited level of A. The reaction which occurs in the 
first instance may then be

A* +  B — > A  +  B*' (10')
where B*' is an excited state of B above B*, which 
for simplicity we take as the lowest excited state of
B. Thereafter, B*' loses energy piecemeal in col- 
lisional processes and may be involved in internal 
conversion processes from one electronic state to 
another so that the terminal excited state may be 
B* or some other state of B lower than A*. We 
write to summarize this totality of processes

B*' — >  B* -f- energy (10")
The over-all effect is as if reaction (10a) occurs. 
In this writing, as a sort of shorthand, we shall 
speak of reactions similar to ( 1 0 a) as occurrent 
when 7 ? b  <  Ea, the reference being to lowest ex
cited states, when actually the implication is the 
series of reactions epitomized in ( 1 0 ') and (1 0 "). 
Similar remarks apply to the use of reaction (10b).

T a b l e  I I I

M a s s  S p e c t r o m e t r i c  A n a l y s e s  o f  C 2- H y d r o c a r b o n  

P r o d u c t s  f r o m  I r r a d i a t i o n  o f  P u r e  L i q u i d  C o m p o u n d s  

w i t h  1 .5  M e v . E l e c t r o n s

Compound CtHs,
%

C2H4,
%

Benzene 100 Trace?
Cyclohexane 0 100
Cyclohexene 2 98
Toluene 42 58

The total effect of reactions (9), (10a) and (10b) 
in a mixture in which A has a higher ionization po
tential than B is that the effect of radiation on A is 
reduced but not eliminated. Processes possibly 
occurrent are determined by relative excitation po
tentials, resistance of the various components to ra
diation, and secondary effects involving reaction 
between one component and free radicals produced 
from the second. Each case must be carefully ex
amined separately.

Table IV gives ionization potentials of the gases 
of the compounds chosen for study. Spectral val
ues are those calculated from extrapolation of the 
Rydberg Series. In the case of cyclohexene the 
character of the spectrum did not permit an unam
biguous extrapolation but Price19 estimated from 
theoretical considerations that the extrapolated 
value was nearly the same as that for benzene. It 
should be emphasized that the values given in 
Table IV refer only to the gaseous state. We as
sume only that they remain in the same order in 
the liquid state.

3.2.3 Toluene-Benzene.—Toluene has the lower 
ionization potential and should therefore protect 
benzene and be itself sacrificed in the process (cf. 
remarks on reaction (9) and (10a) in the preceding 
section). However, free radicals are presumable 
intermediates in the reaction schemes by which

(1 9 ) W . C . P r ic e , Proc. Roy. Soc. (London), A 1 7 4 , 2 0 7  (1 9 4 0 ) .
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T a b l e  I V

I o n i z a t i o n  P o t e n t i a l s  o f  C o m p o u n d s  S t u d i e d

C o m p o u n d M e t h o d P o t e n t ia l ,  e.v. Reference
Toluene ' Spectral 8.77 20
Cyclohexene Spectral 9.2“ 19
Benzene Spectral 9.19 21

Spectral 9.24 22
Impact 9.43 23
Impact 9.8 24

Cyclohexane Impact 11.0 24
“ This value is selected by Price23 as being approximately 

the same as that of benzene.

hydrogen and methane are produced. Toluene and 
benzene are approximately equally effective in re
moving such radicals by addition reactions. They 
are, however, different in their ability to yield hy
drogen and methane. Work of Hentz and Burton9 
suggests that in pure toluene the dominant primary 
chemical reaction in the liquid phase is

C6H5CH3 — C6H6CH2 +  H ( l l )
followed by

C6H5CHs +  H — ^ C6H5CH2 +  H2 (12)

Fig. 5.—Variation of 100 e.v. yield of methane with com
position of mixtures : O, cyclohexane-benzene; ©, cyclohex
ene-benzene; ©, cyclohexane-cyclohexene; 9, toluene-ben
zene.

(2 0 )  W . C . P r ic e  a n d  A . D . W a ls h , Proc. Roy. Soc. (.London), A 1 9 I ,  
22  (1 9 4 7 ) .

(2 1 )  W . C . P r ic e  a n d  R .  W .  W o o d ,  J. Chem. Phys., 3 , 4 3 9  (1 9 3 5 ).
(2 2 )  W . C . P r ic e , Chem. Rev s., 4 1 ,  2 5 7  (1 9 4 7 ) .
(2 3 )  R .  E .  H o n ig ,  J. Chem. Phys., IG , 105  (1 9 4 8 ) .
(2 4 )  A . H u s tru lid ,  P .  K irs ch  a n d  J. T .  T a te ,  Phys. Rev.. 5 4 , 1 03 7  

(1 9 3 8 ) .

Methane is produced by corresponding, but much 
less frequent, reactions involving methyl.

C6H6CH3 — > C6H6 +  CH3 (13)
CJIr.CH, +  CH3 — > C6H5CH2 +  CH4 (14)

In a mixture of toluene and benzene, we may sur
mise, in terms of the ionization transfer mechanism, 
that the primary processes are essentially those pe
culiar to toluene. Secondary processes actually 
occurrent depend on the relative concentrations of 
toluene and benzene. Figures 3 and 5 are inter
pretable on the basis of such simple considerations.

When primary chemical processes involve pro
duction of ultimate molecules, the ionization trans
fer mechanism should be clearly revealed—if the 
excitation transfer mechanism does not confuse the 
situation. Photochemistry9’ 26’ 26 indicates that in 
the radiolysis of a mixture of toluene and benzene 
the contribution of the excitation transfer mecha
nism is unimportant, for the lower excited states 
make a negligible contribution to the total chemical 
effect. Differences in the character of the C2-gase- 
ous products from liquid and gaseous benzene (see 
Tables III and V) suggest that the former are pro
duced by a rearrangement mechanism, while bond 
rupture and a free radical mechanism are the mecha
nism of production of the latter. 27 Consequently, 
we may expect that yields of acetylene and ethylene 
in radiolysis of this liquid mixture should be more 
clearly consistent with an ionization transfer mecha
nism. Tables II and III indicate that toluene 
makes an unimportant contribution to acetylene 
yield. Thus, if the primary chemical process in
volves principally toluene, as is required by the 
ionization transfer mechanism, the yield of acetyl
ene in a mixture of toluene and benzene should be 
generally less than that in pure benzene, just as is 
shown in Fig. 6 . On the other hand, the domi
nance of toluene in the primary chemical process 
should result in a yield of ethylene substantially the 
the same as that found in pure toluene, just as is 
shown in Fig. 7.

T a b l e  V
A p p r o x i m a t e  100 E.v. Y i e l d s  i n  V a p o r  S t a t e  B o m b a r d 

m e n t  o f  C y c l o h e x a n e - B e n z e n e  M i x t u r e s  w i t h  0.54
Mev. Electrons“

CbHs, G G G G Gmole % G(H,) (cm) (C2) (C2Hî) (CsEU) (CsHe)
0 1.4 0.07 0.48 0 0.31 0.17

55 0.2 0.03 .39 0.06 .33 0
1 0 0 0 .0 1 T .16 . 1 1 .05 0

° For reasons stated in section 2.3.2 these values are min
ima and have only relative validity. b The combined hydro
gen and methane fraction was too small for analysis in each 
of the two runs made.

The data as well as the hypothesis proposed, in
dicate that in a toluene-benzene mixture, toluene 
is a “ sacrificial protector” 12 of the benzene.

3.2.4 Cyclohexene-Benzene.— Cyclohexene has 
about the same ionization potential as benzene.

(2 5 )  G. I .  K ra ss in a , Acta Physicochimica (U. S. S. R.), 10, 189 
(1 9 3 9 ) .

(2 6 )  J . E .  W ils o n  a n d  W . A . N o y e s ,  J r ., J. Am. Chem. Soc., 6 3 ,  3 0 2 5  
(1941).

(2 7 )  Cf. M .  B u r t o n , T h is  J o u r n a l , 52, 8 1 0  (1 9 4 8 ) ,  f o r  r e m a r k s  o n  
t h e  in c re a s e d  im p o r t a n c e  o f  r e a r r a n g e m e n t  p ro ce s s e s  in  t h e  r a d ia t io n  
c h e m is t r y  o f  l iq u id  s y s te m s .
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0 0.2 0.4 0.6 0.8 1
Electron fraction benzene.

Fig. 6 .—Variation of 100 e.v. yield of acetylene with com
position of benzene mixtures: O, cyclohexane; ©, cyclo
hexene; 3 , toluene.

However, its lowest observed excitation potential 
in the vapor state is about 5.9 e.v . 16 contrasted with 
about 4 e.v. for benzene. Photochemistry indi
cates that primarily excited states of benzene thus 
contribute practically nothing to the yield observed 
in radiolysis.5 ' 26' 26 Consequently, we may surmise, 
according to the mechanism under consideration, 
that the two secondary physical processes

C6H10 +  C6H6+ — ^ C6H10+ +  C6H6 (15)
C6Hl0* +  C6H6 — >  C6H10 +  C6H6* (16)

play a dominant role. 28 The possible process
C6H10+ +  C8H6 — > C6H10 +  C6H6+ (15')

is not ruled out by the evidence at hand (cf. Table 
III and comments thereon). However, if (15) and 
(15') occur as reverse reactions, reaction (15) must 
have the dominant effect in determination of ulti
mate products. This conclusion follows from the 
resistance of benzene to high-energy radiation. The 
relative inertness of benzene is a reflection of the 
stability not only of the ion CBH6+ but also of any 
excited molecule C6H6*' produced by its neutraliza
tion . 6 Such a highly excited molecule will survive 
sufficiently long to transfer its energy to cyclohex
ene

C6H10 +  C6H6*' — >  C6H10*' +  C6H6 (17)
On the other hand, a highly excited cyclohexene 
molecule will decompose with high probability be
fore the reaction reverse to (17) occurs. The total 
effect is as if reaction (15') makes no important 
contribution to the over-all process. Indeed the 
results are the same as if cyclohexene has a slightly 
lower ionization potential than benzene, as may well 
be the case. According to this viewpoint the pri
mary chemical process occurs mainly in the cyclo
hexene. However, to a significant extent the cy
clohexene may be protected against decomposition 
by the benzene (cf. reaction (16)) without decom
position of the latter.

Consistency of the energy-transfer picture with 
the facts is clearly shown in Figs. 2, 5, 6  and 7. 
Yields of hydrogen, methane, acetylene and ethyl
ene are all less in the mixture than would be ex
pected on the law of averages. Cyclohexene itself 
yields practically no acetylene. The curve for 
yield of acetylene as a function of electron fraction 
of benzene is practically identical with the similar

(2 8 ) I t  is  t h o u g h t  f r o m  m a ss  s p e e t r o m e tr ic  in fo r m a t io n  t h a t  o th e r  
io n  fra g m e n ts  m a y  a ls o  b e  in v o lv e d .  H o w e v e r ,  t h e  p a r e n t  io n s  are  
c e r ta in ly  t h e  m o s t  im p o r t a n t  a n d  la c k  o f  k n o w le d g e  o f  a n y  o f  t h e  d e 
ta ils  o f  io n iz a t io n  in  t h e  l iq u id  s t a t e  p r e c lu d e s  a  m o r e  e la b o r a t e  s t a t e 
m e n t . R e a c t io n s  (1 5 )  a n d  (1 6 )  a r e  i l lu s t r a t iv e  o f  th e  m a in  fe a tu re s  o f  
p o s s ib le  e n e r g y -t ra n s fe r  p r o c e s s e s  o c c u r r e n t .

l i —® c 6h 6

PhMe _ 
0.002

1 1 C6H8

0 0.2 0.4 0.6 0.8
Electron fraction benzene.

Fig. 7.—Variation of 100 e.v. yield of ethylene with com
position of benzene mixtures: O, cyclohexane; C, cyclo
hexene; toluene.

curve for the toluene-benzene mixture (cf. Fig. 6 ). 
According to the ionization transfer picture, this 
result means that toluene and cyclohexene both tap 
off ionization from the benzene to approximately 
the same degree and protect it against decomposi
tion. To the extent that cyclohexene is itself de
composed as a result of this effect, its function is 
sacrificial. 12 However, the elementary physical 
processes result in production of a greater number 
of primarily excited molecules than of ions. The 
results are consistent with the interpretation that 
excited states of cyclohexene are depleted by reac
tion (16), for Figs. 2, 5 and 7 show hydrogen, meth
ane and ethylene yields below the values predicted 
by the law of averages for the mixtures.

The data and theory here presented indicate 
that, because of ionization transfer, cyclohexene is 
a sacrificial protector for benzene and that benzene, 
because of excitation transfer, is a “ sponge-type”  
protector12 for cyclohexene.

3.2.5 Cyclohexane-Benzene.—-Data on hydrogen, 
methane and ethylene yields shown in Figs. 2, 5 
and 7 are all consistent with the interpretation that 
benzene protects cyclohexane because it has both 
lower ionización potential and lower excitation 
potential. Figure 6  indicates that in this process 
of protection benzene is itself sacrificed (to a rela
tively small extent), for the yield of acetylene ap
pears generally (i.e., within experimental error) to 
be above that predictable on the law of averages. 
However, because benzene itself is so resistant to 
reaction most of the ionization is transferred with
out any chemical effect.

3.2.6 Cydohexane-Cyclohexene.— Cyclohexene 
has a lower ionization potential and should protect 
cyclohexane against decomposition. Figures 2, 5 
and 8  show such an effect for yields of hydrogen, 
methane and total C2-gas, respectively. At the 
same time sacrifice of cyclohexene would be ex
pected. The unfortunately limited evidence avail
able indicates just such sacrificial protection. The 
C2-gas from the mixture containing 52 mole per
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0 0.2 0.4 0.6 0.8 1
Ebctron fraction cyclohexene.

Fig. 8 .—Variation of 100 e.v. yield of C2-gas with composition 
of cyclohexane-cyclohexene mixtures.

cent, cyclohexene was lost but that from the 19% 
(0.174 electron fraction) cyclohexene mixture was 
saved and analyzed; it was 98% ethylene and 2% 
acetylene, the value found for pure cyclohexene 
(see Table IV). If this result can be accepted, it 
indicates that even at low mole fraction of cyclohex
ene the primary decomposition involves mainly the 
component of lower ionization potential.

4. Results and Discussion: Vapors
4.1 Pure Vapors.—Table V summarizes informa

tion on 1 0 0  e.v. yields of gases from benzene and 
cyclohexene vapors irradiated with 0.54 mev. 
electrons as described. Although these values are 
uncertain and at best represent only minima, they 
are relatively correct for the same compound. 
Each value is ihe average of results of two experi
ments and, except for combined H 2 and CH4 yield 
from benzene, is accurate to ±10% . The accu
racy of (7 (H2 +  CII4) in benzene is ±0.004.

Taken together with Tables II and III, Table V 
shows that the liquid state tends to deactivate ex
cited molecules before they can decompose and thus 
to decrease the yield of product. In benzene, this 
fact is clearly evident for acetylene yield but is 
seemingly refuted for hydrogen and methane 
production. An explanation appears in the ethyl
ene yield. Ethylene is not produced in radiolysis 
of liquid benzene although it is produced with a 
yield (?(C2H4) =  0.05 from the vapor. Studies of 
the action of epithermal hydrogen atoms on ben
zene by Schiff and Steacie29 (Wood-Bonhoeffer 
method) and by Scott and Steacie30 (mercury sensi
tization at high temperatures) indicate cracking of 
the gaseous compound to yield mainly low molecu
lar weight straight-chain hydrocarbons such as 
methane, ethane, acetylene, etc. (c/. also Bonhoeffer 
and Harteck31) . The mechanism has not been es
tablished but may involve intermediate addition 
reactions; e.g.

H -f- CeH6  —C6H7 (18)
-C„H7 +  H — > C6H8 (19)

which in the gaseous state is formed hot and de
composes before it can be deactivated, e.g.

( ! ■  — 2 C2H2 T  C2H4 (2 0 )
Enthalpies of formation of benzene, cyclohexadiene, 
acetylene, and ethylene at 0°K. are 24.0, 20.5, 54.33 
and 14.52 kcal., respectively. 32 Taking the H -H  
bond strength as 103.2 kcal. , 33 it follows that AH

(2 9 )  H . I .  S c h if f  a n d  E . W . R .  S te a c ie , Can. J. Chem., 29, 1 (1 9 5 1 ) .
(3 0 )  E .  J . Y .  Scotr. a n d  E . W .  R .  S te a c ie , ibid., 29, 2 3 3  (1 9 5 1 ) .
(3 1 )  K . F . B o n h o e ffe r  a n d  P .  H a r te c k , Z. physik. Chem., 139A, 64 

(1 9 2 8 ) .
(3 2 )  G . G lo c k le r ,  Discussions Faraday Soc., in  p ress , 195 1 .
(3 3 )  A . G . G a y d o n ,  " D is s o c ia t i o n  E n e rg ie s  a n d  S p e c tr a  o f  D ia t o m ic  

M o le c u le s ,”  C h a p m a n  a n d  H a ll ,  L o n d o n , 194 7 , p , 98,

for reactions (18) plus (19) is —97.7 kcal. It is 
not reasonable to assume that all of that energy re
mains available in the molecule at the end of reac
tion (19) as it would have to be were reaction (20) 
(with AH =  93.68 kcal.) to follow as an immedi
ate consequence.

A simple interpretation of the results is that any 
acetylene and ethylene production in gaseous-state 
radiolysis of benzene involves action by a hot hy
drogen atom produced in the primary step and that 
this hydrogen atom can act either in reaction (18) to 
open the chain and “ unpeel,”  e.g. by the successive 
reactions
—C6H, — CH=OH +  —C4H5 — ^

2CH=CII +  —Coll, (ISa)

with C2H 3 ultimately capturing a hydrogen atom, or 
by reactions (19) and (20). The relative yields of 
acetylene and ethylene are about what may be 
expected on the basis of predominance of reactions
(18) to (20). On this same interpretation the de
creased yield of hydrogen plus methane in benzene- 
vapor radiolysis is illusory and reflects merely 
increased probability of reaction (2 0 ), or perhaps of 
the whole sequence, in the vapor. This explana
tion is, however, wholly tentative and awaits com
pletion of more detailed studies of the radiolysis of 
benzene. It accounts for substantial absence of 
ethylene in the C2 product from liquid benzene only 
if we assume that in that case the small amount of 
acetylene produced comes from some mechanism 
other than the sequence (18) to (2 0 ); e.g., de
composition of excited benzene directly into acety
lene molecules. The ratio of (7 (C2H 4) to G(C2- 
Eb) in radiolysis of cyclohexane vapor suggests that 
a mechanism in which the ring opens in the first 
step and unpeeling occurs may be operative, i.e.

CJM +  H — ^ -(CH 2)5-C II3 (21)

C2H, +  -(CH 2)3-CH3 (22)

C2H4 +  —C2II5 (23)

with the ethyl radical ultimately yielding C2H 6 
either by combination with a free H atom or by re
action with a hydrogen molecule. The evidence ap
pears to be that large free radicals are stable at room 
temperature. However, the hydrogen atom in
volved in step (2 1 ) is probably hot so that the series
(21) to (23) is reasonable. Since the G values have 
only relative significance, only conclusions based on 
relative values can be valid. The true G values for 
cyclohexane vapor are higher than those given. 
Nevertheless, it is clear that the ratio G{H2) /  
(t(CH4) is higher in the liquid than in the vapor. 
Perhaps this fact is a reflection of the fact that a 
Franck-Rabinowitch cage34 in a liquid is more ef
fective for free methyl radicals than for free hydro
gen atoms. 9’ 13

4.2 Vapor Mixtures.—Table V summarizes 
results on the radiolysis of the single cyclohexane- 
benzene mixture studied. As previously explained, 
the data have only relative accuracy and may be 
low by a factor approaching two. Benzene appar-

(3 4 )  J . F r a n ck  a n d  E . R a b in o w it c h ,  Trans, Faraday For., 3 0 , 320 
(1 9 3 4 ) .
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ently protects cyclohexane to some extent against 
primary decomposition as evidenced by effect on 
hydrogen yields. However, the picture is by no 
means simple for hot hydrogen atoms produced in a 
primary chemical act may react with either species 
present and produce changes not characteristic of 
the liquid state. In particular, it is difficult to un
derstand absence of ethane from the products of 
the mixture. Thus, the ionization transfer picture 
is consistent with a portion of the results obtained 
in this case but, of itself, does not explain all of 
them. Much more extensive study of vapor mix
tures would be required for unravelment of all pos
sible effects.

5. Conclusion
Radiolysis of the hydrocarbon mixtures studied 

yields products not predictable on the basis of a 
simple law of averages. An ionization transfer 
mechanism is consistent with all the effects ob
served but if this hypothesis is adopted it is evident 
that excitation transfer also plays an important 
role in establishment of ultimate products in a liq
uid mixture. The latter effect is most clearly seen 
in the case of the cyclohexene-benzene mixture, in 
which the former component has the higher excita
tion potential and the ionization potentials are 
nearly the same.
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REMARKS
H. L in sh itz  (Syracuse University): Manion and Bur

ton have shown that the presence of unsaturated molecules 
in irradiated hydrocarbon mixtures markedly decreases 
the yield of decomposition products. In this connection, I 
would like to point out that these unsatunted molecules are 
uniquely well suited for dissipation of the available energy, 
through the charge transfer process discussed by Magee.

According to this view, the degree of protection afforded 
by a given molecule should depend not only on the probabil
ity of a charge transfer reaction between it and the original 
ion but also on the nature of the excited states formed by 
combination of the new ion and an electron. In general, the 
reaction between odd ions and electrons may be expected to 
lead with high probability to triplet states which are not 
readily excited optically. In the particular case of unsatu
rated molecules the low-lying triplet states are stable, and the 
energy may thus readily be dissipated through normal 
quenching processes, without decomposition. On the other 
hand, formation of triplet states in saturated molecules 
should lead to considerable bond rupture, as is observed. 
The effectiveness of benzene as a protective agent compared 
with, say, cyclohexene may be due partly to its large cross- 
section for charge transfer (connected with the availability 
of charge over the whole molecule) and partly to the low 
energy of its deepest-lying triplet state. One may venture 
to predict that molecules like anthracene, with especially 
low-lying triplets and extensive charge distributions, would 
be even more effective than benzene.

DETECTION AND IDENTIFICATION OF FREE RADICALS IN 
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The use of iodine having a high specific activity in I 131 has been applied to the detection and identificaiion of free radicals 
formed in the radiolysis of alkyl iodides and alkanes. The fragmentation patterns observed were reliable to approximately 
± 5 %  and several tests of the identity of the fractions were successful. Fragmentation patterns have been obtained for the 
normal alkyl iodides methyl through butyl in both liquid and vapor states. In these cases the bond most frequently rup
tured appeared to be the C-I bond. Radiolysis of the normal alkanes through pentane, plus neopentane, showed some 
complementary relationships to mass spectra of these compounds. Some possible reaction mechanisms are discussed.

Introduction
Free radicals undoubtedly occur as important in

termediates in the decomposition of hydrocarbons 
and their derivatives produced by ionizing radia
tions. Recent discussions of the primary processes 
of radiation decomposition1 _ 6 indicate a variety of 
ways in which they may be formed. The initial 
interaction of the ionizing radiation (electrons or X - 
radiation) produces both excitation and ionization. 
Dissociation into free radicals is a highly probable 
consequence of excitation and a similar dissociation

(1 )  T a k e n  f r o m  a  th e s is  p r e s e n te d  b y  L . H . G . in  p a r t ia l fu lf i llm e n t  
o f  th e  r e q u ir e m e n ts  fo r  t h e  P h .D .  d e g re e .

(2 )  W o r k  s u p p o r t e d  in  p a r t  b y  t h e  A t o m ic  E n e r g y  C o m m is s io n  
u n d e r  C o n tr a c t  A t ( l l - l ) - 3 8 .

(3 ) P re s e n te d  a t  th e  S y m p o s iu m  o n  R a d ia t io n  C h e m is tr y ,  1 1 9 th  
A C S  M e e t in g , C le v e la n d , O h io ,  A p r i l  8 --12 , 1951 .

(4 ) M .  B u r to n , T h is  J o u r n a l , 5 1 , 611  (1 9 4 7 ) ;  5 1 , 7 8 6  (1 9 4 7 ) .
(5 ) I I .  E y r in g ,  J . O . H ir s e h fe ld e r  a n d  I I .  S . T a y lo r ,  J. Chem. Phys., 

4 , 4 7 9  (1 9 3 6 ) ;  4 , 5 7 0  (1 9 3 6 )
(6 ) J . L . M a g e e  a n d  M .  B u r to n , J. Am. Chem. Soc., 7 2 , 1 96 5  (1 9 5 0 ) ;  

7 3 ,  523 (1 9 5 1 ) .

process may be expected of the ions. Subsequent 
ion neutralization also yields excited molecules and 
again dissociation into free radicals is a highly prob
able process. These possibilities may be summa
rized as

/ A\
A' -c—  A+ +  c

j(D  j(2)
R i  - f -  R 2 R 3 +  T  U  t

Fluorescence, ultimate molecule formation, colli- 
sional deactivation and other processes also occur 
but here we have mentioned only the main paths of 
free radical formation.

Process 1 may be considered a photochemical 
decomposition, although the fact that ionizing ra
diations are used in this work indicates that we shall 
be dealing with highly excited molecular energy 
states and probably a considerable variety of these.
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Process 2 can be studied by consideration of mass 
spectrographic data. It is well known that the 
mass spectra of alkanes and their derivatives show 
many mass peaks for molecule and radical ions of 
smaller mass than the parent ion . 7 ’8 This attests 
to the importance of process 2  although the mass 
spectrometer detects the ion, whereas we shall be 
concerned with the complementary radical. Analo
gies between the results of this study and those of 
photochemistry and mass spectrometry may be ex
pected.

The detection and identification of free radicals 
in photochemical processes has been a subject of 
much concern. Methods which may be regarded 
as precursors of the present one include : the use of 
metal mirrors by Paneth and Hofeditz9 and later by 
Rice, et aï.10; the use of lead mirrors containing ra
dioactive lead by Leighton and Mortenson11; the 
use of carbon tetraiodide mirrors by Simons and 
Dull12; the use of molecular iodine mirrors by Bel- 
chetz and Rideal13; and the use of iodine vapor by 
Gorin. 14 Hamill and Schuler15 used molecular io
dine containing I 13 1 (/?“ , U/t = 8  days) to measure 
the rate of reaction of alkyl radicals with molecular 
iodine in the photolysis and radiolysis of alkyl io
dides. This method was later extended by Williams 
and Hamill16 tc systems in which complex mixtures 
of radicals were produced by radiolysis and photoly
sis. Durham, Martin and Sutton17 have applied 
the same technique to the detection of methyl and 
propyl radicals in the sodium flame reaction with 
propyl halide.

The present work continues the investigation of 
the nature and relative amounts of some free radi
cals formed by ionizing radiations from alkanes and 
alkyl iodides. The systems studied contain the al
kane or alkyl iodide as liquids or gases plus a small 
concentration (mole fraction ca. 1 0 ~3) of molec
ular iodine. As a first approximation the presence 
of iodine is neglected in the primary processes and 
radicals are presumed to form through reactions 
such as 1 and 2 , above. Some secondary reactions 
of these radicals which might be considered are

R, +  R2 - —> RiR2 (3)
Ri +  R3H — > R,II -  Ra (4)

Ri +  I2 — ■>- RJ +  I (5)
At moderate reaction rates, the radical concentra
tion will be so small as to make the rate of reaction 
3 negligible in comparison to 4 or 5. Reaction 4 has 
an activation energy of 10-15 kcah, while reaction 5 
has a very small activation energy, probably around 
1 kcal. Therefore, at the temperatures {ca. 25°)

(7 )  G . C . E lt e n t o n . J. Chem. Phys., 1 0 , 4 0 3  (1 9 4 2 ) .
(8 )  A .  L a n g e r , T i n s  J o u r n a l , 54, 6 1 8  (1 9 5 0 ) .
(9 )  F .  P a n e th  a n d  W .  H o fe d it z ,  Ber,, 62B , 1 33 5  (1 9 2 9 ) .
(1 0 )  F . O . R i c e  a n d  K .  K . R ic e ,  “ T h e  A l ip h a t ic  F r e e  R a d ic a ls ,”  

T h e  J o h n s  H o p k in s  P ress , B a lt im o re , M d . ,  1935 .
(1 1 ) P . A . L e ig h to n  a n d  R .  A . M o r te n s o n , J. Am. Chem. Soc., 58, 4 4 8  

(1 9 3 6 ).
(1 2 ) J . H . S im o n s  a n d  M . F .  D u ll ,  ibid., 55, 2 6 9 6  (1 9 3 3 ) .
(1 3 )  E . B e lc h e tz  a n d  E . K. R id e a l ,  ibid., 57, 1168 (1 9 3 5 ) ;  ibid., 57, 

2 4 6 6  (1 9 3 5 ).
(1 4 ) E . G o r in , J. Chem. Phys., 7, 2 5 6  (1 9 3 9 ).
(1 5 ) W .  H . H a m ill  a n d  R .  H . S ch u le r , J. Am. Chem. Soc., 73, 3 4 6 6  

(1 9 5 1 ) .
(1 6 )  R .  R .  W ill ia m s  a n d  W . H . H a m ill ,  ibid., 7 2 , 1 85 7  (1 9 5 0 ).
(1 7 )  R .  W . D u r h a m , G . R .  M a r t in  a n d  IT. C . S u t to n , Nature, 164, 

1 0 5 2  (1 9 4 9 ).

and relative concentrations used in this work, reac
tion 5 is taken to be the fate of substantially all 
thermal free radicals produced. Reactions such as 
4 may yet play some part in the radiation decom
position, but if so they represent the reaction of ex
cited or “ hot”  radicals, formed with excess internal 
or translational energy in reactions such as 1  and 2 . 
The alkyl iodides, although formed in micromolar 
quantities, will contain a high specific activity of 
I 131. Addition of appropriate inactive alkyl iodide 
carriers to the reaction products, followed by frac
tional distillation and radioactivity determinations 
permits estimation of the relative free radical yields.

Experimental
Milligram quantities of iodine containing approximately 

ten microcuries of I131 18 were prepared by oxidation of dry 
potassium iodide with dry potassium dichromate at elevated 
temperatures in vacuum. The iodine sample was distilled 
into a small break-off tube for later introduction into the 
reaction system.

The alkyl iodides used as target materials and as distilla
tion carriers were purified by fractional distillation in a glass- 
packed Todd column 1.5 X 100 cm. at a reflux rate of 300 
ml. per hour and a reflux ratio of 40:1. A middle cut from 
each distillation was retained, dried over phosphorus pen- 
toxide and stored in a dark vessel. Samples for radiolysis 
were further subjected to bulb-to-bulb distillation in vacuum 
to ensure removal of dissolved gases. Alkanes used for 
radiolysis were of research grade and were further distilled 
in the vacuum line only to remove dissolved gases.

The radiolysis of liquid alkyl iodides was performed on fl
ee. samples containing approximately 1 mg. of dissolved 
iodine. Both components were introduced by vacuum dis
tillation into an all-glass vessel 1.5 X 10 cm. This vessel 
was closed by a glass seal and opened after irradiation by a 
break-off. Radiolysis of alkyl iodide and alkane vapors was 
performed in a 500-cc. spherical flask having a thin “ win
dow”  to reduce absorption of soft radiations. Again, the 
components were introduced by vacuum distillation, the ves
sel closed by a glass seal and re-entered through a break-off.

The radiations employed were of four classes: y-radiations 
from a two curie Co60 source (fi/. =  5.3 yr., y = 1.1, 1.3 
mev.); X-rays generated at 45-50 Pkv. and 17 ma. in a 
Machlett AEG-50 X-ray tube; X-rays generated at 2 mv. 
and 100 /xa. in a Van der Graaf generator; and electrons at 2 
mv. and 2 ¿»a. from the same machine. In all cases the 
irradiation time was varied to produce about 50% reaction 
with iodine. The times of exposure varied from about 20 
hours to 2 minutes for the various kinds and energies of radi- 
tions. No effects of such changes in rate of decomposition 
upon the fragmentation patterns were observed.

After irradiation, alkyl iodide carriers were introduced 
into the reaction vessel on top of the frozen products. 
The carrier mixture usually consisted of 5 cc. of methyl 
iodide, 3 cc. each of the normal alkyl iodides up to car
bon chain length one unit greater than the target substance, 
and 3 cc. of methylene iodide. Isopropyl iodide was also 
used in some cases.

Excess iodine was extracted with aqueous sulfite solution, 
after which the carrier mixture was washed with water and 
dried over phosphorus pontoxide. In some cases a water 
extract was made before iodine removal, in order to estimate 
the amount of hydrogen iodide produced. Such activity is 
reported as per cent, of total organic activity.

The organic iodide mixture was distilled in a Podbielniak 
Miniature Hyper-Cal Fractionating Column 1 X 30 cm., 
packed with a heligrid fabricated from Hastelloy B, a halo
gen resistant alloy. The reflux rate was maintained at 
approximately 100 cc. per hour and the reflux ratio at 
approximately 40:1. The distillate flowed through a capil
lary grid in front of a mica window Geiger counter arranged 
so that approximately 0.1 ml. of distillate was retained in 
front of the counter (see Fig. 1). The count rate was 
observed with a linear count rate meter. A Brown two-point 
recording potentiometer continuously recorded the activity

(1 8 ) I 131 o b t a in e d  in  m illie u rie  a m o u n ts  a s  c a r r ie r - fr e e  i o d id e  s o lu 
t io n  fr o m  th e  I s o t o p e s  D iv is io n ,  C a r b o n  a n d  C a r b id e  C h e m ic a ls  C o m 
p a n y , O a k  R id g e ,  T e n n e sse e .
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of the distillate and the head temperature of the column. 
A pump and manostat were attached to the fractionation 
apparatus to permit distillation at reduced pressure in the 
case of higher iodides.

Fig. 1.—a, Geiger counter; b, mica window; c, capillary 
coil; d support.

For each fraction the head temperature and activity were 
expected to remain constant over a distillate volume of at 
least 0.5 cc. (approximately 30 min.) to be taken as a meas
ure of the activity of that fraction. This activity was 
multiplied by the original carrier volume for comparison with 
other fractions on a percentage basis. Each fraction was 
collected separately for redetermination of activity or 
redistillation if desired.

Figure 2 depicts the values of pressure, temperature and 
activity encountered in the course of a typical distillation 
after irradiation of »-pentane. In this case, vinyl iodide 
carrier was also used. Clear values of activity associated 
with methyl iodide, ethyl iodide, »-propyl iodide, »-butyl 
iodide, n-amyl iodide and methylene iodide are observable. 
Little or no activity is associated with vinyl iodide, the i- 
propyl iodide fraction is obscured by carry-over of ethyl

Distillation time (min.). Proportional to distillate volume. 
Fig. 2.—Radiolysis of pentane.

iodide, and the peak between »-butyl and »-amyl can prob
ably be attributed to uncarried active secondary amyl 
iodides.

Figure 3 shows the activity record from two irradiations of 
propane (with 45 kv. X-rays and with 2 mv. X-rays) nor
malized to the same scale. The correspondence of the yields 
in the various fractions illustrates the reproducibility of the 
method and demonstrates the lack of dependence on the 
maximum energy of the quanta used.

Distillation time (min.). Proportional to distillate volume. 
Fig. 3.—Radiolysis of propane: duplicate experiments, 

normalized.

Relative yield data for the various substances studied are 
given in Tables I, II and III. The hydrogen iodide activity 
yield is given in terms of per cent, of total organic activity.

Special Tests.—Radiolysis of methane and ethane at an 
elevated temperature was performed by heating the reaction 
vessel with infrared lamps to a steady uemperature of 80- 
100°, as indicated by a mercury thermometer in contact with 
the vessel. In this condition radiolysis with energetic elec
trons resulted in products experimentally indistinguishable 
from those obtained in experiments at room temperature 
(25°) (experiments 45 and 54).

Several experiments were performed to test the validity 
of the fractional distillation as an analytical technique. A 
sample of ethyl iodide containing dissolved iodine (with 
I131) w'as irradiated with electrons and fractionated in the 
usual manner, using methyl iodide and n-propyl iodide car
riers in addition to the ethyl iodide already present. From 
this distillation a constant boiling, constant activity sample, 
!).5 ml. in volume, was collected. This fraction was hydro
lyzed with 50 ml. of 10% potassium hydroxide at 80°. 
After 2.5 hours, 5.5 ml. of organic iodide remained. This 
sample was washed, dried and its specific activity was com
pared with that of the unhydrolyzed iodide. The two 
values were experimentally indistinguishable.

A second sample of active ethyl iodide prepared as above 
was distilled in mixture with 3 ml. each of inactive methyl, 
«-propyl, »-butyl and methylene iodides in the usual 
fashion. Only the ethyl iodide fraction was radioactive.

Discussion
The Analytical Method.— It is especially im

portant to allow complete condensation of the 
reaction products before carriers are added. Fail
ure to do this may result in disproportionate loss 
of the more volatile active iodides during the 
addition of carriers. However, after complete 
mixing of carrier and active iodides, minor losses 
are not objectionable, since'it is the specific activity 
of each fraction which is determined. In the case 
of methane, its volatility at liquid air temperatures 
made the collection problem especially severe, and 
many early experiments were discarded on this 
basis.

Comparison of the results of experiments per
formed under substantially the same conditions 
(such as No. 28, 29 and 30 on butyl iodide or No. 
19, 20, 42, 43 and 44 on methane) indicates that the 
relative yields is approximately ±  5%. The reality 
of fractions amounting to less than 5% of the total
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T a b l e  I
L iq u id  A l k y l  I o dides

Expt.
No.

Sample,
iodides

Vol. of 
sample, 

ml.
Weight 
of I»,
mg. Radiation

8 Methyl 3 .0 1.0 y
2 Ethyl 3.0 2.0 y
7 Ethyl , 3.0 1.0 y
9 Ethyl 3.0 1.0 2 mv. X-ray
3 n-Propyl 3.0 1.0 y
4 n-Butyl 3.0 1.0 y

“ Wherever leaders occur the carrier was not present.

Me

Products (%  of total activity)
Et ¿-Pr n-Pr ra-Bu

Methyl
ene

66 15 a 19
9 88 l  . 1 0 1

11 80 5 2 2
25 63 7 4 1
7 6 80 5 2

14 9 7 70

T a b l e  II
G aseo u s  A l k y l  I o dides

Press, of
F.xpt.
No.

Sample,
iodide4*

sample,
min. Radiation M e Ut

Products (%  of total activity) 
i-Pr 7i-Pr n-Bn Methylene

52 Methyl“ 93 e~ 82 5 1 13“
10 Ethyl 140 2 mv. X-rays 27 55 6 3 9
12 Ethyl 140 50 kv. X-rays 34 66 0 0 0
13 ra-Propyl 40 50 kv. X-rays 15 6 l i 56 6 6
14 n-Propyl 40 50 kv. X-rays 17 5 5 61 5 7
28 ra-Eutyl 14 50 kv. X-rays 11 6 3 3 73 4
29 n-Eutyl 10 50 kv. X-rays 9 7 2 2 74 6
30 n-Eutyl 10 50 kv. X-rays 9 8 68 15

° Pressure of iodine was 0.14 mm. in all cases. b Wherever leaders occur 1the carriers were not present. e Active HI 1%
of total organic.

T a b l e  I I I

A l k a n e s

Run
No. Sample

Press, of 
sample, 

mm.
Press, 
of I,, 
mm. Radiation Me Et

Products (%  of total activity)
i-Pr n-Pr n-Bu n- Am

Methyl
ene IIIe

19 Methane 120 0.14 2 mv. X-rays 74 5 a 21
20 Methane 120 .14 2 mv. X-rays 74 5 21
42 Methane 120 .07 e~ 71 5 24 9.5
43 Methane 120 .14 €~ 77 5 18 15
44 Methane 120 .175 e~ 76 5 19 15
45k Methane 120 .14 e~ 74 4 22 13.5
46 Methane 22(CH<) .14 e~ 77 6 17 5.4

47 Methane
18(H2)
20 .14 e~ 80 4 16 7.8

48 Methane 20 .14 e~ 77 4 19 4
50 Methane 334 .14 e~ 80 7 13 3.5
51 Methane 576 .14 e~ 77 5 18 7.8
21 Ethane 120 .14 2 mv. X-rays 30 40 10 10 10
22 Ethane 120 .14 2 mv. X-rays 41 43 16
38 Ethane 745 .14 e~ 28 55 5 3 9 21
546 Ethane 120 .14 e~ 30 46 4 4 16 9
23 Propane 120 .14 2 mv. X-rays 47 12 16 10 5 10
25 Propane 120 .14 50 kv. X-rays 45 11 14 10 5 15
32 Propane 140 .14 e~ 40 10 11 11 10 18
33 Propane 420 .14 « “ 27 9 9 13 13 29
34 Propane 745 .14 e~ 17 8 1 9 8 8 49
35 Propane 21 .14 e~ 52 11 9 9 5 14
57 Propane 470 .14 e~ 17 5 6 7 64
26 Butane 120 .14 50 kv. X-rays 20 14 29 13 10 14
27 Butane 120 .14 50 kv. X-rays 9 12 28 18 13 20
55 Pentane 120 .14 e~ 24 30 6 5 22 13 3
56 Neopentane 120 .14 e~ 80 4 2 6 2 6 4

° Wherever leaders occur the carrier was not present. 1 Runs 45 and 54 irradiated between 80 to 100 °. c HI reported as 
per cent, of total organic activity.

is questionable. Large changes in activity from 
one carrier fraction to the next tax the separation 
powers of the fractionating and counting systems, 
since the volumes of carriers used were small and 
some intermingling of fractions in the column head 
and counting chamber is unavoidable. This prob

ably increases the uncertainty especially in cases of 
weakly active fractions which follow highly active 
fractions. Such considerations place considerable 
doubt on 'the reality of such activities as that 
in the ethyl iodide fraction of the experiments on 
methane, in spite of careful attention to constant
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activity and constant boiling point in a given 
fraction.

The identification of a particular active fraction 
with the known carrier distilling at the same tem
perature seems quite clear, especially in the lower- 
boiling fractions. In addition to the constancy of 
boiling point and activity through an appreciable 
volume of distillate, the redistillation and hydroly
sis experiments served to support this identification. 
With the higher-boiling iodides, the possibility of 
isomeric forms introduces some confusion, since not 
all possible carriers were introduced. Butyl iodide 
activity might well be a mixture of the isomers, all 
appearing with the carrier butyl iodide and, in the 
case of amyl iodide, clear indication of active sec
ondary amyl iodides is present in Fig. 2 .

For greater ease in correlation, the average values 
of the relative radical yields are shown in Figs. 4, 5 
and 6  in the form of bar graphs.

Me Et i-Pr n-Pr Bu CH2

CHsCIIJ

CH3(CH2)2I _  _

Fig. 4.—Radiolysis of liquid alkyl iodides.

Me Et

CHSI

¿-Pr n-Pr Bu CII2

CHjCIFjl

CHj(CII»)aI

CH3(CH2)3I
Fig. 5.—Radiolysis of alkyl iodide vapors.

Radiolysis of Alkyl Iodides.— In the radiolysis of 
the alkyl iodides, both liquids and vapors, the dom
inant characteristic of the radical yield values is 
the high yield of the parent substance. This may 
lie taken as an indication that C I bonds are broken 
more readily than C -C  bonds. Since the only

Me

CH,

Et i-Pr w-Pr Bu Am Clh

a n ,

CII3(CII2)2CII3

Fig. 6.—Radiolysis of hydrocarbons.

diiodide carrier used was methylene, only in the 
case of methyl iodide is direct support presented 
for the similar conclusion that C -I bonds are broken 
more readily than C-H bonds. However, this is 
certainly very likely with all of the alkyl iodides. 
These effects are to be expected on two grounds: 
First, the C -I bond is by far the weakest in these 
molecules and second, the iodine atom has far more 
electrons than any other atom of the molecule, and 
therefore, ionization or excitation at this point is 
most likely.

In comparison with the liquid halides, the halide 
vapors generally show a higher ratio of C-C to C -I 
bond rupture. Butyl iodide appears to be an 
exception to this rule, which may be explained as a 
greater tendency toward collisional deactivation of 
excited states in the vapor state.

In both liquid and vapor states it may also be 
noted that the relative yield of methyl iodide de
creases as the carbon chain length increases. Liq
uid butyl iodide does not follow this trend again 
and one is inclined to suspect that the experimental 
data in this case are faulty, especially since the val
ues are based in only one experiment in this case. 
Such a decrease in relative methyl yield might be 
explained as an increasing opportunity to rupture 
other C-C bonds, processes which ought not to 
have greatly different energy requirements. The 
production of methylene radicals from ethyl and 
higher iodides must represent the rupture of two 
bonds in the primary process or, perhaps more 
likely, the subsequent reaction of an energetic radi
cal formed in the primary process. The yield of 
this product is very small except from methyl 
iodide.

To consider in more detail the radiolysis of 
methyl iodide vapor, note that the per cent, of 
methylene iodide formed is about 13. On the other 
hand, very little active hydrogen iodide (co. 1 %) 
was formed, which appears to rule out a mechanism 
involving C-H bond rupuire
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CH3I — >  CHoI +  H (1)
CH2I +  I2* — CH2I2* +  I (2)

H +  I2* — > HI* +  I (3)

since an equivalent amount of active hydrogen 
iodide would be formed. The mechanism proposed 
by Hamill and Schuler15 and by Schultz and Tay
lor19 for the photolysis and radiolysis of such com
pounds

CH3I — ■*- CHs +  I (4)
CHs + CH3I — >  CH4 +  CH2I (5)

CHJ +  I2* --->- CH2I2* +  I (6)
CH, +  M — ->■ CH3 +  M (7)

CHs +  I2* — >  CHal* +  I (8)

where CHs indicates a hot methyl radical, appears 
to satisfy those data also, and the ratio of methyl to 
methylene iodide may be taken as the ratio of the 
rates of the hot radical reaction 5 to the thermaliza- 
tion reaction 7.

Radiolysis of Alkanes.— The fragmentation pat
terns characteristic of the alkanes, as shown in 
Fig. 6 , differ sharply from those found for the alkyl 
iodides. The radical corresponding to the parent 
substance is no longer dominant, except in the 
case of methane. Methyl radicals are frequently 
an important product although other small radicals, 
principally ethyl and propyl, are also formed in 
good yield. Methylene iodide is also a product 
of some importance. The contrast between normal 
pentane and neopentane is also noteworthy.

In some respects a complementary relation ap
pears between these radical yield data and the 
mass spectral data as reported by Langer. 8 The 
most important peak in the mass spectrum of neo
pentane is C4H9+, while the present method indi
cates a large yield of methyl radicals, suggesting 
that an important primary process is

C(CH3)4 - « >  C(CH,)3+ +  CII, +  e (9)

In contrast, the mass spectrum of normal pentane 
shows the C3H7+ ion to be most important, and the 
present work indicates a large yield of ethyl radi
cals

C5H:2 — ^  C3H7+ +  C2II5 +  e (10)

Butane does not obviously show such a comple
mentary relationship, but with propane it again 
appears. C2H 5 + is the most important ion, while 
CH3 is the most important radical.

In the radiolysis of methane variation of the pres
sures of the reagents, the temperature of the sys
tem and the intensity of the radiation appeared to 
have no effect upon the relative amounts of prod
ucts. Therefore, their ratio must be determined 
by the primary processes, or in subsequent hot radi
cal reactions. The yield of active hydrogen iodide, 
although somewhat variable, is clearly much less 
than that of methyl iodide and nearly equal to the 
yield of methylene iodide (remembering that the 
chance of having I 1 3 1 in CH2I2 is twice that in mono
halides) . These facts suggest that a primary proc
ess

CH4 — CH3 +  H (II)
(19) R. D, Schult-3 and H. A. Taylor, J. Chem. Phys., 18, 194

(1950).

produces a hot hydrogen atom, which then reacts 
efficiently with methane

H +  CH4 — CH3 +  H2 (12)
to produce hydrogen and another methyl radical. 
Thus only a fraction of the primary hydrogen atoms 
reach thermal energies, where they would efficiently 
react with iodine to yield active hydrogen iodide. 
Methylene radicals might be formed in a primary 
process such as

CH4— > C H 2 +  H2 (13)
or in a subsequent reaction of hot methyl radicals 
formed by a reaction such as 1 1 .

CHS +  M — > CH2 +  H +  M (14)
Since the ionization potential of methane is about 
14 volts, neutralization of the ion would be a highly 
exothermic process. If all of this energy appeared 
as relative translational energy of the methyl radi
cal and hydrogen atom, their energies w-ould be 
about 0.6 volt (14 kcal.) and 9.5 volts (215 kcal.), 
respectively, indicating the feasibility of reaction 1 2  
but not reaction 14.

Radiolysis of ethane again showed no dependence 
on pressure of reactants of temperature. The rela
tive yield of active hydrogen iodide was larger than 
in the case of methane, but still much less than that 
of ethyl iodide. Therefore the postulate of hot hy
drogen atoms is again made

C2H6— > C 2H6 +  H (15)
H +  C2H6 — 5- C2H6 +  Hj (16)

For the formation of methyl radicals in a concen
tration and temperature independent fashion one 
may write

C2H6^ ~ > 2 C H 3 (17)
but the mechanism of formation of methylene radi
cals is not immediately evident.

Radiolysis of propane show's a distinct effect of 
the propane pressure, (Table III). With increas
ing pressure the relative yield of methyl decreases 
and the yield of methylene increases in such a fash
ion that the sum of these two yields is approxi
mately constant. Since the yields of other radicals 
remain approximately constant, it is tempting to 
assume that some reaction of thermal methyl radi
cals with propane produces methylene radicals. 
Any such reaction written, for instance

CII3 +  C3H8 — >■ CH2 +  H2 +  C3Ht (?) (18)
must also produce another radical. Since none ap
pears in the distillation analysis and indeed, such 
reactions must be highly endothermic, this is not a 
satisfactory proposal. Another proposal which 
appears more reasonable is to assume that methyl 
and methylene radicals are both primary products 
of the same excited or ionized molecular state, by 
reactions such as

CaH, — >  C:Jh — >  CHS +  C2H4 +  II (19) 
— >  CII2 +  C2H6 (20)

and to assume a pressure effect on the relative ef
ficiencies of these two processes. The rearrange
ment implied in reaction 2 0  may require collision 
wdth another molecule, the rate of such collisions in
creasing with increasing pressure. Unfortunately 
these proposals are far from satisfactory and must 
be further tested before serious adoption.
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Purified water, irradiated in the Oak Ridge reactor, decomposes to a limited extent only. The products (hydrogen, hydro
gen peroxide and oxygen) react with each other under radiation to re-form water, so that a steady state level of products is 
quickly reached, which in pure water at 25 ° lies at about 20 micromoles per liter of dissolved hydrogen. The steady state 
level is very sensitive to the presence of certain kinds of dissolved material or impurities, and is consequently poorly repro
ducible and tends to drift upward wdth time because of slow contamination with impurities from the vessel walls. Addition 
of hydrogen suppresses the decomposition, but added oxygen or peroxide, like many other solutes, greatly increase the de
composition. The kinetics of the reaction between dissolved hydrogen and hydrogen peroxide were found to be reproducible 
when the hydrogen was in excess, and were studied in detail. Results are explained quantitatively by consideration of reac
tions of H and OH radicals formed by combination of like radicals in regions of high ionization density (tracks of slow charged 
particles). Other radicals escape initial recombination, diffuse throughout the main body of water, and may react wish the 
decomposition products or with other solutes.

May, 1952 . D ecomposition op Water .and Aqueous Solutions

Introduction
The mechanism of reactions occurring in water in 

aqueous solutions under high radiations has been 
discussed in an earlier publication. 4 According to 
the picture there presented, the primary chemi
cal effect of radiation is probably to form the free 
radicals H and OH according to the mechanism 

H20 — >- I I20+ +  e- 
H20 +  e~ — ^ H +  OH- 

H20 + +  H20 — ^ H30+ +  OH

Direct dissociation of electronically excited water 
molecules may also contribute to the yield of free 
radicals. In heavily ionizing radiation, such as 
a-rays or the fast proton recoils formed by the 
passage of fast neutrons through water, the radicals 
are formed in high concentration along the track of 
the particle. In this small zone, the radicals will 
react with one another to form, to a certain extent, 
the molecules H2 and H 20 2. Some of the radicals 
will be able to escape from the zone and will react 
with dissolved I i 2 and H20 2 molecules in the solu
tion to lead to the re-formation of water. When 
fast electrons are the ionizing agents, the radicals 
are not so densely distributed and a much larger 
fraction of them will be able to react with dis
solved product molecules before they disappear 
by reaction with one another.

When pure water is irradiated, the products H2 
and H 20 2 will therefore build up to a steady state 
concentration at which the rate of back reaction 
of these products to re-fo^m water is equal to the 
rate of their production from water. When the 
water contains dissolved material capable of oxida
tion and reduction, the radicals are expected to be 
destroyed by reacting with the solute. Thus with 
bromide ion, we may assume the reactions 

Br- +  OH = Br +  OH~
Br +  H = H+ +  Br-

Such reactions remove radicals so that they cannot 
react with dissolved hydrogen, hydrogen peroxide or 
oxygen. When reactive solute is present, the water

(1 )  T h is  p a p e r , d e s c r ib in g  w o rk  c o n c lu d e d  in  t h e  s u m m e r  o f  1 9 4 8 , is 
b a s e d  o n  r e p o r t  O R N L -1 3 0  ( is su e d  O c t o b e r  11, 1 9 4 9 ).

(2 )  D e p a r t m e n t  o f  C h e m is tr y ,  B r o o k h a v e n  N a t io n a l  L a b o r a t o r y ,  
U p to n , L . I . ,  N . Y .

(3 )  D e p a r tm e n t  o f  C h e m is tr y ,  N e w  Y o r k  U n iv e rs ity ,  U n iv e r s it y  
H e ig h ts , N e w  Y o r k ,  N . Y .

(4 )  A . O . A lle n , T h is  J o u r n a l , 52, 4 7 9  (1 9 4 8 ).

decomposition will proceed to relatively high 
product concentrations. The rate of hydrogen 
production should be the same in all such solutions 
and should furnish a measure of the rate at which 
the product molecules are formed in the radiation 
track. This rate should be greater the more 
densely ionizing the radiation.

In the earlier paper, experiments are referred to 
which were being performed in the nuclear reactor 
(or “ pile” ) at Oak Ridge. The present paper 
describes these experiments in detail and presents 
additional data, which have allowed the subject to 
be treated in a more quantitative fashion than was 
possible at the time of the previous publication.

In all experiments described here, samples of 
water or solutions were exposed at a certain point 
inside the Oak Ridge nuclear reactor, and were 
cooled by a jacket of flowing water maintained at 
25°. The radiation received in such a situation 
consists of a mixture of y-radiation and of neutrons 
having all energies from thermal up to a few mev.

A great part of the work here described consisted 
of a protracted struggle with irreproducibility and 
poor material balances, caused by intervention in 
the reaction of material from the walls of the con
taining vessels. For this reason, results on pure 
water are of qualitative value only. Certain 
solutions, however, gave reproducible results, and 
allowed a quantitative treatment of the reaction 
mechanism.

Decomposition of Pure Water under Reactor 
Radiation

Samples of water, specially purified ill various ways, were 
sealed in ampoules of fused silica and exposed in the reactor 
for various lengths of time. After exposure, the concentra
tions of Hi, 02, H202 and C02 were determined by analysis. 
Some of the ampoules were practically full of water; others 
were about half-full. Results are reported in terms of con
centration of products dissolved in the liquid phase. Ex
perimental details are described in the last section o: this 
paper.

The concentration of hydrogen produced by the radiation 
in pure water is plotted in Fig. 1 against time of exposure in 
the reactor. Since the solubility of hydrogen in water at 
the temperatures used (near room temperature) is close to 
760 micromoles/liter, the concentration of dissolved hydro
gen in ,uM, is very nearly equal to the pressure of hydrogen 
over the solution in mm.

Great irreproducibility is at once evident from this graph. 
The important factor, however, is that the concentration 
never becomes very high. For full ampoules, the concentra-
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Pig. 1.—Decomposition of water in the pile.

lion of dissolved hydrogen within the first few minutes rises 
to values of the order of 20 jiM. and remains at this level 
without great change up to an hour. On exposure of many 
hours, the concentration tends to drift upwards. Thus the 
water decomposition reaches a steady state within t wo min
utes, but this steady state rises slowly in the course of time 
presumably because of contamination of the water by impur
ities coming out of the vessel wall. For 
samples with gas phase (ampoules only 
partly full) the gas formed goes largely 
into the gas phase, so that the initial rate 
of rise of concentration of dissolved hy
drogen with time is much less. In the 
course of a day in the reactor, however, 
the steady state is reached also in these 
ampoules, and the concentration of dis
solved gas, as calculated from its solubil
ity, not only reaches, but appears to ex
ceed, the concentrations found in the filled 
ampoules. The tendency for greater hy
drogen concentrations at large gas phases 
is ascribed to Lie higher FIjOs/l h ratios 
present, and the effect will be discussed 
further in a later section.

The material balances as shown by the 
analysis were in some cases very poor.
Theoretically, the number of moles of hy
drogen formed should be equal to the 
number of moles of peroxide plus twice 
the number of moles of oxygen. In Fig.
2, the total equivalents of oxidant are 
plotted against the total equivalents of 
hydrogen (reduot.ant). Deviation of the 
points from the 45° line indicates bad 
material balance. In most cases of poor 
balance, the hycrogen was in excess. The 
deviations in many cases were much too 
large to be explained by errors in the 
analytical procedure. It seems that either 
some reducing impurity was present in the 
water in unexpectedly large amounts, or 
that the vessel wall enters into the reac
tion in some way, possibly by the forma
tion of some sort of persilicic acid com
plexes.

Carbon dioxide appeared in the products in variable 
amounts, ranging up to 15 or 20 gM. Usually the COj was 
present in considerably smaller quantities than the 1I2, Os 
and HaOs, but in a few cases of small decomposition, it 
appeared to he. an important product. In the material bal
ances discussed above, 00» lias been ignored; but including 
it among the oxygenated products did not greatly improve

Fig. 2.—Balance between oxidant and reductant produced on irradiating water
in the pile.
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Fig. 3.—Ratio of peroxide to total oxidant produced in irradiation of water in
the pile.

tion of hydrogen peroxide to oxygen in 
aqueous solutions shows that the deter
mining factor in the quantum yield for the 
reaction is the number of dispersed par
ticles or motes. It is believed that the 
radicals formed by photochemical action 
on the peroxide react on the surface of the 
motes with adsorbed peroxide or H02 radi
cals to give enhanced reaction. By special 
treatment of the container and water to 
eliminate motes or reduce their number, 
the quantum yield can be considerably 
reduced. The same factors might be 
thought to operate in the decomposition 
of water under high energy radiation. 
Samples of water sealed in silica were 
therefore prepared, following the direc
tions given by investigators of peroxide 
photolysis for reducing motes to a mini
mum.

The yields of hydrogen, the oxidant- 
reductant balance and the peroxide-oxy
gen ratios given by five samples of mote- 
free water are among the results shown in 
Figs. 1, 2 and 3. The peroxide-oxygen 
ratio was higher in these samples than in 
most of the other water used, particularly 
in the case of the three-hour exposures. 
This is a good indication that with high 
energy radiation, as well as with ultra
violet light, the decomposition of peroxide 
to oxygen is hastened by the presence of 
dispersed glass particles. We believe that 
the decomposition of peroxide to oxygen is 
brought about by the reactions

I-I2Os OH = HO2 +  H20  
H 02 +  OH = H20  +  0 2

the material balances. The C02 still 
appeared on irradiation of the most 
carefully purified synthetic water, and 150 
therefore probably did not arise en
tirely from organic impurities in the 
water. Perhaps some carbon-con
taining impurity was present in the 
fused silica containers, which passed 
into the water as C02 under the 
action of radiation.

A quantity of interest is the extent 
to which the oxygenated product ap
pears as oxygen gas or as hydrogen j00 
peroxide. The ratio H20 2/(H 20 2 +
2 0 2), which gives the fraction of total 
oxidant present as peroxide, is plotted 5  
in Fig. 3 against time. The points 2. 
are seen to scatter very badly. It is £ 
clear, however, that at short expo- => 
sures the oxidant is present mostly in 
the form of peroxide and that with £ 
increasing exposure time the oxygen 
iends to become more prominent.
There is little doubt that the initial 50 
product of the reaction is hydrogen 
peroxide and that oxygen forms by 
subsequent decomposition of the per
oxide. The photochemical decom
position of peroxide is known to be 
very sensitive to the presence of im
purities, especially dissolved or sus
pended particles of glass. The rate 
of back reaction of the products will 
naturally be dependent upon whether 0  
the reacting material is oxygen or per
oxide, and much of the irreproducibil- , . . .  . . . .  ,
ity in the amount of decomposition Fig. 4.—W ater decomposition m pressure indicating ampoules,
can be attributed to difference in the
fraction of peroxide decomposing to oxygen. One or both of these reactions occurs more readily on sur-

Reference to the literature6'“ on photochemical decomposi- faces than in solution.

Fig. 4.—Water decomposition in pressure indicating ampoules.

(5) F. O. Rice and JVC. L. Kilpatrick, Tins .Tournât ,, 31, 1507
(11)27).

(0) R. Livingston, ibid., 47, 200 (10-13).

Containers of oilier materials than silica were fried—Py
rex, gold, tin and aluminum—but in metals, the reproducibil
ity was even worse than in silica. Water-filled Pyrex am-
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poules usually cracked in the reactor, probably because of 
heat generated by the nuclear reaction of neutrons with bo
ron in the Pyre;:.

Results obtained with different ampoules were so erratic 
that it became obviously desirable to measure the pressure of 
gas in an ampoule without opening it so that the develop
ment of gas could be followed as a function of exposure time 
in a single ampoule. This was accomplished by devising an 
arrangement for determining the boiling point of the water in 
the ampoule.

A number of these ampoules were exposed in the reactor 
at about 25°, withdrawing at intervals for pressure measure
ment. The results are shown in Fig. 4. The rate of gas 
generation is initially about the same for the different am
poules, but sooner or later decreases and finally becomes zero 
(steady state). The final pressure attained varied for the 
different ampoule« from 51 to 147 cm. The corresponding 
concentrations of H2 dissolved in the water are of the order 
of a few hundred pM.

Talcing these data, together with those obtained with full 
ampoules, we get the following picture; In a full ampoule, a 
steady state is at'amed within a few minutes. The steady- 
state level of decomposition gradually drifts upward, how
ever, because of aging of the ampoule which presumably 
involves dispersion in the water of material from the wall. 
In a half-filled ampoule, attainment of the steady-state con
centration is necessarily much slower, and the aging process 
occurs concomitantly with the initial gas evolution, so that 
a smooth pressure-time curve results. After a few days, 
however, the aging process appears to reach an end, so that 
the pressure attains a true steady state. At this point, the 
dispersion of silica in the water may be balanced by reprecipi
tation on the wall. Different ampoules give different 
steady states because the nature of the foreign particles pro
duced varies with different pieces of silica tubing. It is 
very doubtful that the steady-state pressure in these am

poules would remain indefinitely constant. Further drifting 
would probably occur if the exposures were continued for 
many weeks.

We were able with these ampoules to confirm the theory 
that the steady state should be higher the greater the pro
portion of heavy-particle radiation impinging on the sam
ple, i.e., the greater the average density of radicals at the 
time of their formation. An ampoule was surrounded with 
n /ie" of lead. This cuts out much of the 7 -rays absorbed by 
the sample, while reducing less the fast neutron flux in the 

water. The steady-state level of 
gas should, therefore, be increased. 
This actually happened; the pres
sure, which had been essentially 
constant for 95 hours without lead 
at 48-51 cm., rose in a further 44 
hours exposure with lead to 61 
cm. Another ampoule, which had 
leveled off at 95 cm. was put back 
surrounded with u/ m" paraffin. 
This reduces the fast neutron flux 
much more than it reduces the 
7 -ray flux. The pressure, as may 
be seen in Fig. 4, dropped precipi
tately, eventually reaching 1 0  cm. 
The initial rate of pressure drop 
when the paraffin was put on was 
actually greater than the initial 
rate of pressure rise obtained w’ith 
fresh ampoules.

Decomposition of Water in 
Aqueous Solutions under 

Reactor Radiation
Solutions of KBr, KI, CuS04, 

KC1, HC1, KOH, HoSCh, K2S04 
and H3PO4 at various concentra
tions were exposed for different 
lengths of time in the reactor. All 
these experiments were made with 
full ampoules containing essen
tially no gas phase. Resulting 
yields of hydrogen gas are shown 
in Fig. 5. It is seen that in many 
cases hydrogen concentrations 
were obtained far exceeding any
thing found with pure water. In 
general, the pressure increases 
with time, then usually levels off 
to some steady-state value. M ith 
the more concentrated chloride 
solutions and with copper sulfate, 
the dissolved hydrogen pressure 
did not level off, even when values 
corresponding to hydrogen pres
sures of over 1 0 0  atmospheres 

were attained. The initial rate, however, appeared to be 
the same in all cases. This is shown in Table I, which gives 
the hydrogen yields obtained in 1 -minute exposures of the 
various solutions. The value is always about 27 micromoles/ 
liter within experimental error, except for a few lower values 
obtained with pure water and solutions that gave low steady- 
state values; in these cases, the back reaction was appar
ently already important in the first minute.

T a b l e  I
f iE L D S  O b t a i n e d  i n  V a r i o u s  S o l u t i o n s  i n 1 - M i n u t e

S o lu t io n

R e a c t o k  e x p o s u r e s

H 2 c o n 
c e n tr a t io n  

( m ic r o m o le s /

112 c o n 
c e n t r a t io n  

( m i c r o m o le s /
l ite r ) S o lu t io n l ite r )

.0 .V I12S04 3 3 . 7 1.0 M KC1 31.8
1.13 N II2S04 23.4 10- 2 M KBr 24.7
.0095 N H2S04 2 0 . 8 10 ~3 M IvBr 23.8
.683 N H3P04 28.3 0.5 M K2S04 20.3
.069 N H3P04 25.8 10 “ 3 M CuS04 27.5
.994 N IICl 26.9 II20 17.1
. 119 A' HC1 29.7 30.8
. 0088 N HC1 29.0 26.2
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Fig. 6.—Combination of hydrogen peroxide and hydrogen in dilute aqueous solution under radiation from Oak Ridge pile.
Curves are theoretical:

d(H20 2) = -7 .5  +  9.42 (ID)
d (Dose) J T  (H A )  

= (H2Q2)q -  (IR A ) _  
b

7.5

DOSE = 

where 6 = 9.42

/N

a 4- 6(H20 2) 
(H20 2)

a +  6(H20 2)„
W "  a +  6(H20 2)

1.92; a = 9.42 [(H2) -  (H20 2)].

These results are readily explained in terms of our picture 
of the hydrogen-producing reaction, occurring in the 
densely ionized charged particle tracks, independently of 
the back reaction which comes about through the agency of 
free radicals escaping from the tracks. Those solutes which 
produce very high steady states react with radicals, and 
thereby prevent the radicals from reacting with dissolved 
hydrogen and hydrogen peroxide, so that the back reaction 
is inhibited. The forward reaction proceeds and the ob
served rate is that of the forward reaction until the dis
solved hydrogen and peroxide reach a high enough concen
tration to compete with the dissolved materials for reaction 
with radicals. The observed rate then drops. This falling 
off occurs at a higher concentration of hydrogen the higher 
the concentration of any given dissolved material. The 
relative effectiveness of different materials in raising the 
steady state is a measure of the specific reaction rates of 
those ions with the radicals. Evidently bromide, iodide and 
copper ions react most rapidly7 with radicals, hydrochloric 
acid somewhat less rapidly, sulfuric acid still less rapidly, 
while phosphoric acid and hydroxide ions react little or not 
at all with the radicals. Reproducibility in these experi
ments was fairly good except for the more dilute solutions. 
With the more concentrated solutions the effect of the im
purities was apparently swamped by that of the dissolved 
materials. With most of the solutions, the material bal
ances were reasonably good. A few cases of poor material 
balance occurred, especially with sulfate solutions, suggest
ing that some oxidation or reduction of the solute may have 
occurred. The peroxide concentrations were very high in 
the case of sulfuric acid, suggesting that a persulfuric acid 
may have formed which is more stable to radiation than hy
drogen peroxide. A complete elucidation of w7hat occurs on 
irradiation of these solutions would require a more nearly 
complete analysis of the dissolved materials.

The high H2 concentrations shown for 1 molar solutions of 
KC1 (reagent grade) in Fig. 5 were shown to arise from bro
mide impurities. Some KC1, especially purified from bro

mide ion by repeated chlorination and recrystallization, gave 
the low hydrogen ydeld shown in Fig. 5 under the heading 
0.1 M KOI (pure). In a special series of experiments, the 
hydrogen yields from irradiated solutions of purified chlo
ride, with pH adjusted by small additions of IfCl, were 
shown to be small at pH greater than 4, with higher yields of 
hydrogen at lower pH. A possible explanation is that the 
reaction

OH +  C l- = Cl 4- OH -
is endothermic and does not occur in neutral solutions; but 
in acid solutions the exothermic termolecular reaction

II+ +  Cl“  +  OH = H»0 +  Cl 
becomes prominent.

The Reaction between Dissolved Hydrogen and 
Hydrogen Peroxide under Reactor Radiation

Since the back reaction between dissolved hydrogen and 
hydrogen peroxide plays such an important part in water 
decomposition, it was obviously desirable to study the rate 
of this reaction directly under various conditions. The 
kinetics of this reaction should also give us more detailed 
insight into the mechanism of the series of radical reactions 
occurring.

Solutions were made up in which the hydrogen was in ex
cess of the peroxide and others in which the peroxide was in 
excess. The most interesting results were obtained from 
solutions in which hydrogen was in excess. Figure 6 showrs 
the change of peroxide concentration with increasing ex
posure for solutions in which the initial concentration of 
peroxide was considerably less than that of dissolved hydro
gen. In these cases no significant amount of oxygen ap
peared in the solution. Tlie peroxide concentration de
creased at a rate which became greater as the reaction pro
ceeded. Then when the peroxide concentration approached 
zero, the rate fell abruptly, and a steady-state peroxide con-
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Fig. 7.—Decomposition of water in solutions containing comparable amounts of H2 and II20 2.

centration was reached at levels of the order of 1 yuM. Figure 
7 shows results obtained from solutions where the initial 
hydrogen and peroxide concentrations were comparable; 
here steady states were found at levels comparable to those 
reached on exposures of pure water in the reactor for periods 
of 2 minutes to I hour. When considerable excess peroxide 
was present, concentration of hydrogen rapidly increased as 
shown by the curves in Fig. 8. Appreciable amounts of oxy
gen began to appear when the hydrogen and peroxide con
centrations were equal, and much oxygen was formed when 
peroxide was in excess.

When only hydrogen was present initially, no appreciable 
peroxide or oxygen was formed in the solution, as shown in 
Fig. 9. A small drop in the dissolved hydrogen concentra
tion on exposure must be ascribed to the absorption of hydro
gen by the silica vessel walls. When only hydrogen peroxide 
or only oxygen was initially present, much water decomposi
tion occurred (Fig. 9). In these cases, more hydrogen was 
formed than from water initially not containing any dis
solved material.

In Fig. 10, the initial rate of peroxide disappearance is 
shown for the solutions, all of which contained the same con
centration of dissolved hydrogen but different concentrations 
of peroxide.
_ The data all show definitely that the rate of back reac

tion—that is, the reaction of hydrogen with peroxide or oxy
gen to form water—increases with increasing hydrogen con
centration but decreases with increasing concentrations of 
peroxide or oxygen. The oxygen or peroxide, although they

are reactants, also act as inhibitors for the reaction in the 
same way that other oxidizable and reducible solutes have 
been shown to behave. This is the explanation for the pre
viously observed fact that, starting with pure water, a higher 
steady-state concentration of hydrogen is observed when a 
considerable space is available over the water than when the 
vessel is full. In the former case, most of the hydrogen 
formed escapes into the gas phase, leaving an excess of per
oxide in the solution which inhibits back reaction and causes 
the hydrogen concentration and thereby its pressure to rise 
to high levels. Since excess peroxide inhibits the back re
action, a solution containing a large peroxide excess would 
presumably decompose under radiation indefinitely if it were 
not for the decomposition of peroxide to oxygen which occurs 
at the same time. The evolution of hydrogen stops when 
the peroxide level has been sufficiently reduced by its de
composition to oxygen.

For solutions containing excess hydrogen, the material 
balances were relatively good; since no appreciable amount 
of oxygen appeared, plots of the hydrogen and peroxide con
centrations against time in any run would show parallel 
curves. The material balance in some of these runs is shown 
in Table II. In some of the later runs, only peroxide was 
determined, since it appeared superfluous to determine hy
drogen.

In runs with excess peroxide, the material balances were 
not so satisfactory. The curves given in Figs. 8 and 9 for 
the amount of dissolved hydrogen are calculated from the 
oxygen and peroxide curves on the assumption of perfect
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Fig. 8.—Decomposition of water in solutions containing hydrogen and peroxide when peroxide is in excess.

material balance, and the degree of experimental unbalance 
can be determined from the deviation of the observed hydro
gen points on the graph from the calculated hydrogen curve. 
Bad material balances were likely to be found whenever 
oxygen appeared.

Discussion
The mechanism by which the decomposition of 

water is affected by various types of radiation was 
briefly discussed in the Introduction. Excitation 
or ionization of the water molecules leads ordi
narily to bond breaking with the formation of the 
free radicals OH and H. In regions of high ioniza
tion density, such as the tracks of proton recoils 
or very slow electrons, radicals are formed in high 
concentrations. Many will react with one another 
to form the molecules H20 2 and II2 before they have

time to separate by diffusion into the bulk of the 
water. In regions of lower ionization density, 
such as the tracks of fast electrons, most of the 
radicals will diffuse out into the water before they 
have a chance to reaet with one another. The 
system therefore behaves as though two different 
reactions were occurring simultaneously

2H20  — s- H20 2 +  H2 (F)
H20  — H +  OH (R)

The free radicals formed by reaction (R) disperse 
through the water by diffusion and are available 
to react with dissolved materials. Since H is a 
strong reducing agent and OH a strong oxidizing 
agent, oxidation-reduction reactions are common 
in irradiated solutions. Existence of the radiation-
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Fig. 9.—Decomposition of water in solutions containing initially only: (a) oxygen; (b) H20 2; (c) hydrogen.

T a b l e  I I

M a t e r i a l  B a l a n c e  i n  R e a c t o r  I r r a d i a t e d  S o l u t i o n s  

C o n t a i n i n g  H y d r o g e n  i n  E x c e s s  o f  H y d r o g e n  P e r o x i d e

E x p o s u r e  
( r e a c to r  

p o w e r  X P r o d u c t  c o n c e n t r a t io n  (u M .)
E x ce ss

Hj
t im e ) h 2 os H2O2 ( mM .)

0 773 6 350 411
3.7 £87 6 296 379
7.4 £35 10 220 395

14.8 412 15 41 341
0 742 11 301 419
2 736 9 240 476
3.6 694 5 218 466
4 667 5 192 465
7.2 715 4 134 573
8 518 6 0 506

12 451 14 0 433
16 450 7 0 436

induced back reaction between dissolved H 2 and
H 20 2 shows that the radicals can reduce peroxide 
and oxidize hydrogen

H +  H20 2 — H20  +  OH (1)
OH +  H2 — > H20  +  H (2)

When both H2 and H20 2 are present, a chain re
action will evidently be set up. This reaction is

completely analogous to the well-known gaseous 
chain reaction between hydrogen and chlorine; 
here the place of Cl is taken by OH, which has very 
similar chemical properties. The presence of 
readily oxidized material such as bromide ion will 
remove free radicals from the system and thereby 
interrupt the back reaction chain. The probable 
reactions occurring with bromide ion are
Br~ +  OH — >- Br +  0H~
Br +  H — > H + +  Br-  or: Br +  Br — >  Br2

H +  Br2----> H + +  Br-  +  Br
H+ +  OH - — > H20

The bromide ions therefore act as catalysts for the 
recombination of radicals to water. We would 
expect most oxidation-reduction systems to behave 
in the same way. Anions containing oxygen prob
ably interrupt the back reaction by a similar 
mechanism with peroxy radicals playing the role 
of the oxidized state.

HSO4-  +  OH — s- H2S05-  
H2S05-  +  H — s- H20  +  HSO4-

While solutes interrupt the back reaction at high 
dilutions, they can have no effect on the forward 
reaction which takes place in the minute regions of 
high ionization density. The production of hy-
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drogen and peroxide in the solution therefore 
proceeds uninterrupted until the concentration 
of these decomposition products becomes high 
enough for them to compete effectively with the 
foreign solutes for reaction with the radicals. 
The initial rate of hydrogen gas formation is there
fore the same for all solutions in Table I.

Excess peroxide also inhibits the reaction by 
interrupting the chain. The reaction in this case 
is the same one by which peroxide is oxidized to 
oxygen

OH -)- H20 2 — H20 -{- HO2 (3)
When many OH radicals are present, the resulting 
HO2 radical can be oxidized further to oxygen.

H 02 +  OH — > H.O +  0 2 (5)
However, the H 0 2 can also be reduced back to 
hydrogen peroxide.

H 02 +  H — >- H2O2 (4)
The sum of reactions (3) and (4) is again simply 

the combination of H and OH to water, so that 
excess peroxide acts in the same way that bromide 
ion does to inhibit the back reaction. When re
action (5) occurs the resulting oxygen can also be 
reduced back to H 02.

0 2 +  H — >- I102 (6)
Reactions (5) and (6 ) are another oxidation- 
reduction pair, so that oxygen as well as H2O2 will 
act as a back reaction inhibitor.

When hydrogen is present in excess, reaction (5) 
apparently does not occur to any important extent 
since no appreciable quantity of oxygen is produced. 
The excess hydrogen keeps down the concentration 
of OH by reaction (2) so that most of the radicals 
are in the form of H and reaction (4) is favored 
over (5).

The relative rates of reactions of (F) and (R) 
are dependent on the ionization density character
istic of the particular radiation used. Since re
action (R) leads to disappearance of products pro
duced in (F), the steady-state concentration levels 
of these products should be very sensitive to the 
ionization density. This was demonstrated by the 
experiments in which the proportion of the fast- 
neutron and 7 -ray components of reactor radiation 
were changed (Fig. 4).

The only experiments which were sufficiently 
reproducible to permit quantitative treatment were 
those in which hydrogen and peroxide were initially 
present, with the hydrogen being in considerable 
excess. Here the reactions occurring were (F), 
(R), (1), (2), (3); (4) above together with the 
radical Recombinations

H +  H = Ho (7)
H +  OH = H2O (8)

Reaction of OIi with OH may be neglected in these 
systems because with Id2 present in large amounts 
the OH concentration is much lower than that of H.

It is assumed in the following treatment that the 
free radicals are dispersed uniformly throughout the 
solution, so that the rates of their reactions are 
taken as proportional to their concentrations in the 
usual way. We assume, following the usual pro
cedure, that the rate of change of radical eoncentra-

Fig. 10.—Initial rate of peroxide disappearance in hydrogen 
saturated solutions.

tions is small compared to the rates of the in
dividual reactions involving radicals and may 
therefore be set equal to zero. At relatively high 
concentrations of H2O2 most of the radicals will 
disappear by reactions (3) and (4) so that reactions
(7) and (8 ) may be neglected. We note that (3) 
followed by (4) does not change the H20 2 concen
tration. Then, if we let I  be the radiation inten
sity, and k with an appropriate subscript the rate 
constant for any of the above reactions

-d (H 20 2)/di =  fc-(H)(H20 2) -  kFI  (A) 
-d (H 2)/di =  feCOH)(H2) -  kt-I (B) 

d(H)/di = 0  = kul — fe(H)lH20 2) -f-
fe(OH)(H2) -  /c4(H)(H20 2) (C) 

d(OH)/d< = O = knl +  fc,(H)(H20 2) -
fe(OH)(H2) -  fe(0H)(H20 2) (D)

Since £4 (H) (H 02) = £3 (OH) (H20 2) (because H 0 2 
must be consumed as fast as it is formed) we have 
from (C) +  (D)

0  = 2ksJ -  2fe(0H)(H20 2) 
,nd setting (A) =  (B), we obtain 

krJ(OH) = fe(H)(H20 2) 
fc(H20 2) fe(H2)

7. 7 T T \  f e f c R l ( H 2 )

*l(H) = i 3(H20 2)2
Substituting: in A

(E)

— d(H20 2) k~k-B.I{Hi) , 
di fr3(H20 2) F (F)

Thus the mechanism gives the simple prediction 
that the back-reaction rate, after correcting for the 
forward reaction, should be directly proportional 
to the hydrogen concentration and inversely pro
portional to the peroxide concentration. The 
radiation yield, which is the rate of reaction divided
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by the rate of radiation input 7, is predicted to be 
independent of I.

To compaie this expression with the data at 
hand, it must be integrated under the condition 
that the difference between the IT and H 20 2 
concentrations remains constant.

On integrating between the limits (H20 2)x at t =  
ti and (H20 2) at t =  t, we obtain

(H202) — (Hi02)i , a , a +  b(H202)i _  , ,
b ~ +  V  a +  fc(H202) 1 { 1

where
a = — Ckik^I/h) b =  kpl — (faknl/ks)

C = (H2) -  (H202)

The quantity k?I appearing in the above equa
tions is already known. This is the rate at which 
hydrogen is formed in solutions of active solutes 
such as H G 1  in which radicals are destroyed by the 
solute. We express the radiation intensity in 
arbitrary links of reactor power and set kvl =
30 micromoles/liter-minute at a relative power of
4.0. (The experiments with solutions were per
formed with a relative power of about 3.6.) The 
experimental data shown in Fig. 6  include reaction- 
dose curves for four different starting concentra
tions of H 2Q 2, all having nearly the same initial 
concentration of H 2. To fit these four curves, we 
have equations (F) and (G) which contain the 
single adjustable constant kjcn/ka. The curves 
drawn on Fig. 6  are the curves obtained from 
equation (G), with the above adjustable constant 
taken as 9.42. The curves fit the observed points 
within the experimental error except that the ob
served initial rate is somewhat greater than ex
pected for the upper three curves. The initial 
rapid rates are probably due to presence of small 
quantities of organic impurities which accelerate 
the disappearance of H20 2. The fit of the equation 
to the data is really much better than might be 
expected, and offers very good evidence for the 
assumptions made in deriving the equation.

Equation (?) predicts an infinite rate at zero 
peroxide concentration corresponding to an infinite 
concentration of hydrogen atoms. It is clear that 
when the peroxide concentration becomes suffi
ciently low, radicals will in actuality begin to dis
appear by reactions (7) and (8 ). When we include 
these reactions in the above scheme we obtain the 
following cubic equation for the concentration of 
hydrogen atoms

1*.(H)]* +  1 * . (H ) ] * [ (^  +  g )  (H202) +  +

The rate of disappearance of peroxide is still given 
by equation (A), with (H) now to be taken from 
equation (J). A qualitative examination of equa
tion (J) shows that it predicts a curve that follows 
equation (F) down to peroxide concentrations of the 
order of 30 pM, then rapidly bends over and levels 
out. This qualitative behavior is in complete 
agreement with the observations and is indicated 
by the dotted portions of the curves in Fig. 6 . To 
attempt a quantitative fit of the cubic equation 
with* the experimental data, and thereby obtain 
values for the various constants involved, would

have required much greater precision of experi
mental data than is possible to obtain.

The picture of radical behavior in irradiated 
water offered by the above mechanism differs in 
two important respects from that suggested by 
Lea. * 30 7 In the first place the change of radical 
concentration with time as the radicals diffuse 
away from the small volume in which they are 
formed is seen to be unimportant. Once a radical 
escapes by diffusion from the immediate neighbor
hood of others, the interaction of radicals becomes 
negligibly slow and the radicals spread out by 
diffusion until their concentration throughout the 
solution becomes essentially uniform. The inter
penetration of expanding tracks, regarded by Lea 
as a meaningful quantity, is seen to have no signifi
cance. It appears that the rate of radical re
combination must in actuality fall off much more 
sharply with time of diffusion than predicted by the 
Jaffe equation which Lea used. The second point 
of Lea’s treatment which now appears unimportant 
is the alleged segregation of H and OH radicals in 
different parts of the track of the primary radiation. 
The formation of H2 and H20 2 will occur in the track 
to some extent irrespective of the degree of segrega
tion of the different kinds of radicals. The present 
results show that all observations can be explained 
without assuming this segregation; they neither 
prove nor disprove its occurrence.

Experimental
Preparation and Exposure of Silica Ampoules.— Water 

was exposed in the vertical water-cooled hole (No. 12) of the 
Oak Ridge reactor. The water samples were sealed in ves
sels made of fused silica tubing. Fused silica was used be
cause it is more inert chemically toward water than most 
other materials and because it contains no great amount of 
any elements which become highly radioactive in the reactor. 
Most of the ampoules used for pure water were made from 15 
mm. o’, d. tubing, and held about 10 cc.; some ampoules were 
made from 6 mm. o.d. tubing and held about 2 cc. The 
tubes were sealed shut at one end and drawn down to small 
diameters at the other. After thorough cleaning with sul
furic-nitric acid mixture and rinsing and soaking with dis
tilled water, the ampoules were sealed to a vacuum line and 
flamed to a red heat under vacuum. Degassed water was 
then distilled into the ampoules from a fused silica container 
and the ampoules sealed off. In some cases, the ampoules 
were practically full of water. In other cases they were 
only partially filled.

Hole 12 was maintained at 25° during the exposures. The 
water samples were probably about three or four degrees 
above this temperature, because of the heat resulting from 
absorption of radiation in the water.

After exposure for a predetermined time in Hole 12, the 
ampoules were withdrawn from the hole and allowed lo 
stand for a time to allow the silicon activity to decay to a 
reasonably low level. The required “ cooling”  time varied 
from an hour to a day, depending on the length of the ex
posure.

Analysis of Decomposition Products.—The exposed am
poule was placed in a glass tube which was connected to a 
vacuum line. This tube was evacuated, and the ampoule 
was broken, either by warming the water in it with a heat 
lamp so that it expanded and broke the ampoule, by freezing 
the water so that the ampoule broke, or by breaking the am
poule under vacuum with a mechanical device. After the 
ampoule was broken, the water was warmed to reflux to as
sure expulsion of all gas, and the evolved gas passed through 
a trap maintained at —100° which collected all but traces of 
water vapor.

(7 )  D ,  E . L e a , “ E f fe c ts  o f  R a d ia t io n s  o n  L iv in g  C e l ls ,”  T h e  M a c 
m illa n  C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  1947 , C h a p . 2 ; Util. J. Hndiol. 
Suppl., 1 , 59 (1 9 4 7 ) .
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The gas was collected in a gas analysis system which con
sisted of a McLeod gage connected to a platinum filament 
and a small liquid nitrogen trap. The gases present were 
assumed to consist of hydrogen, oxygen and carbon dioxide, 
with perhaps traces of nitrogen. The pressure of the gas 
was initially measured in the McLeod gage. Liquid nitrogen 
was the nplaced around the trap, and the reduction in pres
sure gave a measure of the carbon dioxide content. Consid
erations of vapor pressure and solubility allowed the conclu
sion that this component could not be any other substance 
which might conceivably form in the system, such as ozone, 
a silicon hydride or a nitrogen oxide. The hydrogen and 
oxygen were then determined by combustion on the heated 
platinum filament. Provision was made for the addition of 
small quantities of hydrogen and oxygen from the outside so 
that, by further combustion, a complete determination of 
hydrogen, oxygen and nitrogen in the gas was obtained. 
The diffusion of gas from the McLeod gage to the cold trap 
and the hot filament occurred rapidly and completely as long 
as the pressure was kept so low that the mean free path of 
the gas molecules was of the order of a centimeter. Quan
tities of gas as small as 1 cubic millimeter (S.T.P.) were ana
lyzed with an accuracy of 1  or 2 % in about 2 0  minutes. 
Table III shows the results of analyses on synthetic gas 
mixtures made to test the accuracy of the method. The 
accuracy of the analysis seems to be good and the chief error 
is probably incompleteness of removal of dissolved gas from 
the water sample. A test showed that the first outgassing 
of a typical sample removed 90% of the dissolved hydrogen, 
and it may be presumed that gas recovery was at least this 
good in ail the work reported here when the dissolved gas 
concentration was as high as 300 micromoles /liter.

T a b l e  III
A n a l y s i s  o f  S y n t h e t i c  G a s  M i x t u r e s

T o t a l
g as ,cc. std. 

X 1<>!
h2

Added,
%

-Found,
%

02
Added,

%
02Found, C02Added,

%
CO,

Found,
%

Totalfound,
%

0.63 100 100
0.60 39.2 40.8 34.4 33.4 26.4 25.8 100
0.38 37.5 38.5 49.9 42.9 12.6 13.0 94.4
1.17 63.7 65.6 26.3 25.9 10.4 8.8 100.3
0.68 47.3 47.3 47.9 47.1 3.88 4.76 99.2
0.7 56.0 56.6 38.5 38.5 5.7 5.09 100.2
0.95 17.9 18.2 32.1 32.1 50.2 50.9 101.2
1.0 44.9 46.6 21.5 20.8 33.7 32.7 100.1
2.02 24.1 24.1 21.8 21.7 54.4 54.0 99.8

The volumes of water and gas phase were determined by 
weighing the ampoule plus water sample, the ampoule full of 
water and the empty ampoule. For those ampoules which 
were practically full of water ( ~ 1 % gas space in a small cap
illary) the concentrations of products in micromoles/liter 
were calculated assuming all of the products remained in 
solution. When a gas phase was present, the concentrations 
of products in solution were calculated on the basis of known 
solubilities and the measured amounts of products formed.

The water, after withdrawal of gas for analysis, was re
moved from the apparatus for colorimetric determination of 
dissolved hydrogen peroxide. Reagent for the determina
tion was prepared by mixing equal volumes of (a) a solution 
containing 1 g. of NaOH, 33 g. of KI, 0.1 g. of (NHt)r 
M07O2J4 H2O in 500 ml. of distilled water; (b) 10 g. of po
tassium acid phthalate in 500 ml. of distilled water. The 
alkaline iodide solution is stable, but iodide is slowly oxidized 
by dissolved oxygen at the pH of the mixed reagent, where 
peroxide reacts rapidly with iodide in the presence of molyb
date catalyst. Samples of water ranging in volume from 0.1 
to 2  ml., depending on the peroxide concentration, were 
mixed with 2.5 ml. of the reagent in a volumetric flask and 
distilled water was added to bring the volume to 5 ml. 
Samples were placed in a 1 -cm. absorption cell and the opti
cal densities were determined with a Beckman spectrophotom
eter at 350 mp the wave length of maximum absorp
tion for the triiodide ion. The concentration of peroxide in 
the original sample, in micromoles per liter, is given by ( D„ — 
Db) X 40.0 X diln., where chin, is the ratio of the volume of 
the final mixture to the volume of the original sample, Db is 
the optical density (logm To//) of the reagent alone diluted

with distilled water, and Ds is the optical density of the 
sample. In most determinations the sample in one cell was 
compared with the reagent blank in another cell in the spec
trophotometer, giving Ds — Db directly. The method was 
checked using a series of peroxide solutions prepared by dilut
ing a standard peroxide solution analyzed by the ceric titra
tion method. The determination is good to better than 3% 
at high peroxide concentrations. At low concentrations 
greater absolute accuracy was obtained by using the same 
cell for both the reagent blank and the sample, using for com
parison each time the intensity with no cell in the optical 
path of the spectrophotometer. The probable error at low 
concentrations is believed to be ± 0 . 2  micromole per liter.

Preparation of Water.—Great efforts were made to purify 
the water used, in the belief that irreproducibility of results 
and poor material balances could be ascribed to traces of im
purity introduced with the water. The persistence of car
bon dioxide in the irradiated water suggested that organic 
impurities might be responsible for the lack of reproducibil- 
ity ■ Distilled water was redistilled from acid permanganate, 
then from alkaline permanganate in a closed system allowing 
no contact with air. The triply-distilled water was some
times distilled again, the steam passing through a tube con
taining copper oxide and kept at 700° to oxidize organic mat
ter. Later the copper oxide was replaced with strips of 
pure nickel, the surface of which was purified by oxidation 
with oxygen at a high temperature followed by reduction 
with hydrogen. Steam was passed over the nickel at 1000°, 
in the hope that nickel would catalyze the reaction of organic 
impurities with steam to form oxides of carbon. None of 
these treatments suppressed she formation of carbon dioxide 
by irradiation. Water was then synthesized by combina
tion of hydrogen and oxygen in a flame. The resulting wa
ter was distilled from potassium hydroxide which was found 
necessary to hold back traces of nitrous acid formed appar
ently by fixation in the flame of nitrogen present as an im
purity in the oxygen used. All the water was thoroughly 
out gassed by refluxing under vacuum before the final distil
lation into the silica ampoules.

No essential differences were detected in the behavior of 
these various kinds of water under irradiation. In later 
work the water used was mostly laboratory distilled water 
which had been redistilled first from acid and then from alka
line permanganate in a Pyrex system and finally redistilled 
at atmospheric pressure in an all-silica system. The water, 
when air-saturated, had a conductivity of about 8  X 10“ 7 
ohm-'em . - 1  which is close to the accepted value for pure air- 
equilibrated water. Redistillation of this water from KOH 
under vacuum in a silica system gave water with a conduc
tivity of about 2 X 10-7, which compares not unfavorably 
with the theoretical value of 0.5 X 10“ 7 for absolutely pure 
water containing only H + and OH“ ions.

“ Mote-free”  Water.—The procedure used was that of 
Martin. 8 Motes are formed by the action of water on a 
rough glass surface. To make a surface smooth, the glass 
(fused silica) was heated to the fusion point and cooled in the 
absence of moisture, since water vapor apparently invades 
the glass during cooling and causes surface roughening. 
Water was then distilled into the ampoule very slowly under 
vacuum. Some motes are said to be present, nevertheless, 
and these were removed by pouring the water carefully out 
of the ampoule back into the distilling bulb and redistilling. 
This process of distilling and pouring was repeated nine or 
ten times. Finally the ampoules were sealed off at the small 
capillary which connected them to the distillation tube. 
The amount of water in the ampoule was adjusted so that 
when it warmed up to room temperature no void was left in 
the ampoule.

Pressure Indicating Ampoules.—The method is illus
trated diagrammatically in Fig. 1 1 . The main part of the 
fused silica ampoule is drawn out into a capillary, a few cm. 
long, terminating in a small bulb into which is ring-sealed a 
further length of 1 -mm. bore capillary, with the inner end 
ground to a tip. The ampoule was generally about half- 
filled with water; the method of filling was the same as for 
the regular ampoules. To measure the boiling point, the 
ampoule is placed vertically, with the capillary end down, 
immersed in a heated bath. The main upper part is im
mersed in an ice-bath. The lower capillary is heated to ex
pel the gas from it. Bubbles of gas emerge from the capil
lary tip and pass through to the upper chamber. When

(8 )  W . U . M a r t in ,  T his J o u r n a l , 2 4 , 4 7 8  (3 9 2 0 ).
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Fig. 11.-—Determination of pressure in pressure-indicating 
ampoule.

bubbling stops, the end capillary should ideally contain wa
ter vapor only. The lower bath is then slowly cooled. 
When the temperature in the lower bath drops to the boiling 
point Tb of the water under the ambient pressure the vapor 
should suddenly condense and water rush in to fill the capil
lary. The pressure of gas P„ in the main part of the ampoule 
would then be the vapor pressure of water at TD, Tvb, less the 
head of water h, less the vapor pressure of water at the ice 
point, Pvo. (The head h equals the actual distance between

the upper and lower water menisci, plus 3 cm. to take ac
count of the capillary rise effect.) In practice, it is impos
sible to get rid of all the gas in the capillary, so that the wa
ter, instead of coming down suddenly into the capillary, 
comes down gradually over a range of 1-2° in the bath 
temperatures. The best procedure then is to note the tem
perature Ti at which the volume of vapor phase remaining 
in the capillary is reduced to some value Vi, and the lower 
temperature Ti at which it reaches some smaller value Vi, 
which is conveniently taken as one-half of V,. Then if Pvti 
and PVT2 are the vapor pressure of water at Ti and Ti, P,i is 
the unknown partial pressure of permanent gas in the capil
lary when the volume is Vi, and Pi and Pi are the total pres
sures in the capillary when the volumes are Vi and Vi, we 
have, neglecting the Charles law contraction of the perma
nent gas in the capillary

P i —  P o  +  l l - b P v O  =  P s I - l - P  v T l

Pi — Po +  h +  P vO = Ptl{Vl/Vi) +  PvT2
Since the change in h is negligible, we equate P, and Pi. 

If V 1 / V 2  =  2 ,  we have PEi =  P v t i  —  P v T2, and finally by 
substitution

Po = 2P vT1 —  P  v T 2 — h — Pv 3
Successive pressure determinations are reproducible to 

about ± 2 % .
Exposure of Solutions.—Solutions made up using triply- 

distilled water were placed in a fused silica bulb connected 
to a side arm to which the silica ampoules were sealed. 
The bulb was sealed on to the vacuum line and the solution 
was degassed. The bulb was then sealed off from the line 
under vacuum, the solution poured into the ampoules and 
the ampoules sealed off individually.

Preparation of Solutions Containing Hydrogen.—The 
water was triply distilled in all-silica apparatus. Hydrogen 
peroxide (Baker and Adamson, reagent grade, 30%) was 
vacuum distilled in silica apparatus before use. The silica 
ampoules used were sealed to a silica manifold connected to 
a silica bulb in which the water or peroxide solution to be 
used was placed. Hydrogen freed of higher-boiling im
purities by passage through a liquid-air trap was bubbled 
through the solution in the bulb until air was expelled and 
the solution saturated with the gas at atmospheric pressure. 
The whole apparatus was then inverted, allowing the gas- 
saturated solution to flow into the ampoules, which were 
then sealed off. The ampoules were always completely 
full of solution at room temperature; care was taken to avoid 
the presence of any gas bubble.
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The radiation decomposition of water and the radiation-induced back reaction of the products H2 and H20 2 have been 
studied using a cobalt gamma-ray source. Absolute yields were determined by comparison with an acid ferrous sulfate 
actinometer which had been calibrated calorimetrically. The measured yield for oxidation of Fe + + in air-saturated 0.4 M 
H2SO4 was 15.5 ±  0.3 Fe++ oxidized per 100 ev. absorbed. The decomposition of water by any ionizing radiation is treated 
as occurring in two separate reactions.

2H20  H20 2 +  H2 .(F) H20  -~ v>  OH +  H (R)
The value for h? =  0.46 H20 2 and H2 per 100 ev. was determined from H20 2 yield in oxygen-free acid bromide solutions. 
The value for &r =  2.74 H and OH per 100 ev. was determined from the H20 2 yield in solutions containing both H2 and 0 2. 
The minimum yield for decomposition of water by -/-radiation is then 3.66 H20  per 100 ev. or 1 H20  per 27 ev. The radia
tion-induced reaction between dissolved product molecules H2 and H20 2 was studied under a variety of conditions. The 
kinetics are discussed in terms of reactions with free radicals. H. OH and H 02.

Introduction
The present concepts involving the formation 

and reactions of free radicals in water and aqueous 
solutions exposed to ionizing radiations were de
veloped by a number of people and have been sum- 
maried in several reviews. 2 - 4

The effects of mixed fast neutron (through proton 
recoils) and 7 -radiation (furnished by the Oak 
Ridge pile) on water and aqueous solutions were 
studied by Allen, et alA 6 The results were eq- 
plained in terms of reactions of the free H and OH 
radicals produced in water by the ionizing radia
tions. In this paper are presented results obtained 
on irradiating water and aqueous solutions with 
pure, essentially monoenergetic 7 -radiation from 
radioactive cobalt60.

The salient features of the mechanism proposed 
in the previous paper are listed for reference:
(1) The primary chemical effect of the ionizing 
radiation is to produce H and OH radicals according 
to the mechanism.

H20 ---- H20+  +  e -
H20+  +  aq — >- H + aq +  OH 

e-  +  H20  +  aq — >- OH-  aq +  H
H20  OH +  H (over-all

primary decomposition)
(2) The spatial distribution of these radicals 

immediately after formation is characteristic of the 
ionizing radiation used and for «-particles, low 
energy protons or very low energy electrons the 
radicals are formed in high concentrations along 
the ionization tracks. Many will react with each 
other in these regions to form product molecules 
H 2 and H»02 or reform water according to

H +  H —->  lb (1)
OH +  OH —->  H20 2 (2 )

H +  OH — ^  H .O (3)
(1 ) T h is  w o rk  w a s p e r fo r m e d  fo r  th e  A t o m ic  E n e r g y  C o m m is s io n .
(2 ) M .  B u r t o n , T h i s  J o u r n a l , 51, 6 1 1  (1 9 4 7 ) .
(3 ) (a ) A .  O . A lle n , ibid., 52, 4 7 9  (1 9 4 8 ) ; ( b )  F .  S . D a in to n , ibid., 52, 

4 9 0  (1 9 4 8 ).
(4 ) F . S . D a in to n , Chem. Soc. Annual Repts., 45, 5  (1 9 4 9 ).
(5 ) A .  O . A lle n , C . J . H o c h a n a d e l ,  J . A .  G h o r m le y  a n d  T .  W . D a v is ,  

T h is  J o u r n a l , 56, 5 7 5  (1 9 5 2 ).
(6 )  A . O . A lle n , T .  W .  D a v is ,  G . E lm o r e ,  J . A .  G h o r m le y ,  B . M .  

H a in e s  a n d  C . J . H o ch a n a d e l ,  O a k  R id g e  N a t io n a l  L a b o r a t o r y  P u b *  
l ic a t io n ,  O R N L  130 , (1 9 4 9 ).

In regions of low ionization density such as 
tracks of fast electrons, most of the radicals will 
diffuse away from each other and are available to 
react with solutes. The system is therefore 
treated as though two separate reactions were 
occurring at the same time, namely

2H20  — -a-  H20 2 +  H2 (F)
H20 ---- 4>- OH +  H (R)

The first o: these we refer to as the forward 
reaction and its rate is the rate at which product 
molecules H 2 and H 20 2 are constantly formed in 
pure water or in dilute solutions. The relative 
rates of F and R  depend on the specific ionization 
of the radiation considered.

Although several workers7 report no decomposi
tion of pure, air-free water by X-rays, in this picture 
some decomposition (forward reaction) is expected 
to occur in the regions of high specific ionization at 
the ends of recoil electron tracks. Values for ftp 
and ku for ccbalt 7 -radiation will be reported in 
this paper. These values may be somewhat in
tensity-dependent .

(3) The radicals (R) are available to react with 
solutes, and in pure water two important reactions 
are

H +  H20 2 — >  H20  +  OH (4)
OH +  Hs — FI20  +  II (5)

This back reaction chain is the chief method by 
which produces of decomposition of water are re
moved. The steady state concentrations of prod
ucts in pure irradiated water depend on the relative 
rates of (F) and (R) and therefore on the specific 
ionization of the radiation used. This dependency 
has been demonstrated. 5 The steady state con
centration of H 20 2 for cobalt 7 -rays was found to be 
<  1.0 X 1013 molecules, liter-1, and to depend 
greatly on the presence of traces of impurities.

(4) Many added solutes in dilute solution in
hibit the back reaction by causing recombination 
of radicals; e.g., with bromide ion the reactions may 
be

Br-  +  OH — >- Br +  OH-  (6 )
Br +  H — > B r -  +  H+ (7)

Many oxidation-reduction systems act in this 
way. Since in dilute solution these solutes are

(7 )  H . Fricke, P ‘iys. Rev., 44, 2 i 0  (1 9 3 3 ) .
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expected to have little or no effect on the forward 
reaction, their addition allows a means for meas
uring kp. This method was used to obtain a 
value for ky using cobalt 7 -rays.

H 2O2 itself inhibits the back reaction, probably 
through

H A  +  OH — =► H20  +  IÏO2 (8)
H 02 +  H — ;» HOs (9)

(5) The presence of H 20 2 or of 0 2 in solution 
leads to formation of the free radical H 0 2 through

I-IA  +  OH — ^ H20  +  IIO2 (8)
O2 +  H — > H 02 (10)

Through reactions involving the II0 2 radical, 
II2O2 and O2 are readily converted from one to the 
other as follows

h .2o2 + no2 — s- II>0 +  Oil -1- (), (11)
OH +  IIO2 — > HîO +  G. (12)

11O2 +  h o , — >- h 202 +  02 (13)
H +  HO2 — > h a (9)

(6 ) In solutions containing hydrogen and 
hydrogen peroxide with hydrogen in considerable 
excess, no 0 2 is formed and the disappearance of 
H 2O2 follows the simple rate equation

—d(H02) h  (Hi)
d t v‘ h ( H 2O 2 )

kFI

down to very low H 20 2 concentration. Radiation 
intensity is represented by I.

The chief aim of this paper is to present constants 
kr and kr determined for cobalt gamma radiation 
and to show how the above rate equation fits the 
data obtained for the back reaction using cobalt 
7 -rays.

Experimental
Source of Radiation.—The source of 7 -radiation used in 

this work was provided by approximately 300 curies of ra
dioactive cobalt.60 With its long half-life (5.3 yr.) and essen

tially monoenergetic radia
tion (1.17 and 1.34 mev. 7 - 
rays in cascade), cobalt pro
vides an excellent source of 
radiation for this type of 
study. The design of the 
shield for this source has been 
described elsewhere.8

Measurement of Energy 
Absorbed in Solutions.—De
termination of the rate of 
energy absorption in solution 
was based on a calorimetric 
measurement9 of the rate of 
energy absorption in water at 
the position of maximum in
tensity . At the time of meas- 

Fig. 1.—Arrangement for urement this was 2.61 X  1020

saturating solutions and fill- ®v -> , r , . mlrb • , n . , jing cells basis of this value, the yield
for oxidation of ferrous ion 

in air saturated 0.4 M HSO4 solution was found to be 15.5 ±  
0.3 ferrous ions oxidized per 100 ev. absorbed in solution.

The rate of energy absorption in the solution contained 
in the irradiation cell was then determined using this ferrous 
sulfate actinometer. Results are plotted with concentra
tions given in units of 1 0 18 molecules per liter and energy ab
sorption (dose) in terms of 1020 ev. per liter. The slope of 
a curve then gives directly the yield G in terms of molecules 
per 1 0 0  ev. absorbed in solution.

(8 ) J . A .  G h o r m le y  a n d  C . J . H o c h a n a d e l ,  Reo. Sci. Instruments, 2 2 , 
4 7 3  (.19 51 ).

(9 ) J . A .  G h o r m le y ,  C . J . H o c h a n a d e l ,  u n p u b lis h e d  w o rk , O a k  R id g e  
N a t io n a l  L a b o r a t o r y .

Method for Saturating Solutions and Filling Irradiation 
Cells.—The arrangement for saturating solutions and filling 
the irradiation cells is shown in Fig. 1. The stopcocks and 
joints were lubricated with solution only, since the presence 
of organic material during irradiation would affect the re
sults. The gas, after bubbling through the solution, flushed 
the irradiation cell and escaped out the 120° stopcock. The 
cell was filled by gravity through the 1 2 0 ° stopcock, with 
the stopcock above the bulb now providing the outlet for the 
gas. For the irradiation times used, no gas phase .formed in 
the cell and it was assumed that no air diffused through the 
water sealed stopcocks and capillary tube into the main body 
of the cell. The opening at the top of the bulb allowed addi
tion of solutes at any time.

The cells could be reproducibly placed for irradiations us
ing the arrangement shown in Fig. 2. For most of the ex
posures the cobalt surrounded the irradiation cell. The 
solution could be thermostated by pumping water from a 
constant temperature bath through the outer jacket of the 
cell. For those samples on which a gas analysis was made, 
i he cell was modified by replacing the stopcocks with capil
lary U-tubes in which the solution could be frozen and pro
vide a vacuum tight seal for the gas analysis procedure.

COBALT IN WALLS 
■ 0? BRAf,';, CTUNDFR

—  s a m p l e

THERMOSTATin G 
WATER IN

LilLjJ
1 INCH

Fig. 2.—Arrangement for irradiating solutions with cobalt 
gamma rays.

Materials.—Water from a Barnstead still was redistilled 
from acid permanganate then alkaline permanganate. A 
further distillation was made in an all-silica system and the 
water was stored in silica vessels.

Several hydrogen peroxide preparations were used, each 
giving essentially the same results. These included 90% 
II2O2 kindly furnished by Buffalo Electrochemical Company, 
Inc., Baker C.p. 30% stabilizer-free H2O2, Baker and Adam
son 30% H2O2 containing a stabilizer, and also a solution 
prepared by irradiating with gamma rays oxygen saturated 
pure water with no gas phase present. An overnight expo
sure produced a solution containing 280 micromoles per liter.

Pure tank hydrogen and helium were passed over copper 
~500° and then through a charcoal trap at —196°, primar
ily to assure removal of oxygen. Pure tank oxygen was 
used without further purification.

Baker and Adamson reagent grade sulfuric acid and KBr 
were used without further purification.

Analytical Methods.—Hydrogen peroxide concentration 
was measured using a colorimetric method developed by J. 
A. Ghormley.6 Iodide ion is oxidized by H20 2 in neutral or 
slightly acid solution and the absorption of I3~ is measured 
at 3500 A.

The iodide reagent was prepared immediately before using 
by mixing equal volumes of two solutions containing: (a) 
6 6  g. KI, 2 g. NaOH, 0.2 g. (NH4)6Mo7024-4HO liter“ 1; 
(b) 20 g. KIICaHiOi liter“ 1. The alkaline iodide solution is 
stable but in the mixed reagent the iodide is slowly oxidized 
by dissolved oxygen. A measured volume of sample was di
luted to a definite volume with distilled water and reagent 
with reagent making up one-half of the final volume. The 
optical densities for sample and blank were measured on a
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Beckman Model DU spectrophotometer in the same 1-cm. 
cell using for comparison the intensity with no cell in the op
tical path. The concentration of peroxide in the original 
sample was calculated making use of the formula: Con
centration (micromols liter-1) = (Z>s — Db) X 38.7 X 
dilution. The constant 38.7 was determined by diluting 0.1 
N H20 2 which had been compared with ceric sulfate stand
ardized against arsenious oxide. The accuracy is about 
3% in the range of concentrations studied.

Gas was analyzed for H2, 0 2, C 02 and N2 using a low-pres
sure McLeod gage system. The gas was removed from solu
tion by refluxing at about 50°, then after freezing the water 
with dry ice, was transferred by means of a Toeplcr pump 
into the McLeod gage. A trap at —100° removed the wa
ter vapor. The total amount of gas was determined from 
the measured pressure at known volume and a calibration for 
the fraction of gas measured. C02 was measured by the 
change in pressure on cooling a small tube with liquid nitro
gen. Hydrogen and oxygen were determined by combustion 
on a platinum filament. The excess of one component was 
then determined by adding a measured amount of the other 
and burning a second time. The low pressure allowed rapid 
diffusion to the cold traps and filament.

Results and Discussion
Measurement of ky : The Initial Yield for FRO 

Formation in Acid Bromide Solutions Irradiated 
with Cobalt 7-Rays.— It was pointed out in the 
introduction that some solutes such as Br-  react 
with the radicals H and OH formed in (R) thus pre
venting their carrying the back reaction chain. A 
measurement of the initial rate of H 2 or H 20 2 
formation in such solutions then gives a measure 
of Jcp. The inhibition of the back reaction be
tween H 2 and H 20 2 by bromide ion is shown in a 
later section (see Fig. 10). Figures 3 and 4 show 
H20 2 formation in KBr solutions at various con
centrations of Br-  and at various pH. The initial 
yield for H 20 2 formation Gy = ky = 0.46 mole
cule per 100 ev. is independent of Br-  concen
tration over a wide range.

In neutral or basic Br-  solution the H 20 2 is 
converted rapidly to oxygen. The initial yield for 
decomposition of H 20 2 in pure water saturated with 
helium was found to be approximately G(-H20 2) =
3.7 at concentrations of 10~ 4 M  H 20 2 and 4 X 
10- 3  M  H 20 2 and at intensities of 0.0054 X 10 '" 
ev. liter- 1  min . - 1  to 2.47 X 1020 ev. liter- 1  min.-1. 
Approximately this same yield was found for 10- 4  
M  H 20 2 containing 10- 3  M  or 10- 2  M  KBr at pH 7 
(pure water) or at pH 11.8 (NaOH). At pH 2.7 
the yield was 0. The yield of 3.7 probably 
represents the lower limit for H 20 2 decomposition, 
found at high intensities and low H 20 2 concentra
tions. In the photolysis in dilute aqueous solution, 
Lea10 had found a limiting quantum yield (1.39) 
at high intensity and low concentration. Under 
these conditions the chain reaction (sequence 8 ,
1 1 ) becomes unimportant and the kinetics become 
those of initiation and termination reactions only. 
The dependence on 71/j found at high concentration 
and low intensity no longer holds in this low con
centration and high intensity range.

Fricke and Hart11 showed that in bromide solu
tions irradiated with X-rays the hydrogen yield is 
the same at all pH’s and that H 20 2 is produced in 
acid solution and 0 2 in basic solution in an amount 
equivalent to the hydrogen formed. They had 
found12 an initial yield of hydrogen of 0.49 mole-

(1 0 ) D .  E . L ea . Trans. Faraday Hoc.. 45 , 81 (19491.
( 1 1 )  H .  F r i c k e  a n d  E .  J .  H u r t ,  J. Chem. Phys., 3 ,  51)0 (1 0 3 " ) ) .
( 1 2 )  IT. F r i c k e  a n d  E . J . H urt., ibid., 3 , 3 0 5  ( 1 0 3 5 ) .

MINUTES IRRADIATION (INTENSITY 2 42 x lO20e v/L ITE R , MIN).

Fig. 3.—Effect of KBr concentration on initial H20 2 
production in oxygen-free KBr solutions irradiated with co
balt gamma rays.

MINUTES IRRADIATION (INTENSITY 2 42 x 1020e » / LITER, MIN).

Fig. 4.-—Effect of pH on initial H20 2 production in oxygcn- 
lree KBr solutions irradiated with cobalt gamma rays.

cule13 per 100 ev. for oxvgcn-free solutions of Br- ,
I - , N 02- , SeCh , AsOi----- and Fe(CN),—
irradiated with X-rays. The Br-  and I -  acted 
catalytically but the os,her solutes were oxidized 
in an amount equivalent to the hydrogen produced. 
The interpretation according to our picture is that 
the radicals produced in (R) were catalytically 
recombined to form water, leaving either tiie 
hydrogen and H 20 2 formed in (F) or the hydrogen 
and a net oxidation of solute equivalent to the H20 2 
formed in (F).

(1 3 ) C a l c u l a t e d  o il  t h e  b a s is  o f  G =  1 5 .5  f e r r o u s  i o n s  o x i d i z e d  p e r  
1 0 0  e v .  in  a ir  s a t u r a t e d  0 .4  M  H ? S O j  s o l u t i o n .  H . F r i c k e  a n d  E . .1. 
F r o w n s c o m b e ,  J. Am. ('hem. lAor.. 5 5 , 2 3 5 8  ( ¡ 0 3 3 ) ,  b a d  f o u n d  G 
IS.2  f e r r o u s  io n s  o x i d i z e d  per i 0 0  e v .
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M e a s u r e m e n t  o f  kp f r o m  H 2 Y i e l d  i n  I r r a d ia t e d  
O x y g e n -s a t u r a t e d  A c id  F e r r o u s  S u lf a t e  S o lu t io n .—
I n  t h e  m e c h a n is m  p r o p o s e d  b y  K r e n z  a n d  D e w -  
h u r s t 14 f o r  o x id a t io n  o f fe r ro u s  s u lf a te  b y  g a m m a  
r a y s  i n  a e ra te d  w a t e r ,  t h e  f o r w a r d  r e a c t io n  fo r  
w a t e r  d e c o m p o s it io n  is  n e g le c te d . I n  t h is  m e c h a 
n is m  fe r ro u s  io n  is o x id iz e d  b y  O H  a n d  H  ( t h r o u g h  
H 0 2)  b u t  w o u ld  a ls o  b e  o x id iz e d  b y  t h e  H 20 2, 
le a v in g  t h e  H 2 f o r m e d  i n  t h e  f o r w a r d  re a c t io n  ( F ) . 
T h e  p r o d u c t io n  o f  h y d r o g e n  w a s  m e a s u r e d  o n  
i r r a d ia t in g  o x y g e n  s a t u r a t e d  5 X  1 0 -3  M  F e S 0 4 
in  0 .4  M  H 2S 0 4 a t  a n  in t e n s i t y  o f 2 .6 5  X  10 20 e v . 
l i t e r " 1 m i n . - 1 , g iv in g  t h e  r e s u lt s :

Fe + + oxidized H2 formed ÖH2, molecule
micromoles liter -1 micromoles liter -1 per 100 ev.

2800 70.3 0.39
3540 84.0 .37
4150 102.5 .38

T h i s  y ie ld  is  lo w e r  t h a n  t h a t  f o u n d  f o r  b r o m id e  
s o lu t io n s  a n d  o w in g  t o  t h e  t y p e  o f a n a ly s is  a n d  
c o m p lic a t e d  s y s t e m  is  r e g a r d e d  w i t h  less c o n fid e n c e .

T h e  f a c t  t h a t  h y d r o g e n  is  f o r m e d , a lo n g  w i t h  
o t h e r  c o n s id e ra t io n s , s h o w s  t h a t  t h e  o x id a t io n  o f 
fe r ro u s  s u lf a te  is  n o t  so s im p le  as t h e  m e c h a n is m  
o f K r e n z  a n d  D e w h u r s t  w o u ld  in d ic a t e .

M e a s u r e m e n t  o f  /cR . T h e  I n i t i a l  Y i e l d  o f H 20 2 
in  S o lu t io n s  C o n t a i n in g  O x y g e n  a n d  H y d r o g e n . —  
T h e  in it ia l  y ie ld  f o r  p r o d u c t io n  o f h y d r o g e n  p e r 
o x id e  i n  s o lu t io n s  c o n t a in in g  b o t h  h y d r o g e n  a n d  
o x y g e n  w a s  u s e d  a lo n g  w i t h  th e  v a lu e  f o r  kp to  
c a lc u la te  a  v a lu e  f o r  X R . U s in g  X - r a y s  F r i c k e 15 
h a d  f o u n d  t h e  in i t i a l  y ie ld  f o r  c o n v e r s io n  o f 0 2 
t o  H 20 2 t o  b e  in d e p e n d e n t  o f  0 2 p re s s u re  f r o m  4 to

MINUTES IRRADIATION (INTENSITY 2.42 x I020e.v./LITER MIN).

Fig. 5.—The initial production of H20 2 in solutions contain
ing either oxygen, hydrogen or both gases.

(1 4 ) F . H . K re n z  a n d  H . A .  D e w h u rs t , J .  C h e m . P h y s . ,  17, 1337 
(1 9 4 9 ).

(1 5 )  H . F r ic k e ,  i b i d . ,  2, 556  (1 9 3 4 ).

7 0  c m . b u t  v a r i e d 16 f r o m  iU m o ,  1 .0  i n  t h e  p H  
ra n g e  3 t o  8 t o  a  v a lu e  iG H ,o 2 ~  1 .0  i n  t h e  p H  
r a n g e  1 1 .5  t o  13. T o u l i s 17 s h o w e d  t h a t  a d d in g  
h y d r o g e n  t o  a  s o lu t io n  c o n t a in in g  o x y g e n  e n h a n c e s  
t h e  in it ia l  r a t e  o f  H 20 2 f o r m a t io n , g i v i n g  a n  e s ti
m a t e d  y ie ld  i ( r H 2o 2 ~  3 .6  a t  p H  7.

O n  i r r a d ia t in g  s o lu t io n s  c o n t a in in g  b o t h  h y d r o 
g e n  a n d  o x y g e n  in  v a r io u s  p r o p o r t io n s , t h e  a u t h o r  
f o u n d  a n  in i t ia l  y ie ld  i G ^ o ,  =  3 .2  w h ic h  w a s  i n 
d e p e n d e n t  o f  p H  f r o m  p H  2  ( H 2S 0 4)  t o  p H  7 
(p u r e  w a t e r ) . T h e  in it ia l  y ie ld  i n  o x y g e n -s a t u r a t e d  
s o lu t io n  w a s  d if f ic u lt  t o  d e t e r m in e  b u t  is  p r o b a b ly  
s o m e w h a t  lo w e r  t h a n  th is . T h e  re s u lts  a re  p lo t t e d  
i n  F ig s .  5 a n d  6 s h o w in g  t h e  e ffe cts  o f  v a r y i n g  th e  
H 2/ 0 2 r a t io  a n d  a lso  o f  a d d in g  s o lu te s .

MINUTES IRRADIATION (INTENSITY 2 45 x lO20 e V /LITER, MIN).

Fig. 6 .—Effect of relative hydrogen and oxygen concentra
tions and of added solutes on H202 production.

W i t h  o n l y  h y d r o g e n  a d d e d  t o  t h e  w a t e r ,  n o  
m e a s u ra b le  a m o u n t  o f H 20 2 o r  0 2 is  f o r m e d  a n d  th e  
H 2 c o n c e n t r a t io n  r e m a in s  c o n s ta n t . T h i s  c o u ld  
b e  e x p la in e d  b y  t h e  s c h e m e

2 II20 h 2o2 +  ir2 (F )
H20 - OH +  H (R )

H2 +  OH -— H20 +  H (■5)
H +  H -- >  II2 ( 1 )

S o m e  r a d ic a ls  w o u ld  c a r r y  t h e  b a c k  r e a c t io n  c h a in
H20 2 -f- H — >- H20 -|- OH (4)
H2 -{- OH — H20 -f- H (5 )

I f  o x y g e n  a lo n e  is  a d d e d  t o  t h e  w a t e r  i n i t i a l ly ,  
H 20 2 is  f o r m e d  a t  th e  ra te  s h o w n  i n  F ig s .  5  a n d  6 
a n d  b u ild s  u p  t o  a  s t e a d y  s ta te  le v e l. W i t h  b o t h  
h y d r o g e n  a n d  o x y g e n  a d d e d  t o  t h e  w a t e r ,  H 20 2 
is  f o r m e d  a t  a  r a p id  ra te  i n i t i a l ly  a n d  it s  c o n c e n -

(1 6 )  V a lu e s  b a s e d  o n  G  f o r  fe rro u s  o x id a t io n  o f  1 5 .5  F e  + + (1 0 0  e v . )  “ V
(1 7 ) W . J . T o u lis ,  U C R L -5 8 3 ,  F e b r u a r y  10, 195 0 .
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t r a t io n  pa sses t h r o u g h  a  m a x i m u m  if  t h e  in it ia l  
H 2/ 0 2 r a t io  is  s u f f ic ie n t ly  h ig h .  F o r  t h e  c u r v e  
s h o w in g  a  m a x i m u m  i n  F i g .  6 , t h e  0 2 is  c o m p le t e ly  
c o n v e r t e d  t o  H 20 2 a t  w h ic h  t im e  t h e  u s u a l b a c k  
re a c t io n  o f  H 20 2 a n d  H 2 sets  in .  T h e  u p p e r  c u r v e , 
f o r  lo w e r  in i t i a l  H 2/ 0 2 r a t io ,  re a c h e s  a m a x i m u m  
H 20 2 c o n c e n t r a t io n  a t  a b o u t  1 5 5  X  10 18 m o le c u le s  
l i t e r -1  (n o t  s h o w n  i n  t h e  f ig u r e )  a f te r  a b o u t  o n e  
h o u r  a n d  t h e n  d ro p s  t o  a  s t e a d y  s ta te  c o n c e n t r a t io n  
o f a b o u t  4 7  X  1 0 18 m o le c u le s  l i t e r -1  in  10 h o u r s .

W i t h  t h e  a d d i t io n  o f b r o m id e  io n  in  e it h e r  n e u 
t r a l  o r  a c id  s o lu t io n , t h e  in i t ia l  y ie ld  is  lo w e r e d  a n d  
is  a p p r o x im a t e ly  t h e  s a m e  f o r  a ll  t h e  s o lu t io n s  as 
s h o w n  i n  F i g .  6 . T h i s  w o u ld  in d ic a t e  t h a t  i n  t h e  
p re s e n c e  o f  b r o m id e  io n , h y d r o g e n  h a s  l i t t le  c h a n c e  
t o  r e a c t  w i t h  O H .

I t  is  p r o p o s e d  t h a t  H 20 2 f o r m a t io n  i n  s o lu 
t io n s  c o n t a in in g  b o t h  H 2 a n d  0 2 o c c u rs  t h r o u g h  
r e a c t io n  ( F )  a n d  a ls o  t h r o u g h  t h e  c o n v e r s io n  o f 
e a c h  p a i r  o f  r a d ic a ls  f o r m e d  i n  re a c t io n  ( R )  in t o
one H20 2 according to

(F) 2H20 —w->- H202 -f- h2 Gy = kv = 0.46
(R) h2o - OH +  H 1
(10) H 02 —- >  HO,
(5) OH +  H2 - — H20 +  H |r Gr = kR = 2.74
(10) H +  02 - - ^ ho2
(13) H02 +  H02 - — H202 f ■ 02 J

c ite d  m o le c u le s  n e g lig ib le , t h is  G h 2o  =  3 .6 6  c o r re 
s p o n d s  t o  2 7  e v ./ io n -p a i r  f o r  l i q u i d  w a t e r .  T h i s  
re p re s e n ts  t h e  m a x i m u m  v a lu e  f o r  e n e r g y  p e r  io n  
p a ir  s in c e  th e  y ie ld  3 .6 6  d o e s  n o t  a c c o u n t  f o r  r a d i 
ca ls  p r o d u c e d  b y  io n iz a t io n  a n d  r e c o m b in in g  t h r o u g h

H + OH ■ HoO (3)
T h e  m a g n it u d e  o f t h is  is d if f ic u lt  t o  assess b u t  is  a t  
le a s t as g r e a t  as Gf. T h i s  c o r r e c t io n  w o u ld  m a k e  
th e  n u m b e r  ~  22 e v ./ io n -p a i r .

V a lu e s  f o r  Gf a n d  Gr f o r  c o b a lt  y - r a y s  w e re  a lso  
d e d u c e d  b y  H a r t 18 f r o m  t h e  m e c h a n is m  f o r  o x id a 
t io n  o f  f o r m ic  a c id  i n  s o lu t io n  c o n t a in in g  H 20 2 
a n d  0 2. H e  f o u n d  t h a t  o f t h e  t o t a l  n u m b e r  of 
ra d ic a ls  p r o d u c e d  in  w a t e r  b y  t h e  y - r a y s ,  20%  
e n te r  re a c t io n  ( F )  a n d  8 0 %  r e a c t io n  ( R ) .  F r o m  a 
c a lc u la te d  v a l u e 19 f o r  G -h2o =  3 .4 8 , t h e  c o r re s p o n d 
in g  v a lu e s  f o r  Gf a n d  Gp, a re  0 .3 5  a n d  2 .7 8 , re s p e c 
t i v e ly .  T h e  v a lu e  f o r  G f  c o r re s p o n d s  m o r e  n e a r ly  
t o  t h a t  o b ta in e d  i n  th is  w o r k  f r o m  t h e  h y d r o g e n  
y ie ld  i n  fe r ro u s  o x id a t io n .

T h e  r e la t iv e  v a lu e s  f o r  Gf a n d  Gr f o r  
p i le  r a d i a t io n 6 w e r e  c a lc u la te d  f r o m  t h e  
c o n s ta n ts  u s e d  i n  t h e  r a t e  e q u a t io n

G b 2 02 = 3.20 
(measured) -d(H202 

d t
h  (H.)
h  kRl (ÏË Ô 7)

kFI

Calculated G_h2o =  2Gf +  Gr = 3.66 or lH 20/27 ev.

M u c h  e v id e n c e  in d ic a t e s  t h a t  o x y g e n  re a c ts  
r e a d i ly  w i t h  h y d r o g e n  a to m s  a n d  w o u ld  c o m p e te  
f a v o r a b ly  f o r  t h e m . W i t h  n o  a d d e d  h y d r o g e n  t h e  
in i t ia l  H 20 2 y ie ld  is  lo w e r e d , p r o b a b l y  b y

w h e r e  kpl =  7.5 a n d  f e / W  =  9 -4 2 . 
T a k i n g  f o r  t h e  r a t io  ks/k 8 t h e  v a lu e  0 .9 4  

u s e d  i n  t h is  w o r k  (n e x t  s e c t io n )  t h e  c a lc u la t io n  
s h o w s  t h a t  6 0 %  o f  t h e  r a d ic a ls  e n t e r  r e a c t io n  ( F )  
a n d  4 0 %  re a c t io n  ( R ) . T h e  v a lu e s  f o r  b o t h  g a m m a  
a n d  p i le  r a d i a t io n  a re  c o m p a r e d  i n  T a b l e  I .

OH +  H02 — H20 +  02 (12)
T h e  c u r v e s  a ls o  b e n d  o v e r  m o r e  r a p i d l y  b e c a u s e  o f 
H 20 2 d e c o m p o s it io n  t o  0 2 a c c o r d in g  to

H202 +  OH -— >- H20 +  H02 (8)
H202 +  H02 — >• HoO +  OH +  02 (11)

S in c e  h y d r o g e n  w a s  s h o w m  t o  r e a c t  r e a d i ly  w i t h  
O H ,  i t  s h o u ld  c o m p e te  f a v o r a b ly  w i t h  H 0 2 f o r  th e  
O H  ra d ic a ls  a t  t h e  c o n c e n t r a t io n s  u s e d . I t  is  
a s s u m e d  t h a t  r e a c t io n  o f H 2 w i t h  H 0 2 d o e s  n o t  
o c c u r  t o  a n y  g r e a t  e x te n t . T h i s  a s s u m p t io n  is 
s u p p o r t e d  b y  s tu d ie s  o n  t h e  b a c k  re a c t io n  b e tw e e n  
H 2 a n d  H 20 2 (n e x t  s e c t io n ). I t  w a s  s h o w n  t h a t  
H 20 2 in h ib i t s  t h e  b a c k  r e a c t io n  w h e re a s  t h is  w o u ld  
n o t  b e  t h e  case i f  re a c t io n  b e tw e e n  H 2 a n d  H 0 2 
o c c u r r e d  r e a d i ly .  L i t t l e  o r  n o  e ffect o f t e m p e r a 
t u r e  f r o m  2 5  t o  6 5 °  w a s  f o u n d  o n  t h e  in i t ia l  y ie ld  
f o r  H 20 2 p r o d u c t io n .  T h i s  in d ic a te s  t h a t  c o m 
p e t in g  re a c t io n s  w h ic h  w o u ld  lo w e r  t h e  y ie ld  a re  n o t  
im p o r t a n t  o r  t h a t  t h e  a c t i v a t io n  e n e rg ie s  a re  s m a ll 
o r  a p p r o x im a t e ly  t h e  s a m e  f o r  t h e  s e v e ra l re a c t io n s  
in v o lv e d .

T h e  m e a s u r e d  y ie ld  i G n 2o 2 is  t h e  s u m  o f  t h a t  
f o r m e d  i n  ( F )  a n d  t h a t  f r o m  c o n v e r s io n  o f ra d ic a ls  
( R )  t o  H 20 2 b y  H 2 a n d  0 2. T h e s e  v a lu e s  s h o w  t h a t  
o f t h e  m e a s u re d  n u m b e r  o f w a t e r  m o le c u le s  d e 
c o m p o s e d  b y  c o b a lt  y - r a y s ,  2 5 %  o f t h e  ra d ic a ls  
c o m b in e  i n  t h e  t r a c k s  t o  f o r m  s ta b le  p r o d u c t s  H 2 
a n d  H 20 2 a n d  7 5 %  o f t h e  r a d ic a ls  d iffu s e  in t o  th e  
b u lk  o f t h e  s o lu t io n  a n d  a re  a v a ila b le  t o  re a c t  w i t h  
s o lu te s . A s s u m in g  a ll  -w a te r d e c o m p o s it io n  to  
o c c u r  t h r o u g h  io n iz a t io n , s in c e  t h e  c a g e  e ffect 
w o u ld  p r o b a b ly  r e n d e r  t h e  c o n t r i b u t io n  f r o m  e x

T a b l e  I
Y i e l d s  f o r  R e a c t i o n s  F a n d  R  f o r  G a m m a  a n d  P i l e  

R a d i a t i o n s
M ix e d  g a m m a  an d

C o b a lt  g a m m a  fa s t  n e u tr o n s
T h is  w o rk  H a r t  (O a k  R id g e  P ile )

Gf 0.46 25% 0.35 20% 1.18“ 60%
Gr 2.74 75% 2.78 80% 1.57 40%
Gh2o 3.66 3.48 3.93

“ Calculated from experimental results reported previ
ously.6

Mechanism of the Radiation-induced Back 
Reaction between H 2 and H 20 2 in Aqueous Solu
tions.— T h e  r a d ia t io n - in d u c e d  b a c k  re a c t io n  b e 
t w e e n  h y d r o g e n  a n d  h y d r o g e n  p e ro x id e  in  s o lu t io n  
w a s  s tu d ie d  as a  f u n c t io n  o f H 20 2 c o n c e n tr a t io n , 
r a d ia t io n  in t e n s it y ,  t e m p e r a t u r e , p H  a n d  a d d e d  
s o lu te s . P lo t s  o f t y p ic a l  c u r v e s  a re  s h o w n  in  
F ig s .  7 , 9  a n d  10. I n  t h e  m a j o r i t y  o f s o lu t io n s  s t u d 
ie d , t h e  h y d r o g e n  w a s  p r e s e n t  i n  c o n s id e ra b le  
excess o v e r  t h e  p e ro x id e . I n  th e s e  s o lu t io n s , 
l i t t le  o r  n o  o x y g e n  is  f o r m e d  a n d  t h e  k in e t ic s  a re  
s im p le  e n o u g h  t o  b e  d e a lt  w i t h .  F i g u r e  7  s h o w s  
re s u lts  f o r  th e s e  s o lu t io n s . A n a ly s e s  a re  f o r  H 20 2 
o n ly ,  s in c e  w i t h  n o  0 2 f o r m a t io n  t h e  h y d r o g e n  c u r v e  
p a ra lle ls  t h a t  f o r  H 20 2. A  c u r v e  f o r  H 20 2 d e c o m 
p o s it io n  i n  s o lu t io n  s a t u r a t e d  w i t h  p u r e  h e l iu m  is 
s h o w n  f o r  c o m p a r is o n . T h e  r a t e  o f H 20 2 d is 
a p p e a ra n c e  i n  H 2-s a t u r a t e d  s o lu t io n  in c re a s e s  
w i t h  d o se  u n t i l  t h e  c o n c e n t r a t io n  b e c o m e s  lo w  a f te r

(1 8 )  E . J . H a r t , T h is  J o u r n a l , 56, 5 9 4  (1 9 5 2 ) .
(1 9 )  C a lc u la t io n  b a s e d  o n  G  f o r  fe r r o u s  o x id a t io n  o f  1 5 .5  F e  + + 

o x id iz e d  p e r  1 0 0  e v .
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MINUTES IRRADIATION (INTENSITY 2 47 * I O20 c »./LITER, MIN). f o r  r e m o v a l  o f r a d ic a ls , r e s u lt in g  in  
th e  c o m p lic a t e d  e q u a t io n

fe(H)p +  [*,(H)]> [ ( j r k£ )  (H202)

(h , ) ]  +  i u m  [ U  ( h 2o 2)2]

+

kjo,
kz

zks 
ks
/C43/c6̂ r (H 2)

hkz
=  0

w h e r e
/04(H ) =  (

-d (H 202)
di kF) / (H202)

Fig. 7 .- -Gamma ray induced reaction between dissolved I I 20 2 and excess Id2 

at 25°.

w h ic h  t h e  r a t e  d e cre a se s  a n d  b e c o m e s  z e ro  a t  a  v e r y  
lo w  s t e a d y  s ta te  c o n c e n t r a t io n  ( <  0 .1  X  1 0 18 
m o le c u le s  H 20 2 l i t e r - 1 ) .  T h e s e  c u r v e s  re s e m b le  
th o s e  o b t a in e d  f o r  p ile  r a d i a t io n 5 w h e r e  t h e  r a t e  
la w  f o r  p e ro x id e  d is a p p e a ra n c e

F S u b s t i t u t in g  v a lu e s  f o r  7c4( H )  o b 
t a in e d  u s in g  m e a s u re d  s lo p e s  a t  t h e  
c h o s e n  H 2O 2 c o n c e n tr a t io n s , o n e  o b 
t a in s  a n  e q u a t io n  f o r  w h ic h  a  s e t  o f 
c o n s ta n ts  c a n  b e  f o u n d .

F o r  s o lu t io n s  c o n t a in in g  p e ro x id e  
a t  a n  in it ia l  c o n c e n t r a t io n  c o m p a r a b le  
t o  t h e  h y d r o g e n  c o n c e n t r a t io n , t h e  
d o se  vs. c o n c e n t r a t io n  c u r v e s  s h o w  
a  c o m p lic a te d  b e h a v io r . T h e  r a t e  o f 
d is a p p e a ra n c e  f irs t  d e cre a se s  w i t h  
d o se , t h e n  in c re a s e s  a n d  f in a l ly  b e 

c o m e s  z e ro  a t  a  v e r y  lo w  s te a d y  s ta te  c o n c e n t r a 
t io n .

(H jO jg lMICRO MOLES/LITER) .

— d(H20 2) 
dF =  fcR r  7t

h  (I-I2) —  kp
h  (H 202)

d e r iv e d  try  c o n s id e r in g  re a c t io n s  F ,  R ,  4 , 5 , 8 a n d  9 
w a s  f o u n d  t o  h o ld  a t  lo w  H 20 2 c o n c e n tra t io n s . 
T h i s  r a t e  la w  w a s  c h e c k e d  f o r  d a t a  o b t a in e d  w it h  
c o b a lt  y - r a y s  u s in g  v a lu e s  p re s e n te d  e a rlie r  f o r  
/¿I- a n d  Icr, n a m e ly ,  0 .4 6  a n d  2 .7 4 .

T h e  r a t io  Ay/Ay w a s  o b ta in e d  f r o m  t h e  in it ia l  
s lo p e  o f t h e  c u r v e s  a n d  w a s  t a k e n  to  b e  0 .9 4 . 
T h i s  r a t io  w a s  e s t im a te d  b y  a n  in d e p e n d e n t  m e t h o d  
t o  b e  a p p r o x im a t e ly  o n e  f r o m  th e  s t o ic h io m e t r y  
in  m ix in g  h y d r o g e n  s a t u r a t e d  s o lu t io n s  o f H 2O 2 
a n d  F e S 0 4.20 S u b s t i t u t in g  th e s e  v a lu e s , t h e  r a t e  
la w  b e c o m e s

d H-,o
(IE

= G-l:
•  « *  X 2-74 (Sffij 0.40

T h e  in t e g r a t e d  f o r m  o f t h is  e q u a t io n  g iv e s  th e  
s o lid  c u r v e s  s h o w n  in  F i g .  7 . T h e  in it ia l  ra te s  o f 
H 2O 2 d is a p p e a ra n c e  as a  f u n c t io n  o f in it ia l  H 2O 2 
c o n c e n t r a t io n  in  h y d r o g e n  s a t u r a t e d  s o lu t io n  a re  
s h o w n  in  F i g .  8 . T h e  s o lid  c u r v e  is t h a t  c a lc u la te d  
f r o m  t h e  s im p le  ra te  la w  g iv e n  a b o v e . T h e  s im p le  
r a t e  la w  is s h o w n  t o  h o ld  in  i n i t i a l ly  h y d r o g e n  s a t u 
r a t e d  s o lu t io n  o v e r  a  l im it e d  ra n g e  o f H 20 2 c o n c e n 
t r a t io n  f r o m  ~  5 0  X  1 0 18 m o le c u le s  l i t e r -1  to  

2 5 0  X  1 0 18 m o le c u le s  l i t e r - 1 . T h e  m a x i m u m  
y ie ld ,  o b s e rv e d  a t  a n  in it ia l  H 20 2 c o n c e n tr a t io n  
~  5 0  X  1 0 18 m o le c u le s  l i t e r - 1 , c o r re s p o n d s  to  a 
c h a in  le n g th  o f a b o u t  n in e . A t  z e ro  p e ro x id e  
c o n c e n t r a t io n  th is  e q u a t io n  p r e d ic ts  a n  in f in ite  
r a t e  c o r re s p o n d in g  t o  a n  in f in it e  c o n c e n t r a t io n  of 
h y d r o g e n  a to m s . I 11 t h is  lo w  c o n c e n t r a t io n  ra n g e  
i t  b e c o m e s  n e c e s s a ry  to  in c lu d e  re a c tio n s  1 a n d  3

Fig. 8.- -Initial yield for II20 2 disappearance versus II2( ) 2 

concentration in I i 2 saturated solutions.

(20) C. 
L:ibomtor>

hamuli* rk, Gale Hidgo N'ationa!

F o r  in it ia l  H 20 2 c o n c e n tra t io n s  g re a te r  t h a n  t h e  
h y d r o g e n  c o n c e n t r a t io n , t h e  r a t e  o f H 20 2 d is 
a p p e a ra n c e  d e cre a se s c o n t in u o u s ly  w i t h  d o se  as 
s h o w n  in  F i g .  9. T h e  c u r v e s  re s e m b le  th o s e  f o r  
p e ro x id e  d e c o m p o s it io n  w h ic h  is t h e  p r e d o m in a n t ly  
o c c u r r in g  r e a c t io n . O x y g e n  is  f o r m e d  a n d  a lo n g  
w i t h  H 2O 2 a n d  I T  re a c h e s  a  s t e a d y  s ta te  w h i c h  
b e c o m e s  g r e a te r  f o r  h ig h e r  in it ia l  p e ro x id e  c o n c e n 
t r a t io n .  T h e  k in e t ic s  in  th e s e  s y s te m s  a re  v e r y  
c o m p lic a te d .

T h e  effects o f v a r io u s  v a r ia b le s  o n  th e  r e a c t io n  in  
s o lu t io n s  c o n t a in in g  I h 0 2 a n d  exce ss K 2 a re  s h o w n  
in  F ig s . 7 a n d  10 . T h e r e  w a s  n o  in t e n s it y  e ffe c t



May, 1952 Effects of Cobalt 7-Radiation on Water and A queous Solutions 593

HOURS IRRADIATION {INTENSITY 2 .5 0  « IO20e v /L ITE R ,M IN ) .

o x id iz e d  th e  o r g a n ic  m a t e r ia l .  T h i s  c o m p e t i 
t io n  f o r  ra d ic a ls  is th e  w e l l -k n o w n  p r o t e c t iv e

Fig. 10.— Effect of temperature, pH and added solutes on the gamma ray 
induced reaction of H 20 2 with excess Id2.

o v e r  t h e  ra n g e  s tu d ie d  a n d  a lso  n o  p H  e ffe ct f r o m  
/?H 2 .5  to  7. L i t t l e  e ffe ct w a s  e x p e c te d  in  e ith e r  
case. T h e  f o r w a r d  re a c t io n  r a t e  is 
e x p e c te d  to  b e  in d e p e n d e n t  o f t e m 
p e r a t u r e  b u t  t h e  re a c t io n s  o f  s ta b le  
m o le c u le s  w i t h  r a d ic a ls  i n v o lv e d  in  
th e  b a c k  re a c t io n  w o u ld  b e  e x p e c te d  
to  h a v e  s o m e  a c t i v a t io n  e n e r g y .
T h i s  w o u ld  r e s u lt  i n  lo w e r  s te a d y  
s ta te  c o n c e n tr a t io n s  w i t h  in c re a s e d  
te m p e r a t u r e . T h i s  w a s  c o n f irm e d  
f o r  p i le  r a d i a t io n .4 T h e  r a t e  o f b a c k  
re a c t io n  w a s  f o u n d  t o  in c re a s e  w it h  
t e m p e r a t u r e  f r o m  2 5  t o  65° a s  s h o w n  
in  F i g .  10. F r o m  m e a s u re d  in it ia l  
ra te s , v a lu e s  f o r  fcs/fc8 w e r e  c a lc u 
la te d  a s s u m in g  t h e  s im p le  r a t e  la w  
t o  h o ld .  T h e s e  v a lu e s  w o u ld  in d i 
c a te  a  d iffe re n c e  in  a c t i v a t io n  e n e r
g ie s  E i —  Es ~  1 .2 5  k c a l. m o le - 1 .

I t  w a s  m e n t io n e d  e a r lie r  t h a t  s e v 
e ra l H 20 2 p r e p a r a t io n s  g a v e  t h e  s a m e  
H 20 2 vs. d o se  c u r v e s . T h e  e ffe ct o f 
a d d in g  a  c o m m o n ly  u s e d  s t a b il iz e r , 
a c e ta n ilid e , is  s h o w n  in  F i g .  10.
L i t t l e  e ffe c t w a s  f o u n d  f o r  lo w  c o n 
c e n t r a t io n  o f  a c e ta n ilid e  c o r re s p o n d 
in g  t o  t h e  c o n c e n t r a t io n  t o  b e  e x 
p e c te d  i n  a  c o m m e r c ia l  s ta b il iz e d  
p r e p a r a t io n  a t  t h e  H 20 2 d i lu t io n s  
u s e d . A t  h ig h e r  c o n c e n tra t io n s , th e  a c e ta n il id e  
d e f in ite ly  in h ib it s  th e  b a c k  r e a c t io n , p r e s u m 
a b ly  t h r o u g h  r e m o v a l o f O i l  ra d ic a ls  w h ic h

a c t i o n .21

(2 1 )  D .  E . L e a , “ A c t io n s  o f  R a d ia t io n s  o n  L iv in g  C e l l s , "  T h e  
M a c m il la n  C o . ,  I n c .,  N e w  Y o r k ,  N . Y . ,  1947 .
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T h e  a u t h o r  w is h e s  t o  t h a n k  J .  A .  G h o r m l e y  fo r  
m a n y  h e lp f u l  d is c u s s io n s .

R E M A R K S
P r o f e s s o r  B u r t o n  (University of Notre D am e): I t  is 

interesting to note that we now have experimental informa
tion of an indirect sort on the ionization potential of water in 
the liquid state. The a-particle data indicate, if we assume 
about half the radicals to back-react to give water, that 
(7(H20 )  primarily dissociated in ionization processes is <~6.

If we further assume ions to be the sole source of radicals 
which can give products (this point has not been actually es
tablished, so far as I  know), then the energy required per ion 
pair is :~ 1 7  ev. On the basis of the usual, reasonable approxi
mation that approximately half the energy is consumed in 
excitation processes, it follows that the ionization potential 
in liquid water is ~ 8  ev. This figure agrees with one ob
tained by rough calculations involving the solvation energy 
of the H  + ion. D r. Hochanadel’s data on G values in y -  
irradiation of water lend additional support to the idea of such 
an ionization potential.

THE RADICAL PAIR YIELD OF IONIZING RADIATION IN AQUEOUS
SOLUTIONS OF FORMIC ACID1

B y  E d w i n  J .  H a r t

Chemistry Division, Argonne National Laboratory, Chicago, Illinois 
R e c e i v e d  F e b r u a r y  2 5 ,  1 9 6 2

The mechanism of formic acid oxidation by Co60 y-rays and by /3-rays from tritium disintegration has been studied in 
aqueous solution. In aqueous solutions subjected to ionizing radiation, hydrogen and hydroxyl radicals are produced. 
It is found that the formic acid-oxygen reaction m ay be employed to measure the relative amounts of those radicals that 
recombine to form hydrogen and hydrogen peroxide and of those capable of reacting with formic acid and oxygen. Twenty- 
one and thirty per cent, of these radicals undergo the above recombination in formic acid solutions irradiated by Co60 y-rays 
and tritium /3-rays, respectively. In aqueous solutions of formic acid subjected to /3-ray irradiation from tritium 29.8 e.v. 
are expended per measurable radical pair.

T h e  io n iz a t io n  p ro ce s se s  w h ic h  o c c u r  in  w a t e r  
w h e n  a  C o m p t o n  re c o il  e le c tro n  is f o r m e d  b y  7 - r a y  
in t e r a c t io n  w i t h  w a t e r  h a v e  b e e n  d e s c rib e d  b y  
L e a ,2 D a i n t o n ,3 a n d  M a g e e  a n d  B u r t o n .4 T h e  
q u a l i t a t iv e  fe a tu re s  o f th e s e  re a c t io n s  in  a q u e o u s  
s o lu t io n  a re  s u m m a r iz e d  b y  t h e  e q u a tio n s

H 2O +  e0 =  H 20 +  +  eci +  e3 (1)

H 20  -f- ecn — H 20 +  -j- ©c.n-f 1 "T* Bs )
H 20  +  es =  H 20 +  +  esl +  e9 [  (2)
H 20  +  esn =  H 20 +  -(- Ca.ri.i-i +  es)

H 20 + (a q ) =  H 30+ (a q ) +  O H  (3)

H 20  +  es(or eBn) =  H  +  O H ~ (aq) (4)

w h e r e  e0 =  C o m p t o n  re c o il  e le c tro n , ecn =  C o m p t o n  
re c o il  e le c tro n  a f te r  t h e  n t h  io n iz a t io n , es =  s e c o n d 
a r y  e le c tro n , a n d  esn =  s e c o n d a r y  e le c tro n , a f te r  
n t h  io n iz a t io n .

T h e  n e t  re a c t io n  5 is  t h e  f o r m a t io n  o f t h e  h y d r o 
g e n  a n d  h y d r o x y l  r a d ic a l  p a ir .  T h e  i n d i v i d a l  r a d i 
c a ls  o f t h e  p a i r  a re  s e p a ra te d  b y  t h e  d is ta n c e  t h e  
e le c tro n  es t r a v e ls  f r o m  H 20 +  b e fo re  t h e  c a p tu r e  
p ro c e s s  4  ta k e s  p la c e  o r  b e fo re  a n o t h e r  io n iz a t io n  
re a c t io n  2 o c c u rs .

H ,0  =  H  +  O H  (5)

T h e  d is ta n c e  b e tw e e n  s u c c e s s iv e  io n iz a t io n s  in  
t h e  p a t h  o f  t h e  p r i m a r y  re c o il e le c tro n  p r o d u c e d  b y  
C o 60 7 - r a y s  is  g re a t  a n d  o f t h e  o r d e r  o f 5 0 0 0  A .2 
O n  th e  o t h e r  h a n d , t h e  e n e r g y  o f t h e  s e c o n d a r y  e le c
t r o n s  is  lo w  a n d  s u b s t a n t ia l ly  in d e p e n d e n t  o f th e  
e n e r g y  o f t h e  p r i m a r y  e le c tro n . M a g e e  a n d  B u r 
t o n 4 p o in t  o u t  t h a t  o n ly  8 .2%  o f  t h e  s e c o n d a r y  e le c
t r o n s  r e s u lt in g  f r o m  t h e  p a s s a g e  o f a  o n e  m e v .  e le c -

(1 ) P r e s e n te d  a t  t h e  S y m p o s iu m  o n  R a d ia t io n  C h e m is t r y  w h ic h  w a s  
h e ld  a t  t h e  A p r i l ,  1 9 5 1 , 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 t y ,  
C le v e la n d , O h io .

(2 )  D .  E . L e a , “ A c t io n s  o f  R a d ia t io n s  o n  L iv in g  C e lls ,”  C a m b r id g e  
U n iv e r s it y  P re s s , L o n d o n ,  1 9 4 6 .

(3 )  F .  S . D a in to n , T h is  J o u r n a l , 52, 4 9 0  (1 9 4 8 ) .
(4 )  J . L .  M a g e e  a n d  M . B u r t o n , J .  A m .  C h e m . S o c . ,  7 3 , 523  (1 9 5 1 ).

t r o n  h a v e  e n e rg ie s  e x c e e d in g  4 0 .6  e v . P e n e t r a t io n  
o f  ao4 0 .6  e v . e le c tro n  i n  l iq u id  w a t e r  is e s t im a te d  as 
12 A. f r o m  t h e  d a t a  o f L e a .8 T h i s  m e a n s  t h a t  p e n e 
t r a t io n  o f t h e  s o lv e n t  ca g e  is a s s u re d  b u t  r e c o m b i
n a t io n  b e c o m e s  f a r  m o r e  p r o b a b le  f o r  r a d ic a ls  p r o 
d u c e d  b y  s e c o n d a r y  e le c tro n s  t h a n  f o r  ra d ic a ls  
f o r m e d  f r o m  t h e  p r i m a r y  re c o il e le c tro n . F o r  sec
o n d a r y  e le c tro n s  o f v e r y  lo w  e n e r g y , t h e  h y d r o g e n  
a t o m  a n d  h y d r o x y l  r a d ic a l  w o u ld  b e  f o r m e d  close 
t o g e t h e r  a n d  r a d ic a l  r e c o m b in a t io n  o f t y p e  6 b e 
c o m e s  h i g h l y  p r o b a b le

H  +  O H  =  H 20  (6)

T h e  e n e r g y  n e c e s s a ry  f o r  t h e  e sca pe o f  t h e  sec
o n d a r y  e le c tro n  f r o m  t h e  v i c i n i t y  o f t h e  H 20 +  so 
t h a t  t h e  r e s u lt in g  fre e  r a d ic a l  is  n o t  f o r m e d  i n  th e  
s a m e  s o lv e n t  c a g e  is u n k n o w n . H o w e v e r ,  s o m e  es
t im a t e  o f t h e  e n e r g y  r e q u ir e d  f o r  t h e  f o r m a t io n  o f a  
fre e  r a d ic a l  p a i r  w i l l  b e  m a d e  f r o m  re s u lts  o f  th e  
p r e s e n t  w o r k .

I n  t h e  ra d io ly s is  o f w a t e r  s o lu t io n s  o f f o r m ic  a c id  
i t  is  p o s s ib le  t o  m e a s u re  e x p e r im e n t a l ly  t h e  fre e  
ra d ic a ls  c a p a b le  o f  r e a c t in g  w i t h  s o lu te  m o le c u le s  
a n d  a lso  th o s e  fre e  ra d ic a ls  r e c o m b in in g  i n  a  p a i r 
w is e  m a n n e r  s u c h  as

H  +  H  =  H 2 (7)
O H  +  OH =  H 20 2 (8)

R a d ic a ls  r e a c t in g  t o  r e f o r m  w a t e r  as  in  r e a c t io n  6 
c a n n o t  b e  m e a s u re d  b y  p r e s e n t  e x p e r im e n t a l  m e a n s . 
H o v re v e r, i t  is  p o s s ib le  t o  m e a s u re  t h e  n u m b e r  o f 
ra d ic a ls  p r o d u c e d  in  5 t h a t  d o  n o t  u n d e r g o  re a c t io n  
i n  6, 7  a n d  8. T h e  ra d ic a ls  so  f re e d  a re  a v a ila b le  
f o r  r e a c t io n  w i t h  s o lu te  m o le c u le s  a n d  a re  d e s ig 
n a t e d  b y  5 '.

II20  =  H  +  O H  (5 ')

I n  l ig h t  p a r t ic le  r a d ia t io n  w o r k ,  t h e  s t e a d y  s ta te  
c o n c e n t r a t io n  o f h y d r o g e n  a n d  h y d r o g e n  p e ro x id e

(5 )  L e a , T a b le  10, p .  2 4 , g iv e s  3 0 .1  A . a s  th e  r a n g e  o f  a  1 0 0  e .v .  
e le c t r o n .
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is v e r y  lo w  a n d  in c a p a b le  o f p re c is e  m e a s u r e m e n t  a t  
lo w  r a d ia t io n  in te n s it ie s . T h i s  is d u e  t o  a  b a c k  re 
a c t io n  b e tw e e n  h y d r o g e n  a n d  h y d r o g e n  p e ro x id e  
w h ic h  is in it ia t e d  b y  h y d r o g e n  a n d  h y d r o x y l  r a d i 
ca ls  t h a t  h a v e  e s c a p e d  t h e  p r i m a r y  r e c o m b in a t io n  
re a c t io n s  6, 7  a n d  8.6-8 C o n s e q u e n t ly  i t  is  d if f ic u lt  
t o  c a r r y  o u t  m e a s u re m e n ts  o n  t h e  e x te n t  o f p a irw is e  
r e c o m b in a t io n  i n  p u r e  w a t e r .  H o w e v e r ,  i t  is  f o u n d  
t h a t  i n  t h e  p re s e n c e  o f a n  e ffic ie n t fre e  r a d ic a l  t r a p  
s u c h  as f o r m ic  a c id  o n e  m a y  e s t im a te  t h e  m a g n i 
t u d e  o f re a c t io n s  7 a n d  8 .

T h e  n u m b e r  o f fre e  ra d ic a ls  f o r m e d  is m e a s u re d  
i n d i r e c t ly  b y  d e t e r m in in g  t h e  y ie ld  o f  t h e  p r o d u c t s  
i n  t h e  r a d io ly s is  o f d i lu t e  s o lu t io n s  o f f o r m ic  a c id . 
F o r  c o n fid e n c e  in  t h e  r e s u lt  o n e  m u s t  k n o w  th e  
c o m p le te  m e c h a n is m  o f t h e  re a c t io n  so t h a t  t h e  
p r o d u c t s  a s s o c ia te d  w i t h  t h e  re a c t io n  o f t h e  fre e  
r a d ic a ls  w i t h  f o r m ic  a c id  c a n  b e  id e n t if ie d . T h i s  is 
t h e  s t a n d a r d  k in e t ic  a p p r o a c h  t o  t h e  m e a s u re m e n t  
o f t r a n s ie n t  sp e cie s a n d  t h e  m e t h o d  in  t h is  case p o s 
sesses t h e  in h e r e n t  d is a d v a n t a g e  o f g iv in g  o n ly  th e  
n u m b e r  o f ra d ic a ls  c a p a b le  o f r e a c t in g  w i t h  f o r m ic  
a c id . I n  g e n e ra l i t  is  e x p e c te d  t h a t  t h e  n u m b e r  o f 
ra d ic a ls  c o u n te d  is  d e p e n d e n t  o n  t h e  r e a c t i v i t y  o f 
t h e  s o lu te  m o le c u le s  t o w a r d  t h e  fre e  ra d ic a ls . T h i s  
is  t r u e  s in c e  t h e  c o m p e t in g  r a d ic a l  r e c o m b in a t io n  
re a c t io n s  H  +  O H  =  H 20 ,  H  +  H  =  H 2 a n d  O H  +  
O H  =  H 20 2 a re  o f c o n s id e ra b le  im p o r t a n c e  i n  th e  
r a d ia t io n  c h e m is t r y  o f  a q u e o u s  s o lu tio n s .

Experimental
The methods employed for irradiation of solutions, puri

fication of water, evacuation of samples, analyses for carbon 
dioxide, hydrogen, hydrogen peroxide and oxygen were 
identical with those previously described.9 Oxygen solu
tions of formic acid were prepared as follows. Air was 
removed from the aqueous solutions by evacuation through 
a carbon dioxide trap with a mechanical pump. Shaking and 
heating during evacuation assisted in the removal of air. 
Oxygen purified by liquefaction and partial evaporation was 
then introduced into the evacuation chamber by allowing 
the liquid oxygen to warm slowly to the desired pressure. 
By shaking for two minutes, the solution was equilibrated. 
For low concentrations of oxygen, the oxygen in the gas 
phase was removed by evacuation without too great a loss 
of the dissolved oxygen. The evacuation chamber was 
then inverted so that the solution could flow into the eight 
cells attached to the chamber by standard taper joints. 
Reintroducing oxygen over the solution helped in filling the 
cells. The small bubble of oxygen remaining in the cells 
was replaced by solution by a process of alternate pumping 
and reintroducing oxygen. The final concentration of oxy
gen in the cells was measured by means of a Van Slyke 
apparatus. A  ground glass cap filled with the oxygen 
saturated solution was used to seal the 5 /2 0  capillary joint 
at the end of the irradiation cell. A t higher pressures (in 
the neighborhood of atmospheric), the evacuation and 
oxygen equilibration processes described above were re
peated. The cells were partially filled with solution by 
introducing oxygen at slightly above atmospheric pressure 
to the solution. The thin-walled tips were then broken off 
and the solution forced into the cells. When the cell was 
filled, the thin capillary tube was resealed. In this manner 
the cells were filled one at a time. After filling, the ground 
glass caps containing the oxygenated solution were used to 
close the cells.

Two hundred and twenty-one curies of tritium water were 
prepared by reaction of tritium ■with oxygen at a palladium

(6) A .  O. A lle n , T h is  J o u r n a l , 52, 4 7 9  (1 9 4 8 ) .
(7 ) A . O . A lle n , C . J . H o c h a n a d e l ,  J . A .  G h o r m le y  a n d  T .  W . D a v is , 

p re se n te d  a t  1 1 9 th  A m e r ic a n  C h e m ic a l  S o c ie t y  M e e t in g ,  C le v e la n d , 
O h io , 1951 .

(8 ) C . J . H o ch a n a d e l ,  p re s e n te d  a t  1 1 9 th  A m e r ic a n  C h e m ic a l  S o 
c ie t y  M e e t in g , C le v e la n d , O h io , 195 1 .

(9 )  E . J. H a rt, J .  A m .  C h e m . Soc., 73, 68  (1 9 5 1 ) .

surface. Tritium was passed through a palladium thimble 
heated electrically to about 600° with a platinum spiral. 
After passage through the thimble, the tritium came in con
tact with oxygen at 15 cm. pressure. Under these condi
tions reaction is rapid and the water formed is removed from 
the reaction zone by freezing at liquid nitrogen temperature. 
Two bulbs of tritium were treated in succession. The 
fraction of tritium passed through the thimble -was 98 .8 %  
in one case and 9 9 .7 %  in the other case. This was accomp
lished by the addition of normal hydrogen to the tritium 
bulb after the tritium pressure had been reduced to 3 to 4 
mm. This blend was then treated as described above. 
The data appear below.

Sample bulb 15Z 17Z
Decay (AT/Ao)“ 0 .9848  0 .9863
Cc. T 2(N T P ) 4 5 .4 4  41 .9 2
Fraction passed through ? d  0 .9 8 8  0 .99 7
Cc. T 2 converted to water6 4 4 .8 9  4 1 .80

“ Calculation on basis of 12.46-year half-life. 6 T 2 +  
equivalent to 0.10 cc. of liquid water was formed.

H 2

After completion of the reaction, the water was transferred 
to a dilution bulb and exactly 20.00 ml. of triple distilled 
water added. This gives a concentration of 11.0 curies/ml. 
of -water. (A  factor of 2.56 curies/cc. T 2(N T P ) calculated 
from the 12.46-year half-life for tritium was used for deter
mining the activity of the water.) An assay of this water 
by K . Wilzbach using an ionization chamber previously 
calibrated with tritium gave an average value of 11.14  
curies/g. water. In this latter method water is converted 
to hydrogen by passage over metallic zinc. The activity of 
the resulting hydrogen is measured in an ionization chamber 
filled to atmospheric pressure with hydrogen. A t 225 
volts 2.1 X  1C“ 17 coulomb is collected per disintegration. 
This factor is 'used for obtaining the curie strength of the 
sample.

Reactions of Hydrogen and Hydroxyl Free Radicals 
with Formic Acid

P r e v io u s  w o r k 9 h a s  s h o w n  t h a t  h y d r o x y l  r a d ic a ls  
re a c t  w i t h  f o r m ic  a c id  l ib e r a t in g  c a r b o n  d io x id e  a n d  
w a t e r .  F r o m  t h e  m e c h a n is m  d e d u c e d  f o r  t h e  7 -  
r a y  in d u c e d  r e a c t io n  i n  d i lu t e  a q u e o u s  s o lu t io n , h y 
d ro g e n  a to m s  a re  a s s u m e d  t o  r e a c t  d i r e c t ly  w i t h  
f o r m ic  a c id  l ib e r a t in g  h y d r o g e n  g a s. T h e  re s u lts  
o f t h is  w o r k  w i l l  b e  b r ie f ly  r e v ie w e d  a n d  n e w  w o r k  
s u p p o r t in g  t h is  h y d r o g e n  a t o m  re a c t io n  w i t h  f o r m ic  
a c id  p re s e n te d . F u r t h e r ,  t h e  d e ta ils  o f t h e  m e t h o d  
e m p lo y e d  f o r  m e a s u r in g  s e p a r a t e ly  t h e  a m o u n t s  o f 
re a c t io n s  5 ',  7  a n d  8 w i l l  b e  g iv e n .

Oxygen-free Formic Acid.— E q u i m o la r  a m o u n ts  
o f h y d r o g e n  a n d  c a r b o n  d io x id e  a re  p r o d u c e d  b y  
i r r a d ia t io n  o f  o x y g e n -f r e e  f o r m ic  a c id  s o lu tio n s  
a t  c o n c e n tra t io n s  in  th e  ra n g e  f r o m  0.01 t o  0.0001
M .6 7 8 9 10 H y d r o g e n  a n d  h y d r o x y l  r a d ic a ls  a re  k n o w n  
to  re a c t  w i t h  f o r m ic  a c id  o r  ra d ic a ls  d e r iv e d  f r o m  
f o r m ic  a c id  b u t  t h e  d e ta ile d  m e c h a n is m  is  n o t  s e t
t le d . F r o m  t h e  h y d r o g e n  p e r o x id e -f o r m ic  a c id  re 
a c t io n  t o  b e  d e s c rib e d  b e lo w , re a c t io n  9 is k n o w n  t o  
o c c u r

OH +  H CO O H  =  H 20  +  H CO O (or CO O H ) (9)

I t  is a ls o  p o s tu la te d  t h a t
H  +  H CO O H  =  E 2 +  H CO O (or C O O H ) (10)

H o w e v e r ,  in  t h e  p re s e n c e  o f t h e  H C O O  (o r  C O O H )  
r a d ic a l  t h e  f o l lo w in g  f u r t h e r  re a c t io n s  w o u ld  b e  ex 
p e c te d

H  +  HCOO =  H 2 +  C 0 2 (11)

OH +  H CO O =  H 20  +  C 0 2 (12)

(1 0 )  H . F r ic k e  a n d  E . J . H a r t , J .  C h e m . P h p s . ,  6 , 2 2 9  (1 9 3 8 ) .



596 Edwin J. Hart Vol. 56

T h e  m a i n  p o in t  h e re  is  t h a t  h y d r o g e n  g a s  is  p r o 
d u c e d  t h r o u g h  re a c t io n  o f h y d r o g e n  a t o m s  w i t h  
f o r m ic  a c id  a n d  n o t  t h r o u g h  r e c o m b in a t io n  re a c t io n
7 . W h i l e  t h e  d e ta ile d  m o d e  o f re a c t io n s  o f th e s e  
r a d ic a ls  is  i m p o r t a n t  f r o m  t h e  p o in t  o f  v ie w  o f t h e  
m e c h a n is m , i t  h a s  n o  d ir e c t  b e a r in g  o n  t h e  m e a s u re 
m e n t  o f r a d ic a l  p a i r  y ie ld s .

H y d r o g e n  g a s  f o r m e d  a c c o r d in g  t o  7  w o u ld  b e  
p r o d u c e d  f r o m  h y d r o g e n  a to m s  o r ig in a t in g  e n t ir e ly  
in  t h e  w a t e r .  W h i le  i t  is re c o g n iz e d  t h a t  t h is  re a c 
t io n  is  v e r y  im p o r t a n t  w h e n  t w o  h y d r o g e n  a to m s  
a r c  f o r m e d  a t  c lose p r o x im i t y ,  t h is  is n o t  t h e  m a j o r  
s o u rc e  o f h y d r o g e n  in  th e  7 - r a y  in d u c e d  o x id a t io n  
o f f o r m ic  a c id  in  d i lu t e  a q u e o u s  s o lu t io n . T h i s  is 
d e m o n s t r a t e d  b y  t h e  ir r a d ia t io n  o f d e u t e r o -f o r m ic  
a c id  ( D C O O H ) .  I n  a ir -f r e e  s o lu t io n s , 6 5 %  o f h y - '  
d ro g e n  g a s  in  th e  p r o d u c t  is  h y d r o g e n  d e u te r id e  a n d  
3 5 %  is  n o r m a l  h y d r o g e n . T h i s  e x p e r im e n t  d e fi
n i t e l y  d e m o n s tra te s  t h a t  p a r t  o f t h e  h y d r o g e n  o r ig i 
n a te s  in  t h e  f o r m ic  a c id . I n  l in e  w i t h  t h e  s to ic h i
o m e t r y  o f 10 a n d  12  o r  o f 9  a n d  11, i t  is  a s s u m e d  t h a t  
h a lf  o f  t h e  h y d r o g e n  a to m s  in  t h e  h y d r o g e n  g a s  l ib 
e r a te d  c o m e  f r o m  t h e  w a t e r  a n d  t h e  r e m a in in g  h a lf  
f r o m  t h e  f o r m ic  a c id .

A s  a n  a l t e r n a t iv e  t o  re a c t io n s  11 a n d  12 w h ic h  
c o n s u m e  h y d r o g e n  a n d  h y d r o x y l  r a d ic a ls , re a c t io n  
13 w o u ld  a lso  a c c o u n t  f o r  t h e  p r o d u c t s  f o r m e d  if  
o n e  a s s u m e d  t h a t  t h e  H C O O  ra d ic a ls  a re  f o r m e d  b y  
re a c t io n s  9 a n d  10.

HCOO +  HCOO = HCOOII +  C02 (13)
F u r t h e r  in v e s t ig a t io n  is  n e c e s s a ry  i n  o r d e r  t o  c le a r 
u p  th e s e  p o in ts .

W h i l e  t h e  f o r m ic  a c id  re a c t io n  is  a b le  to  m e a s u re  
t h e  n u m b e r  o f r e a c t in g  h y d r o g e n  a n d  h y d r o x y l  
r a d ic a ls , t h e  p ro c e s s  is in te r fe re d  w i t h  b y  t h e  fa c t  
t h a t  h y d r o g e n , a  p r o d u c t  o f t h e  h y d r o g e n  a t o m  re 
c o m b in a t io n  r e a c t io n  7 , is  a ls o  a  p r o d u c t  o f th e  
f o r m ic  a c id  re a c t io n  10 . T h u s  i t  is  n o t  p o s s ib le  b y  
th is  m e a n s  t o  d is t in g u is h  w h a t  f r a c t io n  o f t h e  r a d i 
cals f r o m  5 '  g o  in t o  7.

Formic Acid-Hydrogen Peroxide System.—The
a d d it io n  o f  h y d r o g e n  p e ro x id e  in  s m a ll  a m o u n t s  to  
d i lu t e  a q u e o u s  s o lu t io n s  o f o x y g e n -f r e e  f o r m ic  a c id  
re s u lts , o n  7 - r a y  ir r a d ia t io n ,  in  a  c h a in  d e c o m p o s i
t io n  o f b o t h  h y d r o g e n  p e ro x id e  a n d  f o r m ic  a c id .9 
O x y g e n  g a s, t h e  n o r m a l  d e c o m p o s it io n  p r o d u c t  of 
h y d r o g e n  p e ro x id e  r a d io ly s is , is n o t  f o r m e d . C a r 
b o n  d io x id e  is t h e  sole g a se o u s  p r o d u c t  o f th is  c h a in  
re a c t io n  w h ic h  h a s  u p  t o  55  l in k s  in  0.01 M  fo rm ic , 
a c id . O n e  m o le c u le  o f  c a r b o n  d io x id e  is p r o d u c e d  
p e r  m o le c u le  o f h y d r o g e n  p e ro x id e  c o n s u m e d . T h e  
p r o p a g a t io n  ste p s  c o n s is te n t  w i t h  t h is  s t o ic h io m e t r y  
a re

OH +  HCOOH = H,0 +  HCOO (9)
HCOO +  H202 = HO +  C0 2 +  OH (14)

H y d r o x y l  a n d  f o r m a t e  ra d ic a ls  a lt e r n a t e  in  th e se  
t w o  ste p s  a n d  re a c t io n  14 a c c o u n ts  f o r  t h e  a b s e n c e  
o f h y d r o g e n  p e ro x id e  in  o x y g e n -f r e e  f o r m ic  a c id  re 
a c tio n s . H y d r o g e n  p e ro x id e  is e x p e c te d  f r o m  t h e  
h y d r o x y l  ra d ic a l r e c o m b in a t io n  re a c t io n  8 a lt h o u g h  
t h e  im p o r t a n c e  of th is  re a c t io n  in  f o r m ic  a c id  d e 
c o m p o s it io n  b y  7 - r a y s  h a s  h e re to fo re  n o t  b e e n  e s ti
m a t e d . E q u a l  a m o u n t s  o f h y d r o g e n  a n d  h y d r o g e n  
p e ro x id e  a re  f o r m e d  in  re a c t io n s  7 a n d  8 a n d , s in c e  
o n e  m o le c u le  o f c a r b o n  d io x id e  is p r o d u c e d  p e r m o l 

e c u le  o f h y d r o g e n  p e ro x id e  b y  re a c t io n  14, e q u i
m o la r  a m o u n t s  o f h y d r o g e n  a n d  c a r b o n  d io x id e  a l 
w a y s  a p p e a r  in  o x y g e n -f r e e  f o r m ic  a c id  r a d io ly s is .  
T h u s ,  s in c e  h y d r o g e n  p e ro x id e  d is a p p e a rs  a n d  h y 
d ro g e n  is f o r m e d , i t  is n o t  p o s s ib le  t o  e m p lo y  e ith e r  
t h e  f o r m ic  a c id  o r  t h e  f o r m ic  a c i d - h y d r o g e n  p e r o x 
id e  re a c t io n s  i n  m e a s u r in g  th e  r a d ic a l  p a i r  y ie ld s  of 
re a c t io n s  5 ' ,  7 a n d  8 .

Formic Acid-Oxygen Reaction.— P r e v i o u s ly  i t  
w a s  r e p o r t e d  t h a t  o x y g e n  s e rv e d  as a  p o w e r f u l  
i n h i b i t o r  in  t h e  7 - r a y  in d u c e d  c h a in  d e c o m p o s it io n  
o f f o r m ic  a c i d -h y d r o g e n  p e ro x id e  s o lu t io n s .9 I n  
s t u d y i n g  t h e  e ffect o f o x y g e n  c o n c e n t r a t io n  o n  t h is  
s y s t e m  i t  b e c a m e  a p p a r e n t  t h a t  t h is  re a c t io n  c o u ld  
b e  u s e d  t o  m e a s u re  s e p a ra te ly  t h e  ra te s  o f re a c t io n s  
5 '  a n d  7 ( o r  8) .  U n d e r  t h e  in f lu e n c e  o f 7 - r a y s ,  o x y 
g e n  is  c o n v e r t e d  q u a n t i t a t iv e ly  t o  h y d r o g e n  p e r 
o x id e  in  s o lu t io n s  c o n t a in in g  0 .0 1  M  f o r m ic  a c id . 
I n  a d d i t io n  a n  e q u im o la r  a m o u n t  o f c a r b o n  d io x id e  
is f o r m e d . T h e  n e t  e q u a t io n  is

HCOOH +  02 = H A  +  C02 (15)
O w in g  to  t h e  in h i b i t o r y  a c t io n  o f o x y g e n  w h e n  

p re s e n t  i n  excess, t h e  h y d r o g e n  p e ro x id e  f o r m e d  is 
n o t  d e c o m p o s e d  as is t h e  case i n  t h e  o x y g e n -f r e e  
re a c t io n . O n  t h e  o t h e r  h a n d , h j 'd r o g e n  p r o d u c t io n  
in  t h e  p re s e n c e  o f o x y g e n  is o n ly  a  s m a ll  f r a c t io n  o f 
t h a t  f o r m e d  i n  f o r m ic  a c id  s o lu t io n s  c o n t a in in g  n o  
o x y g e n . T h e  re s u lts  o b ta in e d  u s in g  0 .0 1  M  f o r m ic  
a c id , 1 mM  s u lf u r ic  a c id , a n d  1 .2 4  m M  o x y g e n  a p 
p e a r  in  F i g .  1. U n d e r  th e s e  c o n d it io n s  i t  is  f o u n d  
e x p e r im e n t a l ly  t h a t

dHA = _  (10, dH = dC02 (1H,
d t di di d t di

A t  th e s e  c o n c e n tra t io n s  o f re a c ta n ts  t h e  c o n d it io n  
is a p p r o x im a t e d  t h a t  t h e  h y d r o g e n  p r o d u c t io n  is  a  
m e a s u re  o f re a c t io n  7 a n d  o x y g e n  c o n s u m p t io n  a 
m e a s u re  o f r e a c t io n  5 '.  H y d r o g e n  p e ro x id e  f o r m a 
t io n  is th e  s u m  o f  th e  r e c o m b in a t io n  r e a c t io n  8 a n d  
th e  o x y g e n  re a c t io n  15.

I n  o r d e r  to  d e t e r m in e  t h e  d e g re e  o f c o m p le te n e s s  
o f th e  o x y g e n  in h ib i t io n  re a c t io n , t h e  e ffect o f o x y 
g e n  c o n c e n t r a t io n  o n  h y d r o g e n  p r o d u c t io n  w a s  
m e a s u re d . R e s u lt s  a p p e a r  in  F i g .  2 . H y d r o g e n  
p r o d u c t io n  in c re a s e s  w i t h  lo w e r  o x y g e n  in  t h e  m a n 
n e r  e x p e c te d  f r o m  t h e  e q u a tio n s

HO = H +  OH (5')
HO = 72II2 T V2H A  (16)

OH +  HCOOH = HO +  HCOO (9) 
II + HCOOH = H  +  HCOO (10)

II +  02 = HO, (17)
HCOO +  02 = II02 +  CO, (18)
1I02 +  HA = H A  +  O, (19)

I n  th e  a b o v e  m e c h a n is m , 5 '  g iv e s  t h e  ra te  o f f o r 
m a t io n  o f fre e  ra d ic a ls  c a p a b le  o f re a c t in g  w i t h  f o r 
m ic  a c id  a n d  16 is t h e  n e t  r e c o m b in a t io n  re a c t io n  r e 
s u lt in g  f r o m  7  a n d  8 . R a d ic a ls  r e c o m b in in g  i m 
m e d ia t e ly  t o  f o r m  h y d r o g e n  a n d  h y d r o g e n  p e ro x id e  
d o  n o t  re a c t  w i t h  f o r m ic  a c id  o r  o x y g e n . T h e r e f o r e ,  
f r o m  t h e  p o in t  o f v ie w  o f t h e  k in e t ic s  o f  t h e  f o r m ic  
a c id , r e a c t io n  16 m a y  b e  tre a te d  as a  p r i m a r y  o n e . 
S in c e  m a n y  X - r a y  a n d  7 - r a y  re a c t io n s  in  d i lu t e  
a q u e o u s  s o lu t io n s  s h o w  an  in d e p e n d e n c e  o f y ie ld  on 
c o n c e n tra t io n  o f r e a c ta n ts  o v e r  a. w id e  ra n g e , a.
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Fig. 1.—Oxidation of 0.01 M  formic acid plus 1.24 mil/. Fig. 2.—Effect of initial oxygen concentration on the 7 -ray 
oxygen by 7 -rays at 50,000 r. per hour: 0> C02; ©, H2; oxidation of 0.01 M  formic acid.
6 , 02; H 2O2.

c o n s ta n t  f r a c t io n  o f  t h e  t o t a l  ra d ic a ls  p r o d u c e d  r e 
c o m b in e  t o  f o r m  h y d r o g e n  a n d  h y d r o g e n  p e ro x id e  
as i l lu s t r a t e d  b y  16.

H y d r o g e n  is  p r o d u c e d  t h r o u g h  re a c t io n s  10  a n d  
17 . U n d e r  c o n d it io n s  w h e r e  re a c t io n  10  is e n t ir e ly  
s u p p re s s e d , h y d r o g e n  f o r m a t io n  is  a  d ir e c t  m e a s 
u r e  o f  re a c t io n  16 . O x y g e n  a n d  f o r m ic  a c id  c o m 
p e te  w i t h  e a c h  o t h e r  f o r  t h e  h y d r o g e n  a to m s  
f o r m e d  in  re a c t io n  5 ' .  A t  1 .2 4  m l  o x y g e n  c o n 
c e n t r a t io n , re a c t io n  10 is  s u p p re s s e d  a n d  re a c t io n  
16 p r o v id e s  o v e r  9 5 %  o f t h e  h y d r o g e n .  T h i s  w a s  
s h o w n  b y  m e a s u r in g  h y d r o g e n  d e u te r id e  f o r m a t io n  
in  t h e  d e u t e r o -f o r m ic  a c id  ( D C O O H ) - o x y g e n  re 
a c t io n . I t  is f o u n d  t h a t  less t h a n  5 %  o f t h e  h y d r o 
g e n  p r o d u c e d  is  h y d r o g e n  d e u te r id e . I n  c o n tr a s t , 
as r e p o r t e d  a b o v e , t h e  o x y g e n -f r e e  d e u t e r o -f o r m ic  
a c id  r a d io ly s is  y ie ld s  6 5 %  h y d r o g e n  d e u te r id e . 
T h e r e f o r e ,  in  t h e  o x y g e n -f o r m ic  a c id  r e a c t io n , 10  is 
s m a ll  c o m p a r e d  t o  17. A t  in f in it e  o x y g e n  c o n c e n 
t r a t io n ,  re a c t io n  10  c a n  b e  c o n s id e re d  n e g lig ib le  a n d  
h y d r o g e n  p r o d u c t io n  is d u e  e n t ir e ly  t o  re a c t io n  16.

E q u a t i o n s  (2 0 )  t o  (2 3 )  a r e  d e r iv e d  f r o m  t h e  a b o v e  
m e c h a n is m  b y  a s s u m in g  t h a t  a  s t e a d y  s ta te  o f in t e r 
m e d ia te  fre e  ra d ic a ls  is r e a d i ly  e s ta b lis h e d .

A  p lo t  o f  t h e  in i t ia l  ra te s  o f h y d r o g e n  f o r m a t io n  
versus l / ( 0 2)o g iv e s  a  s u i t a b ly  l in e a r  c u r v e  i n  t h e  
ra n g e  o f  h ig h  in i t ia l  o x y g e n  c o n c e n t r a t io n s  ( 0 . 1 7 -
1 .2 4  m M ) .  A n  e x t r a p o la t io n  t o  in f in it e  ( O 2)o c o n 
c e n t r a t io n  y ie ld s  1/ s ¿ w , t h e  r a t e  o f t h e  p a irw is e  
r a d ic a l  r e c o m b in a t io n  r e a c t io n s  re p re s e n te d  b y  
E q u a t i o n  16. A t  z e ro  o x y g e n  c o n c e n t r a t io n  t h e  
r a t e  o f h y d r o g e n  p r o d u c t io n  e q u a ls  '/ 2 ku +  A v . 
fc5', t h e  r a t e  o f f o r m a t io n  o f h y d r o g e n  a n d  h y d r o x y l  
r a d ic a ls  re a c t in g  w i t h  f o r m ic  a c id , m a y  t h e n  b e  o b 
t a in e d . A f t e r  e v a lu a t io n  o f t h e  r e m a in in g  c o n s ta n t  
A 17/ A 10( H C O O H )0 t h e  e q u a t io n  f o r  t h e  in it ia l  ra te  
o f  h y d r o g e n  p r o d u c t io n  b e c o m e s

0.020 + 0.153
1 +  38.7(02)o (24)

(C o n c e n t r a t io n s  o f f o r m ic  a c id ,  o x y g e n  a n d  h y d r o 
g e n  a r e  in  m ill im o le s  p e r  l i t e r  a n d  t im e  is  i n  e q u iv a 
le n t  h o u r s  a t  3 c m . f r o m  a n  8 0  c u r ie  C o 60 s o u rc e .)

T a b l e  I  s h o w s  a  c o m p a r is o n  o f  e x p e r im e n t a l  v a l 
u e s  f o r  h y d r o g e n  p r o d u c t io n  a n d  v a lu e s  c a lc u la te d  
f r o m  E q u a t i o n  19.

T a b l e  I

E f f e c t  o f  I n i t i a l  O x y g e n  C o n c e n t r a t i o n  o n  H y d r o g e n

(  d/)o ~ 1/2he +  1 +  (Ai7(02)„/L(HC00H)„) (20)
dH 20 2 &16 1 j /01 \
% i r  =  2 +  h  (21)

-  d0 2/di = h '  ( 2 2 )

dC02 ____________1____________A /OH
At Kh %  +  1 +  (Ai7(0 2) A o(HCOOH))/

A t  h ig h  o x y g e n  c o n c e n t r a t io n s , t h e  a b o v e  e q u a 
t io n s  re d u c e  t o

dll2 _  d0 2 = k 16 , dHjjOj
dri At 2  +  l5' At

a n d
dC02/dI = h '  =  -  d02/di

w h ic h  a r e  id e n t ic a l  w i t h  t h e  s t o ic h io m e t r y  e x p e r i
m e n t a l ly  e s ta b lis h e d . U n d e r  c o n d it io n s  o f h ig h  
o x y g e n  c o n c e n t r a t io n , E q u a t i o n  18 is  b e lie v e d  t o  b e  
th e  m a in  s o u rc e  o f c a r b o n  d io x id e  in  t h is  re a c t io n , 
a lth o u g h  i t  c a n n o t  b e  o p e r a t iv e  in  t h e  a ir -f r e e  f o r m ic  
a c id  r a d io ly s is .  In d e p e n d e n t  k in e t ic  e v id e n c e  f o r  
t h is  re a c t io n  is  a ls o  p r o v id e d  in  th e  fe r ro u s  s u l f a t e -  
f o r m ic  a c i d -o x y g e n  re a c t io n .

P r o d u c t i o n  i n  t h e 7 - R a y  O x i d a t i o n  

A c i d “

o f  0.01 M  F o r m i c

In it ia l  O 2 c o n c n ., m i l / .  H i p r o d u c e d /I i t e r /h r .
m i l f . / l i t e r E x p t l . C a lc d .  f r o m  24

1.24 0.0236 0.0231
0.384 .030 .0296

.172 .040 .040

.0635 .052 .064

. 0 0 0 .173 .173
OO . 0 2 0

0 7 -Ray dose-rate is 35.3 X 1020 ev./l./hr. on the basis of 
15.5 Fe +++/100 ev. 8

B y  t a k in g  A y  as 0 .1 5 3  m M  w a t e r  d is s o c ia t io n s  
p e r  l i t e r  p e r  h o u r  a n d  A16 as 0 .0 4 0  mM  w a t e r  d is s o c i
a t io n s  p e r  l i t e r  p e r  h o u r ,  i t  is f o u n d  t h a t  2 1 %  o f t h e  
p r i m a r y  w a t e r  d is s o c ia tio n s  r e s u lt  i n  r e c o m b in a t io n  
re a c t io n  16. T h e  r e m a in in g  7 9 %  a re  f o r m e d  in  
w a t e r  d is s o c ia t io n  re a c t io n  5 '  a n d  a re  fre e  t o  re a c t  
w i t h  o x y g e n  a n d  f o r m ic  a c id , t h e  s o lu te  m o le c u le s . 
H o c h a n a d e l ’s v a lu e s 8 o f 2 5  a n d  7 5 %  f o r  t h e  re 
c o m b in a t io n  a n d  d is s o c ia t io n  re a c t io n s , re s p e c 
t i v e ly ,  a re  i n  a g re e m e n t  w i t h  t h e  v a lu e s  o b ta in e d  
f r o m  t h e  f o r m ic  a c i d -o x y g e n  re a c t io n .

In v i e w  o f t h e  h ig h  e n e r g y  (a b o u t  5 0 0 ,0 0 0  e v . )
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o f t h e  re c o il  e le c tro n  f r o m  a  C o 60 y - r a y ,  i t  is a p p a r 
e n t  t h a t  r a d ic a l  r e c o m b in a t io n  o c c u rs  n o t  o n ly  a t  
t h e  e n d  o f t h e  p r i m a r y  e le c tro n  t r a c k  b u t  f a r  m o r e  
p r o m in e n t ly  a lo n g  t h e  t r a c k s  o f  t h e  lo w  e n e r g y  sec
o n d a r y  e le c tro n s  p r o d u c e d  in  re a c t io n s  1 a n d  2 . 
F u r t h e r m o r e ,  f r o m  T a b l e  I V  o f M a g e e  a n d  B u r 
t o n ,4 o n e  w o u ld  e x p e c t t h a t  t h e  e n e r g y  o f t h e  p r i 
m a r y  e le c tro n  w o u ld  n o t  b e  p a r t i c u l a r l y  im p o r t a n t  
in  a l t e r in g  t h e  r e la t iv e  p r o p o r t io n s  o f t h e  ra d ic a ls  
f o r m e d  i n  re a c t io n s  5 '  a n d  16. T h i s  is  f o u n d  t o  b e  
t h e  case as is s h o w n  b y  f o r m ic  a c id  o x id a t io n  in 
d u c e d  b y  /3 -rays f r o m  t r i t i u m  d is in t e g r a t io n . T h e  
p r o p o r t i o n  o f ra d ic a ls  u n d e r g o in g  t h e  r e c o m b in a 
t io n  re a c t io n  is  in c re a s e d  o n ly  f r o m  21 t o  3 0 %  as 
t h e  e n e r g y  o f t h e  e le c tro n  is  r e d u c e d  f r o m  5 0 0 ,0 0 0  to  
5 6 9 0  e v .

Free Radical Pair Yield in Aqueous Solutions of 
Tritium Water.— I n  v ie w  o f t h e  p r e s e n t  s ta te  o f th e  
d o s im e t r y  p r o b le m  f o r  a q u e o u s  s o lu t io n s , i t  is n o t  
p o s s ib le  to  c a lc u la te  a  re lia b le  v a lu e  f o r  t h e  e n e r g y  
e x p e n d e d  i n  a q u e o u s  s o lu t io n s  i r r a d ia t e d  b y  y -r a y s .  
I n  o r d e r  t o  c i r c u m v e n t  t h is  d if f ic u lt y  a n d  a ls o  to  
m e a s u re  r e la t iv e  p r o p o r t io n s  o f 5 '  a n d  16 in  th e  
d is s o c ia t io n  o f  w a t e r  b y  lo w  e n e r g y  e le c tro n s , a n  
i r r a d ia t io n  w a s  c a r r ie d  o u t  u s in g  t h e  5 6 9 0  e v . elec
t r o n  f r o m  t r i t i u m  d is in t e g r a t io n  as t h e  s o u rc e  o f 
io n iz in g  r a d ia t io n . T r i t i u m  i n  t h e  f o r m  o f t r i t i u m  
w a t e r  w a s  u s e d  i n  th e s e  e x p e r im e n ts  a t  a  le v e l o f 
157 c u rie s  p e r  l it e r .

F i g u r e  3 s h o w s  a  p lo t  o f t h e  p r o d u c t s  f o r m e d  as a  
f u n c t io n  o f  t im e  f o r  0 .0 1  M  f o r m ic  a c id  c o n t a in in g
1 .2 4  m M  o x y g e n . A t  a n  a c t i v i t y  o f 1 5 7  c u r ie s  p e r  
l i t e r  t h e  o x id a t io n  o f f o r m ic  a c id  is r a p id  e n o u g h  so 
t h a t  th e  t h e r m a l  d e c o m p o s it io n  o f  h y d r o g e n  p e ro x 
id e  is  n o t  v e r y  p r o n o u n c e d . C o n s e q u e n t ly ,  F i g .  3 
re s e m b le s  F i g .  1 e x c e p t t h a t  t h e  r e la t iv e  p r o p o r t io n  
o f  h y d r o g e n  f o r m e d  is g re a te r  f o r  t h e  t r i t i u m  e x p e r i
m e n t .

F r o m  t h e  d a t a  o f F i g .  3 , t h e  c o n s ta n ts  ks> a n d  k16 
m a y  b e  c a lc u la te d  f r o m  E q u a t i o n  18, s in c e  kn/ 
[ f c i o ( H C O O H ) 0] e q u a ls  3 8 .7  m i l f  . - 1 f o r  th e s e  f o r m ic  
a c id  s o lu t io n s . A v , o b t a in e d  f r o m  t h e  r a t e  o f o x y 
g e n  c o n s u m p t io n  e q u a ls  4 .6 4  X  1 0 -3  m M . / l . / h r .  
S in c e  t h e  r a t e  o f  h y d r o g e n  f o r m a t io n  is  1 .1 0  X  1 0 ~3 
m M . / l ./ h r . ,  kw is  f o u n d  t o  b e  2 .0 1  X  1 0 ~3 m M . / l . /  
h r .  f r o m  E q u a t i o n  18 . T h e  t o t a l  r a t e  o f r a d ic a l  
p r o d u c t io n  (k&- +  fc16) e q u a ls  6 .6 5  X  1 0 -3 m M .  
r a d ic a l  p a i r s / l ./ h r .  T h e r e f o r e ,  3 0 %  o f  t h e  r a d ic a l

p a ir s  f o r m e d  re c o m b in e  in  E q u a t i o n  16  a n d  7 0 %  
r e a c t  w i t h  f o r m ic  a c id  a n d  o x y g e n . T h u s ,  o n  r e 
d u c in g  t h e  e n e r g y  o f t h e  e le c tro n  f r o m  5 0 0 ,0 0 0  t o  
5 6 9 0  e v . ,  t h e  p e r  c e n t, o f ra d ic a ls  r e c o m b in in g  w i t h 
o u t  p o s s ib i l i t y  o f r e a c t in g  w i t h  f o r m ic  a c id  a n d  o x y 
g e n  is in c re a s e d  f r o m  21 t o  3 0 %  o f t h e  t o t a l  f o r m e d .

T r i t i u m  u n d e rg o e s  /3 -deca y t o  f o r m  H e 3 w i t h  a  
1 2 .4 6 -y e a r  h a lf - l i f e  a n d  a  m e a n  e n e r g y  o f 5 .6 9  ±
0 .  04  k e v . A t  a n  a c t i v i t y  le v e l o f 15 7 c u r ie s  p e r  l i t e r  
t h e  e n e r g y  a b s o r p t io n  a m o u n t s  t o  1 .1 9  X  1 0 20 e v ./
1. / h r .  S in c e  6 .6 5  X  1 0 -6 m o le  r a d ic a l  p a ir s / l ./ h r .  
a re  p r o d u c e d , a n  a v e ra g e  e n e r g y  o f 2 9 .8  e v ./ m e a s u r -  
a b le  r a d ic a l  p a i r  a re  e x p e n d e d  in  a q u e o u s  s o lu t io n s  
o f f o r m ic  a c id . U s in g  H o c h a n a d e l ’s v a lu e  o f  1 5 .5  
F e + + + / 1 0 0  e v . o f C o 60 y - r a d ia t io n ,  o n e  c a lc u la te s  
t h a t  3 0 .5  e v .  a re  r e q u ir e d  p e r  r a d ic a l  p a i r  f o r  y -  
r a y s . B y  a s s u m in g  t h a t  13 e v . a re  r e q u ir e d  f o r  
io n iz a t io n  o f w a t e r  t o  H 20 + ,  a n  a d d it io n a l  17 e v . 
e n e r g y  i n  t h e  s e c o n d a r y  e le c tro n  is n e c e s s a ry  o n  th e  
a v e ra g e  f o r  t h e  f o r m a t io n  o f a r a d ic a l  p a i r  in  a q u e 
o u s  f o r m ic  a c id  s o lu t io n s .

Acknowledgment.— T h e  a u t h o r  a c k n o w le d g e s  h is  
in d e b te d n e s s  t o  S . G o r d o n  f o r  th e  p r e p a r a t io n  o f 
d e u t e r o -f o r m ic  a c id  a n d  m a s s  s p e c tro m e te r  a n a ly s is  
o f h y d r o g e n  p r o d u c t s  a n d  t o  S . G o r d o n  a n d  V I .  
M a t h e s o n  f o r  h e lp f u l  d is c u s s io n s  o n  t h is  w o r k .

R E M A R K S
D r. E v e b b t t  R .  J o h n s o n  (Brookhaven National Labora

tory): During the decomposition of formic acid in the
presence of oxygen why do you postulate that the H 0 2 
radical does not react with formic acid? Since this radical 
is given importance in other reactions it does not seem 
reasonable to neglect its oxidizing action in this system.

R e p l y : Perhaps the H 0 2 molecule does react with formic 
acid under certain conditions. However, in view of the 
non-chain character of the oxygen-inhibited formic acid 
reaction, the reaction of HO» with formic acid does not 
appear to play an important role in this mechanism. The 
following chain can be set up with H 0 2 and formic acid

H O 2 +  H C O O H  =  H A  +  H COO  
HCOO +  0 2 =  H 0 2 +  C 0 2

Since no chain is observed it appears reasonable that 
H 0 2 reacts with more reactive species such as

H 0 2 +  H O 2 =  H A  +  0 2 
H CO O +  H 0 2 =  H A  +  C 0 2

Either of- these two chain-breaking reactions accounts for 
the stoichiometry observed.

D r. A .  O .  A l l e n  (Brookhaven National Laboratory): 
Attempts to measure total yield of free H  and OH (H art’s 
reaction (1 ), Hochanadel’s reaction (R )) are likely to yield 
only lower limits, because whatever is done by one of these 
radicals may be reversed by the other. Thus, H  +  0 2 =  
HO» may frequently be followed by O H  +  H 0 2 =  H aO +
0 2, and the total number of H  set free may be greater than 
the net 0 2 consumption. It seems difficult or impossible to 
assess the contribution of such reversals. Actually, by 
analogy with other materials, we would expect much less 
energy than 27 or 30 ev. required per radical pair set free 
(since the number of radicals lost by initial recombination 
is relatively small).

R e p l y  : I  agree that the energy required for formation of 
a radical pair represents an upper limit but not for the 
reason pointed out by D r. Allen. The net dissociation 
reaction (5 ')  gives the number of radicals not undergoing 
recombination reactions (6 ), (7 ), and (8 ). Formic acid 
reacts very efficiently with these H  and O H  radicals, other
wise the yield would not be independent of formic acid 
concentration over such a wide range. The concentration 
of OH radicals is reduced to a very low level by the large
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excess of formic acid molecules. Therefore it appears that 
the reaction O H  +  H O 2 =  H 20  +  0 2 does not contribute 
significantly to a reduction in yield at least under the experi
mental conditions employed in this work. The number of

radicals lost in the recombination reaction H  +  O H  =  
H 20  is the principal unknown factor. For this reason the 
value of 30 ev./radical pair represents an upper limit to the 
energy required in the formic acid reaction.

RECOIL ATOMS FROM SLOW NEUTRON CAPTURE BY GOLD AND INDIUM
SURFACES

B y  Samuel Y osim and T .  H .  Davies

Argonne National Laboratory and the Institute fo r  Nuclear Studies, University of Chicago, Chicago, Illinois

R e c e i v e d  F e b r u a r y  2 5 ,  1 9 5 2

_ Au and In recoil atoms arising from slow neutron capture in Au and In films were caught on an opposed collector. The 
yields of radioactive recoils were determined with and without electric fields. The yields indicate recoil path lengths in the 
solid of no more than several lattice layers. Recoil atoms carrying a positive charge were observed with both Au and In and 
are attributed to internal conversion of the compound nucleus during transition to the ground state. The persistence of these 
charges in recoils emitted from a metal suggest that internal conversion is a late step in stabilisation of the compound nucleus.

In t r o d u c t io n
M u c h  o f t h e  d is o r d e r  o b s e r v e d  in  s o lid s  a f t e r  

h ig h  e n e r g y  p a r t ic le  b o m b a r d m e n t  is  d u e  t o  d is lo 
c a te d  a to m s  w h ic h  h a v e  re c o ile d  f r o m  c o llis io n s  w i t h  
p r i m a r y  o r  s e c o n d a r y  p r o je c t ile s . F r o m  t h e  d is 
c u s s io n  o f S e i t z 1 a n d  o th e rs , w e  le a r n  t h a t  m o s t  of 
th e s e  d is lo c a te d  a t o m s  le f t  t h e i r  o r ig in a l  la t t ic e  
p o s it io n s  w i t h  o n ly  a  f e w  h u n d r e d  e le c tro n  v o lt s  o f 
“ k n o c k e d  o n ”  a t o m s — t h e i r  p a t h  le n g th s  in  th e  
s o lid  f o r  in s ta n c e — a re  o f in t e r e s t  t h e n  i n  c o n s id e r 
in g  t h e  o v e r -a l l  c h a n g e s  o f ir r a d ia t e d  s o lid s .

W e  h a v e , f o r t u n a t e ly ,  a  r e a d y  s o u rc e  o f s u c h  p r o 
je c tile s  w i t h  k in e t ic  e n e rg ie s  o f t h e  o r d e r  o f a  h u n 
d r e d  e le c tro n  v o lt s .  T h e s e  a re  t h e  re c o il  a to m s  p r o 
d u c e d  b y  a n y  o f s e v e ra l n u c le a r  p ro ce sse s— f o r  e x 
a m p le , b y  /3 -deca y, K -e l e c t r o n  c a p t u r e , a n d  r a d ia 
t i v e  n e u t r o n  c a p t u r e . F u r t h e r ,  s u c h  re c o il in g  sp e 
cies a re  f r e q u e n t ly  r a d io a c t iv e  a n d  t h is  m a y  p e r m it  
t h e  re c o il  a t o m  t o  b e  t r a c e d  w i t h o u t  t h e  n e e d  f o r  
s u b s t a n t ia l  a lt e r a t io n s  i n  t h e  m a c r o s c o p ic  p r o p e r 
t ie s  o f t h e  s o lid .

V e r y  l i t t le  is  k n o w n  b y  d ir e c t  e x p e r im e n t  c o n 
c e r n in g  1 0 0  e le c tro n  v o l t  re c o il  a to m s . I t  is  a g re e d  
t h a t  s u c h  p a rt ic le s  w i l l  n e it h e r  io n iz e  th e m s e lv e s  
n o r  c o llis io n  p a r t n e r s .  A  m in o r  e x c e p tio n  t o  t h is  
r u le  is  t h a t  s o m e  re c o il  a to m s  m a y  b e  i n i t i a l ly  io n 
iz e d  b y  t h e  n u c le a r  p ro c e s s  its e lf. I n  i l lu s t r a t io n ,  
t h e  re c o ils  f r o m  /3 -d eca y w i l l  u s u a l ly  b e g in  as  p o s i
t i v e  io n s .

A  s e c o n d  c e r t a in t y  is t h a t  t h e  re c o il p a t h  le n g th s  
w i l l  b e  e x t r e m e ly  s h o r t  a n d  w i l l  b e  v e r y  d e 
p e n d e n t  u p o n  t h e  c h a n c e  d ir e c t io n  o f t h e  re c o il 
w i t h  re s p e c t t o  t h e  p o s it io n s  o f c o llis io n  p a r t n e r s  in  
t h e  s o lid  la t t ic e . T h e  e v id e n c e  f o r  v e r y  s h o r t  
p a th s  c o m e s  t h r o u g h  a  v a r i e t y  o f e x p e r im e n ts  w i t h  
re c o ils  f r o m  n u c le a r  re a c t io n s — e x p e r im e n ts  u s u a lly  
p e r f o r m e d  w i t h  o t h e r  a im s . F o r  e x a m p le , in  th e  
h u n t  f o r  n e u t r in o  re c o il  effects, S m i t h  a n d  A l l e n 2 
a n d  S h e r w in 3 h a v e  e n c o u n te re d  s u ffic ie n t d iffi
c u lt ie s  w i t h  t h e  s u rfa c e s  o f  t h e i r  s o lid  s o u rc e s  to  
d e m o n s tr a te  t h a t  t h e  p e n e t r a t io n  o f 1 0 -5 0  e v . re c o il 
a to m s  is n o t  m o r e  t h a n  a  la t t ic e  la y e r  o r  t w o . 
F r a u e n f e ld e r 4 s t u d ie d  re c o il  A g 107 r e s u lt in g  f r o m  K

(1 ) F . S e itz , D i s c u s s i o n s  F a r a d a y  S o c . ,  5 , 2 7 4  (1 9 4 9 ) .
(2 )  P .  B . S m ith  a n d  J . S . A lle n , P h y s .  R e v ,, 8 1 , 3 8 1  (1 9 5 1 ).
(3 ) C . W . S h e rw in , i b i d . ,  7 5 , 1 79 9  (1 9 4 9 ) .
(4 ) H . F ra u e n fe ld e r , H e lv .  P h y s .  A c t a ,  2 3 , 373  (1 9 5 0 ).

c a p t u r e  b y  C d 107 o n  a  s i lv e r  s u rfa c e . H e  f o u n d  a  
y ie ld  o f re c o il a to m s  w h ic h  d e c lin e d  as t h e  s i lv e r  
s u r fa c e  a g e d . T h e  d e c l in in g  y ie ld  w a s  a t t r ib u t e d  
t o  p r o g r e s s iv e  d if fu s io n  o f C d 107 a to m s  i n t o  t h e  s il 
v e r  a n d  th e  i n a b i l i t y  o f a n y  b u t  s u rfa c e  la y e r  re c o ils  
t o  re a c h  t h e  c o lle c to r . M a g n u s s o n 6 h a s  o b s e r v e d  
t h a t  w h e n  a  g o ld  p la t e d  s u rfa c e  is ir r a d ia t e d  w i t h  
s lo w  n e u t r o n s , t h e  re c o il  A u 198 a to m s  c o lle c te d  
a m o u n t  t o  o n ly  3 %  o f t h e  re c o ils  p r o d u c e d  i n  a n  
id e a l g o ld  la y e r .

T h e  n ,y - r e a c t io n  w o u ld  s e e m  a t  f ir s t  g la n c e  t o  b e  
a n  a t t r a c t i v e  e x p e r im e n t a l  o p p o r t u n i t y  t o  s t u d y  
r e c o il  a to m s  o f a b o u t  1 0 0  e v . k in e t ic  e n e r g y . T h e  
re c o il  e n e r g y  f r o m  t h e  re a c t io n  is g iv e n  b y  t h e  e x 
p re s s io n

„  5.36 X  10 -10 E 2y
E n  =  -------------M -------------

w h e r e  t h e  k in e t ic  e n e rg ie s  a re  i n  e v .  a n d  M  is  th e  
m a s s  o f t h e  re c o il a t o m  in  a t o m ic  m a s s  u n it s .  U n 
f o r t u n a t e ly  f o r  s im p li c i t y ,  t h e  e x c it a t io n  o f t h e  
c o m p o u n d  n u c le u s  is  g e n e r a lly  d is c h a rg e d  in  s e v e ra l 
7 - r a y s .  M u e h lh a u s e 6 h a s  d e t e r m in e d  t h e  a v e ra g e  
n u m b e r  o f  y - r a y s  a b o v e  5 0  k e v . i n  e n e r g y  e m it t e d  
p e r  n e u t r o n  c a p t u r e  f o r  s o m e  2 5  d if fe re n t  n u c le i.  
H i s  re s u lts  s h o w  f r o m  1 .7  t o  5 .6  y - r a y s  p e r  c a p tu r e . 
T h e  n u m b e r  te n d s  t o  in c re a s e  w i* h  m a s s  n u m b e r  
a n d  th e r e  a re  c e r ta in  c o r re la t io n s  w i t h  o d d -e v e n  
c h a r a c te r is t ic s  w h ic h  w e  n e e d  n o t  d is c u s s . T h e  
7 - r a y  e n e r g y  s p e c t r u m  h a s  b e e n  s tu d ie d  b y  K in s e y  
a n d  c o -w o r k e r s ,7 b y  H a m e r m e s h 8 a n d  b y  o th e rs . 
K i n s e y  h a s  f o u n d  s e v e ra l v e r y  s im p le  s p e c tra — f o r  
e x a m p le , n e u t r o n  c a p t u r e  o f P b 207 y ie ld s  a  s in g le  
e n e rg e tic  y - r a y ,  w h ile  t h e  l ig h t  n u c le u s  N 14 g iv e s  a  
s p e c t r u m  w h ic h  h a s  b e e n  re s o lv e d  in t o  n in e  d iffe r 
e n t  t r a n s it io n s  f r o m  s e v e n  d if fe re n t  e n e r g y  le v e ls . 
H a m e r m e s h  h a s  m e a s u re d  p r o t o n  re c o il  t r a c k s  f r o m  
t h e  D ( y , n ) H  re a c t io n  i n  d e u t e r a t e d  p h o t o g r a p h ic  
p la te s  w h e r e  t h e  y - r a y s  w e re  th o s e  f o l lo w in g  s lo w  
n e u t r o n  c a p t u r e  b y  s o m e  15 d if fe re n t  n u c le i.  T h e  
r e s o lu t io n  o f  t h e  y - r a y  e n e rg ie s  is m u c h  less t h a n  
w i t h  t h e  c o in c id e n c e  p a ir  s p e c tro m e te r  u s e d  b y  K i n 
s e y  a n d  c o -w o r k e r s , b u t  s o fte r  y - r a y s  c a n  b e  seen,

(5 ) L .  B . M a g n u a so n , P h y s .  R s 8 1 , 2 8 5  (1 9 5 1 ) .
(6 )  C . O . M u e h lh a u s e , i b i d . ,  79, 2 7 7  (1 9 5 0 ) .
(7 )  B .  B .  K in s e y ,  G. A . B a r t h o lo m e w  a n d  W .  H . W a lk e r , i b i d . ,  77, 

7 2 3  (1 9 5 0 ) ;  78, 7 7  (1 9 5 0 ) ;  Can. J . P h y s . ,  29, 1 (1 9 5 1 ) .
(8 )  B . Hamermesh, P h y s .  R e v . ,  80, 4 1 5  (1 9 5 0 ) ;  81, 4 8 7  (1 9 5 1 ).
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a n d  a n  in f o r m a t iv e  q u a l i t a t iv e  p ic t u r e  o f t h e  sp e c 
t r u m  c a n  b e  o b ta in e d .

F o u r  o f H a m e r m e s h ’s8 re s u lts  ( F i g .  1 ) w i l l  i l lu s 
t r a t e  t h e  s e v e ra l t y p e s  o f s p e c tra  o b s e r v e d . T h e  
p r e c is io n  n e a r  t h e  e x p e r im e n t a l  c u to ff  o f  3  m e v .  
is  p o o r , a n d  t h e  d e c lin e  i n  t h e  n u m b e r  o f t r a c k s  in  
t h e  case o f C d  is n o t  n e c e s s a rily  r e a l. R e fe re n c e  to  
t h e  s p e c t r a  o f A l ,  C l  a n d  F e  r e p o r t e d  b y  H a m e r -  
m e s h  in d ic a te s  n o  d im in u t io n  o f c o m p le x it y  w i t h  
n u c le a r  m a s s .

F r o m  t h e  s p e c tra  a n d  t h e  d a t a  o n  m u l t i p l i c i t y  
ta k e n  t o g e th e r , a d d i t io n a l  in f o r m a t io n  o n  t h e  7 - r a y  
s p e c tra  m a y  b e  o b ta in e d  in  f a v o r a b le  cases. C o n 
s id e r , f o r  e x a m p le , H a m e r m e s h ’s y - r a y  s p e c t r u m  
f o r  I n 116 g iv e n  in  F i g .  1. T h e  o b s e r v e d  m a x i m u m  
e n e r g y  o f a  7 .4  m e v .  is  i n  s u ff ic ie n t a c c o rd  w i t h  t h e  
v a lu e  o f 6 .5 9  f o r  t h e  n e u t r o n  b in d in g  e n e r g y  o b 
t a in e d  f r o m  t h e  d ,p -r e a c t io n  t h r e s h o ld  o f I n 115.9 
H o w e v e r ,  t h e  in t e n s it y  p e a k  is  a t  4 .8  m e v .  a n d  t h e  
in t e n s i t y  is a p p a r e n t ly  z e ro  b e lo w  4 .0  m e v .  G i v e n  
a  7 - r a y  m u l t i p l i c i t y  o f 3 .3  ( r e p o r t e d  b y  M u e h l 
h a u s e 6)  f o r  c a p t u r e  b y  I n 115, e a c h  7 - r a y  m o r e  e n e r
g e t ic  t h a n  4 .0  m e v . m u s t  b e  a c c o m p a n ie d  i n  t h e  
s a m e  d e -e x c it a t io n  p ro c e s s  b y  2 .3  ( =  3 .3  —  1 ) 7 - r a y s  
o n  t h e  a v e ra g e  a n d  th e s e  m u s t  s h a re  4 .4  (  =  7 .4  
— 4 .0 )  m e v .  o r  less. T h u s ,  t h e  r e la t iv e  n u m b e r  o f 
7 - r a y s  e m it t e d  m u s t  r is e  a g a in  t o  a  h ig h  p e a k  a t  
e n e rg ie s  b e lo w  th e  3 .0  m e v .  c u to ff.

A t  le a s t o n e  f u r t h e r  c o m p lic a t io n  i n  t h e  n e u t r o n  
c a p t u r e  p ro c e s s  m u s t  b e  fa c e d . A m a ld i  a n d  R a -  
s e t t i10 o b s e r v e d  in t e r n a l  c o n v e r s io n  in  n e u t r o n  c a p 
t u r e  b y  G d .  G o ld h a b e r ,  M u e h lh a u s e  a n d  c o -w o r k 
e r s 11 h a v e  r e p o r t e d  s o ft e le c tro n s  e m it t e d  i n  n e u -

(9 )  J . A . H a r v e y ,  P h y s .  R e v . ,  8 1 , 3 5 3  (1 9 5 1 ) .
(1 0 )  E . A m a ld i  a n d  F . R a s e t t i ,  R i c e r c a  S c i . t 10 , 115  (1 9 3 9 ) .
(1 1 )  U n p u b lis h e d  e x p e r im e n ts  b y  M u e h lh a u s e , Goldhaber and

t r o n  c a p t u r e  b y  C d ,  G d ,  S m , E u ,  D y  a n d  H g .  
H i b d o n  a n d  M u e h lh a u s e 12 h a v e  m e a s u re d  t h e  e n e r
g ie s  o f th e s e  r a d ia t io n s  in  th e  case o f G d  a n d  S m 149 
a n d  f o u n d  l in e  s p e c tra  c o r r e s p o n d in g  t o  in t e r n a l  
c o n v e r s io n  o f 8 0  t o  3 4 1  k e v . 7 - r a y s  i n  t h e  K ,  L  
a n d  M  s h e lls  o f  t h e  t a r g e t  spe cies. W e x le r  a n d  
D a v i e s 13 h a v e  f o u n d  p o s it iv e ly  c h a r g e d  b r o m in e  re 
c o il sp e cie s f r o m  n e u t r o n  c a p t u r e  b y  g a se o u s  e t h y l  
b r o m id e  a t  v e r y  lo w  p re s s u re s . T h e  o b s e r v e d  
c h a rg e s  a r e  a t t r ib u t e d  t o  c o n v e r s io n  o f c a p t u r e  7 -  
r a y s  o f  B r .

T u r n i n g  f r o m  t h e  7 - r a y  s p e c t r u m  t o  t h e  a c c o m 
p a n y in g  re c o ils , w e  s h a ll  e x p e c t a  c o m p le m e n t a r y  
c o m p le x it y  i n  t h e  re c o il  s p e c t r u m . I n  i l lu s t r a t io n ,  
t h e  r e c o il  e n e r g y  o f a n  u n b o n d e d  a t o m  o f m a s s  100 
f r o m  a  s in g le  7 - r a y  o f 10  m e v .  w i l l  b e  5 3 6  e v . ,  f r o m  a 
1 m e v .  7 - r a y ,  5 .3 6  e v . I n  a d d i t io n , i f  w e  a re  c o n 
c e r n e d  w i t h  t h e  d is r u p t io n  o f  m o le c u le s  b y  t h e  re 
c o il, w e  s h a ll  h a v e  t o  c o n s id e r  t h e  t im e  la p s e s  b e 
t w e e n  s u c c e s s iv e  7 - r a y s  o f  t h e  ca s c a d e  a n d  t h e  m u 
t u a l  o r ie n t a t io n  o f th e s e  7 - r a y s .  T h e  u s u a l e s ti
m a t e  f o r  t h is  d e la y  is  1 0 ~13 t o  1 0 -14 s e c o n d s . T h i s  
f ig u r e  m a k e s  i t  c o n t r o v e r s ia l  w h e t h e r  t h e  s e c o n d  o f 
t w o  s u c c e s s iv e  o p p o s e d  7 - r a y s  w i l l  c a n c e l t h e  re c o il  
o f t h e  f irs t  b e fo re  t h e  r a d i a t in g  a t o m  s h a ll  h a v e  
m o v e d  b e y o n d  b o n d in g  d is ta n c e  o f a  p a r t n e r  a t o m . 
F i n a l l y ,  t h e  p o s s ib i l i t y  t h a t  t h e  r e c o il in g  sp e cie s is  a  
p o s it iv e  io n , p a r t ic u la r ly  a  h i g h l y  c h a r g e d  io n  as 
s h o u ld  re s u lt  f r o m  in t e r n a l  c o n v e r s io n  o f in n e r  o r b i t a l  
e le c tro n s , m u s t  b e  c o n s id e re d , s in c e  t h is  m a y  b e  a  fa c 
t o r  i n  d e t e r m in in g  t h e  d is ta n c e s  t r a v e l le d  i n  s o lid s .
o th e r s  a t  A r g o n n e  N a t io n a l  L a b o r a t o r y .  O . S a la , P .  A x e l  a n d  M .  
G o ld h a b e r ,  P h y s .  R e v . ,  7 4 ,  1249  (1 9 4 8 ) .

(1 2 )  A b s tr a c t ,  W a s h in g t o n  M e e t in g ,  A m . P h y s .  S o c . ,  A p r i l ,  195 1 .
(1 3 ) S . W e x le r  a n d  T .  H . D a v ie s ,  B r o o k h a v e n  N a t io n a l  L a b o r a t o r y ,  

R e p o r t  C -7 -A E C U -5 0  (1 9 4 8 ) .
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W h i l e  t h e  la c k  o f  c o m p le te  a n d  p re c is e  in f o r m a 
t io n  c o n c e r n in g  t h e  n u c le a r  c a p t u r e  re a c t io n  a n d  its  
g e n e ra l c o m p le x it y  m a k e  a  d e ta ile d  in t e r p r e t a t io n  
o f  t h e  c o m p le m e n t a r y  re c o il  e ffe cts  u n l ik e ly ,  s o m e  
s ig n if ic a n t  in f o r m a t io n  s h o u ld  e v e n t u a l ly  e m e rg e  
f r o m  e x p e r im e n ts  o f t h e  t y p e  w h ic h  w e  s h a ll n o w  
r e p o r t .

Experiments and Results
W e have studied indium and gold recoils from slow neu

tron capture. The sources were indium and gold metal 
films prepared by evaporating these metals upon glass or 
copper tubes, and gold foil prepared for test by careful 
cleaning. Figure 2 shows the evaporation chamber and the 
irradiation chamber used in our experiments. After evapo
rating metal onto the central tube of glass or copper during a 
half-hour period at a pressure of less than 5 X  10-6 m m ., the 
cylinder carrying the metal film was lowered by means of the 
windlass to the bombardment chamber where the source is 
centered by an internal guide. Surrounding the source 
film at two different levels are two cylindrical copper collect
ing foils. One copper foil is made 1500 volts positive or 
negative to the central rod; the second foil is electrically 
connected to the central rod. The chamber is now sealed 
off and bombarded in the Argonne graphite pile for 20 
minutes at a flux of 4 X  1010 neutrons per cm .2 per second. 
A  standard sample of In or Au solution, strapped to the 
chamber, is irradiated at the same time. The standard 
and the center section of each collecting cylinder are now 
analyzed for 54 min. In116 or 2.7d A u198 to obtain the yield 
of recoil atoms. The metal source films are also analyzed 
to determine the average thickness. Finally, as a test for 
contamination, an unanalyzed aliquot strip of the collector 
is irradiated again after a proper decay period and analyzed 
for the appropriate activity. The second irradiation is 
made after the radioactivity from the first bombardment 
has decayed to stable Sn or H g. Thus, the new yield of 
activity will be due to contamination of the collector with 
stable In or Au before or during the first bombardment.

The results of these measurements appear in Tables I, 
II , III  and IV . The variation in the corrected counting 
rates of the In and Au standards reflects the variation in pile

T a b l e  I

I n d i u m  R e c o i l  Y i e l d s  f b o m  I n d i u m  F i l m s

I n 116 on

E x p t . B a c k in g
c o lle c t o r ,

c t s . / m i n . a
In  s ta n d a r d , 

c t s . /m in . /V g .
2  X  Y  
(%)<■

25 Glass 147 2000 68
26 Glass 199 1910 95
28 Glass 158 1850 78
32 Glass 143 1890 70
34 Glass 107 1870 53
27 Cu 86 1900 42
30 Cu 130 1860 64
31 Cu 203 1870 100
36 Cu 115 1820 58
37 Cu 72 2050 32
38 Cu 74 2040 33
41 Cu 152 1850 75
“ The counting rate is corrected for yield of the radio

chemical analysis, for contamination of the collector with 
stable indium, and to 4 half-lives after end of bombardment. 
The counting rate reported applies to 1 sq. cm. of the source 
surface and was made at about 1 0%  geometry. b Y  — 
number of recoils collected divided by number of recoils 
created in top layer of source. 0.22 Mg of In1I6/sq . cm. for 
the top layer was assumed.

neutron flux from run to run as well as errors in the over-all 
radiochemical analysis. Within the large scatter of results 
from one metal film to the next, no effect of backing on recoil 
yield is apparent. In only one of the experiments with Au 
and In (Table I , In #31) is the number of recoils collected 
equal to those which originate in an ideal first layer,of the 
film and which are directed toward the collector. The 
estimate of the number of recoils originating in an ideal first 
layer was made from the bulk density of the pure metal and

from the number of neutron captures per Mg- disclosed in the 
standard sample. Evaporated Au films gave no higher 
yields than Au foil.

Fig. 2 .— Evaporation (upper) and irradiation (lower) 
chamber.

The data of Tables II  and IV  show the presence of positive 
ions among both In and Au recoils. The fraction of positive 
ions is calculated in the following manner. The number of 
recoils emitted toward each of the two collectors is assumed 
to be the same in the absence of a field. When a repelling 
potential is imposed, however, it is assumed that all positive 
recoils directed toward the charged collector are driven back 
into the source films and are lost to analysis. Thus, the frac
tion of all recoils which must carry a positive charge equals 
(iVt — N c)/Nt, where Nt is the number of recoils found on the

T a b l e  II

T h e  E l e c t r i c  C h a r g e  o n  I n d i u m  R e c o i l s

Expt.
I n 116 o n  fie ld  

fre e  c o lle c t o r ,  
c t s . /m in .

I n 116 o n  
c o l le c t o r  
a t  1500  

v o l t s  ( + )

I n 116 o n  
c o l le c t o r  
a t  1 5 0 0  

v o lt s  ( — )
P o s it iv e  
io n s , %

16 700 426 30
18 6 ,8 0 0 2850 58
20 3 ,9 0 0 3100 21
21 3 ,7 5 0 1000
24 5 ,9 0 0 4200 29
27
a

3 ,0 4 0 2340 23

30 9 ,3 0 0 2680 72
31 14 ,400 5500 62
36 8 ,7 44 9396
38 5 ,7 2 0 6580
41 10 ,000 3380 66

“ In experiments below dotted line source films were pro
tected from air throughout.
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T a b l e  III
G o l d  R e c o i l  Y i e l d s  f r o m  G o l d  S u r f a c e s

E x p t .

A u 198 o n  
c o l le c t o r  

c t s . /m i n . °

A u  s ta n d .
c t . / -

m in ./V g .
2 X  Y  
(%)<■ B a c k in g

39 3 5 .2 590 24 Au foil
40 3 8 .8 620 25 Au foil
42 14 .6 492 12 Au foil
44 3 8 .4 573 27 Au foil
45 3 2 .0 598 21 Evap. on glass
46 5 2 .6 589 36 air exposed

0 The counting rate is corrected for yield of the radio
chemical analysis for contamination of the collector with 
stable gold and to end of bombardment. The counting rate 
reported applies to 1 sq. cm. of the source and was made at 
about 2 5 %  geometry. b Y  =  number of recoils collected 
divided by number of recoils created in top layer of source. 
0.50 /ig. of A u /sq . cm. was assumed for the top layer.

T a b l e  I V

E l e c t r i c  C h a r g e  o n  A u  R e c o i l s

E x p t .

A u 19* o n  
fie ld  fr e e  
c o lle c t o r ,  
c t s . /m i n .

A u 198 o n  
c o lle c t o r  
a t  1 50 0  

v o lt s  ( + )

P o s it iv e
io n s ,

% B a ck in g

39 440 136 69 Au foil
40

00 168 65 Au foil
42 182 209 ? Au foil
44 479 189 61 Au foil
46 657 326 51 Au film on glass

field free collector and iV„ is the number of recoils found on 
the charged collector. The small increase in recoils collected 
with a negative potential on the collector is not an indication 
of negative ions. Were negative ions present, a decline in 
yield for the charged collector should again be noted. The 
effect may be due to a slight penetration of the attractive 
electric field into the adjacent “ field free”  region with the 
result that some positive ions are diverted from the un
charged collector to the negative collector.

D is c u s s io n
T h e  y ie ld  d a t a  s u g g e s t t h a t  t h e  re c o ils  a re  a b le  to  

p e n e tr a te  o n ly  a  fe w  la t t ic e  la y e r s  o f t h e  m e t a l  f i lm  
a t  m o s t . A c c o r d in g ly ,  th e  c h a r a c t e r  o f t h e  f i lm  
s u rfa c e  is  o f d e c is iv e  im p o r t a n c e  a n d  u n t i l  in f o r m a 
t io n  o n  t h e  s u rfa c e  u s e d  h e re  is  o b ta in e d , v e r y  l i t t le  
m o r e  c o n c e r n in g  t h e  p a t h  le n g th s  c a n  b e  s a id . 
T h e  e v a p o r a t e d  f ilm s  a re  b e in g  e x a m in e d  b y  e le c
t r o n  m ic r o s c o p y  a n d  e le c tro n  d if f r a c t io n  a n d  th e  
re s u lts  m a y  p r o v e  in f o r m a t iv e .

T h e  y ie ld s  o f re c o il I n  a n d  A u  a to m s  a re , h o w e v e r , 
n o t  f a r  f r o m  e x p e c ta t io n . E a r l i e r  w e  h a v e  a r g u e d  
t h a t  in  t h e  case o f I n ,  o n ly  o n e  e n e rg e tic  7 - r a y  a p 
p e a rs  i n  e a c h  d e e x c ita t io n  p ro c e s s  a n d f t h e  o th e rs  
see n  i n  t h e  c a p t u r e  7 - r a y  m u l t i p l i c i t y  s tu d ie s  m u s t  
e a c h  b e  less e n e rg e tic  t h a n  3 m e v . A  s im ila r  a r g u 
m e n t  m a y  b e  m a d e  f o r  A u .  S in c e  t h e  re c o il  e n e r g y  
v a r ie s  as t h e  s q u a re  o f t h e  7 - r a y  e n e r g y , th e  e n e r
gies a n d  m u t u a l  o r ie n ta t io n s  o f th e se  s o fte r  7 -r a y s  
a re  r e la t iv e ly  u n im p o r t a n t  in  d e t e r m in in g  t h e  re 
c o il e n e r g y . T h u s ,  t h e  re c o il s p e c tra  f o r  I n  a n d 'A u  
m a y  b e  e s t im a te d  d i r e c t ly  f r o m  t h e  7 - r a y  s p e c tra  
r e p o rte d . B y  t h is  p r o c e d u r e , re c o il e n e rg ie s  o f 70  
t o  2 8 0  e v . f o r  I n  a n d  5 0  t o  2 2 0  e v . f o r  A u  a re  f o u n d . 
O n e  m u s t  r e m a r k , h o w e v e r , t h a t  t h e  c a p tu r e  7 -  
r a y s  r e p o r t e d  b y  K i n s e y ,  et cd.7 a n d  b y  H a m e r -  
m e s h 8 m a y  b e  e m it t e d  i n  o n ly  a  f r a c t io n  o f a ll  c a p 
t u r e  p ro ce sse s, t h e  r e m a in in g  p roce sse s g iv in g  7 -  
r a y s  a ll  o f  w h ic h  a re  to o  s o ft t o  b e  o b s e r v e d  b y  
t h e i r  te c h n iq u e s . S h o u ld  t h is  p r o v e  t o  b e  t h e  case,

t h e n  t h e  lo w e r  l i m i t  f o r  t h e  re c o il  e n e r g y  s p e c t r u m  
ju s t  e s t im a te d  w i l l  b e  e r ro n e o u s ly  h ig h .

T h i s  re s u lt  c a n  n o w  b e  u s e d  i n  c o n ju n c t io n  w i t h  
S e it z ’ 1 d is c u s s io n  o f  t h e  fa te  o f “ k n o c k e d  o n ”  
a to m s . T h e  r a t e  o f e n e r g y  lo ss t o  t h e  o r ig in a l  re 
c o il  i n  d is p la c in g  la t t ic e  a to m s  a n d  i n  t r a n s f e r r in g  
k in e t ic  e n e r g y  t o  t h e m  is s u c h , b y  S e it z ’ t r e a t m e n t ,  
t h a t  a  100 e v . I n  o r  A u  re c o il o r ig in a t in g  i n  t h e  t h i r d  
la y e r  s h o u ld , o n  t h e  a v e ra g e , e m e rg e  f r o m  t h e  t o p  
la y e r  w i t h  v e r y  l i t t le  r e s id u a l e n e r g y . T h e  c a lc u la 
t io n  m u s t  n o t  b e  t a k e n  s e r io u s ly , o f  c o u rs e , f o r  w i t h  
so fe w  s t o p p in g  e v e n ts  in v o lv e d  th e  d e v ia t io n  f r o m  
t h e  a v e ra g e  w i l l  b e  v e r y  g re a t . N e v e r th e le s s , a ll 
re c o ils  f r o m  t h e  s u rfa c e  la y e r  d ire c te d  t o w a r d  th e  
c o lle c to r  o u g h t  t o  re a c h  i t .  W e  s h a ll  b e  in te r e s te d  
to  le a rn  w h y  t h e  y ie ld s  fa ll  s h o r t  o f t h is  v a lu e .

T h e  c h a rg e  w h ic h  is  o b s e rv e d  o n  a b o u t  h a lf  o f  th e  
re c o ils  m u s t  a r is e  f r o m  in t e r n a l  c o n v e r s io n  d u r in g  
t h e  d e e x c ita t io n  o f  t h e  c o m p o u n d  n u c le u s . T h e  
w o r k  f u n c t io n  o f in d i u m  is  p r o b a b ly  less t h a n  its  
io n iz a t io n  p o t e n t ia l  a n d  t h is  r e la t io n  is c e r t a in ly  
t r u e  f o r  g o ld . T h u s ,  t h e  re c o ils  le a v in g  t h e  s u rfa c e  
s h o u ld  n o t  self io n iz e  a n d  in t e r n a l  c o n v e r s io n , a l
r e a d y  o b s e r v e d  i n  n e u t r o n  c a p t u r e  b y  s e v e ra l o t h e r  
n u c le i , 10-13 see m s th e  o n ly  l ik e ly  s o u rc e  f o r  t h e  p r o 
d u c t io n  o f io n s .

T h e  c h a rg e s  h a v e  a n  in t e r e s t in g  c o n n o t a t io n . 
T h e y  s u g g e s t t h a t  in  a  m a j o r  f r a c t io n  o f t h e  r a d ia 
t i v e  c a p tu r e s , a n  in t e r n a l  c o n v e r s io n  s te p  m u s t  
f o l lo w  th e  e m is s io n  o f a n  e n e rg e tic  7 - r a y .  W e r e  
t h e  o r d e r  o f e v e n ts  re v e rs e d , t h e  A u g e r  p ro c e s s  a n d  
t h e  n e u t r a l iz a t io n  o f t h e  c h a rg e  b y  m e t a l  e le c tro n s  
s h o u ld  b e  c o m p le te d  b e fo re  t h e  re c o il  a t o m  le a v e s  
th e  m e t a l  s u rfa c e . N e u t r a l iz a t io n  a p p e a rs  p r o b 
a b le  e v e n  if  t h e  e n e rg e tic  7 - r a y  is  e m it t e d  a n d  th e  
re c o il  a t o m  b e g in s  t o  m o v e  im m e d ia t e ly  a f te r  t h e  
in t e r n a l  c o n v e r s io n  s t e p .14

T h e  c h r o n o lo g y  o f e v e n ts  as d ia g r a m m e d  in  
T a b l e  V  m a y  m a k e  th e  a r g u m e n t  c le a re r . T h e  
I n 116 is  a s s ig n e d  a n  o u t w a r d  v e lo c i t y  o f 106 c m ./ s e c . 
f o l lo w in g  t h e  in it ia l  e n e rg e tic  7 - r a v  e m is s io n . I f  
t h e  d e la y  u n t i l  t h e  in t e r n a l  c o n v e r s io n  s te p  is  as 
s h o r t  as 10 -13 s e c o n d s  (a n d  i t  m a y  b e  m u c h  lo n g e r ) ,  
t h e  re c o il  w i l l  b e  10  A .  f r o m  t h e  s u rfa c e  a n d  s a fe ly  
b e y o n d  t h e  re a c h  o f t h e  m e t a l  e le c tro n s . O t h e r  
s tu d ie s  s u p p o r t  t h e  a r g u m e n t  t h a t  if  in t e r n a l  c o n 
v e r s io n  p re c e d e d  t h e  e n e rg e tic  7 - r a y  in  r a d ia t iv e  
c a p tu r e , t h e n  n e u t r a l iz a t io n  o f e v e n  a  s u rfa c e  a t o m  
w o u ld  b e  a c c o m p lis h e d  b e fo re  t h e  re c o il le f t  t h e  
s u rfa c e . W r i g h t 15 h a s  s tu d ie d  t h e  re c o ils  f r o m  th e  
n e u t r in o  a c c o m p a n y in g  K -c a p t u r e  b y  C d 107. H e r e  
t h e  n u c le a r  p ro c e s s  d o e s n o t  g iv e  a  c h a r g e d  re c o il 
a t o m  d i r e c t ly  as d o e s in t e r n a l  c o n v e r s io n  b u t ,  l ik e  
t h e 'la t t e r  p ro c e s s , c re a te s  a v a c a n c y  in  t h e  K -s h e l l  o f 
t h e  a t o m . T h e  v a c a n c y  is  f ille d  b y  t h e  e le c tro n s  
f r o m  o u t e r  sh e lls  a n d  in  t h is  p ro c e s s  a d d it io n a l  e le c
t r o n s  m a y  b e  lo s t. N e v e r th e le s s , w h e n  t h e  A g 107 
re c o ils  c o m in g  f r o m  a  t ra c e  la y e r  o f C d 107 o n  t u n g 
s te n  w e re  e x a m in e d  f o r  c h a rg e , n o n e  w a s  f o u n d . 
A p p a r e n t l y  t h e  1 0 -12 s e c o n d s  r e q u ir e d  f o r  t h e  re c o il 
t o  le a v e  t h e  s u rfa c e  w a s  s u ffic ie n t t o  n e u t r a l iz e  th e  
c h a rg e  d e v e lo p e d  b y  t h e  A u g e r  p ro c e s s . S m i t h  a n d  
A l l e n 2 f o u n d  t h e  l i t h i u m  re c o ils  f r o m  t h e  n e u t r in o  in  
K  c a p t u r e  b y  B e 7 t o  b e  p o s it iv e ly  c h a r g e d  d e s p ite

(1 4 )  F o r  re f .  t o  A u g e r  ra te s , se e  W u  a n d  O u r a m ; C a n .  J .  R e s e a r c h ,  
2 8 A , 5 4 2  (1 9 5 0 ) .

(1 5 )  B . T .  W r ig h t ,  P h y s .  R e v . ,  7 1 , 8 3 9  (1 9 4 7 ) .
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In 116

A g 107

Li7

T a b l e  V

C h r o n o l o g y  f o r  In 116, A g 107 a n d  L i17 R e c o i l s  f r o m  M e t a l  S u r f a c e s

Time = 0
Hard 7 ; — z
accel. to 
106 cm ./sec.

Neutrino, 
aceel. to —
3 X  106 cm /sec

Neutrino, 
accel. to
4 X  106 cm ./sec.

10 ~14 sec.
Atom  on
surface,
neutral

Atom  on 
surface, —  
Auger proc
ess over

2 x  10- “ sec.

Atom  on 
surface, 
neutralized 
by metal

10 ~13 sec.
Atom  10 A. 
from surface 
ionized by 
int. conv.

Atom 3 A. 
from surface

10_’10 sec.

Atom  4 X  104 A. 
from surface. 
Auger process 
over?

10 8 or 10 “5 sec.
Ion  reaches 
collector

Neutral atom
reaches
collector

Ion  reaches 
collector

t h e  f a c t  t h a t  l i t h i u m  h a s  a n  io n iz a t io n  p o t e n t ia l  
h ig h e r  t h a n  t h e  w o r k  f u n c t io n  o f t h e  t a n t a lu m  b a c k 
in g  e m p lo y e d . H e r e  th e  v e lo c i t y  (4  X  1 06 c m ./  
s e c .)  o f t h e  re c o ils  is g r e a te r  t h a n  in  t h e  A g 107 case 
a n d  t h is  a llo w s  less t im e  f o r  n e u t r a l iz a t io n . T h e  
p o s s ib i l i t y  t h a t  t h e  A u g e r  p ro c e s s  is m u c h  s lo w e r 
w i t h  B e 7 t h a n  w i t h  A g 107 w o u ld  s e e m  m o r e  i m p o r 
t a n t ,  h o w e v e r .  I n  v e r y  l ig h t  e le m e n ts  t h e  A u g e r  
p ro c e s s  is  r e p o r t e d  t o  r e q u ir e  a b o u t  10 ~ 10 se c o n d s . 
W h e t h e r  t h is  e s t im a te  c a n  a p p ly  t o  t h e  A u g e r  p r o c 
ess f o l lo w in g  K -c a p t u r e  i n  a  l ig h t  e le m e n t  h a s  n o t  
b e e n  d is c u s s e d . I n  K -c a p t u r e ,  n o t  o n ly  is a n  o r 
b it a l  v a c a n c y  c re a te d , b u t  t h e  n u c le a r  c h a rg e  
c h a n g e s  a n d  t h is  e x t r a  p e r t u r b a t io n  m a y  e n te r  in t o  
d e t e r m in in g  t h e  t im e  r e q u ir e d  t o  c o m p le te  th e  
A u g e r  p ro c e s s .

I n  c o n f o r m i t y  w i t h  e x p e c t a t io n , a t o m s  re c o il in g

f r o m  n e u t r o n  c a p t u r e  t r a v e l  o n ly  a  f e w  in t e r a t o m ic  
la y e r s  f r o m  t h e i r  o r ig in a l  s ite s  i n  a  s o lid . P r e s u m 
a b l y  t h is  is a ls o  t r u e  f o r  t h e  a t o m s  o f a  s o lid  
“ k n o c k e d  o n ”  b y  h ig h  e n e r g y  p r o je c t ile s  a n d  is p e r 
t in e n t  in  d is c u s s in g  t h e  h e a lin g  p ro ce sse s  b y  w h ic h  
“ k n o c k e d  o n ”  a to m s  a r e  re s to r e d  t o  p r o p e r  la t t ic e  
s ite s . T h e  f r e q u e n c y  w i t h  w h ic h  in t e r n a l  c o n v e r 
s io n  a c c o m p a n ie s  t h e  d e e x c ita t io n  a f te r  n e u t r o n  
c a p t u r e  i n  A u  a n d  I n  (a s  w e ll  as i n  o t h e r  cases c ite d )  
a n d  t h e  im p lic a t io n  o f  t h e  A u  a n d  I n  re s u lts  t h a t  
in t e r n a l  c o n v e r s io n  f o llo w s  a f te r , p e rh a p s  lo n g  a f
t e r ,  a n  e n e rg e tic  7 - r a y  is e m it t e d , m a y  a ffe ct th e  
c h e m ic a l reac t i v i t y  d is p la y e d  b y  t h e  h o t  a t o m . I f  
t h e  re c o il in g  a t o m  h a s  b e e n  b r o u g h t  t o  re s t b y  c o lli
s io n s  b e fo re  t h e  in t e r n a l  c o n v e r s io n  s te p  o c c u rs , th e  
la t t e r  w i l l  p r o v id e  a  s e c o n d  o p p o r t u n i t y  f o r  m o le c u 
la r  d is r u p t io n  o r  s y n th e s is .
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THE REACTION BETWEEN TERTIARY AMINES AND ORGANIC ACIDS IN
NON-POLAR SOLVENTS1

B y  Sam uel  K aufm an  and  C .  R .  Singleterry

Naval Research Laboratory, Washington, D. C.

R e c e i v e d  F e b r u a r y  2 6 ,  1 9 6 1

Cryoscopic data indicate that tertiary aliphatic amines can react with carboxylic acids according to the equilibria N  +  
A2 N A 2 and N A 2 +  A 2 N a4 (N  =  monomeric amine; A =  monomeric acid). It is probable that the dimeric acid mole
cule reacts directly with such amines. This mode of combination is consistent with compositions of solid phases isolated 
from non-aqueous-solvents as well as with the cryoscopic data presented. A  possible bonding mechanism and structure are 
suggested. The amine-carboxylic acid complexes are appreciably dissociated into free acid and free amine in dilute benzene 
solutions. The weakly basic aryl tertiary amines such as dimethylaniline do not react with carboxylic acids in benzene to a 
detectable extent. The heterocyclic conjugated pyridine reacts with these acids to only a slight extent. There is no evidence 
in the data presented to indicate micelle formation by the high molecular weight complexes formed between tertiary amines 
and carboxylic acids.

Introduction
L i t t l e  in f o r m a t io n  is a v a ila b le  c o n c e r n in g  th e  s ta 

b i l i t y  a n d  t h e  s ta te  o f  d is p e rs io n  o f th e  s o lu b le  c o m 
p o u n d s  f o r m e d  b e tw e e n  a m in e s  a n d  c a r b o x y l ic  
a c id s  in  n o n -a q u e o u s  s o lv e n ts . T h e  a m in e  p i c -  
r a te s 2-6 h a v e  b e e n  f o u n d  t o  b e  s ta b le  1 - 1  c o m 
p o u n d s , w h ic h  in  th e  case o f -p r i m a r y  a n d  s e c o n d a r y  
a m in e s  a re  s t r o n g ly  a s s o c ia te d  t o  f o r m  d im e rs . 
W i t h  th e  e x c e p tio n  o f th e  t r i b e n z y la m m o n iu m  s a lt  
th e  p ic ra te s  d o  n o t  d is s o c ia te  a p p r e c ia b ly  in t o  fre e  
a c id  a n d  fre e  a m in e . C e r t a i n  p r i m a r y  a m in e s  h a v e  
b e e n  r e p o r t e d  to  f o r m  1 - 1  c o m p o u n d s  w i t h  c a r b o x 
y l i c  a c id s 6’7 in  n o n -a q u e o u s  s o lv e n ts . S tu d ie s  in  
th e  a b s e n c e  o f a s o lv e n t  h a v e  b e e n  c o n s id e re d  to  
g iv e  e v id e n c e  o f th e  e x is te n c e  o f c o m p o u n d s  c o n 
t a i n in g  f r o m  o n e  to  th re e  m o le c u le s  o f a c id  p e r  m o le 
c u le  o f a m in e .8-11

T h e  p r e s e n t  in v e s t ig a t io n  w a s  in t e n d e d  t o  e s ta b 
lis h  th e  p re s e n c e  o r  a b s e n c e  o f c o llo id a l  a g g re g a te s  
o f a m in e -a c id  c o m p o u n d s  in  b e n z e n e  s o lu tio n s . 
P r e l i m i n a r y  c ry o s c o p ic  o b s e r v a t io n s  in d ic a t e d  t h a t  
m ic e lle  f o r m a t io n  d id  n o t  o c c u r  to  a d e te c ta b le  e x 
t e n t ,  a n d  s u g g e s te d  f u r t h e r  t h a t  th e  a m i n e -a c i d  
c o m p o u n d s  w e re  d is s o c ia te d  in t o  fre e  a m in e  a n d  
fre e  a c id  t o  a  d e g re e  t h a t  p e r m it t e d  d e ta ile d  s t u d y  
o f th e  re a c tio n s .

I t  w a s  e x p e c te d  t h a t  th e  a m in e  a n d  a c id  m i g h t  
c o m b in e  i n  e q u iv a le n t  p r o p o r t io n s  t o  f o r m  sa lts  
t h a t  c o u ld  b e  r e c r y s t a l l iz e d  f o r  c ry o s c o p ic  s t u d y ,  
b u t  a ll  o f th e  c r y s t a l l in e  c o m p o u n d s  is o la te d  c o n 
t a in e d  m o r e  t h a n  o n e  e q u iv a le n t  o f a c id  p e r  m o le  o f 
a m in e . T h e  v a r i e t y  o f  p o s s ib le  c o m p o s it io n s  d e 
d u c e d  f r o m  s tu d ie s  o f b i n a r y  s y s te m s  a n d  f r o m

(1 ) T h e  o p in io n s  o r  a sse rtio n s  co n ta in e d  in  th is  c o m m u n ic a t io n  a re  
th o s e  o f  th e  a u th o rs  a n d  a re  n o t  t o  b e  c o n s tr u e d  as o ffic ia l  o r  r e fle c t in g  
th e  v ie w s  o f  th e  N a v y  D e p a r tm e n t .  T h is  is a  c o n d e n s a t io n  o f  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  3 74 3  (O c t o b e r  9 , 1 9 5 0 ).

(2 )  F .  M .  B a ts o n  a n d  C . A .  K ra u s , J .  A m .  C h e m . S o c . ,  56, 2 0 1 7  
(1 9 3 4 ) .

(3 ) R .  M .  F u o ss  a n d  C . A . K ra u s , i b id . ,  57, 1 (1 9 3 5 ).
(4 ) C. A . K ra u s  a n d  G . S. H o o p e r ,  P r o c .  N a t l .  A c a d .  S c i . ,  19, 939  

(1 9 3 3 ).
(5 ) A . A . M a r y o t t ,  J .  R e s e a r c h  N a t l .  B u r .  S ta n d a r d s ,  41, 1, 7 (1 9 4 8 ).
(6 ) E . B . R .  P r id e a u x  a n d  R .  N . C o le m a n , J .  C h e m . S o c . ,  462  

(1 9 3 7 ).
(7 )  B . A . H u n te r , I o w a  S ta t e  C o l l .  J .  S c i . .  15, 223  (1 9 4 1 ).
(8 )  W . W . L u ca sse , R .  P . K o o b  a n d  J. G. M ille r ,  T h is  J o u r n a l , 48, 

8 5  (1 9 4 4 ) .
(9 )  P .  M a t a v u l j ,  B u l l .  s o c .  c h i m .  t o y .  Y o u g o s la v , 10, 2 5 , 3 5 , 51 

(1 9 3 9 ).
(1 0 )  E . A. O ’C o n n o r ,  J .  C h e m . S o c . ,  125, 1 42 2  < 1 9 2 4 ); 119, 401 

(1 9 2 1 ).
(1 1 ) W . O . P o o l ,  H . J . H a r w o o d  a n d  A .  W . R a ls to n , J .  A m .  C h e m .  

S o c . ,  67, 7 7 5  (1 9 4 5 ) .

a n a ly s is  o f t h e  s o lid  a m i n e -a c i d  c o m p o u n d s  r e 
p o r t e d  h e re  d o  n o t  p r o v e  t h e  e x is te n c e  o f  t h e  i n d i 
c a te d  c o m p o u n d s  in  d i lu t e  s o lu t io n s  i n  n o n -p o la r  
s o lv e n ts . T h e  c o m b in in g  ra t io s  o b s e r v e d  m i g h t  b e  
d e t e r m in e d  as a c o n s e q u e n c e  o f th e  r e la t iv e  s o lu b il i 
t ie s  o f th e  p o s s ib le  c o m p o s it io n s  a n d  th e  g e o m e t r y  
o f t h e  c r y s t a l  la t t ic e . T h e  e q u i l ib r iu m  b e tw e e n  
a c id s  a n d  a m in e s  w a s  th e re fo re  e x a m in e d  b y  a d d in g  
a m in e  a n d  s u c c e s s iv e  in c r e m e n t s  o f a c id  t o  a  q u a n 
t i t y  o f b e n z e n e  in  w h ic h  t h e y  w o u ld  r e m a in  c o m 
p le t e ly  d is s o lv e d . C r y o s c o p ic  d e t e r m in a t io n s  w e re  
m a d e  w i t h  s o lu t io n s  o f c e t y ld im e t h y la m in e ,  t r i is o -  
a m y la m in e ,  p y r i d in e ,  d im e t h y la n i l in e ,  a n d  a c e tic , 
m y r is t ic  a n d  p ic r ic  a c id s , r e s p e c t iv e ly . F u r t h e r  
o b s e r v a t io n s  w e re  m a d e  w i t h  a d d it io n s  o f  m y r is t ic  
a c id  t o  s o lu t io n s  o f c e t y ld im e t h y la m in e ,  t r i is o a m y l -  
a m in e , p y r i d in e  a n d  d im e t h y la n i l in e ,  a n d  w i t h  a d d i 
t io n s  o f p ic r ic  a n d  a c e tic  a c id s  t o  s o lu t io n s  o f  t r i is o -  
a m y la m in e . B e c a u s e  o f th e  p r o n o u n c e d  a s s o cia 
t io n  r e p o r t e d  f o r  p r i m a r y  a n d  s e c o n d a r y  a m in e s  
a n d  t h e i r  s a lts ,5 th e  sc o p e  o f t h is  in v e s t ig a t io n  w a s  
l im it e d  t o  t e r t i a r y  a m in e s  in  o r d e r  t o  s im p l i f y  th e  
in t e r p r e t a t io n  o f  t h e  d a ta . T h e  f o u r  a m in e s  s t u d 
ie d  w e re  c h o s e n  to  p r o v id e  a  w id e  ra n g e  o f b a s ic it y ,  
s t r u c t u r a l  t y p e ,  a n d  s y m m e t r y  o f s u b s t it u t io n  a b o u t  
t h e  n it r o g e n  a t o m .

Materials.— The myristic acid (Eastman Kodak N o . 1116) 
was prepared for use by drying in vacuo to 60° (m .p . 5 2 .3 -  
5 3 .0 °) . Ralston12 considered 54.4° the best, value for this 
acid. The neutral equivalent was 232.8 (theoretical 228.36).

The cetyldimethylamine was prepared by the method of 
Ralston, el a l.,13 from hexadecylamine having a melting 
point of 4 5 .6 -4 6 .6 °  (literature value 4 6 .7 7 °) .14 The cetyl
dimethylamine was fractionally distilled in vacuo, and stored 
in sealed ampoules. Before use, it was dried by heating 
in vacuo to 8 0 °. Its neutral equivalent was 278.7 (theo
retical 269 .5). Spot tests16 indicated that primary and/or 
secondary amines were present to the extent of less than
0 .1%.

The triisoamylamine (Eastman Kodak N o . 1880) was 
dried over solid potassium hydroxide, and fractionally dis
tilled in vacuo. Refractive index ( n 20D) 1.4330; neutral 
equivalent, 228.4 (theoretical 227.4).

The dimethylaniline (Eastman Kodak N o. 97) was dried 
and fractionally distilled in vacuo. Its refractive index 
( wmd ) was 1.5589 (I.C .T . value, re20d 1.5587).

The pyridine (Baker C .p . grade) was fractionally distilled

(1 2 ) A . W . R a ls to n , " F a t t y  A c id s  a n d  th e ir  D e r iv a t iv e s ,”  J o h n  
W ile y  a n d  S on s, I n c .,  N e w  Y o r k ,  N . Y . ( 1948 , p p . 3 2 -3 3 .

(1 3 ) A .  W . R a ls to n , D . N . E g g e n b e r g e r , H . J. H a r w o o d  a n d  P .  L . 
D u B r o w , J .  A m .  C h e m . S o c . ,  69, 2 0 9 5  (1 9 4 7 ).

(1 4 ) A . W . R a ls to n , C . W . H o e rr , W .  O . P o o l  a n d  H . J . H a r w o o d ,  
J .  O rg . C h e m .,  9 , 102 (1 9 4 4 ).

(1 5 ) F , F e ig l , “ Q u a lita t iv e  A n a ly s is  b y  S p o t  T e s t s ,”  3 r d  e d it io n , 
E ls e v ie r  P u b lis h in g  C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  194 6 , p p .  3 6 8 if .
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with appropriate safeguards against the absorption of mois
ture. Its refractive index (n wo )  was 1.5101 (I .C .T . value, 
n*> d  1.509).

The picric acid (Eastman Kodak N o. 210) was recryst.al- 
lized from aqueous alcohol and from benzene, and desolvated 
in vacuo at 62° (m .p . 122 .3 -1 22 .9 °).

The acetic acid (Baker C .p . A .C .S .)  was purified in a dry 
atmosphere by four partial freezings. The fraction re
served for cryoscopic work froze at 16 .4 °.

Thiophene-free benzene (A .C .S .)  was percolated through 
activated silica gel to remove polar material and moisture, 
and was stored over sodium until used. Its freezing point 
was 5 .37 °.

The naphthalene (Eastman Kodak N o. 168) was purified 
by double resublimation in vacuo and was heated to about 
50° in vacuo just before use.

Special precautions were taken to protect chemicals and 
equipment from moisture.

Experimental Procedure.— A  Beckmann cryoscopic ap
paratus was used for the freezing point measurements. 
The mean jacket temperature was hold at 3 .3 ° — A T  
within a tolerance of 0 .1 ° . The contents of the inner tube 
were agitated by an externally driven glass stirring screw. 
Reciprocal vertical stirring was found to pump out solvent 
vapor at an appreciable rate. The losses with rotary stirring 
were about 0 .05 g. per hour and corrections to observed data 
were made on this basis. The stirrer shaft entered the inner 
freezing tube through a glass T-tube. Dried nitrogen was 
forced past the shaft; omission of the nitrogen current al
lowed the entry of moisture, progressively depressing the 
freezing point. Before use, the inner tube was flushed with 
dried nitrogen for one hour or more to remove moisture. 
Omission of the flushing produced a variable and marked 
depression of the freezing point of the solvent.

The amount of supercooling was controlled at 0.2 ±  0 .05°  
by seeding with minute dry crystals of benzene. Correc
tions15 were made for withdrawal of solvent by freezing. 
Within 1 %  equal quantities of benzene were used for all 
determinations. Observations were made in a constant- 
temperature room at 25° and 20 to 5 0 %  relative humidity. 
The temperature of the solution was read at half-minute 
intervals preceding freezing and after freezing began, until 
the temperature showed no detectable change during a 
minimum interval of four minutes. This constant tempera
ture was taken as the observed freezing point. When all of 
the data for a given solute were combined in a single plot of 
A T , the freezing point .depression vs. concentration, the 
average deviation of the experimental points from the 
best smooth curve was ± 0 .0 0 2 ° .

Results
A l t h o u g h  a t t e m p t s  to  p r e p a r e  s o lid  c o m p o u n d s  

w e re  n o t  p u r s u e d  f a r  e n o u g h  to  p r o d u c e  m a te r ia ls  o f 
h ig h  p u r i t y ,  th e  re s u lts  a re  r e p o r t e d  b r ie f ly  b e c a u s e  
o f  t h e i r  r e la t io n  t o  th o s e  o b t a in e d  c ry o s c o p ic a ll.y .
(a )  C e t y ld i m e t h y la m in e  w i t h  m o lt e n  s te a ric  a c id  
g a v e  a s o lid  w h ic h  w a s  r e c r y s t a l l iz e d  th re e  t im e s  
f r o m  a c e to n e , m .p .  6 4 .2 -6 4 .5 ° ;  N ,  1 .3 1  (e a le d . fo r  
t r ia c id  c o m p le x  1 . 2 4 % ) .  ( b )  C e t y ld i m e t h y la m in e
t it r a t e d  w i t h  s te a ric  a c id  in  9 5 %  e th a n o l t o  p h e n o l 
r e d  e n d -p o in t  g a v e  a  s o lid  w h ic h  w a s  r e c r y s t a l l iz e d  
f r o m  e th a n o l a n d  f r o m  a c e to n e , m .p .  7 7 -7 9 ° ,  N ,
1 .6 2  (e a le d . f o r  d ia c id  c o m p le x , 1 .6 7 % ) ) .  (c )
C e t y ld i m e t h y la m in e  w i t h  e q u iv a le n t  p r o p o r t io n s  
o f la u r ic  a c id  in  e t h y l  a c e ta te  s o lu t io n  g a v e  a s o lid  
w h ic h  w a s  r e c r y s t a l l iz e d  f r o m  a c e to n e  a n d  f r o m  
e t h y l  a c e ta te , m .p .  5 6 .8 -5 7 .5 ° ;  N ,  2 .1 3  (e a le d . fo r  
d ia c id  c o m p le x  2 . 0 9 % ) .  ( d )  C e t y ld i m e t h y la m in e
w i t h  a n  e q u iv a le n t  a m o u n t  o f o le ic  a c id  g a v e  a m u s h  
o f c ry s ta ls  w h ic h  w e re  c e n t r i f u g a l lv  f ilte re d  a n d  
w a s h e d  w i t h  b e n z e n e , m .p .  3 6 .2 -3 7 .3 ° ;  N ,  1 .8 0  
(e a le d . f o r  d ia c id  c o m p le x , 1 .68) .

F ig u r e  1 p re s e n ts  th e  c ry o s c o p ic  d a t a  fo r  n a p h 
th a le n e  a n d  th e  a m in e s . T la *  a v e ra g e  e x p e r im e n ta l

(JO) K . A rn d t, “ I fm u lh u c li <k*r P liy s ik n lise li-C h e in isu lm n  T c o h n ik ,”  
2 n d  edit ion , F e r d in a n d  K nke, S i u! t ly u f , 1923, p. 110.

C O N C E N T R A T I O N ,  E Q U I V A L E N T S /  KG.  B E N Z E N E .
Eig. 1.-—Depressions of the freezing point, of benzene by 

amines and by naphthalene.

m o la l  f re e z in g  p o in t  c o n s ta n t , Ki, o f  b e n z e n e  f o u n d  
is 5 .1 7 ° . T h e  e q u a t io n  e m p lo y e d  b y  th e  B u r e a u  o f 
S t a n d a r d s  f o r  th e  c r y o s c o p ic  d e t e r m in a t io n  o f th e  
p u r i t y  o f b e n z e n e 17 is  c o n s is te n t  w i t h  a  v a lu e  o f 
Kf —  5 .1 3  a t  in f in it e  d i lu t io n .  T h e  c o n s t a n t  o b 
t a in e d  in  th e  p re s e n t  m e a s u re m e n ts  is  t h o u g h t  to  
d iffe r  f r o m  th e  a c c e p te d  v a lu e  b e c a u s e  o f  s m a ll  s y s 
t e m a t ic  e rro rs  a r is in g  f r o m  th e  m a t e r ia ls  a n d  te c h 
n iq u e s  e m p lo y e d ; i t  w a s  u s e d  f o r  th e  t r e a t m e n t  o f 
o t h e r  d a t a  o b t a in e d  u n d e r  th e  s a m e  c o n d it io n s  in  
o r d e r  to  m in im iz e  th e  e ffe ct o f s u c h  e rro rs .

T h e  c ry o s c o p ic  e ffect o f th e  a m in e s  ( F i g .  1 ) is 
v e r y  n e a r  t h a t  o f th e  n a p h t h a le n e , e x c e p t  f o r  th e  
case o f p y r i d in e ,  w h ic h  is k n o w n  to  b e  a b n o r m a l  in  
its  c ry o s c o p ic  b e h a v io r ,18 p r o b a b ly  b e c a u s e  o f th e  
f o r m a t io n  o f s o lid  s o lu tio n s . P ic r ic  a c id  ( F i g .  2 ) 
s h o w s  n e a r ly  id e a l b e h a v io r .  T h e  d o t t e d  lin e , 
d r a w n  fo r  c o m p a r is o n  p u rp o s e s , re p re s e n ts  o n e - 
h a lf  th e  f re e z in g  p o in t  d e p re s s io n s  e x p e c te d  f o r  
n a p h th a le n e , a n d  c o rre s p o n d s  t o  th e  s lo p e  f o r  a  
t o t a l ly  d im e r iz e d  a c id . In s p e c t io n  o f th e  g r a p h  
s u g g e s ts  t h a t  a p p r e c ia b le  q u a n t it ie s  o f t h e  c a r b o x y 
lic  a c id s  a re  in  t h e  m o n o m e r ic  f o r m , b u t  t h a t  th e  
d im e r ic  f o r m  p r e p o n d e r a t e s .19 T h e r e  is  l i t t le  d i f -

( J 7 ) A. R . (¡las^ ir iv , A . .1. a m i I*1. I.). Ros.-diu, . /,  R e s e a r c h  N a t l ,

l i a r .  S ta n d a r d s ,  35 , «}.’>.”> (1 9 4 5 ).
(1.8) (1. II. B u r y  am i J i. O . J e n k in s , J .  ( t h e m . S ac... 0 8 8  (I fk M ).
( I l l )  I f .  NT. H roeklm shy, C a n . J .  R e s e a r c h ,  1 4 B , 222  (IfClO ).
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C O N C E N T R A T I O N ,  E Q U I V A L E N T S  /  KG. B E N Z E N E .
Fig. 2.— Depressions of the freezing point of benzene by 

acids and by naphthalene.

fe re n c e  b e tw e e n  t h e  b e h a v io r s  o f m y r i s t i c  a n d  a c e 
t ic  a c id s  in  t h is  re s p e c t.

C o n c e n t r a t io n s  r e c o r d e d  i n  th e  ta b le s  a n d  fig u re s  
w e re  c o m p u t e d  f r o m  m e a s u re d  n e u t r a l  e q u iv a le n t  
w e ig h t s  f o r  c e t y ld im e t h y la m in e ,  t r i is o a m y la m in e  
a n d  m y r is t ic  a c id , a n d  f r o m  f o r m u la  w e ig h ts  f o r  th e  
r e m a in in g  c o m p o u n d s .

T a b l e  I
D i s s o c i a t i o n  o f  A c i d  D i m e r  i n  B e n z e n e  f r o m  C r y o s c o p i c  

O b s e r v a t i o n s

M y r is t i c  a c id  • A c e t i c  a c id

C o n c n .,
( e q u i v . /k g .  s o lv e n t )

D issn . 
c o n s ta n t  

X  1 0 4 
( X a 2)

D issn . 
c o n s ta n t  

C o n e n ., X 1 0 s 
( e q u iv . /k g .  s o lv e n t )  ( X a 2)

0 .0404 9 .2 0 .0153 1 .8
.0826 12.0 .0363 2 .0
.1240 7 .2 .0703 1 .4
.1649 4 .7 .1037 1 .2

Av. 8 Av. 1 .6

T h e  d is s o c ia t io n  c o n s ta n ts , ( T a b l e  I )  o f  th e  
d im e r ic  a c id s  w e r e  c a lc u la te d  f r o m  K i  a n d  t h e  c r y -  
o s c o p ic  d a ta . T h e  f o l lo w in g  re a c t io n  w a s  a s s u m e d

A 2 ± ^ : 2 A  ( l)

w h e r e  A  re p re s e n ts  th e  m o n o m e r ic  a c id . T h u s  
K a, =  [A] V IA ]

T h e  b ra c k e t s  s ig n if y  c o n c e n tr a t io n s  e x p re s s e d  as 
m o le s  p e r  k i lo g r a m  o f s o lv e n t .

T h e  v a lu e s  o f K a* s h o w  a  s c a tte r  w h ic h  is  n o t  
g re a te r  t h a n  is to  b e  e x p e c te d  f r o m  t h e  e x p e r im e n 
t a l  u n c e r t a in t y  o f t h e  f re e z in g  p o in t  m e a s u r e m e n t . 
I f  th e  c o n c e n tr a t io n s  a re  e x p re s se d  as m o le  f r a c 
t io n s  in s te a d  o f m o la lit ie s , k \2 f o r  m y r i s t i c  a c id  is
6 .0  X  1 0 ~ 6, a n d  f o r  a c e tic  a c id  is  1 .2 5  X  1 0 ~ 4, 
w h e r e  &a 2 is  th e  d is s o c ia t io n  c o n s t a n t  o n  t h e  m o le  
f r a c t io n  b a s is . T h e  c o r r e s p o n d in g  k\,  d e r iv e d  f r o m  
d ie le c tr ic  m e a s u r e m e n ts 20 a t  3 0 °  f o r  s te a ric  a c id  is
1 .7  X  1 0 ~ 4, a n d  t h a t  f o r  a c e tic  a c id  is 2 .4  X  1 0 - 4 . 
I f  i t  is  a s s u m e d  t h a t  th e  h e a ts  o f d im e r i z a t i o n  in  
b e n z e n e  s o lu t io n  o f  b o t h  s te a ric  a n d  a c e tic  a c id s  a re  
e q u a l t o  8.6 k c a l.  p e r  m o le  o f  d im e r ,  t h e  v a lu e  re 
p o r t e d  f o r  b e n z o ic  a c id ,21 t h e n  t h e  c o n s t a n t s  a t  5 .4 °  
f o r  th e s e  a c id s  m a y  b e  c o m p u t e d  f r o m  t h e  V a n ’ t  
H o f f  e q u a t io n . A t  t h is  t e m p e r a t u r e , a p p r o x i 
m a t e ly  t h a t  o f th e  c ry o s c o p ic  o b s e r v a t io n s , t h e  c o m 
p u t a t io n s  le a d  t o  &a 2 =  4 .8  X  1 0 ~6 f o r  s te a r ic  a c id  
a n d  &a 2 =  0 .6 8  X  1 0 ~4 f o r  a c e tic  a c id . T h e s e  e s ti
m a t e d  c o n s ta n ts  a re  in  re a s o n a b le  a g r e e m e n t  w i t h  
th o s e  o b t a in e d  f r o m  th e  c r y o s c o p ic  m e a s u r e m e n ts .

T a b l e  II
C r y o s c o p i c  E f f e c t s  R e s u l t i n g  f r o m  t h e  A d d i t i o n  o p

A c i d s  t o  A m i n e s  i n  B e n z e n e

S o lu te  S o lu te
ad d ed ®  a dd ed®

I n c r e  (equiv./ I n c r e  (equiv./
m en t A T t o t a l  k g . / m e n t A T t o t a l kg.

s y m b o l ( ° C . )  s o lv e n t ) s y m b o l (°0 .) solvent)
Cetyldimethylamine + Pyridine -j- myristic acid

myristic acid Amine Id 0 .180 0.0393
Amine l a 0 .205  0.0393 Acid Id .270 .0437
Acid la .217 .0337 Acid 2d .370 .0843
Acid 2a .243 .0723 Acid 3d .475 .1243
Acid 3a .293 .1127 Acid 4d .572 .1629
Acid 4a .363 .1514 Triisoamylamine +  acetic

Triisoamylamine + acid
myristic acid Amine l e 0 .200 0.0380

Amine lb 0 .18 2  0 .0350 Acid le .210 .0372
Acid lb .199 .0338 Acid 2e .229 .0759
Acid 2b .227 .0665 Acid 3 e .337 .1546
Acid 3b .281 .1062 Acid 4e .488 .2286
Acid 4b .347 .1395 Acid 5e . 658 .3026

Dimethylaniline + Triisoamylamine +  picric
n yristic acid acid

Amine 10 0 .21 2  0.0403 Amine If 0 .200 0.0384
Acid l e .330 .0425 Acid If .198 .0170
Acid 2c .449 .0866 Acid 2t .178 .0334
A cid  3c .558 .1288 Acid 3f . 192 .0434
Acid 4c .671 .1717 Acid 4t .296 .0655

Acid 5f .438 .0959
“ Values for “ Amine” increments are those for solutions of 

amine before additions of acid. Values for “ Acid” incre
ments represent total acid added.

T h e  p r i m a r y  d a t a  o f T a b l e  I I  w e r e  o b t a in e d  b y  
th e  a d d it io n  o f s u c c e s s iv e  in c r e m e n t s  o f v a r io u s  
a c id s  to  b e n z e n e  s o lu t io n s  c o n t a in in g  f ix e d  a m o u n t s  
o f d if fe re n t  a m in e s . P lo t s  o f th e s e  d a t a  a re  n o t  d i 
r e c t ly  c o m p a r a b le  s in c e  th e  in i t ia l  c o n c e n t r a t io n s  o f 
th e  p u r e  a m in e  s o lu t io n s  w e re  n o t  p r e c is e ly  e q u a l.

(2 0 ) A .  A . M a r y o t t ,  M .  E . H o b b s  a n d  P . M .  G ro ss , J .  A m .  C h e m .  
S o c . ,  71, 1671 (1 9 4 9 ).

(2 1 ) L . P a u lin g , “ T h e  N a tu r e  o f  th e  C h e m ic a l  B o n d , ”  2 n d  e d it io n ,  
C o r n e ll  U n iv e rs ity  P ress , I th a c a ,  N . Y . ,  194 0 , C h a p . I X .
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F o r  g r a p h ic a l  p u rp o s e s , t h e  p r i m a r y  d a t a  h a v e  
b e e n  r e d u c e d  t o  d ir e c t  c o m p a r a b i l i t y  w i t h  re s p e c t 
to  e q u iv a le n c e  p o in ts , r e la t iv e  a m o u n t s  o f a c id  
p re s e n t, a n d  s lo p e s. T h e  d e r iv e d  re s u lts  a re  
p lo t t e d  (F ig s .  3  a n d  4 )  w i t h  th e  r e la t iv e  c ry o s c o p ic  
e ffe ct, AT  iai:i]/ A ]  atuine i as th e  oi d n iR te , ii ficl th e  
a c i d -a m in e  r a t io ,  e q u iv a le n t s  a c id / e q u iv a le n t s  
a m in e , as t h e  a b s c is s a . T h e  d e p re s s io n  A Tu,tai is  
t h a t  o f t h e  o b s e r v e d  s o lu t io n , w h ile  A 2’amme 1 is  
t h a t  o f t h e  a m in e  s o lu t io n  b e fo re  a c id  a d d it io n s . 
I t  is  t r u e  t h a t  t h e  r e la t iv e  c ry o s c o p ic  e ffe ct f o r  a  
g iv e n  a c i d -a m in e  r a t io  w i l l  v a r y  s o m e w h a t  w i t h  th e  
le v e l o f a b s o lu te  c o n c e n t r a t io n . H o w e v e r ,  in  th e  
ra n g e  s tu d ie d , if  t h e  i n i t ia l  a m in e  c o n c e n t r a t io n  
d iffe rs  b y  10% ,  t h e  m a x i m u m  c h a n g e  i n  t h e  r e la t iv e  
c ry o s c o p ic  e ffe ct is  o f t h e  o r d e r  o f o n ly  1 % .

T h e  d o t t e d  lin e s  r e p re s e n t  t h e  h y p o t h e t ic a l  cases 
w h e r e in  t h e  re a c t io n  o f a n  a m in e  w i t h  a n  a c id  a t 
t a in s  ir r e v e r s ib le  c o m p le t io n  a t  0 , 1, 2  o r  3 e q u iv a 
le n ts  o f  a c id  p e r  e q u iv a le n t  o f a m in e , f o l lo w in g  
w h ic h  a d d it io n s  o f excess c a r b o x y l ic  a c id  e x e rt  a n  
in d e p e n d e n t  c r y o s c o p ic  e ffe ct. T h e  d a t a  f o r  m y -  
r is t ic  a c id  w e r e  u s e d  f o r  p lo t t in g  t h e  d ia g o n a l 
d o t t e d  lin e s  in  b o t h  fig u re s . T h e  d iffe re n c e  b e 
tw e e n  th e  c r y o s c o p ic  b e h a v io r s  o f m y r is t ic  a n d  a c e 
t ic  a c id s  is  so s lig h t  as t o  b e  im p e r c e p t ib le  in  th e se  
g ra p h s .

B e c a u s e  p y r i d in e  d o e s  n o t  c o n f o r m  t o  th e  c r y o 
s c o p ic  b e h a v io r  o f t h e  o t h e r  a m in e s  s tu d ie d , th e  
p y r i d i n e - m y r i s t i c  a c id  d a t a  i n  F i g .  3 w e r e  t r e a t e d  
d if f e r e n t ly  f r o m  t h e  re s t  t o  p e r m i t  c o n v e n ie n t  v is 
u a l  c o m p a r is o n . T h e  o r d in a t e  in  t h is  case is

1 +  ( A 2 W [ i N i ]  X  K t)

w h e r e  A T ^ d  is  t h e  t o t a l  a d d i t io n a l  d e p re s s io n  
f o u n d  a f t e r  a d d i t io n s  o f a c id  t o  th e  a m in e  s o lu t io n ,

Fig. 3.— Relative cryoscopic effects resulting from additions 
of myristic acid to solutions of various amines.

a n d  [ N I ]  is  t h e  c o n c e n t r a t io n  o f a m in e  i n  th e  s o lu 
t io n  t o  w h ic h  th e  a c id  w a s  a d d e d .

Discussion of Results
T h e  in t e r p r e t a t io n  o ffe re d  f o r  th e s e  e x p e r im e n ta l  

re s u lts  is  b a s e d  o n  th e  a s s u m p t io n  t h a t ,  in  th e se  d i 
lu t e  s o lu t io n s , th e  i n d i v i d u a l  k in e t ic  u n it s  p re s e n t 
h a v e  s u b s t a n t ia l ly  id e a l effects o n  th e  a c t i v i t y  o f 
b e n z e n e . T h e  v a l i d i t y  o f th e  a s s u m p t io n  is s u p 
p o r t e d  b y  th e  c ry o s c o p ic  effects f o u n d  f o r  th r e e  o f 
th e  f o u r  a m in e s  ( F i g .  1 ) ,  a n d  b y  th e  s a t is fa c to r y  
v a lu e s  c a lc u la te d  f o r  th e  d im e r iz a t io n  c o n s ta n ts  of 
m y r is t ic  a n d  a c e tic  a c id s . T h e  c r y o s c o p ic  d a ta  o f 
K r a u s  a n d  c o -w o r k e r s '2’3-22 f o r  d is t in c t ly  p o la r  c o m 
p o u n d s  s u c h  as t r i is o a m y la m m o n i u m  p ic r a t e 4 h a v e  
b e e n  s u c c e s s fu lly  e x p la in e d  o n  t h e  b a s is  o f a  s im ila r  
a s s u m p t io n .

A c c e p t in g  th e  v a l i d i t y  o f R a o u l t ’s la w  in  t h e  s y s 
te m s  s tu d ie d , i t  is c le a r t h a t  t h e  c o m p o u n d s  r e s u lt 
in g  f r o m  th e  re a c t io n  b e tw e e n  a m in e s  a n d  c a r b o x 
y l i c  a c id s  in  th e se  s o lu t io n s  a re  in  e q u i l ib r iu m  w i t h  
s u b s t a n t ia l  a m o u n t s  o f fre e  a c id , e v e n  in  th e  p re s 
e n ce  o f excess a m in e . D im e t h y l a n i l i n e  g iv e s  n o  
in d ic a t io n  o f re a c t io n  w it h  m y r is t ic  a c id ;  th e  p o in t s  
f o r  t h e  f re e z in g  p o in t  d e p re s s io n  a f te r  t h e  a d d it io n  
o f a c id  lie  q u ite  p r e c is e ly  o n  th e  d o t t e d  l in e  0  ( F i g .
3 ) ,  w h ic h  c o rre s p o n d s  to  th e  in d e p e n d e n t  c ry o s c o p ic  
e ffe ct o f th e  a c id . T h i s  b e h a v io r  is  in  a c c o r d  w i t h  
t h a t  o b s e r v e d  b y  O ’C o n n o r 10 f o r  t h e  s a m e  a m in e  
w i t h  a c e tic  a c id . T h e r e  is  e v id e n t ly  s o m e  in t e r a c 
t io n  b e tw e e n  p y r i d in e  a n d  m y r is t ic  a c id , b u t  th e  
c o m p o u n d  f o r m e d  m u s t  b e  h i g h l y  u n s ta b le . E v e n  
in  th e  case o f th e  t w o  a l ip h a t ic  a m in e s  t h e  m i n i 
m u m  a m o u n t  o f u n c o m b in e d  a c id  t h a t  m u s t  b e  
a s s u m e d  t o  e x p la in  th e  d a t a  is  c o n s id e ra b le .

T h e  d a t a  f o r  t r i is o a m y la m in e  p lu s  p ic r ic  a c id  
( F i g .  4 )  in d ic a te  th e  f o r m a t io n  o f a  s ta b le  a m in e  
p ic r a t e  w h o s e  c o m p o s it io n  is o n e  e q u iv a le n t  o f  a c id  
t o  o n e  o f a m in e . N o  s ig n if ic a n t  d is s o c ia t io n  c a n

E Q U I V A L E N T S  A C I D  /  E Q U I V A L E N T  A M I N E .
Fig. 4.— Relative cryoscopic effects produced by additions 

of various acids to solutions of triisoamylamine.

(2 2 ) D , A . R o t h r o c k ,  J r ., a n d  C . A .  K ra u s , J .  A m .  C h e m . S o c . ,  59, 
1G99 (1 9 3 7 ).
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b e  in f e r r e d  f r o m  th e  d a t a  in  t h is  case. T h e  a b 
n o r m a l ly  s m a ll d e p re s s io n s  p r o d u c e d  b y  th e  c o m p o 
s it io n s  a p p r o x im a t in g  s t o ic h io m e tr ic  p r o p o r t io n s  
o f th e  a m in e  a n d  a c id  in d ic a t e  a n  a p p r e c ia b le  i n 
t e r a c t io n  b e tw e e n  th e  a m in e  p ic r a t e  m o le c u le s

2N A  N 2A2 (2)
(X  =  monomeric amine)

w h ic h  is  n o t  re fle c te d  in  th e  d ie le c tr ic  m e a s u re m e n ts  
o f M a r y o t t ,5 b u t  w h ic h  is s u p p o r t e d  b y  th e  d a t a  o f 
B a t s o n  a n d  K r a u s .2 T h e  in te r s e c t io n  o f th e  e x 
t r a p o la t e d  b ra n c h e s  o f a  p lo t  o f AT vs. t o t a l  p ic r ic  
a c id  a d d e d  t o  t r i is o a m y la m in e  fa lls  w i t h i n  1% o f 
th e  a b scissa  c o r r e s p o n d in g  to  a  1 : 1  r a t io  o f a c id  to  
a m in e . T h e  c u r v e  b e y o n d  th e  s t o ic h io m e t r ic  p o in t  
is v e r y  n e a r ly  t h a t  t o  b e  e x p e c te d  f r o m  th e  in d e 
p e n d e n t  a c t io n  o f th e  excess p ic r ic  a c id . I t  h a s  a  
s lo p e  c o r r e s p o n d in g  t o  Kt =  4 .7  as  c o m p a r e d  w i t h  
Ki =  5 .1  f o r  a  b e n z e n e  s o lu t io n  o f p ic r ic  a c id  a lo n e . 
T h e  d iffe re n c e  e xce e d s  th e  e x p e r im e n ta l  e r ro r , a n d  
m a y  in d ic a te  a  s lig h t  t e n d e n c y  o f th e  excess p ic r ic  
a c id  t o  a ss o c ia te  w i t h  th e  a m in e  p ic ra te . S t r o n g  
a c id s  s u c h  as h y d r o g e n  c h lo r id e  m a y  b e  e x p e c te d  
t o  re a c t  as c o m p le t e ly  w i t h  a l ip h a t ic  t e r t i a r y  a m in e s  
as d o e s  p ic r ic  a c id .23'24

A  s a t is fa c to r y  e x p la n a t io n  o f th e  d a t a  fo r  th e  re 
a c t io n  o f t r i is o a m y la m in e  o r  c e t y ld im e t h y la m in e  
w i t h  m y r is t ic  a c id  re q u ire s  t h a t  o n e  e q u iv a le n t  o f a  
t e r t i a r y  a l ip h a t ic  a m in e  c o m b in e  w i t h  t w o  e q u iv a 
le n ts  o f  m y r is t ic  a c id  m o n o m e r  (o r  d i r e c t ly  w i t h  
o n e  u n i t  o f th e  a c id  d im e r )  to  f o r m  a  m o le c u la r  c o m 
p le x  t h a t  is c o n s id e r a b ly  d is s o c ia te d  in  d i lu t e  s o lu 
t io n s . A n  a t t e m p t  w a s  m a d e  t o  c o m p u t e  e q u i l ib 
r i u m  c o n s ta n ts  fo r  s o m e  p o s s ib le  re a c t io n s  b e tw e e n  
c e t y ld im e t h y la m in e  a n d  m y r is t ic  a c id  b y  a  m e t h o d  
t h a t  t o o k  a c c o u n t  o f t h e  r e la t iv e  c o n c e n t r a t io n s  o f 
th e  m o n o m e r  a n d  d im e r  f o r m s  o f t h e  a c id  r e q u ir e d  
b y  t h e  c o n s ta n ts  o f  T a b l e  I .  N o  o n e  o f th e  e q u i l ib 
r i u m  e x p re s s io n s  c o r r e s p o n d in g  to  th e  re a c t io n s

N A  ± 5 1  N  +  A  (3)

N A 2 Z fz^  N  +  2A  (4a)

N A 2 ± ^ 7  N  +  A 2 (4b)

N A 3 ± 5 : N  +  3A  (5)

w a s  s a t is fa c to r ily  c o n s ta n t , a l t h o u g h  in  t h e  ra n g e  
b e tw e e n  0  a n d  1.5  f o r m u la  w e ig h t s  o f a c id  p e r  f o r 
m u la  w e i g h t  a m in e , t h e  e x p re s s io n  

A na. =  [N ][A 2] /[N A 21

c o r re s p o n d in g  to  e q u i l ib r iu m  (4 b )  v a r ie d  less r a p 
i d l y  w i t h  c h a n g in g  a c id  to  a m in e  r a t io  t h a n  d id  
th o s e  f o r  e q u i l ib r ia  (3 )  a n d  ( 5 ) .  E q u i l i b r i u m  (4 a )  
c o u ld  b e  u s e d  as a n  a l t e r n a t iv e  f o r  (4 b )  b e ca u se  
[ A , ]  a n d  [ A ]  a re  m u t u a l l y  d e p e n d e n t  u p o n  K a, a n d  

e q u i l ib r iu m  ( 1 ) .
I f  th e  o n ly  e q u i l ib r ia  to  b e  c o n s id e re d  w e re  (1 )  

a n d  ( 4 b ) ,  A 7 V , lai s h o u ld  a p p r o a c h  t h e  d o t t e d  lin e  2  
( F i g .  3 )  a s y m p t o t ic a l ly  as th e  excess o f  th e  a c id  b e 
c o m e s  s u ffic ie n t to  s u p p re s s  th e  d is s o c ia t io n  o f  th e  
c o m p le x . T h e  c u r v e s  f o r  b o t h  c e t y ld im e t h y la m in e  
a n d  t r i is o a m y la m in e  w i t h  m y r is t ic  a c id , h o w e v e r , 
cro s s  t h is  lin e . T h e  s a m e  is t r u e  f o r  t h e  s y s te m  
t r i is o a m y la m in e  p lu s  a c e tic  a c id  ( F i g .  4 ) .  T h e

( -V  M. M. I)uvis, •/. Am . Chem. Hoc., 71, 44 (DM9); (1») M. M.
Davis ¡tin! 10. A, McDonald, J . Heticurch Xull. liar. Hinm/unlx, 42, 505 
(li>110.

( - 0  J- A. M omIu ami C. Curran, J. Am. Clu-m. Hoc., 71, 852 ( I ‘MU).

f a c t  t h a t  th e  c ry o s c o p ic  effects a re  s u b s t a n t ia l ly  
less t h a n  c a n  b e  a c c o u n te d  f o r  b y  e q u i l ib r ia  ( 1 ) 
a n d  (4 b )  in d ic a te s  s o m e  f u r t h e r  in t e r a c t io n  b e 
t w e e n  th e  s o lu te s  p re s e n t.

B y  a n a lo g y  t o  th e  b e h a v io r  o f t r i i s o a m y l a m m o -  
n i u m  p ic r a te , t h e  e q u i l ib r iu m

2N A 2 N 2A 4 (6)

wras p o s tu la te d , w h ic h  s h o u ld  c o n f o r m  to  t h e  e x 
p re s s io n

K n , a ,  =  [N 2A4] /[N A 2p  

A s  a n  a lt e r n a t iv e , t h e  e q u i l ib r iu m
N A 4 j   ̂ N A 2 A 2 (7)

w a s  p r o p o s e d , f o r  w h ic h  th e  e x p re s s io n  
A na, =  [A2][N A 2] /[N A 4]

w o u ld  h o ld .
F o r  t h e  case i n  w h ic h  a n  in t e r a c t io n  re p re s e n te d  

b y  e q u i l ib r iu m  ( 6 ) o r  (7 )  le a d s  t o  a  c o m p le x  h a v i n g  
a  s t a b i l i t y  a t  le a s t a n  o r d e r  o f m a g n it u d e  less t h a n  
t h a t  o f N A 2, i t  is  p o s s ib le  to  d e t e r m in e  th e  a p p r o x i 
m a t e  v a lu e  o f A n a . w i t h o u t  re fe re n c e  t o  th e s e  i n 
te r a c t io n s . T h i s  is  d o n e  b y  c o m p u t in g  a p p a r e n t  
v a lu e s  o f A n a . f r o m  th e  e x p e r im e n t a l  d a t a  w i t h  
th e  a s s u m p t io n  t h a t  o n ly  e q u i l ib r ia  (1 )  a n d  (4 b )  
a p p ly ,  a n d  e x t r a p o la t in g  th e  r e s u lt in g  p lo t  o f A n a . 
vs. a c i d -a m in e  r a t io  t o  z e ro  a c i d - a m i n e  r a t io .  
T h e  e x t r a p o la t io n  is im p r o v e d  in  l in e a r i t y  b u t  n o t  
a lte re d  in  f in a l v a lu e  if , f o r  a  s e c o n d  a p p r o x im a 
t io n , a  re a s o n a b le  v a lu e  o f K s ,\t o r  K n a 4 is  i n t r o 
d u c e d  in t o  t h e  c o m p u t a t io n s  f o r  A n a ..

B y  u se  o f  th e  v a lu e  K n a s =  3 X  1 0 ~3 o b t a in e d  
b y  a s s u m in g  e q u i l ib r ia  (1 )  a n d  (4 b )  o n ly ,  a n  a t 
t e m p t  w a s  m a d e  t o  f it  a v a lu e  o f 7v n , a , t o  th e  d a t a  
f o r  th e  s y s t e m  t r i is o a m y la m in e  p lu s  m y r is t ic  a c id . 
N o  a s s ig n a b le  v a lu e  o f K n . a 4 w a s  c o n s is te n t  w i t h  a  
c o n s t a n t  v a lu e  o f A n a .. O n  th e  o t h e r  h a n d  th e  
s im i la r ly  c o m p u t e d  v a lu e s  o f K ka, c o r r e s p o n d in g  
t o  in c re a s in g  t o t a l  a c id  c o n te n t  w a s  re s p e c t iv e ly
0 .7 1 , 0 .1 1 0 , 0 .0 7 1 4  a n d  0 .0 8 5 5 . T h e  f irs t  o f th e se  
w a s  d is c a rd e d  as u n r e lia b le  b e c a u s e  o f th e  la rg e  
e ffe ct o f e x p e r im e n ta l  e rro rs  a t  t h is  a c i d -a m in e  
r a t io ,  a n d  K n a 4 =  0 .0 8 5 5  w a s  t a k e n  as th e  p r o b a b le  
v a lu e .

T o  te s t  th e  h y p o th e s is  t h a t  e q u i l ib r ia  ( 1 ) ,  (4 b )  
a n d  (7 )  a re  t h e  c o n t r o l l in g  e q u i l ib r ia  in  t h is  s y s t e m , 
A T  total wra s  c o m p u t e d  f o r  e a c h  o f th e  e x p e r im e n t a l  
c o m p o s it io n s , u s in g  th e  d e t e r m in e d  v a lu e s  o f 
A T a ,,, ; , ,«  1, A f  a n d  7v a s, a n d  th e  c a lc u la te d  v a lu e s  o f 
/a n a . a n d  7<’n a 4- F o r  c o m p a r is o n  a  s im ila r  te s t  w a s  
m a d e , a s s u m in g  e q u i l ib r ia  ( 1 ) ,  (4 b )  a n d  ( 6) .  A  
v a lu e  o f  7a n 2a 4 =  0 .0 7 1  w a s  c h o s e n , w h ic h  w o u ld  
p r o d u c e  a  f it  m o s t  f a v o r a b le  t o  th e  t w o  u p p e r m o s t  
p o in t s  in  F i g .  5, s in c e  th e s e  t w o  p o in t s  a re  m o s t  
s e n s it iv e  to  t h e  v a r ia t i o n  o f T v n .a ,- T h e  r e s u lt  o f 
th e  c o m p u t a t io n s  d e m o n s tra te s  t h a t  e q u i l ib r iu m
( 7 )  is c o n s is te n t, w h ile  e q u i l ib r iu m  ( 6)  is in c o n s is t 
e n t , w i t h  t h e  e x p e r im e n ta l  d a t a  f o r  th e  t r i i s o a m y l -  
a m i n e -m y r i s t i c  a c id  s y s t e m .

E x a m i n a t i o n  o f F i g .  4 s h o w s  t h a t  e q u i l ib r iu m  ( 6 ) 
is  n o t  v a l i d  f o r  t h e  t r i is o a m y la m i n e -a c e t ic  a c id  
s y s t e m . T h e  v a l i d i t y  o f  t h is  e q u i l ib r iu m  re q u ire s  
t h a t  th e  c u r v e  a p p r o a c h  t h e  d o t t e d  lin e  3 a s y m p t o 
t ic a l ly ,  w h e re a s  i t  v e r y  d e f in it e ly  crosses t h is  lin e . 
C o m p u t a t io n s  s im ila r  t o  th o se  d e s c r ib e d  a b o v e , 
a s s u m in g  e q u i l ib r ia  ( 1 ) ,  ( 4 b )  a n d  (7 )  w e re  m a d e  fo r
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th e  s y s t e m  t r i is o a m y la m i n c -a c e t i c  a c id . R e s u lts  
f o r  th is  s y s t e m  w e re  K  n a 2 =  1 .0 2  X  10 ~3 a n d  K n a , 

=  2 .3 8  X  1 0  “ 2; th e s e  v a lu e s  w e r e  in s e n s it iv e  to  
f u r t h e r  a p p r o x im a t io n  c y c le s . A  c o m p a r is o n  ( T a 
b ic  I I I )  o f  th e  c o m p u t e d  a n d  m e a s u re d  fre e z in g

T a b l e  I I I

T est  o f  E q u il ib r ia  in  So lu tio n s  of T r iiso a m y l a m in e  
P lu s  A cetic  A cid

Amine content =  0.0380 equiv./kg. benzene; K ki =  1.0 X  
10“ 3; A 'na, =  1-02 X  10~3; A na, =  2.38 X  lO ’ 2

Total acid added,(equiv./kg. benzene) Al\0tal> °C., 
cxptl.

Artotal. °C,
computed 

NA, +  Ai N
0.0372 0.210 0.210

.0759 .229 .229

.1546 .337 .335

.2286 .488 .489

.3026 .658 . 665

p o in t  d e p re s s io n s  s h o w s  t h a t  e q u a l ly  g o o d  a g re e 
m e n t  is  o b ta in e d , e x c e p t f o r  th e  m ix t u r e  o f h ig h e s t  
a c i d -a m in e  r a t io .  I t  is c o n c lu d e d  t h a t  e q u i l ib r ia  
(4 b )  a n d  (7 )  a re  v a l i d  f o r  d i lu t e  b e n z e n e  s o lu t io n s  
o f t e r t ia r y  a l ip h a t ic  a m in e s  p lu s  f a t t y  a c id s .

T h e  in s t a b i l i t y  o f  th e  c o m p o u n d s  f o r m e d  b e 
tw e e n  a m in e s  a n d  c a r b o x y l ic  a c id s  in  b e n z e n e  s o lu 
t io n , a n d  a lso  th e  s u r p r is in g  a m o u n t  o f a c id  b o u n d  
p e r  e q u iv a le n t  o f a m in e , in d ic a t e  t h a t  th e  fo rc e s  b e 
tw e e n  th e  a c id  a n d  a m in e  a re  d if fe re n t  in  t y p e  f r o m  
th o s e  o p e r a t in g  in  th e  a m in e  p ic ra te s  o r  th e  a m in e  
h y d r o h a lid e s . T h e  re a c t io n  a p p e a rs  to  b e  th e  f o r 
m a t io n  o f a  m o le c u la r  c o m p le x  b e tw e e n  a c id  d im e r  
a n d  th e  a m in e  r a t h e r  t h a n  th e  f o r m a t io n  o f a  t r u e  
io n  p a ir .

T h e  s u c c e s s fu l d e s c r ip t io n  o f th e  e x p e r im e n t a l  
re s u lts  in  t e r m s  o f o n e  o r  o f a  series o f e q u i l ib r iu m  
c o n s ta n ts  d o e s  n o t ,  o f c o u rs e , f u r n is h  d ir e c t  in f o r 
m a t io n  c o n c e r n in g  th e  t y p e  o f b o n d s  in v o lv e d ,  n o r  
as  to  w h e t h e r  th e  m o n o m e r ic  o r  d im e r ic  f o r m  o f th e  
a c id  is th e  c h e m ic a l u n i t  a c t u a l ly  r e a c t in g  w it h  th e  
a m in e . I t  m i g h t  h a v e  b e e n  p o s t u la t e d  t h a t  th e  
o b s e r v e d  p h e n o m e n a  w e re  t h e  re s u lt  o f t h e  s te p w is e  
re a c t io n  o f  t h e  a m in e  w i t h  f o u r  u n it s  o f a c id  m o n o 
m e r . T h u s  th e  c h o ic e  o f th e  a c id  d im e r  as th e  
r e a c t in g  u n i t  m a y  a p p e a r  a r b i t r a r y  a n d  ju s t if ie d  o n ly  
b y  th e  re s u lt in g  c o n v e n ie n c e  in  th e  a n a ly s is  o f th e  
d a t a . H o w e v e r ,  th e  a s s u m p tio n s  e m p lo y e d  f o r  c a lc u 
la t in g  th e  c o n c e n t r a t io n s  o f th e  v a r io u s  spe cies in 
v o lv e d  in  th e  e q u i l ib r ia  im p o s e  a  f u r t h e r  r e s tr ic t io n . 
T h e  c o n s ta n ts  A n a * a n d  A’ n a , w e re  c o m p u t e d  f r o m  
c o n c e n t r a t io n s  o f N ,  N A 2 a n d  N A 4 t h a t  w e r e  d e 
r iv e d  f r o m  th e  f r e e z in g  p o in t  d a t a  o n  t h e  a s s u m p 
t io n  t h a t  n e it h e r  N A  n o r  N A 3 w e r e  p r e s e n t  in  s ig 
n if ic a n t  a m o u n t s . T h e  fa c t  t h a t  th e  v a lu e s  d e r iv e d  
fo r  th e se  c o n s ta n ts  b y  ig n o r in g  t h e  p o s s ib le  p re s 
e n ce  o f N A  o r  N A 3 le a d  to  c o m p u t e d  d e p re s s io n s  of 
th e  f re e z in g  p o in t  in  close a g r e e m e n t  w i t h  e x p e r i
m e n t  s u p p o r t s  t h e  id e a  t h a t  t h e  a c id  d im e r  is th e  
a c t u a l  re a c t in g  u n i t .

I t  is  d if f ic u lt  t o  c o n s t r u c t  a  m o d e l f o r  t h e  a s s o c ia 
t io n  o f a  s in g le  a m in e  m o le c u le  w i t h  f o u r  s e p a ra te  
a c id  m o n o m e r s  t h a t  im p lie s  a n  e n e r g y  o f b o n d in g  
s u ffic ie n t t o  c o m p e te  e f f e c t iv e ly  f o r  m o n o m e r ic  
u n it s  w i t h  th e  d im e r iz a t io n  e q u i l ib r iu m  ( 1 ) .  O n  
th e  o th e r  h a n d , a d ir e c t  b o n d in g  o f th e  d im e r ic  a c id  
u n i t  to  a  t e r t i a r y  a m in e  m ig h t  re s u lt  if  th e  n it r o g e n  
o f th e  a m in e  a p p r o a c h e d  o n e  s id e  o f th e  e i g h t -m e m -

ACID ADDED, EOUIVALENTS/KG. BENZENE.

Fig. 5.— Test of alternative equilibria in solutions of tri
isoamylamine plus myristic acid.

b e re d  r i n g  f o r m e d  b y  th e  h y d r o g e n  b r id g e s  o f th e  
t w o  c a r b o x y l  g r o u p s  w i t h  s u c h  a n  o r ie n t a t io n  t h a t  
th e  u n s h a r e d  e le c tro n  p a i r  o f th e  n it r o g e n  w a s  
e q u a l ly  a v a ila b le  f o r  d ip o la r  in t e r a c t io n  w i t h  e ith e r  
o f th e  h y d r o g e n s  o f th e  d im e r ic  a c id ,  a s  re p re s e n te d  
in  I .
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/
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T w o  s ix -m e m b e r e d  c h e la te  r in g s  w o u ld  r e s u lt  f r o m  
th e  f o r m a t io n  o f I ,  a n d  m i g h t  le a d  to  m o d e r a te  
s t a b i l i t y  o f  a  t y p e  o f h y d r o g e n  b r i d g i n g  t h a t  w o u ld  
o th e r w is e  b e  t o o  w e a k  to  d e te c t .

T h e  b o n d in g  b y  a  s in g le  h y d r o g e n  o f m o r e  t h a n  
t w o  e le c tro n e g a t iv e  a to m s  a t  o n e  t im e  is u n u s u a l, 
a lt h o u g h  P a u l i n g 3' c ite s  th e  “ b if u r c a te d  h y d ro g e n  

O
b o n d ”  N II. in fe rre d  f ro m  ( l ie  c r y s t a l  struc- 

'O
l u r e  o f g lv c iu e .25 T h e  s im u lta n e o u s  d ir e c t io n  o f 
t w o  h y d r o g e n  b r id g e s  t o w a r d  a s in g le  o x y g e n  a to m  
h a s  b e e n  p o s t u la t e d  f o r  th e  d im e r ic  f o r m  o f s a lic y lic  
a c id 21 as  w e ll  as in  1 ,8-d ih y d r o x y a n t h r a q u i n o n e  
a n d  s o m e  s im ila r  c o m p o u n d s . O x y g e n  d iffe rs  f r o m  
n it r o g e n , i t  is t r u e , in  h a v in g  t w o  p a irs  o f e le c tro n s  
n o t  i n v o lv e d  in  c o v a le n t  b o n d in g , b u t  h y d r o g e n  
b o n d in g  is u s u a l ly  c o n s id e re d  to  b e  e s s e n t ia lly  a n  
e le c tro s t a t ic  o r  d ip o le  e ffe ct a n d  n o t  e le c tro n  s h a r in g . 
T h e  b o n d in g  o f  a  s e c o n d  d im e r  b y  t h e  N A 2 is  d if 
f ic u lt  to  e x p la in . T h e  f irs t  d im e r  u n i t  m a y ,  h o w 
e v e r, b e  s u f f ic ie n t ly  p o la r iz e d  b y  th e  p re s e n c e  o f th e  
n it r o g e n  a t o m  so t h a t  th e  loo se a s s o c ia t io n  o f a sec
o n d  u n i t  b e c o m e s  p o s s ib le .

T h e  s t r e n g t h  o f b o n d in g  b e tw e e n  th e  a m in e  a n d
(2 5 ) G . A lb r e c h t  and It. R . C o r e y ,  J .  A m .  C h e tn . S a c .,  6 1 , 1087 

(1 9 3 0 ).
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a c id  is  n o t  g r e a t ;  f o r  t r i is o a m y la m in e  w i t h  m y r i s -  
t ic  a c id  th e  d e g re e  o f d is s o c ia t io n  o f  N A 2 e s t im a te d  
f o r  a  c o n c e n t r a t io n  o f 0.01 f o r m u la  w e i g h t  p e r  k i lo 
g r a m  o f b e n z e n e  is  4 6 %  as c o m p a r e d , f o r  e x a m p le , 
w i t h  1 3 %  d is s o c ia t io n  o f t h e  h y d r o g e n -b o n d e d  
d im e r  o f m y r i s t i c  a c id  t o  m o n o m e r  a t  t h e  s a m e  c o n 
c e n t r a t io n . ( A  s m a lle r  d e g re e  o f d is s o c ia t io n  in  
p a ra ff in ic  t h a n  in  a r o m a t ic  s o lv e n t s  is  s u g g e s te d  b y  
th e  w o r k  o f P o h l ,  H o b b s  a n d  G r o s s 26 w h o  f o u n d  t h a t

(2 6 )  H . A . P o h l,  M .  E . H o b b s  a n d  P . M .  G ro ss , J .  C h e m . P h y s . ,  9 , 
4 0 8  (1 9 4 1 ).

d im e r ic  a c e tic  a c id  w a s  m o r e  r e a d i ly  d is s o c ia te d  in  
a n  a r o m a t ic  t h a n  in  a  p a ra ff in ic  s o lv e n t . )  A  b o n d  
o f th e  t y p e  in d ic a t e d  in  I  im p lie s  a  s m a lle r  h e a t  o f 
r e a c t io n  a n d  a s m a lle r  d ip o le  m o m e n t  t h a n  w o u ld  
b e  e x p e c te d  if  a  t e r t i a r y  a m in e  re a c te d  w i t h  a  f a t t y  
a c id  t o  p r o d u c e  a n  io n ic  c o m p o u n d .
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SURFACE OXIDATION OF GALENA IN RELATION TO ITS FLOTATION AS 
REVEALED BY ELECTRON DIFFRACTION

B y H itosi H agihara1
Taihei M ining and Metallurgical Laboratory,2 Omiya City, Japan 

R e c e i v e d  F e b r u a r y  2 6 ,  1 9 5 1

The initial oxidation of galena surfaces was studied in air, in an enclosed atmosphere in galena powder, in a vacuum furnace, 
in water, and during dry and wet grinding. The electron diffraction examination of the oxidized faces revealed that the 
lowest oxidation product is in all cases lead sulfate (PbSO,). Under dry conditions the sulfate crystallites were oriented in 
two ways on the cleavage face and no pseudomorphism was observed. In air the next higher oxidation product was the basic 
sulfate, Pb2S 0 5. Considerations are given to the orientation relations of these oxidation products and their growth. In no 
instance were crystalline carbonate, hydroxide or the lower sulfoxides, PbS„O n (with n/m less than 4) observed.

Introduction
E le c t r o n  d if f r a c t io n  in v e s t ig a t io n  o f t h e  in it ia l  

s u rfa c e  o x id a t io n  o n  g a le n a  is  o f in te r e s t  f r o m  th e  
t h e o re t ic a l  as w e ll as t h e  p r a c t ic a l  v ie w p o i n t .  
T h e  f o r m e r  in te r e s t  is c o n c e rn e d  w i t h  t h e  m e c h a 
n is m  o f c r y s t a l  g r o w t h  o f o x id e s  o n  s o lid  s u rfa c e s . 
W i t h  s in g le -c r y s t a l  s u b s tra te s , p a r t i c u l a r l y  s in g le  
c r y s t a l  c le a v a g e  face s w h e r e  t h e  a r r a n g e m e n t  of 
a to m s  a t t h e  b o u n d a r y  s u rfa c e  is k n o w n , t h e  a b o v e  
p r o b le m  w i l l  b e  g iv e n  t h e  m o s t  d e ta ile d  c o n s id e ra 
t io n s . In t e r e s t in g  e le c tro n  d if f r a c t io n  s tu d ie s  h a v e  
a lr e a d y  b e e n  r e p o r t e d  w i t h  s u c h  s u lf id e  m in e r a ls  
as z in c b le n d e , Z n S ,3-6 m o ly b d e n it e ,  M o S 2,7 a n d  
s t ib n it e ,  S b 2S 3.8 G a le n a 9 is  w e ll  s u it e d  f o r  t h is  
p u r p o s e : its  c r y s t a l  s t r u c t u r e  is  s im p le  ( N a C l -  
t y p e  c u b ic ) ,10 i ts  c le a v a g e  fa c e  is  s im p le  (c u b e  
f a c e ), a n d  y e t  t h e  d e ta ile d  s t u d y  o f  i ts  in it ia l  
o x id a t io n  is s t i l l  la c k in g .

T h e  p r a c t ic a l  v ie w p o i n t  c o n c e rn s  its e lf  w i t h  th e  
s e p a ra t io n  o f s u lf id e  m in e r a ls  b y  f lo t a t io n . I t  is 
g e n e r a lly  a c c e p te d  t h a t  s u lf id e  m in e r a ls  u n d e r g o  
s o m e  d e g re e  o f s u rfa c e  o x id a t io n  i n  t h e  p ro ce sse s  of 
c r u s h in g  a n d  g r i n d in g  b e fo re  e n t e r in g  in t o  th e

(1 )  K o b a y a s i  In s t itu te  o f  P h y s ica l R e s e a rc h , K o k u b u n z i ,  T o k y o ,  
J a p a n .

(2 )  F o r m e r  M it s u b is h i  M in in g  a n d  M e ta llu r g ic a l  L a b o r a t o r y .
(3 )  T .  Y a m a g u t i,  P r o c .  P h y s . - M a t h .  S o c .  J a p a n ,  17 , 4 4 3  (1 9 3 5 ).
(4 ) G . A m in o f f  a n d  B . B r o o m 6 , R g l .  S v e n s k a  V e t e n s k a p s a k a d .  

H a n d l . ,  16 , 3 (1 9 3 8 ).
(5 ) R .  U y e d a , S. T a k a g i  a n d  H . H a g ih a ra , P r o c .  P h y s . - M a t h .  S o c .  

J a p a n ,  2 3 , 1049  (1 9 4 1 ).
(6 ) D . M .  E v a n s  a n d  H . W ilm a n , P r o c .  P h y s .  S o c .  { L o n d o n ) ,  A 6 3 , 

2 9 8  (1 9 5 0 ).
(7 ) R .  U y e d a , P r o c .  P h y s . - M a t h .  S o c .  J a p a n , 2 0 , 6 5 6  (1 9 3 8 ) .
(8 )  S. M iy a k e , S c i .  P a p e r s  I n s t .  P h y s .  C h e m . R e s e a r c h  { T o k y o ) ,  3 4 , 

5 6 5  (1 9 3 8 ).
(9 )  H . H a g ih a ra , P r o c .  P h y s . - M a t h .  S o c .  J a p a n , 2 4 , 7 6 2  (1 9 4 2 ).
(1 0 )  R . W . G . W y c k o f f ,  “ T h e  S tr u c tu r e  o f  C r y s t a ls , ”  T h e  C h e m ic a l  

C a ta lo g  C o . ,  I n c .,  (R e in h o ld  P u b l. C o r p . ) ,  N e w  Y o r k , N . Y . ,  1931 . 
T h is  m o n o g r a p h  c o n t a in s  th e  s tru c tu ra l  data, a n d  r e fe re n ce s  th e r e u p o n .

f lo t a t io n  c e ll. T h e  re a c t io n  o f t h e  a q u e o u s  s o lu 
t io n s  o f t h e  c o lle c t in g  re a g e n t  w i t h  s u c h  o x id iz e d  
s u rfa c e s  h a s  b e e n  o f im p o r t a n c e  i n  t h e  “ c h e m ic a l 
t h e o r y ”  o f f lo t a t io n  a d v o c a t e d  b y  T a g g a r t ,  a n d  
a c c o r d in g ly  a  g re a t  d e a l o f re s e a rc h  h a s  b e e n  
d e v o t e d  t o  its  u n d e r s t a n d in g . 11-16 I t  is n o w  w id e ly  
a c c e p te d  t h a t  t h e  s u rfa c e  o f g a le n a  e x p o s e d  t o  a ir  
e ith e r  t h r o u g h  d r y  o r  w e t  g r i n d in g  is  a  c o m p le x  
m ix t u r e  o f s u lfo x id e s , h y d r o x id e s  a n d  c a r b o n a t e s .17 
T h i s  c o n c lu s io n  is b a s e d  u p o n  t h e  c h e m ic a l a n a ly s e s  
o f io n s  l ib e r a t e d  in t o  d is t il le d  w a t e r  o r  in t o  th e  
a q u e o u s  s o lu t io n s  o f t h e  c o lle c t in g  re a g e n t  f r o m  
g a le n a . I t  is  o b v io u s  t h a t  s u c h  d e d u c t io n s  c a n n o t  
b e  fre e  f r o m  u n a v o id a b le  a m b ig u it ie s  in  in t e r p r e t in g  
w h ic h  c o m p o u n d s  a c t u a l ly  e x is t  o n  t h e  m in e r a l  
s u rfa c e s . T h e  r a t e  o f o x id a t io n  is  a lso  c o n t r o v e r 
s ia l s in c e  r e p o r t e d  s tu d ie s  ra n g e  f r o m  “ r a p i d ” 11' 16' 18' 19 
t o  “ s lo w .” 20’21 I t  is , th e re fo re , d e s ira b le  t h a t  th e s e  
c o n c lu s io n s  b e  c h e c k e d  b y  a n  in d e p e n d e n t  re s e a rc h  
t e c h n iq u e  s u c h  as is  a ffo rd e d  b y  e le c tro n  d if f r a c t io n  
e x a m in a t io n .

T h e  p re s e n t  p a p e r  d e a ls  m a i n l y  w i t h  th e  in it ia l
(11) A . F . T a g g a r t ,  T .  C . T a y lo r  a n d  A . F . K n o ll ,  T r a n s .  A m .  I n s t .  

M i n i n g  M et.. E n g r s . ,  87, 217 (1930).
(1 2 ) A . F. T a g g a r t ,  T .  C . T a y lo r  a n d  C . 11. I n c e ,  i b i d . ,  87, 285  

(1 9 3 0 ).
(1 3 ) A . F . T a g g a r t , G. R . M . del G u id ic e  a n d  O . A . Z ic h l,  i b id . ,  

112, 3 4 8  (1 9 3 5 ).
(1 4 ) A . K n o ll  a n d  D . L . B a k e r , A m . In s t . M in in g  M e t .  E n g r s . ,  

T e c h .  P u b . N o .  1 31 3  (1 9 4 1 ).
(1 5 ) A . F . T a g g a r t  a n d  M . D .  H a ss ia lis , T r a n s .  A m .  I n s t .  M i n i n g  

M e t .  E n g r s . ,  169, 2 5 9  (1 9 4 6 ).
(1 6 ) T .  C . T a y lo r  a n d  A . F . K n o ll ,  i b id . ,  1 1 2 , 3 8 2  (1 9 3 5 ) .
(1 7 )  I . W .  W a r k , “ P r in c ip le s  o f  F lo t a t io n ,”  A u s tr a lia n  I n s t it u t e  o f  

M in in g  a n d  M e t a llu r g y ,  I n c .,  M e lb o u r n e , 1 9 3 8 , p .  13 4 .
(1 8 ) P . A .  L in te r n  a n d  N . K . A d a m , T r a n s .  F a r a d a y  S o c . ,  31, 564

(1 9 3 5 ) .
(19) H . H . H e r d  a n d  W . U re , T h is J o u r n a l , 45, 93 (1941).
(2 0 ) H . B . B u ll ,  B . S. E l le fs o n  a n d  N . W . T a y lo r ,  T h is  J o u r n a l , 38 , 

401 (1 9 3 4 ).
(2 1 ) P . S ied ler , K o l l o i d - Z . ,  6 8 , 89 (1 9 3 4 ).
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surface oxidation of fresh galena cleavage faces in 
air, along with short notes on its oxidation under 
conditions related to those prevailing in industrial 
ore crushing and grinding. Additional notes will 
also be presented which will reveal the anomalies 
often encountered on some fresh galena surfaces.

Initial Oxidation in Air.—Preliminary electron diffraction 
observations showed great variability in the patterns of the 
oxidized coatings, particularly in function of the tempera
ture and duration of oxidation. This suggested that the 
outermost portion of the oxidized layer changes its structure 
or orientation as it grows. Accordingly, the following ex
perimental procedure was selected.

A fresh cleavage face of galena, about 2 X 2 X 0.5 mm. in 
size and free from visible surface irregularities, was placed 
upon the plane bottom surface of an ordinary nickel crucible 
maintained at a predetermined temperature. Oxidation 
was continued for the desired period of time. The tem
perature of the bottom surface of the crucible was estimated 
through the use of small particles of substances of known 
melting points. It is believed that the temperature is 
known to ±10°.

The oxidized specimens were brought into the electron 
diffraction camera immediately upon preparation and the 
upper surfaces (not in direct contact with the crucible) were 
inspected. The camera length was 30 cm. and the accelerat
ing voltage was 35 kv.

In the following descriptions of the experimental results 
the oxidation temperature and duration are, in a strict sense, 
the surface temperature of the crucible bottom and the total 
time the specimen remained in the crucible. Approxi
mately they may, however, be regarded as the temperature 
of the crystal surface and the time during which the speci
men was kept at a certain temperature.

Results.—The electron diffraction patterns thus obtained 
with these specimens were analyzed, identified and inter
preted. Figure 1 shows the results of these identifications 
plotting temperature and duration as abscissa and ordinate, 
respectively. Figures 2-10 show the typical diffraction 
patterns obtained. With the oxidizing conditions as pre
sented in Fig. 1 no visible change, was observed on the speci
men surface. The oxidized layer was too thin to produce 
interference colors.

The following is an analysis of each diffraction pattern 
for the various conditions of Fig. 1.

Heating temperature, °C.
Fig. 1.—Identification of the initial oxidation products 

produced on galena cleavage face by its heat oxidation in 
open air: #  two-halo pattern; O, PbSCh; + , PbSOcPbO I; 
X, I’bSOvPbO II; □ , elongated spots; A, complex patterns.

Fig. 2.—Fresh cleavage pattern of galena.
Fig. 3.—Two halo pattern obtained by a slightest oxidation 

of the galena cleavage face (black spots in Fig. 1).
Fig. 4.—Lead sulfate on galena cleavage face (plain circles 

in Fig. 1): a, beam parallel to cube edge; b, beam parallel 
to face diagonal.

Fig. 5.—Composite pattern due to lead sulfate and to 
basic sulfate, PbS04PbO, on galena cleavage face (crosses 
on plain circles in Fig. 1): a, beam parallel to cube edge; b, 
beam parallel to face diagonal.

Fig. 6.—Basic sulfate of lead, PbS04-PbO, produced on 
galena cleavage face below about 280° (crosses in Fig. 1): a, 
beam parallel to cube edge; b, beam parallel to face diagonal.

Two-halo Pattern.—Below about 200°, the two-halo pat
tern shown in Fig. 3 was obtained. With slight oxidation, 
the cleavage pattern was predominant and a pattern like 
that of Fig. 2 was obtained. With increased oxidation the 
haloes increased in intensity, until the cleavage pattern 
almost, disappeared. Above approximately 150°, a crys
talline pattern appeared, intermingled with the halo pattern, 
and above, 230° the halo pattern was no longer observed.

By visual measurement the two haloes wore found to 
correspond to spacings: d, — 2.5 A. and dt =  1.4 A. How
ever, since the measurement, of the radii of haloes was only 
approximate nothing definite was expected from t he above 
two spacings except, that something amorphous or of ex
ceedingly minute crystalline grains was produced on the 
cleavage surface.220

Lead Sulfate Pattern.—As is seen in Fig. 1, a crystalline 
pattern was obtained between 170° and 280°. The diffrac
tion pattern is shown in Figs. 4a and 4b. From the analysis 
of these and other patterns obtained at various azimuthal 
settings of the specimen to electron beams, this substance

(2 2 )  G . P . T h o m s o n  a n d  W . C o c h r a n e , “ T h e o r y  a n d  P r a c t ic e  o f  
-E lectron  D if fr a c t io n ,”  M a c m il la n  C o . ,  L t d . ,  L o n d o n , 1939 , (a )  p . 1 5 3 : 
(b )  p p . 1 6 2 -1 8 4 ; (c )  p . 1 8 6 ; (cl) p . 171 .
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Fig. 7.— Basic sulfate of lead, P b S 04 PbO, produced on 
galena cleavage face at temperatures between 280 and 350° 
(diagonal crosses in Fig. 1): a, beam parallel to cube edge; 
b, beam parallel to face diagonal.

Fig. 8.— Composite pattern due to the basic sulfate of 
lead and the unidentified elongated spot pattern (squares 
on diagonal crosses in Fig. 1): a, beam parallel to cube
edge; b, beam parallel to face diagonal.

Fig. 9.— Complex pattern obtained by prolonged oxida
tion of galena cleavage face below 3 50 °; beam parallel to 
cube edge.

Fig. 10.— Complex pattern obtained by oxidation of 
galena cleavage face at temperature above 3 50 °; beam 
parallel to face diagonal.

was identified as lead sulfate, PbSO.i.23 Crystallites were 
oriented on the galena cleavage face in one of two ways as 
recorded in Table I.

T a b l e  I
O r i e n t a t i o n  o f  t h e  L e a d  S u l f a t e - C r y s t a l l i t e s  O n  

G a l e n a  C l  r a v a g e  F a c e

O rie n ta t io n  First, d ir e c t io n  .Second d ir e ct io n

I (001 )phso,//(0011 pMi [100]phSo4//<110>php
11 ( 2 1 0 ) P h so , / / ! 0 0 1  j rb 3  [0 0 1  ]PbS04/ / <  lO O ^ p h p

In crystallite orientation 1 there is a virtual coincidence of 
the atomic, d is ta n c e  along the [ 1.00I phso , and < H 0 > p b n  axes 
which lie in  c o in c id e n c e ;  and in  orientation II the (210) 
section of the unit cell of lead sulfate lies parallel to the 
(100) face of galena. These two orientations were always 
induced simultaneously on the oxidized face so long as crys
talline lead sulfate was produced. Their intensity ratio, 
however, was not. a constant, but was affected largely by the 
rate of initial temperature rise in the oxidation and by other 
factors. A  preliminary study of the relative abundance of 
the crystallites in the two orientations was made. For de
tails the reader is referred to a microfilm record238 of a de
tailed report of our work.

Basic Lead Sulfate Pattern.— In Fig. 1 it is seen that lead 
sulfate ceases to be the only oxidation product on the galena 
cleavage surface if oxidation is prolonged or if the tempera
ture is raised above about 280°.

(2 3 )  R .  W . J a m e s  a n d  W .  A . W o o d ,  P r o c .  R o y .  S o c .  ( L o n d o n ) , A 1 0 9 ,
5 9 8  (1 9 2 5 ) .

(2 3 a )  M ic r o f i lm  r e c o rd  o f  “ S u r fa ce  P h e n o m e n a  in  F lo t a t io n ,”  b y  
H it o s i  H a g ih a ra , M a s s a c h u s e t ts  In s t itu te  o f  T e c h n o lo g y  L ib r a r y , C a m 
b r id g e ,  M a s s .

A  composite diffraction pattern due to lead sulfate and the 
basic sulfate produced on the galena cleavage surface is 
shown in Fig. 5. W ith additional oxidation the basic sulfate 
pattern increases in intensity until the patterns shown in 
Figs. 6a and 6b are obtained. From the analysis of these and 
other patterns obtained at various azimuthal settings of the 
specimen, this oxidation product was identified as "lanar- 
kite,”  the basic lead sulfate Pb2S05.21 This is orientated 
on galena in accord with orientation II of the neutral sul
fate formed at lower temperature. For crystallographic 
details see microfilm record 238 It is interesting to note 
that the diffraction pattern due to lanarkite becomes de
tectable only after the neutral sulfate layer has attained a 
thickness roughly estimated at 100 A .228

Basic Sulfate Produced at Higher Temperatures.— Above 
approximately 280°, lead sulfate was no longer observed 
even under the shortest possible oxidation. Instead, two 
kinds of new patterns were observed between 280° and 350°. 
Of these one was determined to have the same unit cell as 
basic sulfate I with only a slight modification in its orienta
tion. The other is intrinsically a new substance.

The basic sulfate pattern obtained at higher temperatures 
was often accompanied by a new type pattern consisting of 
diffuse, vertically elongated spots. An example is shown in 
Figs. 8a and 8b. The intensity ratio of these two inter
mingling patterns was not a constant., but varied even on 
the same specimen. This implies that the two substances 
are distinct from one another and are not distributed uni
formly over the surface.

Higher Oxidation Products.— Upon prolonged oxidation, 
basic sulfate patterns are obliterated by other more compli
cated diffraction patterns. These are similar in appearance 
yet differ in that they are highly susceptible to slight changes 
in the conditions of sample preparation. An example of 
such patterns is shown in Fig. 9. Oxidizing temperatures 
above 350° resulted in varied types of diffraction patterns 
consisting of sharp spots. An example is shown in Fig. 10. 
The analysis and identification of such complicated patterns 
arc beyond the scope of the present study.

Interpretation of the Results
Two-Halo Pattern.— Ifalo patterns on solid surfaces arc 

either an amorphous substance, crystalline grains of a few 
atoms in diameter, or an adsorbed gaseous layer.22'* 598 24 25 26 A  
halo pattern obtained in any experiment should, therefore, 
be interpreted in the light of additional information con
cerning the nature of the surface substance.26

In the present experiment the two-halo pattern was ob
tained by heating the galena cleavage face slightly in open 
air. To determine if this pattern was caused by thermal 
disturbances of the surface atoms, or by the oxidizing action 
of the surrounding atmosphere, fresh galena cleavage faces 
were heated in a vacuum furnace for one hour at a pressure 
of I0~3-1 0 ^ '1 m m . Electron diffraction results showed that 
thermal roughening of the cleavage face did not take place 
below 350°, and the two halo pattern was not observed at 
100, 200, 250 or 300 °. These facts indicate that the atomic 
aggregates responsible for the halo pattern were produced 
by the tarnishing action of air on the cleavage surface.

Additional observations which contributed to the identi
fication of the halo pattern substance were: ( I ) a halo pattern 
was obtained simultaneously with the crystalline lead sul
fate, (2) the halo pattern substance and the crystalline lead 
sulfate underwent the same chemical reactions with dis
tilled water or with aqueous solutions of xanthate under 
various pH conditions (a detailed explanation is presented 
in Part II), and (3) the surface oxidation of galena became 
progressive above 150° with the formation of crystalline 
lead sulfate.

Orientation of Lead Sulfate Crystallites.— According to 
the theory of chemical kinetics on solid surfaces27-28 the

(2 4 )  W .  E . R ic h m o n d  a n d  C . W . W o l fe ,  A m .  M i n e r a l o g . ,  2 3 ,  7 9 9  
(1 9 3 8 ).

(2 5 )  H . G e rm e r , P h y s .  R e v . ,  4 9 , 163  (1 9 3 6 ).
(2 6 )  G . I. F in c h  a n d  H .  W ilm a n , T r a n s .  F a r a d a y  S o c . ,  3 3 , 3 3 7  

(1 9 3 7 ).
(2 7 ) A . S m e k a l, “ S tru k tu r e m p fin d lic h e  E ig e n s c h a fte n  d e r  K r is 

t a l le , ”  H a n d b . d .  P h y s . 2 4 /2 ,  p . 80 7 , V e r la g  v o n  J u liu s  S p r in g e r , B e r lin , 
1933.

(2 8 ) A I. V o lm e r , “ K in e t ik  d e r  P l ia s c n h ild u n g ,”  V e r la g  v o n  T h e o d o r  
S tc in k op iT , D re s d e n , 193 9 , p . 189.
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tarnishing action of oxygen on a galena cleavage face com
mences at certain active sites. Such sites may be the cor
ners and edges of cracks and steps inevitably present on 
cleavage surfaces or some points on its surface where atoms 
are loosely bound. A t such sites the reaction, PbS +  2 0 2 =  
PbSQi, identical with activated adsorption may take place. 
Below approximately about 170°, however, the temperature 
may be too low to permit sufficient surface mobility for 
crystalline aggregation. Lead sulfate formed incoherently 
may yield the halo pattern. W ith additional oxidation the 
reaction is supposed to take place on less and less active 
points resulting in the intensification of the halo pattern. 
Above 170° these oxidation products become sufficiently 
mobile to order themselves into crystalline arrays.

The orientation of lead sulfate crystallites may be ex
plained by the theory of crystal growth on solid substrates. 
It is generally accepted that the nucleus formation of the 
growing crystal is greatly facilitated at the edges of cracks 
or at the internal angle at the bottom of a step inevitably 
present on crystal surfaces.27'28 After Thomson and Coch
rane221* the orientation of the growing crystal on a single 
crystal substrate is determined primarily by the law that one 
of the simple zone axes of the growing crystal lies in coinci
dence with the line of atoms along an irregularity of the sub
strate, which is also a simple zone axis. This is in accord 
with the observations recorded above with orientation II.

Formation of the Basic Lead Sulfate.— Formation of 
lanarkite, Pb^SOs, in open air, by prolonged heating of the 
galena surface, may be interpreted as due to the dissocia
tion, as it thickens, of the outermost portion of the sulfate 
layer. According to Schenck,29 the first step in the decompo
sition of the lead sulfate in a roasting atmosphere containing 
sulfur dioxide and oxygen is represented b}r 2P b S04 =  
PbSOj PbO +  SO3. The present study indicates a close 
orientation relationship between the basic sulfate in orienta
tion I and the sulfate in orientation II.

A t elevated oxidizing temperatures lead sulfate can no 
longer be in equilibrium with galena and theobasie sulfate in 
orientation II  is supposedly produced directly upon the 
cleavage face of galena. A t still higher temperatures more 
basic sulfates such as P bS04-2P b0, P b S 04-3P b0 or Pb- 
S 0 4-4Pb0 are likely to be produced successively. 29'30 Cor
relation of the complex electron diffraction patterns ob
tained at higher temperatures with the X -ray D ebye- 
Scherrer ring data of the basic sulfates of lead reported by 
Clark, et a l.,31 may be useful. As yet analysis of the patterns 
is incomplete.

Initial Oxidation under Environments Related to Flotation 
Studies

It is of interest, in connection with flotation to study the 
initial oxidation of galena under environments other than 
oxidation at elevated temperatures in a furnace atmosphere. 
Electron diffraction examination of ground powders does 
not give as definite a result as experimental work performed 
with single crystal cleavage faces. For ground powders 
this method is not expected to reveal surface states thinner 
than about 100 A . in thickness.22“

Oxidation within Galena Powder.— Idealization of this 
dry-grinding oxidation condition was obtained by covering a 
fresh cleavage face of galena, about 2 X 2 X 1  mm. in size, 
with powdered galena. The powder, approximately 200- 
mesh in size, was hand pressed from above, and another 
fresh cleavage face was placed upon the pressed powder. 
The boat containing the two specimens and the pressed 
galena powder was heated in a horizontal electric furnace 
with plugs on both ends to avoid the free circulation of open 
air within. Heating at a constant temperature was carried 
out for one hour, temperatures being measured with an 
alumel-chromel thermocouple inserted close to the buried 
specimen. After heating, the furnace was left to cool to 
room temperature, and the specimens were examined by 
electron diffraction. With the top specimen the exposed 
surface, not in direct contact with the powder, was in
spected .

The results thus obtained below 350° are summarized in 
Table II. From this study it was confirmed that lead sul

(2 9 )  R .  S c h e n c k , Z .  a n o r g .  a l lg e m . C h em ,., 1 4 8 , 351 (1 9 2 5 ) .
(3 0 )  R .  S c h e n c k  a n d  A . A lb e r s , Z .  p h y s .  a l lg e m . C h e m .,  10 5 , 145 

(1 9 1 9 ).
(3 1 ) G . L . C la rk , J . N . M r g u d ic h  a n d  N . C . S e h ie ltz , Z . a n o r g .  a l l -

g e m . C h e m .,  2 2 9 , 401 (193F.)

fate is again the lowest oxidation product on the galena 
cleavage surface oxidized in galena powder.

T a b l e  II

E l e c t r o n  D i f f r a c t i o n  A n a l y s i s  o f  t h e  S u r f a c e  C o a t i n g s  

P r o d u c e d  o n  G a l e n a  C l e a v a g e  F a c e  O x i d i z e d  U p o n  o r  

W i t h i n  G a l e n a  P o w d e r  f o r  O n e  H o u r

T e m p .,
°C . A b o v e  g a le n a  p o w d e r W ith in  g a le n a  p o w d e r

240 PbSOi only P b S 04 only
280 PbSOi +  unidentified PbSOi only

300
pattern

P bS04 +  unidentified P b S 04 smeared with the
pattern other unidentified pattern

350 New pattern, no P b S 04 New pattern, no P b S 04

Oxidation in a Vacuum Furnace.— To study the surface 
oxidation of galena under extremely limited oxygen supply, 
an experiment on the oxidation of ils cleavage face within a 
vacuum furnace was carried out at various temperatures. 
The time of oxidation for each temperature was one hour. 
The pressure within the furnace was maintained at about 
10~3 mm. during the entire heating cycle. Moisture was 
removed from the furnace by phosphoric acid.

Electron diffraction results, directly connected with the 
present study, are summarized briefly in Table I II . This 
study again shows that the lowest oxidation product on a 
galena cleavage face is lead sulfate even under limited oxy
gen supply.

T a b l e  III

E l e c t r o n  D i f f r a c t i o n  A n a l y s i s  o f  t h e  S u r f a c e  C o a t i n g s  

P r o d u c e d  o n  G a l e n a  C l e a v a g e  F a c e  O x i d i z e d  W i t h i n  a  

V a c u u m  F u r n a c e  f o r  O n e  H o u r

Temp.,
Galena

cleavage PbSOi Unidentified PbsO
°C. pattern pattern pattern pat tern
100
200
250
300
350

Very strong 
Very strong 
Weak 
Weak

Very faint 
Very faint 
W eak  
W eak

W eak
Strong

Strong

Oxidation in W ater.—-As a preliminary study of the sur
face changes of galena particles during wet grinding, changes 
of a fresh galena cleavage face in distilled water were studied. 
A  fresh cleavage face 3 X 3  mm. size, was soaked in dis
tilled water contained in a shallow glass dish. After the 
desired period, the specimen was removed from the water, 
dried in air, and examined by electron diffraction.

After a 20-minute soaking at 2 0 °, the strong Kikuchi 
lines and bands peculiar to a fresh cleavage face were ob
scured. This implied that a slight disturbance had taken 
place on the ideally flat, and regular cleavage surface.32

Prolonged soaking for two days yielded a diffuse spot 
pat t ern of galena as shown in F ig. 11. Prolonged soaking for 
4  to 7 days yielded similar, yet less diffuse spots. In all 
these cases, no visible change was observed on the soaked 
face; yet the surface remained hydrophilic.

Additional soaking up to 40 days at room temperature 
resulted in the formation of a visible layer on the surface. 
Its diffraction pattern consisted of rings formed by large 
numbers of sharp spots indicative of well grown crystallites 
oriented at random. Figure 12 shows this pattern. Upon 
analysis of the pattern it was concluded that this substance 
conforms best with the basic lead carbonate.33

Oxidation in W et Grinding.— Five grams of galena crys
tals, cleaned of tarnished surfaces, was hand ground in an 
agate mortar containing 10 ce. of water. The grinding was 
continued for 20 minutes. After grinding, one portion of 
the sediment was removed and dried. The remaining por
tion was left in the mortar until the water had evaporated 
slowly. These particles yielded electron diffraction pat
terns similar to those obtained with dry ground particles.

(3 2 )  G . I . F in c h  a n d  IT. W iln ia n , E r g .  e x a k t .  N a t n r v ' i s s . ,  16 , .353 
(11 )37 ); (a ) p. 385 .

(3 3 ) J . D . H a n a w a lt , IT. I f .  R in n  and L . Tv. breve], T nd. E n g .  C h e m .,  

A n a l .  E d . ,  10 , 4 5 7  (1 9 3 8 ).
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Fig. 11.— Galena cleavage face soaked in water for two days; 
beam parallel to cube edge.

Fig. 12.— Galena cleavage face soaked in water for 40 days.
Fig. 13.— Spot pattern due to the natural oxidation product on 

the cleaved surface of galena: a, beam parallel to cube edge; 
b, beam parallel to face diagonal.

The interpretation of these and the preceding results on 
the oxidation of galena under wet conditions may be that 
during wet grinding, the surface of each particle is oxidized 
to some degree, producing lead sulfate. This sulfate, how
ever, is dissolved in water making the remaining surfaces 
slightly rough in molecular dimensions. Upon prolonged 
soaking, the dissolved sulfate reacts with carbon dioxide 
dissolved in water precipitating basic lead carbonate.

S o m e  A n o m a l i e s  o n  t h e  F r e s h  G a le n a  C le a v a g e  
S u r f a c e

During the course of the present, electron diffraction 
study, certain anomalies of the fresh and apparently perfect 
cleavage surface of galena were observed.

Contamination of the Impurity Crystallites.— Fresh 
cleavage faces of galena cleaved from ideally shaped single 
crystals were often found contaminated with several kinds 
of impurity crystallites. These crystallites had complete 
orientations with respect to the galena lattice but were not 
distributed uniformly over the surface. In one instance the 
pattern was clear-cut enough to permit identification as 
aramayoite, Ag(Sb, Bi)S2, as analyzed by Yardley,34 or as 
matildite, AgBiSj.35 Several kinds of such diffraction 
patterns were obtained and are being compared with the 
X-ray structure data of various minerals.

Infiltrated Natural Oxidation Along the Cleavage Sur
faces.— Another finding worthy of mention is the infiltrated 
natural surface oxidation along single crystal boundaries 
within a compact massive block of galena. An example 
shown in Figs. 13a and 13b is due to a surface film exposed 
by breaking the crystal along such surfaces. The film was 
thick enough to show interference colors. The pattern it
self is of interest in that, it shows a large number of twin and 
irrational spots.22d Detailed explanations are beyond the 
scope of the present, report; however, they will be presented 
in a separate paper. The possibility of such natural oxi
dation within mineral blocks should be considered in se
lecting massive galena for laboratory investigations of oxy
gen-free flotation, contact angles of air bubbles,36 or for the 
study of its adsorptive property for the collecting reagents. 
The mere removal of the outer tarnished surface of the block 
may be unsatisfactory for the study of oxygen-free flotation.

(3 4 )  K . Y a r d le y ,  M i n e r a l o g .  M a g . ,  2 1 ,  163  (1 9 2 6 ) .
(3 5 )  P . R a m d o r ,  S i t z u n g s b e r .  P r e u s s .  A k a d .  TFiss. N r . ,  6 , 71 (1 9 3 8 ).

D is c u s s io n s  in  C o n n e c t io n  w it h  F lo t a t io n  
S t u d ie s

S e v e r a l  f lo ta t io n  s tu d ie s  h a v e  b e e n  c o n 
c e rn e d  w i t h  t h e  c h e m ic a l c o m p o s it io n  o f th e  
o x id iz e d  la y e r s  f o r m e d  o n  g a le n a . T a g g a r t ,  
T a y l o r  a n d  I n c e 12 a n d  T a g g a r t ,  T a y l o r  a n d  
K n o l l , 11 h a v e  c o n c lu d e d  t h a t  w h e n  g a le n a  is 
g r o u n d  u n d e r  o x id iz in g  c o n d it io n s , t h e  s u rfa c e  
c h a n g e s  t o  le a d  s u lfa te . T h e i r  c o n c lu s io n s  a re  
b a s e d  u p o n  t h e  c h e m ic a l a n a ly s is  o f P b  +  +  a n d  
S 0 4—  io n s  in  w a t e r  w h e n  g a le n a  is p la c e d  in  i t .  
T h e  n e w ly  f o r m e d  s u lf id e  s u rfa c e s  a re  q u ic k ly  
c h a n g e d  in t o  le a d  s u lfa te , P b S C h , b a s ic  le a d  
s u lfa te , o n e  of th e  m o r e  o r  less o x id iz e d  s u l f u r -  
o x y g e n  c o m p o u n d  o f le a d , P b S ,„ 0 „  (w h e r e  t h e  
r a t io  o f n/m  is  less t h a n  4 ) ,  a n d  le a d  c a r b o n a t e , 
P b C O n . H y d r o x y l  io n s  h a v e  a lso  b e e n  f o u n d  
t o  b e  t h r o w n  in t o  th e  s o lu t io n . G a u d i n ,  et al.,37 
h a v e  a n a ly z e d  t h e  s u lfa te , h y d r o x y l ,  c a r b o n a t e  
a n d  r e d u c in g  io n s  in  th e  a q u e o u s  f i l t r a t e  f r o m  
re a c t io n  b e tw e e n  p o ta s s iu m  n - a m y l  x a n t h a t e  
a n d  g a le n a . F r o m  th e s e  e x p e r im e n t a l  s tu d ie s  
i t  is n o w  g e n e r a lly  a c c e p te d  t h a t  t h e  s u rfa c e  o f 
g a le n a  e x p o s e d  t o  a ir  in  e ith e r  d r y  o r  w e t  g r i n d 
in g , is a  c o m p le x  m ix t u r e  o f s u lfo x id e s , h y d r o x 
id e s a n d  c a r b o n a te  o f le a d .17

T h e  p re s e n t  e le c tro n  d if f r a c t io n  s t u d y  h a s  
c o n f irm e d  t h e  f o r m a t io n  o f le a d  s u lfa te  as t h e  

lo w e s t  o x id a t io n  p r o d u c t  o n  t h e  g a le n a  c le a v a g e  fa ce . 
I n  t h e  d r y  g r i n d in g  p ro ce s s  t h e  s u lfa te  is e v id e n t ly  
p r o d u c e d  a n d  a n c h o r e d  t o  e a c h  g r o u n d  p a r t ic le ,  
as t h e  c lose o r ie n t a t io n  r e la t io n s h ip  b e tw e e n  t h e  
le a d  s u lfa te  c r y s ta ll ite s  a n d  t h e  g a le n a  c le a v a g e  
fa ce  in d ic a te s . I n  t h e  w e t  g r i n d in g  p ro c e s s , h o w 
e v e r , th e  s u lfa te  is e v id e n t ly  p r o d u c e d  a n d  s u b 
s e q u e n t ly  w a s h e d  a w a y  in t o  th e  s o lu t io n  w i t h o u t  
f o r m i n g  a  s u rfa c e  la y e r  t h ic k e r  t h a n  a m o n o io n ic  
f i lm . T h i s  is  c o n f irm e d  b y  t h e  d e te c t io n  o f v e r y  
w e a k  s u lfa te  r in g s  o n  d r ie d  w e t  g r o u n d  p o w d e r  a n d  
b y  t h e  o b s e r v a t io n  o f s u rfa c e  r o u g h e n in g  o n ly  o n  
t h e  c le a v a g e  fa c e  s o a k e d  in  p la in  w a te r . T h e  s u l
fa te  la y e r  p r o d u c e d  o n  th e  c le a v a g e  fa ce  i n  a  d r y  
a tm o s p h e re  is  a ls o  e a s ily  w a s h e d  a w a y  b y  s o a k in g  
in  w a t e r  (d e t a ile d  e x p la n a t io n s  w i l l  b e  g iv e n  in  
P a r t  I I ) .  T h u s ,  T a g g a r t ,  T a y l o r  a n d  I n c e ’s 
v i e w 12 o f th e  adherent c o a t in g  o n  g a le n a  e x p o s e d  to  
w a t e r  (g a l e n a -P b S O i -P b O -H o O )  is n o t  s u p p o r t e d  
in  t h e  p r e s e n t  re s e a rc h .

A s  t o  t h e  le a d - s u l f u r -o x y g e n  c o m p o u n d s  o t h e r  
t h a n  s u lfa te , o n ly  t h e  b a s ic  s u lfa te , P b 2S 0 6, h a s  
b e e n  c o n f irm e d  t o  e x is t. I n  t h is  in s ta n c e  th e  r a t io  
o f n/m  in  t h e  f o r m u la , P b S mO „ ,  w i l l  b e  g r e a te r  t h a n  
4 , w h ic h  is c o n t r a r y  t o  t h e  c o n c lu s io n  o f T a g g a r t ,  
T a y l o r  a n d  K n o l l .11 T h e r e  r e m a in s  th e  p o s s ib i l i t y  
t h a t  th e  h a lo  p a t t e r n  s u b s ta n c e  m a y  b e  a m ix t u r e  
of t h is  P b S mO „  w i t h  P b S 0 4 a n d  t h a t  i t  re p re s e n ts  
a n  in c o m p le t e  m o n o la y e r .  F o r ,  if  t h e  P b S mO „  
h a d  f o r m e d  a  p o ly m o le c u la r  c o a t in g , s o m e  c r y s 
t a ll in e  p a t t e r n ,  e.g., t h a t  d u e  t o  P b S 20 3, a lr e a d y  
a n a ly z e d  b y  X - r a y s 33 s h o u ld  h a v e  b e e n  o b s e r v e d  
w h e n  t h e  o x id iz in g  c o n d it io n  w a s  s l ig h t ly  m o r e  
in te n s e  t h a n  t h a t  c o r r e s p o n d in g  t o  th e  f o r m a t io n  
o f t h e  h a lo  p a t t e r n  s u b s ta n c e  a lo n e .

T h e  f o r m a t io n  o f s u rfa c e  h y d r o x id e s  a n d  c a r -
(36) I. W . Wark and A. B. Cox, Trans. Am. Inst. Mining Met.

Engrs., 1 12 , 189 (1935).
(3 7 ) A . M .  G a u d in , F . D e w e y , W . E . D u n c a n , R  A - J o h n s o n  a n d  

O . F . T a n g e l,  J r ., i b id . ,  1 1 2 , 3 1 9  (1 9 3 5 ).
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b o n a te  o f le a d , in d ic a t e d  f r o m  t h e  c h e m ic a l a n a ly s e s , 
w a s  n o t  o b s e r v e d  in  t h e  p r e s e n t  s t u d y  e x c e p t on  
p r o lo n g e d  s o a k in g  w h e n  a  v is ib le  f i lm  w a s  o b ta in e d . 
T h e  b a s ic  c a r b o n a te , h o w e v e r ,  is m o r e  l ik e ly  t o  be  
p r o d u c e d  f r o m  t h e  s u lfa te  d is s o lv e d  in  w a t e r ,  t h a n  
d ir e c t ly  u p o n  t h e  g a le n a  c le a v a g e  s u rfa c e . T a y l o r  
a n d  K n o l l ’s o b s e r v a t io n 16 t h a t  t h e  c a r b o n a te  io n s  
d o  n o t  in c re a s e  b y  p r o lo n g e d  e x p o s u re  o f g a le n a  
to  a ir  is  in  c o n f o r m i t y  w i t h  t h e  p re s e n t  re s u lts .

T a y l o r  a n d  K n o l l 19 h a v e  p re s e n te d  a h y p o t h e s is  
t h a t  t h e  c o m p o u n d s  f o r m e d  b y  t h e  in it ia l  o x id a t io n  
o f g a le n a  a re  f i r m l y  a n c h o r e d  t o  t h e  g a le n a  s u rfa c e  
a n d  d iffe r  in  s t r u c t u r e  f r o m  c o m p o u n d s  in  t h e i r  
n o r m a l  s ta te s . T h e y  h a v e  c o n c lu d e d  t h a t  l e a d -  
s u l f u r -o x y g e n  c o m p o u n d s  (le a d  s u lfa te , e t c . ) ,  
first, fo r m e d , a re  p r o b a b ly  is o m o r p h o u s  w i t h  g a le n a  
a n d  t h a t  th is  “ c u b ic ”  le a d  s u lfa te  w o u ld  h a v e  a 
s o lu b i l i t y  b e tw e e n  le a d  s u lf id e  a n d  t h e  o r d i n a r y  
o r t h o r h o m b ic  le a d  s u lfa te . H o w e v e r ,  t h e  a b o v e  
c u b ic  m o d if ic a t io n  o f le a d  s u lfa te , e tc ., w a s  n e v e r  
o b s e r v e d  i n  t h is  in v e s t ig a t io n  w h e r e  t h e  th in n e s t  
p o s s ib le  la y e r  d e te c ta b le  b y  e le c tro n  d if f r a c t io n  
w a s  s tu d ie d . T a y l o r  a n d  K n o l l  p r o p o s e d  th is  
h y p o th e s is  b e c a u s e  o f t h e i r  b e lie f  t h a t  t h e  o r d i n a r y  
o r t h o r h o m b ic  le a d  s u lfa te  v / o u ld  n o t  f it  i n  re g is te r  
w i t h  t h e  c u b ic  la t t ic e  o f g a le n a . T h e  p r e s e n t  
re s u lts  s h o w  d e f in it e ly  t h a t  o r d i n a r y  le a d  s u lfa te  
c a n  o r ie n t  its e lf  i n  t w o  m a n n e r s , e a c h  h a v in g  a 
close re la t io n s h ip  in  t h e  a r r a n g e m e n t  o f a to m s  a t  
t h e  in te r fa c e  b e tw e e n  t h e  s u b s t r a t u m  a n d  th e  
s u p e r s t r a t u m .

A s  t o  t h e  s p e e d  o f o x id a t io n  e x a c t q u a n t i t a t iv e  
re s u lts  c a n n o t  b e  e x p e c te d  f r o m  e le c tro n  d if f r a c t io n  
s t u d y  a lo n e . Q u a l i t a t i v e l y ,  i t  h a s  b e e n  c o n f irm e d  
t h a t  th e  s u rfa c e  o x id a t io n  d o e s t a k e  p la c e  in  o p e n  
a ir ,  e v e n  a t  r o o m  t e m p e r a t u r e s . T h e  s p e e d  of 
o x id a t io n , h o w e v e r ,  w a s  f o u n d  t o  b e  r a t h e r  s lo w  
a t  r o o m  t e m p e r a t u r e , s in c e  a f te r  s e v e ra l d a y s ’ 
e x p o s u re  th e  c le a v a g e  p a t t e r n  w a s  s t il l  o b s e r v e d  b y  
e le c tro n  d if f r a c t io n  a lt h o u g h  c o m p le te  s m e a r in g  
o f th e  c le a v a g e  p a t t e r n  b y  d iffu s e  h a lo e s  w a s  o b 
s e rv e d  o n  th e  c le a v a g e  fa c e  e x p o s e d  t o  o p e n  a ir  f o r  
o v e r  a m o n t h .  T h e s e  fa c ts  m a y  b e  c o n s is te n t  w i t h  
th e  e x p e r im e n t a l  re s u lts  a n d  v ie w s  r e p o r t e d  b y  
S ie d le r21 a n d  B u l l ,  E l le f s o n  a n d  T a y l o r 20 t h a t  th e  
a tm o s p h e r ic  o x id a t io n  o f g a le n a  d o e s n o t  p ro c e e d  
r a p id ly  a t  r o o m  t e m p e r a t u r e s . T h e  r e s u lt  of T a g 

g a r t ,  T a y l o r  a n d  K n o l l 1- o n  t h e  a b s t r a c t io n  o f 
x a n t h a t e  b y  g a le n a  e x p o s e d  t o  a i r  f o r  v a r ie d  le n g th s  
o f t im e  a ls o  s h o w s  th e  s lo w  p ro g re s s  o f o x id a t io n .

O x id a t i o n  o f t h e  c le a v a g e  fa c e  b e c o m e s  m a r k e d ly  
p r o g r e s s iv e  w it h  t h e  f o r m a t io n  o f th e  c r y s t a l l in e  
le a d  s u lfa te  u p o n  i t .  T h i s  r a p id  p ro g re s s  c o m 
m e n c e s  a t  a b o u t  1 5 0 °  in  o p e n  a ir .

D u r i n g  t h e  w e t  g r i n d in g  p ro c e s s  t h e  s u lfa te  
p r o d u c e d  is  e v id e n t ly  r e m o v e d  c o n t in u o u s ly  f r o m  
th e  s u rfa c e  t o  t h e  s o lu t io n , m a k in g  t h e  o x id a t io n  
p ro g r e s s iv e . A c c o r d in g  t o  e le c tro n  d if fr a c t io n , 
th e  f re s h  g a le n a  c le a v a g e  fa c e  c h a n g e s  its  s u rfa c e  
s ta te  m o r e  r a p i d l y  in  w a t e r  t h a n  i n  o p e n  a i r ;  
its  s u rfa c e  c h a n g e  is  d e te c ta b le  o n ly  a f te r  20 
m in u t e s  s o a k in g  i n  w a t e r  a t  r o o m  t e m p e r a t u r e , 
a n d  a f te r  a  fe w  d a y s ’ s o a k in g  t h e  c h a r a c te r is t ic  
f e a tu re  o f t h e  id e a lly  f la t  c le a v a g e  s u rfa c e  is  c o m 
p le t e ly  lo s t. T h e  r a p id  o x id a t io n  o f g a le n a  as 
p r o p o s e d  b y  T a g g a r t ,  T a y l o r  a n d  K n o l l 11 a n d  b y  
T a y l o r  a n d  K n o l l 16 is  in  c o n f o r m i t y  w i t h  th e  p re s e n t 
re s u lts  o n  p r o g r e s s iv e  o x id a t io n  in  t h e  g r i n d in g  
p ro ce sse s, s in c e  t h e  o x id a t io n  t h e y  a re  c o n c e rn e d  
w i t h  is  t h a t  in v o lv e d  in  t h e  g r i n d in g  p ro ce sse s.

T h u s ,  t h e  p re s e n t e le c tro n  d if f r a c t io n  s t u d y  h a s  
s h o w n  t h a t  th e r e  is n o  c o n t r a d ic t io n  b e tw e e n  th e  
v ie w s  o f s lo w  a n d  r a p id  o x id a t io n . T h e  f o r m e r  is 
c o n c e r n e d  w i t h  t h e  s lo w  p ro g re s s  o f o x id a t io n  in  
a ir  a t  r o o m  te m p e r a tu r e s , w h ile  t h e  la t t e r  is  c o n 
c e rn e d  w i t h  t h e  r a p id  a n d  p r o g r e s s iv e  o x id a t io n  
d u r in g  w e t  g r in d in g .

A s  t o  th e  r a p id  in i t ia l  o x id a t io n  o f a  “ c le a n e d  
a n d  p u r e ”  g a le n a  s u rfa c e  r e p o r t e d  b y  L i n  t e r n  a n d  
A d a m 18 o r  b y  H e r d  a n d  U r e , 19 t h e  e le c tro n  d if f r a c 
t io n  m e t h o d  m a y  b e  u n a b le  t o  d e te c t  t h e  s u rfa c e  
c h a n g e s  in v o lv e d ,  s in c e  t h e  s u rfa c e  p h e n o m e n a  in  
th e s e  cases a re  s u p p o s e d  to  b e  t h e  f o r m a t io n  o f a  
m o n o m o le c u la r  o r  m o n a t o m ic  o x y g e n  f i lm  o n  th e  
s u rfa c e .

T h e  a u t h o r  w is h e s  t o  e x p re s s  h is  s in c e re  t h a n k s  t o  
P ro fe s s o r  S . N is h ik a w a  f o r  h is  e n c o u r a g e m e n t  a n d  
in te r e s t  i n  t h is  w o r k .  T h e  a u t h o r  is a lso  g r a te f u l  
t o  P ro fe s s o rs  A .  M .  G a u d i n  o f M . I . T .  a n d  M .  A .  
C o o k ,  of t h e  U n i v e r s i t y  o f U t a h ,  f o r  t h e i r  k in d  
s u g g e s tio n s  a n d  h e lp  i n  t h e  p u b l ic a t io n  o f th e  
p r e s e n t  p a p e r . F i n a l l y ,  h e a r t f u l  t h a n k s  a re  e x 
p re s s e d  t o  M is s  E .  M a t s u d a i r a  f o r  h e r  c o n t in u o u s  
a s s is ta n c e  in  th e  p r e p a r a t io n  o f t h is  m a n u s c r ip t .
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MONO- AND MULTILAYER ADSORPTION OF AQUEOUS XANTHATE ON
GALENA SURFACES

By  H itosi H agihara1
Ta.ihei M ining and Metallurgical Laboratory, 2 Omiya City, Japan

R e c e i v e d  F e b r u a r y  2 6 ,  1 9 5 1

The action of aqueous xanthate on galena surfaces has been studied by electron diffraction. Its primary function on both 
fresh and slightly oxidized faces lies in the formation of minute monomolecular patches adsorbed on the galena lattice. It 
is suggested that the monolayer is composed of xanthic acid molecules adsorbed with their polar heads attached to the lead 
atoms of the galena lattice. The layer is unstable in air.

In t r o d u c t io n
S tu d ie s  o f t h e  p r in c ip le s  o f f lo ta t io n , p a r t ic u la r ly  

t h e  m e c h a n is m  o f t h e  f o r m a t io n  o f t h e  w a t e r -  
re p e lle n t  s u rfa c e  f ilm s  o n  m in e r a ls  b y  t h e  a c t io n  o f 
t h e  c o lle c t in g  re a g e n ts , a re  e x te n s iv e . D e s p it e  
t h is  fa c t , i t  h a s  n o t  b e e n  p o s s ib le  t o  u n if y  th e  fie ld  
u n d e r  a n y  s in g le  d e f in ite  a n d  c o n c lu s iv e  t h e o r y .3’4-5 
O n e  o f  t h e  c h ie f  re a s o n s  f o r  th e  d is c re p a n c ie s  in  th e  
p r e v a i l in g  th e o rie s , m o s t  p r o m in e n t  o f w h ic h  is th e  
io n ic  a d s o r p t io n  t h e o r y  b y  W a r k  a n d  G a u d i n  vs. 
th e  c h e m ic a l t h e o r y  b y  T a g g a r t ,  se e m s t o  lie  in  th e  
fa c t  t h a t  a c c u ra t e  d ir e c t  m e th o d s  a re  la c k in g  in  
a n a ly z in g  t h e  e x t r e m e ly  t h i n  s u rfa c e  c o a tin g s  
p r o d u c e d  o n  t h e  m in e r a l  s u rfa c e s . T h e  e x p e r i
m e n t a l  to o ls  h a v e  c o n s is te d  m a i n l y  o f c h e m ic a l 
a n a ly s e s  o f io n s  w i t h d r a w n  f r o m  o r  t a k e n  in t o  th e  
a q u e o u s  s o lu t io n s  o f t h e  c o lle c t in g  re a g e n ts  as th e  
r e s u lt  o f  t h e i r  in t e r a c t io n s  w i t h  t h e  m in e r a l  p a r 
tic le s , o f c h e m ic a l a n a ly s e s  o f  t h e  le a c h e d  p r o d u c t s  
f r o m  m in e r a l  s u rfa c e s , o f  s u rfa c e  p o t e n t ia l  m e a s u re 
m e n t  o f t h e  m in e r a ls  in v o lv e d  in  t h e  re a c t io n , a n d  
o f  c o n ta c t  a n g le  m e a s u re m e n t  o f a ir  b u b b le s  
a tt a c h e d  t o  t h e m .3-6

T h e  e le c tro n  d if f r a c t io n  m e t h o d , w h ic h  h a s  b e e n  
s h o w n  c a p a b le  o f r e v e a lin g  c o a tin g s  as t h i n  as 10 -12
A .  o n  a n  id e a lly  f la t  c le a v a g e  s u rfa c e  o f a  s in g le  
c r y s t a l71, offers  a  n e w  a p p r o a c h  t o w a r d  f lo ta t io n  
t h e o r y .

I n  a d d i t io n  t o  t h e  p r a c t ic a l  p r o b le m  o f f lo ta t io n , 
i t  is of in te r e s t  t o  s t u d y  t h e  s t r u c t u r e  o f t h e  s u rfa c e  
film s  f o r m e d  o n  c r y s t a l  faces b y  a d s o r p t io n  o f w a t e r -  
s o lu b le  h e t e r o p o la r  s u b s ta n c e s . T h e  s t r u c tu r e s  
o f s u rfa c e  f ilm s  o f w a t e r - in s o lu b le  s u b s ta n c e s  f o r m e d  
o n  p o lis h e d  m e ta l s u rfa c e s  o r  o n  s in g le  c r y s t a l  
fa ce s  h a v e  a lr e a d y  b e e n  s tu d ie d  b y  X - r a y  o r  e le c
t r o n  d if f r a c t io n ,7c'8 o r  m o r e  r e c e n t ly  b y  e le c tro n  
m ic r o s c o p y 9; w h e re a s , f o r  t h e  s u rfa c e  f ilm s  o f 
w a t e r -s o lu b le  h e te r o p o la r  s u b s ta n c e s  w i t h  s h o r t  
a lk y l  g ro u p s , n o  s u c h  s t r u c t u r a l  s tu d ie s  h a v e  y e t
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(3 )  A . M .  G a u d in , “ F lo t a t io n ,”  M c G r a w -H i l l  B o o k  C o . ,  I n c .,  N e w  

Y o r k ,  N . Y . ,  1 9 3 2 ; A . M .  G a u d in , “ P r in c ip le s  o f  M in e ra l  D re s s in g ,”  
M c G r a w -H i l l  B o o k  C o . ,  I n c , ,  N e w  Y o r k ,  N . Y . ,  193 9 .

(4 )  A . F . T a g g a r t ,  “ H a n d b o o k  o f  M in e ra l  D r e s s in g ,”  J o h n  W ile y  & 
S on s, I n c .,  N e w  Y o r k ,  N . Y . ,  1 9 4 5 ; (a ) p. 1 2 -0 5 , F ig . 1 ; (b )  p . 1 2 -0 4 .

(5 )  I .  W .  W a r k , “ P r in c ip le s  o f  F lo t a t io n ,”  A u s tr a lia n  In s t it u t e  o f  
M in in g  a n d  M e t a llu r g y ,  I n c . ,  M e lb o u r n e ,  1 9 3 8 ; (a ) p . 1 2 2 ; (b )  p . 130 ,

(6 )  W . P e te rse n , “ S c h w im m a u fb e r e it u n g ,”  T h e o d o r  S te in k o p ff ,  
D re s d e n , 193 6 , C h a p . 4 .

(7 )  G . P . T h o m s o n  a n d  W . C o c h r a n e , “ T h e o r y  a n d  P r a c t ic e  o f  E le c 
t r o n  D if f r a c t io n ,”  M a c m il la n  &  C o . ,  L t d . ,  L o n d o n ,  1 9 3 9 ; (a )  p . 14 6 ; 
( b )  p p .  1 5 2 -1 5 4 ;  ( c )  p p .  1 9 7 -2 0 9 ;  (d )  p . 2 0 5 .

(8 )  G . L .  C la r k , “ A p p lie d  X - R a y s , ”  M c G r a w -H i l l  B o o k  C o . ,  I n c .,  
N e w  Y o r k ,  N . Y . ,  1 9 4 0 , p p .  4 4 1 -4 4 5 .

(9 ) H . T .  E p s te in ,  T h i s  J o u r n a l , 5 4 , 1 05 3  (1 9 5 0 ) .

b e e n  r e p o rte d . S o d iu m  a lk y l  x a n th a te s  a re  s u it 
a b le  s in c e  t h e i r  a q u e o u s  s o lu t io n s  a re  k n o w n  to  
a ffe c t th e  s u rfa c e  o f s u lfid e  m in e ra ls , e.g., o f g a le n a . 
T h e  a lk y l  g r o u p  g e n e r a lly  is e t h y l ,  p r o p y l ,  b u t y l  o r  
a m y l .

I n  th e  f o l lo w in g  s t u d y ,  t h e  m in e r a l ,  g a le n a , w a s  
s e le c te d  b e c a u s e  ( 1 )  i t  h a s  w e ll d e v e lo p e d  c le a v a g e , 
w h ic h  is w e ll  s u it e d  f o r  e le c tro n  d if f r a c t io n  s t u d y ;
( 2)  i t  d o e s n o t  r e q u ir e  f lo t a t io n  a c t i v a t io n ;  a n d
( 3 )  th e  c u r r e n t  th e o rie s  o f f lo ta t io n  a re  b a s e d  t o  a 
la rg e  e x te n t  u p o n  e x p e r im e n ts  w it h  t h is  s y s t e m .4b 
I t  is th e  o b je c t  o f th e  p re s e n t s t u d y  t o  e lu c id a te  th e  
m o le c u la r  s u rfa c e  s ta te s  f o u n d  o n  x a n t h a t e d  g a le n a . 
T h i s  s h o u ld  le a d  t o  a  b e t t e r  c o r r e la t io n  b e tw e e n  
th e  k n o w n  p r in c ip le s  o f  s u rfa c e  c h e m is t r y  a n d  t h e  
n a t u r e  o f w a t e r -r e p e lle n t  c o lle c to r  c o a t in g s  in  
f lo ta t io n .

Blank Experiments of the Action of Distilled W ater on 
Galena Surfaces.— Before discussing the action of aqueous 
xanthate on galena surfaces, a brief explanation will be 
given of the action of distilled water itself. Three specimens 
typical of various oxidized states, each 2 X  2 X  0 .5  min. in 
size, were prepared by heating fresh cleaved faces in air. 
(See experimental results summarized in Fig. 1, Part I .)  
The first corresponded to the formation of a disorganized 
oxidized coating, perhaps lead sulfate (halo-substance), 
the second to crystalline lead sulfate, and the third to the 
basic sulfate. Each of these specimens was soaked in 20 
cc. of distilled water for 20 minutes at 3 0 °. Upon removing 
them from the water, they all were found to be covered with 
a thin water film which soon dried in open air. These speci
mens were examined by electron diffraction. The diffrac
tion patterns showed similar features in every case as shown 
in Fig. 2 . The pattern has been identified as due to the 
(100) face of galena, rich in uniform surface even in the ultra- 
microscopic sense, yet only slightly rougher than the fresh 
cleavage surface.7*’10“ The elongation of the diffraction 
spots toward the shadow edge is interpreted as being due 
to the refraction of the electron beam at the flat part of the 
surface. The sharpness of each elongated spot shows that 
such flat domains are fairly wide.

This experiment shows that the surface oxidation prod
ucts on a galena cleavage surface (lead sulfate either in 
molecular or in crystalline form or basic sulfate) are washed 
away from the surface by distilled water making the ex
posed galena surface substantially uncoated by oxide and 
but slightly rough on a molecular scale.

Experimental Procedures with Aqueous Xanthate.— A 
fresh cleavage face of galena, free from visible surface flaws, 
was cut by cleaving to 2 X  2 X  0 .5  m m . size and was oxi
dized dry to the desired extent (Fig. 1, Part I). The oxida
tion was carried out to various degrees as in the blank ex
periment. Each oxidized specimen was then immediately 
soaked in 10 cc. of aqueous xanthate for 20 minutes at 2 0 °. 
The concentrations of the aqueous solutions were from 10 
m g ./l . to 500 m g ./I. The xanthated specimens were 
placed in the electron diffraction camera immediately after 
completion of the reaction and the patterns obtained.

The xanthates used in the experiments were purified and 
kept in a desiccator until needed. The interval of preserva-

(1 0 ) G . I . F in c h  a n d  H . W ilm a n , E r g .  e x a k t .  N a t u r w i s n . , 1 6 , 353 
( 1 9 3 7 ) ;  (a )  p. 3 8 5 ; ( b )  p. 39 4 .
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tion did not exceed one month at the longest, and in most 
cases they were used immediately after purification. For 
purification the xanthates were first washed with ether, then 
dissolved in acetone and recrystallized from the acetone 
solution by the addition of either ether or benzene. Vacuum  
drying was applied to the precipitated xanthates.

The pH  of the aqueous solution was controlled by the ad
dition of hydrochloric acid on the acidic side and by either 
potassium or sodium hydroxide on the alkaline side. pH  
measurements were made either with an electric pH meter 
using an antimony electrode or by the colorimetric method. 
In the study of the action of aqueous xanthate on fresh 
cleavage surfaces, the above oxidizing treatment was 
omitted, otherwise, the same procedures were used through
out.

Action of Aqueous Xanthate on Slightly Oxidized Faces. 
I. Adsorbed Molecular Film.— Electron diffraction ex
amination of these surfaces revealed three patterns, namely, 
the streak pattern, the built-up film pattern, and the ring 
pattern (Table I ) . Of these, the first two are more in
clined to being associated and are taken as evidence of for
mation of an adsorbed molecular film. The other struct ure 
seems due to precipitation of crystallites, probably lead 
xanthate on the surface. The first type of film will be dis
cussed first.

T a b l e  I
C l a s s i f i c a t i o n  o f  t h e  E l e c t r o n  D i f f r a c t i o n  P a t t e r n s  

O b t a i n e d  o n  G a l e n a  S u r f a c e s  i n  R e a c t i o n  w i t h  

N e u t r a l  A q u e o u s  X a n t h a t e s  

R, ring pattern; S, streak pattern; B, built-up film type 
pattern; + ,  a composite pattern

S lig h t ly  o x id iz e d  C le a v a g e
fa c e s  fa ce s

25 100 2 0 0 500 100 5 0 0
m g . / l . m g . / l . m g ./ l . m g . / l . m g . / l . m g ./ l

N a  E  X R  +  S s s S S +  R R B B S
N a  P  X R  +  S R  +  S
N a  B  X R R  -1- S s s s s

s S 4 - B  B
N a  A  X s s s S S S S S S B £

S  S
N a  h  X a s s S S s s S
K E X R  +  S s s S  S +  B s s s
K P X R  +  S s s?

R  +  S
s

K  B  X R B s s s s
s s?

K  A  X S S S B s s s
B  B

s s s s s
K  h  X a s
° Higher xanthate; the mixture of propyl, butyl and amyl 

xanthates.

The most commonly encountered diffraction pattern ob
tained on slightly oxidized faces after reaction with neutral 
aqueous xanthate is the diffuse streak pattern shown in 
Figs. 3a and 3b. This pattern arises irrespective of the use 
of either potassium or sodium xanthate so long as the fresh 
solutions of the newly recrystallized xanthates are used. 
Changes in the degree of pre-oxidation of the cleavage face 
up to the formation of the basic sulfate exerts no influence 
on this diffraction pattern. W ith higher xanthates, the 
streaks are more intense.

The pattern consists of the cross-grating pattern of galena 
(the same as that obtained in the blank experiment, Fig. 1) 
plus the additional diffuse, almost continuous streaks just 
over the former sharp and elongated spots. (Compare 
Fig. 3a with Fig. 2 .)  On casual examination, the streaks 
might be identified with the Kirchncr-Raether lines ob
served in the fresh cleavage pattern of galena, as shown in 
Fig. 1. However, those lines are sharp and not as wide 
as with the present diffuse streaks. Furthermore, the gen
eral features of the whole pattern are somewhat different: 
with a fresh cleavage face the Ivikuehi lines and bands (di
agonals) are more intense than the Kirchner-Raether lines, 
whereas, with the present pattern, the diffuse streaks 
situated at the positions of the K .-R . lines enhanced at the 
expense of the now Kikuchi bands. This may be seen by 
eomparing Fig. 3a with Fig. 1.

On this evidence, it is concluded that surface changes due 
to xanthate are seen.

Fig. 1.— Fresh cleavage pattern of galena.
Fig. 2.— Slightly oxidized galena face soaked in distilled 

water; beam parallel to cube edge.
Fig. 3 .— A diffuse streak pattern obtained on slightly oxi

dized galena face after reaction with aq. Na A X , 100 m g ./l .: 
(a) beam parallel to cube elge; (b) beam parallel to face 
diagonal.

Fig. 4.— A  multilayer pattern obtained on slightly oxidized 
galena face after reaction with aq. N a E X , 500 m g ./l .; 
beam parallel to cube edge.

Fig. 5.— A built-up type pattern obtained on slightly oxi
dized galena face after reaction with aq. K  A  X ,  500 m g ./l .; 
beam parallel to cube edge.

Interpretation of the Diffraction Pattern.— In t h e
p r e c e d in g  s e c tio n , i t  w a s  m e n t io n e d  t h a t  t h e  v e r t i 
c a l d iffu s e  s tre a k s  a re  s itu a te d  ju s t  o v e r  t h e  s h a r p  
lin e s  o f  t h e  g a le n a  p a t t e r n  a n d  t h a t  t h is  is t r u e  a t  
a n y  a z im u t h  o f t h e  c r y s t a l  t o  t h e  e le c tr o n  b e a m . 
T h i s  m e a n s  t h a t  th e  s c a t t e r in g  c e n te rs  o f th e  
s t r e a k -p r o d u c in g  s u b s ta n c e  a re  a r r a y e d  in  t h e  s a m e  
w a y  as th e  a r r a n g e m e n t  o f o n e  k in d  o f a t o m , e.g., 
t h e  le a d  a to m s , o n  t h e  "1 0 0 ) fa c e  o f g a le n a . T h a t  
is , t h e  la te ra l  s p a c in g  o f t h e  c o a t in g  s u b s ta n c e  is 
th e  s a m e  as th a t, o f t h e  le a d  a to m s  i n  g a le n a . I n  a 
d ir e c t io n  n o r m a l  t o  t h e  c r y s t a l  s u rfa c e , t h e  c o 
h e re n c e  is  e x t r e m e ly  p o o r , o r  else th e r e  is n o  
p e r io d ic it y  a t  a ll , s in c e  if  th e r e  w e r e  a n y  c o h e re n c y  
o r  p e r io d i c i t y  in  t h is  d ir e c t io n , s o m e  s p o t  p a t t e r n  
s h o u ld  h a v e  b e e n  o b s e r v e d  in s te a d  o f t h e  s tre a k s  
a c t u a l ly  s e e n . T h e  d iffu se n e ss  in  t h e  b r e a d t h  o f 
t h e  s tre a k s  m e a n s  t h a t  t h e  c o h e re n c y  in  d ire c t io n s  
p a ra lle l  t o  t h e  c r y s t a l  s u rfa c e  is s o m e w h a t  i m 
p e rfe c t . F r o m  t h e  b r e a d t h  o f t h e  s tre a k s , i t  is 
e s t im a te d  t h a t  t h e  e x te n t  o f t h e  c o h e re n t  a re a s  
is  o f  th e  o r d e r  o f t e n  u n i t  ce lls  o f t h e  ( 100)  fa c e  o f 
g a le n a , o r  of th e  o r d e r  o f 5 0  A .  in  m o s t  eases.

A c c o r d in g ly ,  t h e  m o s t  p r o b a b le  g e o m e tr ic a l 
in t e r p r e t a t io n  o f t h e  p re s e n t p a t t e r n  see m s t o  be  
t h a t  i t  is d u e  to  t h e  s c a t t e r in g  o f  e le c tro n s  b y  
m in u t e  p a tc h e s  o f  a  t w o -d im e n s io n a l  la t t ic e  w it h  
its  s c a t t e r in g  c e n te rs  a r r a y e d  in  t h e  s a m e  m a n n e r  as
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th e  a r r a n g e m e n t  of le a d  o r  s u lf u r  a to m s  o n  t h e  ( 100) 
fa ce  o f  g a le n a , as i l lu s t r a t e d  s c h e m a t ic a l ly  in  F ig u r e
6 . T h e  a b o v e  e x p re s s io n  o f t h e  “ t w o -d im e n s io n a l”  
la t t ic e  c a n n o t  b e  r ig o r o u s  i n  t h e  s t r ic t  g e o m e tr ic a l  
sense, s in c e  a  f la t  s u rfa c e  la y e r  a  f e w  s c a t t e r in g  ce n 
te rs  t h ic k  m a y  a ls o  p r o d u c e  t h e  s t re a k  p a t t e r n .  I t  is 
im p o s s ib le  t o  d e t e r m in e  f r o m  th e  e le c tro n  d if f r a c t io n  
e x p e r im e n t  a lo n e  w h e t h e r  t h e  s u i’fa c e  la y e r  is m o n o -  
m o le c u la r  o r  n o t ,  y e t  i t  is c e r ta in  t h a t  i t  is e x t r e m e ly  
t h in .

Fig. 6.— A schematic drawing of the interpretation of the 
diffuse streak pattern as obtained on galena faces by the 
action of aqueous xanthate.

A s  t o  t h e  s u b s ta n c e  c o n s t it u t in g  t h e  f i lm , i t  is 
m o s t  l ik e ly  t o  b e  c o n n e c te d  w i t h  t h e  x a n t h a t e  
g r o u p , s in c e  p la in  w a t e r  d id  n o t  p r o d u c e  t h e  
s t re a k  p a t t e r n ,  a n d  s in c e  t h e  n a t u r e  o f t h e  a lk y l  
g r o u p  o f x a n t h a t e  h a s  b e e n  f o u n d  t o  in f lu e n c e  
t h e  in te n s it ie s  o f th e  s tre a k s . T h e  a re a  o c c u p ie d  
p e r  m o le c u le  o n  t h e  g a le n a  s u rfa c e  in  t h e  a b o v e  
a r r a y s  is (5 .9 7  A . ) 2/ 2  =  1 7 .8  A . 2, w h ic h  is  v e r y  n e a r  
t o  t h e  c ro s s  s e c tio n  o f a n  a lk y l  g r o u p  i n  s o lid  p a r 
a ffin , 1 8 .5  A .2.11 T h u s ,  t h e  a b o v e  g e o m e tr ic a l  
in t e r p r e t a t io n  d o e s n o t  c o n f lic t  w i t h  m o le c u la r  
v o lu m e  c o n s id e ra t io n s . F u r t h e r  d e ta ile d  d is c u s 
s io n s  o n  t h e  n a t u r e  o f t h e  p r e s e n t  f i lm  w i l l  b e  g iv e n  
in  a la t e r  s e c tio n .

T a b l e  II

R e s u l t s  o f  t i i e  A n a l y s i s  o f  t h e  B u i l t - U p  F i l m  T y p e  

M u l t i l a y e r

N u m b e r L o n g S e c o n d
o f  s p e c i  s p a c in g , in te n se

m e n s Â . re g io n , Â . S id e  s p a c in g s

N a  E  X  2 1 1 -1 2 1 3 . 5 ? ;  5 . 9 ;  4 . 4 ;  4 . 2 ;

N a  B  X  ( is o - )  1 1 6 .5 1 . 2 - 1 . 4
3 . 6 ;  2 .1

6 . 0 ;  4 . 3 ;  4 . 0 ;  3 . 0 ;  2 . 0
K  E  X  1 12 ?

K  B  X  4 17 1 . 2 - 1 . 3 ? ;  4 . 7 ;  ?
( n -  a n d  is o -)

K  A  X  3 1 7 -1 8 1 . 2 - 1 . 4 5 . 5 ;  4 . 5 ;  3 . 4 ;  2 . 3
( n -  a n d  is o -)

o
s p a c in g  o f a n  a lk y l  g r o u p , 1 .2 7  A .  T h e  o b s e r v a 
t io n  o f  t h is  r e g io n  o n  th e  c e n te r  lin e  s u g g e s ts  t h a t  
t h e  a lk y l  g r o u p  is o r ie n te d  u p r ig h t .  T h e  d iffe re n c e  
o f th e  lo n g  s p a c in g s  in  t h e  f ilm s  d u e  t o  ? i -b u t y l  
a n d  e t h y l  x a n th a te s  is 5 A .  ( T a b l e  I I )  w h e re a s  t h e  
d iffe re n c e  i n  t h e  le n g th s  o f a  n - b u t y l  a n d  a n  e t h y l  
g r o u p  s h o u ld  b e  2 .5 4  A . ,  s in c e  th e  a d d it io n  o f e a c h  
c a r b o n  a t o m  in c re a s e s  t h e  le n g t h  o f a n  a lk y l  g r o u p  
b y  1 .2 7  A .  T h u s ,  th e  lo n g  s p a c in g  o f th e  f i lm  m a y  
b e  e x p la in e d  b y  p o s t u la t in g  t h a t  t h e  p e r io d ic  la y e r  
c o n ta in s  t w o  u p r ig h t  a lk y l  g ro u p s . T h i s  w o u ld  
o c c u r  if  th e  f i lm  w e re  o f t h e  Y - t y p e  in  w h ic h  h e t e r o - 
p o la r  m o le c u le s  f o r m  a lte rn a te  la y e r s  as s h o w n  
s c h e m a t ic a l ly  in  F i g .  7.

ÔÔÔÔÔ
0 0 0 0 0

Fig. 7.— A schematic drawing of the built-up Y  film.

II. Built-up Film Type Multilayer.— W ith concentrated 
aqueous xanthate, e.g., 500 m g ./l ., the reacted faces occa
sionally showed non-uniform patches of some visible film 
upon them. On such surfaces, crystalline patterns dis
tinctly different from the preceding streak patterns were 
often obtained.

Diffraction Pattern.— Figures 4 and 5 show two examples 
obtained from oxidized faces conditioned in aq. N a E X  
and K  A  X ,  respectively. The treating solutions were 500 
m g ./l. in concentration in both cases. The characteristic 
features in these patterns are: (1) the equidistant array of 
spots on the center line; and (2) several very weak vertical 
streaks at some distances from it. Under certain circum
stances, the side streaks consist of spot arrays. By com
paring Fig. 4 with Fig. 5, it is apparent, that the distance 
apart of the spots on the center line is directly affected by 
the length of the alkyl group of the xanthate used, the dis
tance being smaller when the chain length is greater.

Interpretation of the Diffraction Pattern.— T h e
re s u lt  o f th e  a n a ly s e s  o f t h e  p re s e n t  d if f r a c t io n  p a t 
te rn s  is s u m m a r iz e d  in  T a b l e  I I .  T h e  e q u id is t a n t  
s p o ts  o n  t h e  c e n te r  l in e  a re  in t e r p r e t e d  as s o m e  
la y e r  b u i l t  u p  p a r a lle l  t o  t h e  s u b s tra t e  s u rfa c e  w i t h  
th e  p e r io d i c i t y  o f t h e  a b o v e  t a b u la t e d  lo n g  s p a c in g . 
T h e  s e c o n d  in te n s e  re g io n  o b s e r v e d  w i t h  b u t y l  oo r  
a m y l  x a n t h a t e  c o rre s p o n d s  t o  s p a c in g  1 .2 -1 .3  A . ,  
in  a n  a p p r o x im a t e  c o in c id e n c e  w i t h  t h e  C - C

(1 1 )  A . M ü lle r ,  P r o c , R o y .  S o c ,  { L o n d o n ) ,  A 120, 4 3 7  (1 9 2 8 ).

T h e  n e x t  p r o b le m  t o  b e  c o n s id e re d  is  w h a t  k in d  
o f m o le c u le s  c o n s t it u t e  t h is  Y - f i l m .  B e c a u s e  o f 
t h e  la c k  o f d a t a  o n  t h e  s t r u c t u r e  o f x a n t h a t e  m o le 
c u le s , t h e i r  p r o b a b le  s h a p e s  h a v e  b e e n  c o n s t r u c t e d  
f r o m  t h e  d a t a  o n  a t o m ic  d is ta n c e s , b o n d  a n g le s  
a n d  io n ic  r a d i i  o f t h e  c o n s t it u e n t s .12 T h e  s h a d e d  
a re a  i n  F i g .  8 re p re s e n ts  s u c h  a  d r a w i n g  o f t h e  K  
n - b u t y l  x a n t h a t e  m o le c u le . W i t h  t h is  m o d e l t h e  
le n g t h  o f a n  is o la te d  K  n - B  X  m o le c u le  is  e s t im a te d  
t o  b e  b e tw e e n  11 a n d  12 A .  I f  th e s e  m o le c u le s  a re  
b u i l t  in t o  a  Y - f i l m ,  s t re tc h e d  t o  t h e i r  f u l l  le n g th s , 
t h e  lo n g  s p a c in g  o b s e r v a b le  i n  a  d if f r a c t io n  e x p e r i
m e n t  s h o u ld  lie  b e tw e e n  2 2  a n d  2 4  A .  T h i s  is  to o  
la rg e  t o  e x p la in  t h e  lo n g  s p a c in g  o f  t h e  a c t u a l f i lm  
o b ta in e d . T h e  d is c r e p a n c y  is t o o  la r g e  t o  b e  e x 
p la in e d  e ith e r  b y  t h e  e r r o r  in  t h e  m e a s u r e m e n t  of 
th e  s e p a ra t io n s  o f th e  s p o ts  o n  t h e  c e n te r  l in e  o r  b y  
th e  p o s s ib le  m o d if ic a t io n s  in  t h e  p r o b a b le  s h a p e  o f 
th e  — C — S —  g r o u p .

II

,  - ST h i s  d is c r e p a n c y , h o w e v e r ,  is r e m o v e d  m o s t  
r e a s o n a b ly  b y  a s s u m in g  a  c o n f ig u r a t io n  o f t h e  t w o

(1 2 ) L . P a u lin g , “ T h e  N a t u r e  o f  th e  C h e m ic a l  B o n d , ”  C o r n e l l  U n i
v e r s it y  P re ss , I t h a c a ,  N . Y . ,  1 9 4 0 .
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Fig. 8.— The probable shape of a K  n-B  X  molecule (shaded) 
and the coupled state of two K  n-B  X  molecules (total).

o p p o s it e ly  fa c e d  p o la r  h e a d s  o f t h e  m o le c u le s  as in  
th e  s u p p o s e d  a r r a n g e m e n t  o f t h e  t w o  o p p o s ite ly  
fa c e d  C O O N a  g r o u p s  in  s o d iu m  s te a ra te  o r  p a l m i -  
ta t e  c r y s t a ls  in  t h e i r  /3 -fo rm s .13 I n  o r d e r  t o  m a k e  
t h e  lo n g  s p a c in g  n e a r  17 A .  f o r  K  n- B  X  w i t h  t h is  
c o n f ig u r a t io n , a n  a r r a n g e m e n t  o f m o le c u le s  as 
s h o w n  in  F i g .  8 is  r e q u ir e d . T h e  lo n g  s p a c in g  o f 
12 A .  f o r  e t h y l  x a n th a te s  is a lso  e x p la in e d  w i t h  th is  
c o n f ig u r a t io n . T h e  v a lu e  17 A .  f o r  K  A  X  is a lso  
e x p la in e d  c o n s is t e n t ly  b y  a s s u m in g  t h a t  t h e  a lk y l  
g r o u p  i n  t h is  case is  o f t h e  is o a m y l  t y p e .

A s  t o  t h e  la t e r a l  c o n f ig u r a t io n  o f t h e  m o le c u le s  
in  t h e  f i lm , t h e  s id e  s p o t  ro w s  o r  s tre a k s  h a v e  n o t  
b e e n  o b s e r v e d  so d is t in c t ly  in  t h e  p r e s e n t  e le c tro n  
d if f r a c t io n  e x p e r im e n t  t h a t  t h e i r  m e a s u re d  a n d  
c a lc u la te d  s p a c in g s  i n  T a b l e  I I  a re  i n e v i t a b ly  in 
a c c u ra t e . Q u a l i t a t iv e ly ,  t h e  o b s e r v a t io n  m e a n s  
t h a t  th e r e  e x is ts  s o m e  r e g u la r i t y  in  t h e  la te ra l  
a r r a n g e m e n t  o f t h e  m o le c u le s  i n  t h e  p r e s e n t  Y -  
f i lm .7c T h e  d e t e r m in a t io n  o f t h e  g e o m e tr ic a l  c o n 
f ig u r a t io n  in  t e r m s  o f t h e  a b o v e  s p a c in g s , h o w e v e r , 
m a y  b e  t o o  s p e c u la t iv e  w i t h  t h e  p re s e n t  d if f r a c t io n  
p a t t e r n s .

Effect of the pH of the Solution on the Adsorbed Film.—
Figure 9 represents a diffraction pattern^ obtained with a 
slightly oxidized face conditioned in aq. K  A  X ,  100 rng./I.

at pH 3 . It consists of the elongated diffuse galena spots 
resembling those obtained with a fresh cleavage face soaked 
in plain water for a few days. The interpretation may be 
the same, i .e ., a surface roughening on the molecular scale 
has taken place on the crystal face.

A t pH 4.5 or 4 .8 , the adsorbed film patterns were ob
served clearly, yet the elongated galena pattern was also 
fairly strong suggesting that the reaction in these solutions 
were intermediate between the strongly acidic and the neu
tral cases. At pH 6, the reaction was the same as with the 
neutral solution.

At pH 11, a diffuse pattern was obtained, similar to the 
“ curved lines and short arcs of circles”  reported by M unson14 
on tin1 surface films of alcohols or fatty acids spread on metal 
blocks. Figure 10 represents a pattern obtained with aq. 
K A X , 100 m g ./l. at pH 11.

Fig. 9.— Slightly oxidized galena face after reaction with 
aq. K  A X , 100 m g ./l. at pH 3. Beam parallel to cube 
edge.

Fig. 10.— Slightly oxidized galena face after reaction with 
aq. K  A  X , 100 m g ./l. at pH  11. Beam parallel to cube 
edge.

Since at pH 11, our aqueous solutions became opaque from 
suspended white precipitates, a deposit of non-crystalline 
character may have formed o;i the surface examined by elec
tron diffraction.
P Stability of the Adsorbed Films.— The diffuse streak pat
tern obtained by conditioning either fresh or slightly oxi
dized galena cleavage faces in xanthate solutions changes 
rapidly into a halo pattern on exposure of the specimen to 
ail'. The change is marked even after several hours expo
sure and within a few days the pattern changes completely 
into the mixture of the haloes and the elongated galena spots 
regardless of the kind of xanthate used.

The built-up film type pattern is also ( hanged into haloes 
by the exposure of the specimen to air. W ith N a E X  or 
with N a B X , this change was as rapid as with the streak 
pattern, whereas with K  B X  the change was rather slow. 
In one instance the built-up film type pattern obtained with 
K  B X  persisted after 10 days exposure to air.

Prolonged exposure of the specimens to air for a few weeks 
resulted in very diffuse rings in every case. This is believed 
to be due mainly to the oxidation of the galena surface and 
not to further decomposition of the already collapsed layer. 
The same diffuse rings have been obtained from galena sur
faces exposed to air for over a month after reaction with 
water.

Transition of the Fresh Cleavage Surface to the Oxidized 
State.— Tlie multilayer pattern has never been obtained 
on fresh cleavage faces even under conditions corresponding 
to slightly oxidized surfaces. Accordingly, with the prog
ress of the oxidation of the fresh cleavage face, there is ex
pected to be observed an intermediate surface state between 
the above two in its adsorptive property for the aqueous 
xanthate. This intermediate state -was observed with tin* 
fresh cleavage face exposed to air for five days at room 
temperature before reaction with aqueous xanthate. After 
the reaction, the specimen showed the composite pattern 
due to the mono- and multilayers. The multilayer may 
well be produced with less oxidation, yet for the present 
purpose it is sufficient to know that the transition is gradual 
and without any particular intermediate state of adsorption, 
and that the fresh galena cleavage face is changed to an oxi
dized state in a few days exposure to air at room tempera
ture.

Additional Experiments on the Structure of the Multi
layer.— In order to obtain further experimental data as to

(131 P . A . T M e s s e n  a n d  J . S ta u ff, Z .  p h y s .  C h e m .,  A 1 76 , 397  (1 9 3 6 ). (1 4 )  O . A . M n r is o n , P h i l .  M a y . .  17, 201 (193-1).
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the nature of the built-up film type multilayer formed on 
dry-oxidized galena surfaces by aqueous xanthates, an 
analogous experiment has been carried out using the natural 
surface of pyrite. A  well developed (210) face of pyrite, 
on which an extremely thin Y-Fe2C>3 (or FesCh)16 film was 
observed by electron diffraction, was conditioned in a 100 
mg , / l . K E X  solution at 20 ° . A t pH 7.3 the treated surface 
was still hydrophilic. The electron diffraction examination 
of the reacted surface showed the unchanged oxide layer. 
A t pH 4 .4 , the surface was hydrophobic and yielded the 
equidistant spot array on the center line. The long spacing 
of the pattern was calculated to be 12 A ., the same value as 
that obtained on slightly oxidized galena surface with the 
same aq. K  E X .

Recently Satols obtained the built-up film type multi
layer on the cleavage face of zinc blende, activated by copper 
sulfate, and conditioned in aqueous xanthates. He re
ported that the long spacing of the layer is 12.3 A . with ethyl 
xanthates and 17.2 A . with K  n-B X .  These results on 
galena, pyrite and activated zinc blende suggest that the 
structure of the built-up film type multilayer is unaffected by 
the chemical composition of the adsorbing crystal surface, 
but is dependent on the type of xanthate used in the reac
tion.

The most natural supposition, therefore, is that the multi
layer present may be formed simply by the crystallization 
of xanthate with a certain crystallographic plane paz-allel 
to the underlying galena surface, and is not to be taken as a 
built-up film type layer. In order to decide whether this is 
due to simple crystallization or if any difference in the array 
of molecules exists between this layer and the solid xanthate, 
a preliminary X -ray structure analysis was carried out with 
a single crystal of K  n-B X .  The single crystal was pre
pared by the slow precipitation of the purified xanthate from 
its acetone solution. The symmetry and the dimensions of 
its unit cell were determined by the Laue, crystal rotation 
and the Sauter methods. The results of the analysis, 
though provisionary as yet, indicates a monoclinic unit cell 
with a =  9 .6  A ., b =  19.6 A . and c =  4 .4  A . with /3 =  9 3 °. 
The longest spacing in the structure which gives rise to 
strong reflection was approximately 10 Á . quite different 
from 17 A . obtained as the long spacing in the multilayer 
formed on crystal surfaces by conditioning in an aqueous 
solution of the same xanthate.

An example of the simple crystallization of K  n-B X  on 
solid surface from its aqueous solution was observed on a 
polished nickel plate conditioned in a 500 m g ./l . solution of 
K  n-B X  for 20 min. at 2 0 °. In this case the attachment 
of a comparatively thick, yellow hydrophobic surface coat
ing was obtained. The electron diffraction examination 
yielded a crystalline pattern with fiber orientation. The 
periodicity along the fiber axis normal to the substrate sur
face was about 10.3 A . This may well be interpreted as 
resulting from the crystallization of the xanthate with its b- 
axis normal to the substrate surface with otherwise random 
orientation.

Thus, the multilayer formed on crystal surfaces from aque
ous xanthate was confirmed to have a configuration of mole
cules quite different from that of the reagent salt in its crys
talline state. However, in order to carry out a more de
tailed consideration of the structural relationships between 
t he multilayer and solid xanthate further studies in the st ruc- 
tural analyses both of the multilayers by electron diffract ion 
and xanthate single crystals by X-rays are desired.

D is c u s s io n
I n  th e  f o r e g o in g  s e c tio n s  a  d e s c r ip t io n  o f th e  

o b s e r v e d  re s u lts  a n d  t h e i r  in t e r p r e t a t io n s  h a v e  b e e n  
g iv e n  in  d e ta il .  I n  t h e  p re s e n t  s e c tio n  th e se  re s u lts  
a re  s u m m a r iz e d  a n d  c o m p a r e d  w i t h  th e  e x is t in g  
th e o rie s  o f f lo ta t io n .

T h e  f irs t p r o b le m  t o  b e  c o n s id e re d  is w h a t  t y p e  
o f  a d s o rb a te s  c o n s t it u t e  th e s e  s u rfa c e  f ilm s . T a g -

(1 5 ) R .  W . G . W y c k o f f ,  “ T h e  S tr u c tu r e  o f  C r y s t a ls ,”  T h e  C h e m 
ica l  C a t a lo g  C o . ,  I n c .,  (R e in h o ld  P u b l.  C o r p . ) ,  N e w  Y o r k ,  N . Y . ,  
193 1 .

(10) R. Sato, Research Report Taihei Mining Met. Lab. No. 1200
(1950) (in Japanese).

g a r t  a n d  h is  c o l la b o r a t o r s 17’ 18' 19 h a v e  p r o p o s e d  
th e  t h e o r y  t h a t  t h e  le a d  x a n t h a t e  is p r e c ip it a t e d  
b y  t h e  d o u b le  d e c o m p o s it io n  o f le a d  s u lfa te  
(P b S C h ) ,  lo w e r  s u lfo x id e s  ( P b S mO „  w i t h  n/m  less 
t h a n  4 ) ,  le a d  c a r b o n a te  ( P b C C h )  o r  h y d r o x id e  
( P b ( O H ) 2) .  R e c e n t ly  T a g g a r t  h a s  m o d if ie d  t h e  
e a rlie r  v ie w  b y  s h o w in g  x a n t h a t e  io n s  s o r b e d  o n  a 
g a le n a  s u rfa c e , t h e  r a t io  o f x a n t h a t e  t o  le a d  b e in g  1 : 1  
r a t h e r  t h a n  2 :  l . 4a W i t h  t h is  la t t e r  a r r a y  o f c h e m i
s o rb e d  m o le c u le s  o n  a g a le n a  s u rfa c e  a s  w e ll ,  e le c tro n  
d if f r a c t io n  w o u ld  be  e x p e c te d  t o  y ie ld  t h e  s a m e  
s tre a k  p a t t e r n  as t h a t  o b ta in e d  in  t h e  p re s e n t  e x 
p e r im e n t ,  b u t  t h is  c o n f ig u r a t io n  w o u ld  a p p e a r  i m 
p o s s ib le  f r o m  th e  s t a n d p o in t  o f m o le c u la r  v o lu m e s .20 
T h e  s u rfa c e  a re a  o c c u p ie d  p e r p a ir  o f  le a d  a n d  s u lf u r  
a to m s oo n  t h e  (1 0 0 )  fa ce  o f g a le n a  is  (5 .9 7  A . ) 2/ 2  =
1 7 .8  A . 2, w h e re a s  t h e  cro s s  s e c tio n  o f a n  a lk y l  
g r o u p  is a b o u t  1 8 .5  A .2 11 e v e n  in  its  m o s t  d e n s e ly  
p a c k e d  s ta te , e.g., s o lid  p a ra ff in . T h e  a b o v e  a r r a y  
re q u ire s  t h e  p a c k in g  o f t w o  a l k y l  g r o u p s  o n  e a c h
1 7 .8  A . 2, so t h a t  t h e  h y d r o c a r b o n  c h a in s  w o u ld  
c r o w d  e a c h  o th e r .

G a u d i n  a n d  P r e lle r 20 r e c e n t ly  s u g g e s te d  t h a t  c h e m 
is o rb e d  x a n t h a t e  io n s  a t  g a le n a  s u rfa c e  m a y  b e  d is 
p o s e d  in  re g is te r . T h e y  s u g g e s te d  t h a t  t h is  d is 
p o s it io n  o f t h e  a d s o r b a te  o n  t h e  a d s o r b e n t  is o n e  
re a s o n  w h y  g a le n a  is so w e ll  f lo a te d  b y  x a n t h a t e . 
I f  t h is  a r r a y  w e re  r e a l ly  t h e  case, th e re  s h o u ld  h a v e  
b e e n  o b s e r v e d  a d d it io n a l  s tre a k s  s it u a t e d  ju s t  in  
b e tw e e n  th o s e  o b s e rv e d  in  F i g .  3 a , w h e r e  th e  
in c id e n c e  o f e le c tro n  b e a m  is p a r a lle l  t o  t h e  
< 1 0 0 > p b s  d ir e c t io n . W i t h  a ll  th e  e le c tro n  d if f r a c 
t io n  p a t t e r n s  o b ta in e d  in  th e  p re s e n t  e x p e r im e n t , 
n o  in d ic a t io n  o f s u c h  a d d it io n a l  s tre a k s  h a s  e v e r  
b e e n  e n c o u n te re d , a n d  a c c o r d in g ly  i t  is a g a in  i m 
p r o b a b le  t h a t  t h e  G a u d i n - P r e l l e r  a r r a y  is re a liz e d .

T h e  re s u lt  o f t h e  p re s e n t  e x p e r im e n ts  s h o w s  t h a t  
if  x a n t h a t e  io n s  a re  c h e m is o rb e d  o n  g a le n a  t o  f o r m  
a  s u rfa c e  f i lm , t h e  c h e m ic a l f o r m u la  o f t h e  s u rfa c e  
c o m p o u n d  s h o u ld  b e  re p re s e n te d  as P b X ,  s in ce  th e  
a d s o r p t io n  h a s  b e e n  f o u n d  to  ta k e , p la c e  r e g u la r ly  
o n  o n e  t y p e  o f la t t ic e  a t o m  o f th e  ( 100)  fa c e  o f 
g a le n a . T h i s  t y p e  o f c h e m is o r p t io n  h a s  b e e n  
p r o p o s e d  e a r lie r  b y  G a u d i n .21 H o w e v e r ,  f o r  th e  
c h e m is o r p t io n  o f  x a n t h a t e  io n s  t o  t a k e  p la c e  o n  th e  
c r y s t a l  fa ce , t h e  n e g a t iv e  c h a rg e s  a d d e d  t o  th e  
c r y s t a l  s u rfa c e  b y  t h e  c h e m is o rb e d  a n io n s  s h o u ld  
b e  c o m p e n s a te d  e ith e r  b y  t h e  a d s o r p t io n  o f a n  
e q u a l n u m b e r  o f c a tio n s  o r  b y  t h e  re lease in t o  
s o lu t io n  o f a  c o m p a r a b le  q u a n t i t y  o f a n io n s  c o m 
p o s in g  o r  a lr e a d y  a tt a c h e d  t o  t h e  c r y s t a l  la t t ic e . 
O t h e r w is e , t h e  e le c tro s ta t ic  r e p u ls io n  m a y  p r e v e n t  
t h e  s u c c e s s iv e  a d s o r p t io n  o f t h e  x a n t h a t e  io n s  
c o m p le t e ly . A n  in c re a s e  in  a lk a l i n i t y  s t o ic h io -  
m e t r ic a l ly  e q u a l to  th e  x a n t h a t e  a d s o r b e d , i m p ly i n g  
e ith e r  th e  re lease o f h y d r o x y l  o r  a d s o r p t io n  o f 
h y d r o g e n  io n s , h a s  a lr e a d y  b e e n  d e m o n s t r a t e d . 17' 22

(1 7 )  A . F . T a g g a r t ,  T .  C. T a y lo r  a n d  A . F . K n o ll ,  T r a n s .  A m .  I n s t .  
M i n i n g  M e t .  E n g r s . ,  8 7 , 217  (1 9 3 0 ) .

(1 8 )  A . F . T a g g a r t ,  G . R .  M .  d e l G n id ic e  a n d  O . A . Z ie li l ,  i b id . ,  
112, 3 4 8  (1 9 3 5 ) .

(1 9 )  A . F . T a g g a r t  a n d  M. D . H ass ia lis , ibid. ,  169, 2 5 9  (1 9 4 6 ).
(2 0 )  A . M . G a u d in  a n d  G . S. P re lle r , A m . In s t . M in in g  M e t .  E n g rs ., 

T e c h . P u b . N o .  2 0 0 2  (1 9 4 6 ) .
(2 1 )  A . M .  G a u d in , i b id . .  N o . 4  (1 9 2 7 ).
(2 2 )  A . M .  G a u d in , F . D e w e y ,  W . E . D u n c a n , R .  A . J o h n s o n  a n d  

O . F . T a n g e l,  Jr., T r a n s .  A m .  I n s t .  M i n i n g  M e t .  E n g r s . ,  1 1 2 , 319 
(1 9 3 5 ) .
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T h e  c o m p e n s a t in g  a d s o r p t io n  o f c a t io n s  o n  s ite s  
a d ja c e n t  t o  t h e  c h e m is o rb e d  x a n t h a t e  io n s  (i.e., 
e ith e r  p o t a s s iu m  o r  s o d iu m  io n s  w i t h  th e  io n ic  
r a d i i  o f 1 .3 3  A .  a n d  0 .9 7  A . ,  r e s p e c t iv e ly ) ,  is q u ite  
im p r o b a b le , s in c e  th e r e  is n o  r o o m  t o  a c c o m m o d a te  
t h e m  in  th e  r e q u ir e d  c lose p a c k e d  a r r a y  of x a n t h a t e  
io n s . F u r t h e r m o r e ,  i t  h a s  a lr e a d y  b e e n  p r o v e d  b y  
c h e m ic a l te s ts 17 t h a t  t h e  a lk a l i -m e t a l  io n s  a re  n o t  
in v o lv e d  in  t h e  x a n t h a t i n g  o f m in e ra ls .

T h u s ,  t h e  r e m a in in g  p o s s ib ilit ie s  a r e : (1 )  th e  
c o m p e n s a t in g  a d s o r p t io n  o f s m a ll  h y d r o g e n  io n s  
( H + )  a d ja c e n t  t o  t h e  c h e m is o rb e d  x a n t h a t e  io n s  
( X - ) ; a n d  (2 )  t h e  a d s o r p t io n  o f t h e  n e u t r a l  x a n t h ic  
a c id  ( H X )  m o le c u le s  o n  th e  g a le n a  la t t ic e . T h i s  
s u b je c t  h a s  a lr e a d y  b e e n  d is c u s s e d  a b ly  b j r C o o k  
a n d  N i x o n . 23 S in c e  n o  d ir e c t  e v id e n c e  c a n  be  
o b t a in e d  f r o m  t h e  d if f r a c t io n  e x p e r im e n t  to  d e te r 
m in e  a t  o n c e  w h ic h  o f t h e  t y p e s  o f a d s o r p t io n  is 
re s p o n s ib le  f o r  t h e  m o n o la y e r ,  t h is  n e w  e v id e n c e  
is to  b e  w e ig h e d  i n  c o n ju n c t io n  w i t h  e v id e n c e  o b 
t a in e d  b y  o t h e r  m e th o d s . T h e  fa c t  t h a t  th e  
c o lle c to r  f i lm  is u n s t a b le  in  a ir  s u g g e s ts  t h a t  i t  is a  
x a n t h ic  a c id  f i lm , a n d  th e  c o n c lu s io n s  of t h is  s t u d y  
a re  th e re fo re  d e p ic te d  s c h e m a t ic a l ly  in  F i g .  11 
o n  th e  b a s is  o f t h is  e v id e n c e .

A c k n o w le d g m e n t s .— T h e  a u t h o r  w is h e s  to  e x 
p re s s  h is  s in c e re  t h a n k s  to  P ro fe s s o r S . N is h ik a w a  
fo r  h is  e n c o u r a g e m e n t  a n d  in te r e s t  in  th e  w o r k  o f 
th is  a n d  t h e  p r e v io u s  p a p e r . T h e  a u t h o r  is also  
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M .  A .  C o o k ,  o f t h e  U n i v e r s i t y  o f U t a h ,  f o r  t h e ir  
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(2 3 )  M .  A . C o o k  a n d  J . C . N ix o n , T uts J o u r n a l , 54, 4 4 5  (1 9 5 0 ).

Pig. 11.— Representation of proposed xanthic acid collector 
film on galena.
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OXIDE FILM FORMATION ON THE SURFACE OF METALLIC MERCURY 
IN AQUEOUS SOLUTIONS AND THE ANOMALY BETWEEN ITS POTENTIAL 

AND THAT OF THE MERCURY-MERCURIC OXIDE ELECTRODE
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The reason for the previously reported anomaly between the potential of the mercury electrode in aerated solutions and 
that of the H g-H gO  electrode is clarified by studying: (A) The anodic behavior of mercury utilizing both the cathode
ray oscillographic method and the direct pot.entiometric method. (B) The effect, of bubbling oxygen through t.he solution 
on the potential of the electrode as well as on the pH value of the solution. It. is shown that the discrepancy is mainly due 
to the increase of the pH of the solution by the increased amount of HgO which must go into solution in order to satisfy the 
Hg2 + +/H g H" '  equilibrium and the probable consequent formation of a basic salt.

I n  it p r e v io u s  s t u d y  c a r r ie d  o u t  b y  th e  p r e s e n t  
a u t h o r s 1 i t  w a s  s h o w n  t h a t  t h e  m e r c u r y  e le c tro d e  
in  a e ra te d  s o lu t io n s  g a v e  a  p o t e n t ia l  w h ic h  v a r ie d  
l in e a r ly  w i t h  t h e  p H  v a lu e  o f t h e  s o lu t io n  f r o m  th e  
e x tr e m e  a c id  t o  t h e  e x tr e m e  a lk a lin e  p H  ra n g e  w i t h  
a  s m a ll b r e a k  a t  ~ p H  5. T h i s  b e h a v io r  w a s  
a t t r ib u t e d  t o  t h e  f o r m a t io n  o f a n  o x id e  o v e r  th e  
s u rfa c e  o f  th e  m e t a l , h o w e v e r ,  w h e n  s u c h  b e h a v io r  
w a s  c o m p a r e d  w i t h  t h a t  o f th e  H g - H g O  e le c tro d e  
i t  w a s  f o u n d  t h a t  t h e  t w o  w e re  in  a g re e m e n t  o n ly  
in  e x t r e m e ly  a lk a lin e  s o lu t io n s . A t  lo w e r  p H  
v a lu e s  th e  p o t e n t ia l  o f t h e  m e r c u r y  e le c tro d e  d e v i -

(1 ) E l W a k k a d  a n d  S a le m , T h is  J o u r n a l , 54, 1371 (1 9 5 0 ) .

a te d  to  less p o s it iv e  v a lu e s  t h a n  t h e  c o r re s p o n d in g  
v a lu e s  o f th e  H g - H g O  e le c tro d e . M a n y  s u g g e s 
t io n s  h a v e  b e e n  a d v a n c e d  f o r  th e  re a s o n  o f th is  
d is c r e p a n c y , e a c h  v ie w  h a s  its  a d v a n t a g e s  a n d  its  
d e fe c ts  a n d  i t  w a s  in f e r r e d  t h a t  f u r t h e r  e x p e r im e n t a l  
w o r k  w a s  n e e d e d  b e fo re  a r r i v i n g  a t  a  c e r t a in  c o n 
c lu s io n .

I n  t h is  p a p e r  t h is  p o in t  is  c la r if ie d  b y  s t u d y i n g :  
( A )  T h e  a n o d ic  b e h a v io r  o f m e r c u r y  u t i l i z i n g  b o t h  
th e  c a th o d e  r a y  o s c il lo g r a p h ic  m e t h o d  a n d  th e  
d ir e c t  p o t e n t io m e t r ic  m e t h o d . N o  p r e v io u s  w o r k  
h a s  b e e n  p u b lis h e d  f r o m  th e  p re s e n t  s t a n d p o in t ,  
b u t  a  l i t t le  in f o r m a t io n  o n  t h e  a n o d ic  d is s o lu t io n
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of mercury can be obtained from the work of 
Shukov2 and Jirsa and Loris.3 (B) The effect of 
bubbling oxygen through the solution on the 
potential of the electrodes as well as on the pH 
value of the solution.

By means of these two procedures it was possible 
to ascertain that the cause of the discrepancy is 
neither due to mercurous oxide nor to the formation 
of a form of HgO which is less soluble than the 
ordinary form of HgO as suggested by Gatty and 
Spooner.4 Also the idea of the slow saturation of 
the solution with HgO is rejected and it is shown 
that the discrepancy is mainly due to the increase 
of the pH of the solution by the increased amount 
of HgO which must go into solution in order to 
satisfy the Hg2++/H g++ equilibrium and the prob
able consequent formation of a basic salt.

Experimental
(A) The Anodic Behavior of Mercury.—In this study the 

following procedure was adopted: (1) The investigation of 
the anodic polarization of mercury by the cathode ray os
cillograph method, should serve to detect any oxides formed 
on the surface before oxygen evolution. (2) The anodic 
polarization of a large mercury electrode at very low cur
rent densities using an ordinary potentiometric method was 
also studied. Here the rate of formation of mercuric oxide 
was controllable and variable at will, thus serving to show 
under what conditions the anomalous static potential changes 
to the normal Hg-HgO potential.

In the oscillographic method, the apparatus used was 
essentially the same as that previously utilized by Hickling, 
el ah,5-1“ which records the variation of potential with 
quantity of electricity passed prior to oxygen evolution. 
The electrode used was prepared by electrodeposition from 
an acidified mercury nitrate solution on platinum electrodes 
of 0.05 sq. cm. apparent area. The platinum electrode was 
cleaned in hot coned. HNO:i and plated for 45 minutes at a 
current density of 0.04 amp./sq. cm. The resulting mer
cury electrode was washed with running distilled water and 
then with solution in which it would be examined. A 
fresh electrode was prepared for each experiment. Ob
servations have been made in A' NaOH, 0.1 N  NaOH, M  
CILCOOII +  M  CH:1COONa and 0.1 ¿V HCIO., solutions. 
Except where otherwise stated all experiments were made 
at 18°.

T

( 2 )  S h u k o v ,  J. Russ. Phys. Chem. Soc., 3 8 ,  1 2 5 3  ( 1 9 0 7 ) ;  C.A., 1 , 
1 2 2 4  ( 1 9 0 7 ) .

( 3 )  J ir s a  a n d  L o r i s ,  Z. physik. Chem., 1 1 3 ,  2 3 5  ( 1 9 2 4 ) .
( 4 )  G a t t y  a n d  S p o o n e r ,  “ T h e  E l e c t r o d e  P o t e n t i a l  B e h a v i o r  o f  C o r 

r o d i n g  M e t a l s  in  A q u e o u s  S o l u t i o n s , ”  O x f o r d ,  1 9 3 8 ,  p .  1 2 2 .
( 5 )  E l  W a k k a d  a n d  H i c k l i n g ,  Trans. Faraday Soc., 4 6 ,  8 2 0  ( 1 9 5 0 ) .
( 6 )  H i c k l i n g ,  ibid., 4 1 ,  3 3 3  ( 1 9 4 5 ) .
( 7 )  H i c k l i n g ,  ibid., 4 2 ,  5 1 8  ( 1 9 4 6 ) .
( 8 )  H i c k l i n g  a n d  S p i c e ,  ibid., 4 3 ,  7 6 2  ( 1 9 4 7 ) .
( 9 )  H i c k l i n g  a n d  T a y l o r ,  Faraday Soc. Discussion, 2 7 7  ( 1 9 4 7 ) .
( 1 0 )  H i c k l i n g  a n d  T a y l o r ,  Trans, Faraday Soc., 4 4 ,  2 6 2  ( 1 9 4 8 ) .

The results are shown as photographed oscillograms in 
which the ordinates represent potentials and the abscissas 
are proportional to quantities of electricity passed. Suit
able horizontal reference lines at intervals of 0.25 v. were 
photographed immediately after the polarization tracks, so 
that significant potentials can be read directly from the 
oscillograms. All potentials quoted are on the hydrogen 
scale. The quantity of electricity passed at any stage in 
the polarization is obtained from the known capacity of the 
condenser in series with the electrolytic cell and the hori
zontal displacement which is governed by the voltage to 
which the condenser is charged (on the original photographs 
1 v. on the condenser corresponds to an average horizontal 
displacement of 1.0 mm.). Except where otherwise stated, 
a 50.4 n F . condenser was used in series with the cell as this 
was found to be a convenient value for the exhibition of the 
full polarization track.

In the study of the anodic behavior of mercury using the 
direct potentiometer method, a constant current unit em
ploying a pentode valve was used. The potential of the 
electrode under study was measured against a saturated 
calomel reference electrode with a valve potentiometer. 
The mercury electrode used in this case was the pure metal 
of surface area 33 sq. cm. and which was contained in a Pyrex 
beaker provided vrith a platinum contact for electrical con
nection. The platinum cathode was contained in a glass 
plugged tube. The measurements were carried out at room 
temperature (18 ±  0.5°) in M  acetic acid +  M  sodium ace
tate, 0.1 M  disodium hydrogen citrate, 0.1 M  borax, N  
sodium carbonate and in 0.1 N  sodium hydroxide. In 
each case the solution was added to the mercury electrode 
and potential measurements were recorded till equilibrium 
was attained after which the polarizing current "was allowed 
to pass. Polarizing currents between 10 and 100 pa. were 
employed.

(B) When examining the effect of oxygen on the potential 
of the mercury electrode as well as on the p H  value of the 
solution, the gas wras simply bubbled into the system for a 
long period of time and the potential followed using a satu
rated calomel reference electrode. The pH values were 
measured with a Marconi pH meter.

The basic salt probably formed in acetate solutions was 
prepared either by shaking the appropriate amount of me
tallic mercury with red HgO in acetate buffer of pH 3.6 until 
all the red color of HgO disappeared and only the white 
basic salt remained or by shaking metallic mercury alone 
for a long time with the buffer through wdiieh oxygen was 
bubbled.

For measurements in the complete absence of oxide film 
on the mercury surface and in absence of atmospheric oxy
gen, the cell shown in Fig. 1 was constructed from Pyrex 
glass using ungreased taps. Flask A contained the solu
tion in which the electrode was to be examined. Pure ni
trogen passing through tap T, was allowed to bubble into 
this solution for about '■/, of an hour to remove dissolved 
oxygen; then by applying a pressure of pure nitrogen at T 
the solution was blown over into B which contains 3 times 
distilled mercury and was connected to the mercury reser
voir D by tap T2. Electrical connection was made to the 
mercury by the tungsten contact X. Pure nitrogen was 
again bubbled into the solution, this time entering through 
tap T3 and leaving through the bubbler E so that the solu
tion as well as the atmosphere above it was free from oxygen. 
The part B was then connected to C and the solution in B 
allowed to run into the latter which was provided with the 
platinum electrode Y. Pure nitrogen could be also bubbled 
through the solution in C through tap T4.

The measurements in this case were carried out in 1 N  
OILCOOH of pH 2.5. Before each measurement the sys
tem was subjected for two periods of electrolysis of 20 hours, 
each at a current density of ~  10~3 amp./cm.2 while pure 
nitrogen was bubbled slowly through T 4. In these elec
trolyses the mercury in B acted as the cathode and the Pt 
electrode in C as the,anode. The first period of electrolysis 
was to remove possible impurities from the solution and 
after which tap T 2 was opened thus allowing the mercury 
surface to run off the side tube F and exposing a fresh sur
face. The second period of electrolysis was carried out to 
reduce any oxide film which might, be present on the surface. 
When the purifying electrolysis was complete, taps T s, T f) 
and T 6 were closed, the part B was separated from the rest of 
the apparatus and the mercury electrode was connected 
through F to a saturated calomel reference electrode.
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Results and Discussion
The Anodic Behavior of Mercury.— In Plate IA 

is shown the characteristic oscillogram in N  NaOH 
for the anodic polarization of mercury at 18° with 
a polarizing c.d. of 0.04 amp./sq. cm. The spot on 
the extreme left of the photograph indicates the 
steady oxygen evolution potential at the same c.d. 
The corresponding point for steady hydrogen 
evolution was too negative a potential to be re
corded on the same plate. Plate IB shows the 
cathodic track and the potential of steady hydrogen 
evolution. It may be noted from the anodic os
cillogram that we have a very rapid initial build up 
of potential which is followed by one main well 
defined arrest prior to oxygen evolution. The step 
appears to start at a potential of 0.08 v. The 
oscillogram was very reproducible and did not vary 
with time over a period of 10 minutes pulsating 
electrolysis.

Current density had marked effect and Plate IC 
shows the anodic tracks obtained in N  NaOH 
at c.d.’s of 0.02 and 0.06 amp./sq. cm. (tracks I 
and II, respectively). It may be noticed that by 
decreasing the current density the length of the 
arrest increases. Both tracks rise, however, to the 
oxygen evolution value.

The effect of temperature on the oscillogram is 
shown in Plate ID, which represents the anodic 
tracks at 18 and 60°.

Decreasing the pH has no appreciable influence 
on the track other than the normal shift of the 
w'hole track to more positive potential. In Plate 
IE is showm the anodic track in 0.1 N  NaOH, 
while Plate IF is the same track in M  sodium 
acetate +  M  acetic acid buffer solution of pH
4.6. Plate IIG represents the anodic and cathodic 
tracks in 0.1 M  HCIO4 of pH 0.96; these show that 
the sole anodic process in perchloric acid is the 
dissolution of mercury and the corresponding 
cathodic process is the discharge of mercury ions.

From the above experimental results it can be 
concluded that mercury gives a characteristic 
anodic polarization track which is reproducible and 
not dependent on either temperature or time but 
depends on the c.d.

In the standard anodic track we can distinguish:
(1) A very rapid rise of potential barely recorded by 
the plates and which by analogy with the previous 
metals studied corresponds to the charging of a 
double layer. (2) A comparatively long arrest 
which is clearly defined in the oscillograms. This 
step begins at about 0.08 v. in N  NaOH, 0.18 v. 
in 0.1 N  NaOH and at 0.63 v. in the acetate buffer. 
The previously determined values1 of the rever
sible Hg-HgO electrode in solutions of the same 
pH values are 0.08, 0.18 and 0.62 v., respectively. 
The close agreement between these results shows 
that this stage corresponds to the formation of 
mercuric oxide.

Under the standard conditions in N  NaOH 
the length of the arrest was fairly constant and 
measurements of several oscillograms showed that 
the quantity of electricity passed u'as 37,800 
microcoulombs per sq. cm. of mercury which is 
sufficient to liberate 141 X 1015 atoms of oxygen. 
By taking the density of mercury at 18° as 13.55

60
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g./cc., the volume of one gram atom will be 200.0.1/ 
13.55 and by dividing by Avogadro’s number this 
gives the volume of one atom of mercury as 2.44 
X 10 ~28. Assuming that the atom occupies a 
space approx, cubic in shape, then taking the cube 
root gives us the diameter of the mercury atom as 
2.90 X 10_8 cm. and the space occupied on the 
surface of a mercury electrode by one atom will be 
in the ideal case the square of this, i.e., 8.41 X 10“ 16 
sq. cm. The number of mercury atoms/sq. cm. 
will be, therefore, 1.19 X 1(D16. Since the film 
consists of HgO then the above figures show that 
the oxide formed must be approximately 12 mole
cules thick. It must be inferred here that this 
thickness of HgO film is at a c.d. of 0.04 amp./ 
sq. cm. and it varies as was shown before by chang
ing the c.d.

From the above oscillographic results it can be 
seen that no oxide other than mercuric oxide is 
formed on the surface of the metal and that, the 
latter oxide is always formed at the reversible 
potential of the Hg-HgO electrode at the corre
sponding pH.

The Anodic Behavior of Mercury at Very Low
c.d.—Figure 2 shows the current-potential curves 
obtained for the mercury electrode in solutions of 
different pH values. From these curves it can be 
seen that in all cases the potential of the mercury 
electrode increases gradually with the increase of the 
polarizing current but without any definite break. 
The potential in each case tends toward the H g- 
HgO value at the corresponding pH. The behavior 
at very low7 c.d. was also studied oscillographically 
using the single sweep technique. Thus in the 
oscillographic apparatus it was possible to run the
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Fig. 2.—(1) 0.1 N  sodium hydroxide (pH 12); (2) N  so
dium carbonate (pH 11.2); (3) 0.1 M  borax (pFI 0.2); (4) 
0.1 M  disodium hydrogen citrate (pH 6.4); (5) M  sodium 
acetate +  M  acetic acid, (pH 4.6).

polarizing current and the time base independently 
and so produce single sweep tracks covering the 
polarization from hydrogen evolution to oxygen 
evolution without repetition. By adopting this 
procedure to the large mercury electrode (33 sq. cm. 
of surface area), using a 50.4 pF. condenser the 
results shown in Plates II H, I, J, K and L were 
obtained in 0.1 N  NaOH, N  sodium carbonate,
0.1 M  borax, 0.1 M  disodium hydrogen citrate 
and M  acetic acid +  M  sodium acetate solutions, 
respectively, using c.d.’s of 0.03, 0.14 and 0.3 
ma./electrode in,each case.

These results show that in all cases the track
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obtained is dependent on the polarizing c.d. the 
lower the c.d. the less positive the potential reached. 
It can be seen also that the potential increases 
gradually with the increase of the quantity of 
electricity passed and that at lower c.d. the quan
tity passed was not enough to raise the potential 
of the electrode to the Hg-HgO value; this latter 
value was only reached at higher c.d. These 
results are summarized in Table I in which are given 
the highest potential reached with each polarizing 
current and the corresponding Hg-HgO potential.

T a b l e  I

S o l u t i o n

H g  p o t e n t i a l  u s in g  
p o l a r i z i n g  c u r r e n t s ,  

v . ,  o f
0 .0 3  0 . 1 4  0 .3  m a .

Ilg-HgO
p o t e n t i a l ,

V .

0.1 A1 sodium hydroxide 0.08 0.16 0.19 0.18
N  sodium carbonate .19 .26 .27 .23
0.1 M  borax .26 .32 .35 .38
0.1 M  disodium hydrogen 

citrate .40 .48 .50 .51
M  acetic acid +  M  so

dium acetate .48 .52 .55 .62

From all the above results it is quite clear that 
there is no sign of a definite break corresponding to a 
lower oxide which may be considered to be responsi
ble for the lower equilibrium potential obtained 
with the mercury electrode. The fact that a con
siderable quantity of electricity must be passed 
before the electrode potential reaches the Hg-HgO 
value suggests that the lower potential obtained 
may be due to the very slow saturation of the 
solution with HgO; however, as stated previously,1 
the reproducibility of the results of static measure
ments as well as the fact that the mercury ions 
present at any lower pH value as determined from 
the measured potentials are enough to exceed 
saturation at higher pH values as expected from the 
solubility product of HgO are against this view. 
Further it was found that by bubbling oxygen 
through the systems
Hg-CH3COOH M  +  CHjCOONa M  and IIg-0.1 M  borax

the constant potential reached after 10 days was
0.56 v. in the former and 0.31 v. in the latter as 
compared with 0.66 v. and 0.38 v. for the Hg-HgO 
electrode in the same solutions, respectively.

By using the apparatus shown in Fig. 1 the po
tential of the mercury electrode in complete ab
sence of an oxide film over its surface was found in 
N  CH3COOH of pH 2.5 to be equal to 0.52 v. at 
20° which agrees quite satisfactorily with the pre
viously reported value within this region of pH 
in the absence of an oxide film over the surface.1 
When the basic salt, prepared by continuously 
shaking the mercury with the solution through 
which oxygen was continuously bubbled, was added 
the potential changed to 0.68 v. On the other 
hand, when metallic mercury was shaken with the 
acetate buffer solution of pH 3.6 for 10 days while 
oxygen was continuously bubbled through the 
system, the final pH value of the solution was found 
to be 5.9 as measured with the glass electrode. 
This final result indicates quite clearly that the 
most important factor affecting the potential of the 
mercury electrode was not mainly the basic salt 
formation but the pH value of the solution in thePlate II.
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interphase between the electrode and solution. 
The discrepancy between the behavior of the 
mercury electrode in solutions of different pH 
values as compared with the behavior of the H g- 
HgO electrode can, therefore, be explained quite 
satisfactorily according to the previous experi
mental results as follows: In case of metallic 
mercury exposed to air an oxide film is already 
present on the surface of the metal as mercuric 
oxide (this was proved experimentally by the 
present authors as will be published elsewhere by 
studying the adsorption of oxygen over the surface 
of mercury when it was found that oxygen at low 
pressure is chemisorbed over the surface of mercury 
forming a unimolecular layer of HgO). Owing to 
the liquid nature of the metal one would not expect 
such an oxide film to be completely protective, but 
there are always patches of the bare metal. When 
this is dipped in aqueous solutions, the metallic 
surface exposed allows the mercurous-mercuric 
equilibrium to be reached which necessitates that 
the [Hg2++] must be about 81 times that of the 
[Hg++]. This great increase in the amount of the 
oxide dissolved decreases the hydrogen ion activity

of the solution at least within the interphase be
tween the electrode and solution with the result 
that the potential recorded will be that correspond
ing to the newly prevailing pH. This view can be 
further substantiated by the fact, although when 
we take the potential of the mercury electrode in 
acetate buffer of original pH 3.6 we find that it is 
equal to 0.55 v. as compared with 0.66 for the H g- 
HgO electrode at the same pH, yet if we calculate 
the Hg-HgO potential for the final pH of 5.9 
we obtain a value of 0.54 v. which agrees quite 
satisfactorily with the potential obtained with the 
mercury electrode. It must be stated here, how
ever, 1 hat this increase in the pH value owing to the 
increase in the amount of HgO dissolved may pre
cipitate a basic salt, but, as was shown before, 
the formation of such basic compounds does not 
affect the potential greatly as most of the discrep
ancy lies actually in the change in the pH which is 
t aking place between the electrode and solution.

The authors wish to acknowledge their grati
tude to Dr. A. Hickling for the facilities he provided 
during the course of this work and kindly reading 
through this paper.
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The present-day theory for paper chromatography due originally to Martin and Synge5 is based on the assumption that 
the distribution of liquid ascending, or descending, in a, filter paper is uniform at every instance. Recently, this assumption 
was examined experimentally by Takahashi6'10 and it was revealed that this was not so in actual case. Although he attempted 
to interpret his experimental data by using the diffusion theory, he could not obtain a. successful result. In the present paper, 
the author presents a different treatment of this problem from that, used by Takahashi in the hope of obtaining a mathemati
cal explanation of the experimental data. It will be seen that the present analysis leads us to a result which agrees well 
with the experimental data.

I. Introduction
1. Chromatography is a special case of the 

so-called percolation problem in which material 
or heat transfer between a moving fluid and a 
fixed bed of granular solid is considered. A rather 
complete review of the theoretical articles on this 
problem was given by Thiele.1 Along with the 
remarkable progress in the general theory of per
colation, theoretical investigations of chromato
graphy have been presented in this decade by many 
authors,2-4 and many important contributions to 
chemical assay have been made. Particularly, 
paper partition chromatography due originally to 
Martin and Synge5 is certainly a most important 
one because of its great applicability.

In all theoretical work on chromatography 
hitherto, it has been assumed that the distribution 
of liquid flowing through the bed is uniform. How
ever, it can easily be observed that this is not the 
case in paper chromatography. In fact, Taka-

i n  E .  W .  Thiele, I,id. Eng. Chem.., 38, 6 4 6  ( 1 9 4 6 ) .
( 2 )  J .  N .  W i l s o n ,  J. Am. Chem. Soc., 6 2 ,  1 5 8 3  ( 1 9 4 0 ) .
( 3 )  D .  D e V a u l t ,  ibid., 6 5 ,  5 3 2  ( 1 9 4 3 ) .
( 4 )  J. E . W a l t e r ,  J. Chem. Rhus., 1 3 ,  2 2 9  ( 1 9 4 5 ) .
( 5 )  A .  J. P. M a r t i n  a n d  I t .  L. M .  Eyngo, Biochem. J., 3 5 ,  1 3 5 8  

( 1 9 4 1 ) .

liashi6 has recently confirmed this by making a 
detailed experiment, obtaining an interesting 
family of curves for the distribution of liquid as
cending a filter paper of unit width. One of his 
results is reproduced in Fig. 1, in which cm denotes 
the amount of liquid contained in a unit area of 
filter paper, x the distance measured in the direction 
of ascending flow from the free surface of the liquid 
in a vessel, and the number attached to the curves 
implies the time elapsed until the liquid front 
reaches the height x =  X  starting from the free 
surface of liquid. This graph reveals clearly that 
cm is never uniform everywhere throughout the bed 
as is presumed in the usual theory of paper chro
matography. Thus, as was pointed out by Taka
hashi, the present theory of paper chromatography 
requires reexamination i:i the light of this experi
mental fact.

In an attempt to obtain a theoretical explanation 
of this fact as shown in Fig. 1, Takahashi applied 
the theory of diffusion to the movement of liquid 
in the filter paper, but unfortunately only a partial 
description of the experimental fact can be ex
pected from his treatment. In this paper, the

(G ) A .  T a k a h a s h i ,  Kayaku, 2 0 ,  41  ( 1 9 5 0 )  ( in  J a p a n e s e ) .
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x (cm.).
Fig. 1.—A typical family of curves representing the 

amount of liquid per unit area of filter paper as a function of 
time and position.

present author proposes a different mechanism 
from that assumed by Takahashi in the hope of 
obtaining a mathematical explanation of the experi
mental data.

of liquid rise in a capillary tube which has recently 
been investigated by Brittin7 and Ikeda,8 but a 
significant difference between these should be 
noticed. In the latter case the liquid amount per 
unit length of the liquid column is, of course, the 
same at every instant, while in the former case 
this is not obtained for the following reasons. 
As the liquid ascends through capillaries, which are 
distributed uniformly in filter paper, it seems to be 
sorbed on or in the wall of these capillaries, or to 
be absorbed into microscopic pores opening to the 
capillaries. In addition, such a sorbed or absorbed 
liquid probably remains fixed there and thus the 
general flow through capillaries is diminished in 
amount as it continues upwards. If we denote by 
W  the amount of liquid per unit area of filter paper 
which is contained as the capillary flow and by w 
the one corresponding to the fixed liquid men
tioned just above, this relation between W  and w 
is mathematically described by the equation of 
continuity such that

II. Theoretical Considerations
2. We shall consider the problem of liquid 

distribution in a strip of uniform filter paper of 
unit width which is kept in a vertical position and 
whose bottom end is immersed in the free surface 
of a liquid (Fig. 2).

Fig. 2.—Reference system 
used in the analysis.

Fig. 3.—Linear relation
ship between X 2 and time, 
t, obtained experimentally 
by Takahashi for the case 
of butanol saturated by dis
tilled water.

When the bottom end of such a strip of filter 
paper touches the liquid surface it is observed that 
the liquid impulsively invades the paper from the 
bottom and moves first rapidly but later rather 
slowly upward, making an exactly one-dimensional 
flow. We shall first deal with this one-dimensional 
flow from hydrodynamical points of view. Filter 
paper is considered to be a porous material whose 
pores are very small in size and are connected with 
each other in a complicated manner, thus giving rise 
to complicated microscopic or submicroscopic 
channels, i.e., zigzag capillaries. Because of the 
strong capillary forces exerted by these capillaries, 
the liquid which has entered the bottom of filter 
paper can diffuse to dry parts through these capil
laries and thus moves as a whole in an upward 
direction. This process is rather similar to that

1 ST + £  + S  -  0 (2J)
where t is the time, x the distance measured to the 
direction of capillary flow from the free surface of 
liquid and v the velocity of capillary flow at any 
point. Except for very small values of t the veloc
ity of capillary flow is observed to be very small, 
so that the partial transfer of W  to w may be sup
posed to be completed instantaneously, namely, 
the equilibrium between W  and w can be presumed. 
Therefore, we may put

w = k W  (2.2)

where k  is a certain constant depending chiefly on 
the porosity of filter paper. Substitution of (2.2) 
in (2.1) gives

+ ! > h"> = ° (2-3>
We shall next establish the equation of motion 

for the capillary flow in filter paper. Take an 
infinitesimal length d.x at x =  x and consider the 
^-components of all the forces acting on the capil
lary liquid streaming in this infinitesimal domain. 
They are: K  at x =  x, K  +  d ff at x =  x +  dx, 
and viscous force exerted from the capillary wall.9 
The third of these is taken to be cWvdx (referring 
to this point, see references (7) or (8)), c being a 
certain constant mainly dependent upon the vis
cosity of the liquid and the average roughness of 
capillary walls. As said before, the motion of 
capillary flow is generally so slow that we may 
neglect its acceleration Dv/Dt. In this way the 
form of the equation of motion becomes

-  I f  = <2-4)
Since K  is considered to be proportional to both p 
and W  we have

K  = a-pW  (2.5)

where p is the pressure acting at x in the direction of
( 7 )  W .  E .  B r i t t i n ,  J. Appl. Phys., 1 7 ,  3 7  ( 1 9 4 6 ) ,
( 8 ) Y .  I k e d a  a n d  T .  S o e y a ,  J. Phys. Soc. Japan, 4, 3 0 6  ( 1 9 4 9 ) .
(9 )  B e c a u s e  o f  t h e  s m a l ln e s s  o f  c a p i l l a r y  r a d i i  t h e  g r a v i t a t i o n a l  

e f f e c t  may be n e g l e c t e d .
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capillary flow and a is a proportionality constant. 
Eq. (2.4) then becomes

-  ^  (¡»ft7) = b W v  (2.6)

with b =  c/a.
Next, denoting by p0 the value of p at x =  X, 

X  being the height of the front of liquid column, 
and by P  the atmospheric pressure acting on the 
free surface of liquid, then to the first approxima
tion p is represented by the equation

V = P  ~  — y  Po x (2.7)

Since the radius of capillary is generally small 
enough to neglect p0 against P, the above relation 
may be replaced by

" f )
Putting both (2.6) and (2.8) in (2.3) we get

à W  P  po
p  òj;2(1 + k ) Ì̂T -  " p à j ( a) w \

( 2.8)

(2 .9 )

On the other hand, inserting (2.8) in (2.6) and then 
putting x =  X, it follows

d X  __ P  
di b

( 2.10)

from which we get immediately the relation
X 2 = p-t, (2.11)

where /32 = 2P/b. This relation was checked 
experimentally by Takahashi,6 an example of the 
agreement between the theory and the experiment 
being shown in Fig. 3. Using this relation Eq. 
(2.9) can be transformed to

< • + » & - * £ ) ( * - $ ) » !  <2-i2>
which is the fundamental equation for determining 
W  as a function of position and time.

3. Because of the finite capacity of porous 
spaces in the filter paper there exists a certain limit 
to the amount of liquid which can be contained as 
capillary liquid in a unit area of filter paper. If 
we denote by W0 the saturation value of W  which 
will be attained after a long run, such a limiting 
amount of liquid is given by (1 +  k)Wo- Since, 
however, the filter paper can keep further a con
siderable amount of liquid on its surface by virtue 
of the cohesive force, the maximum amount of 
liquid that the filter paper can possess should be 
rather larger than (1 +  k)Wo.

Now, in the present problem the bottom part of 
filter paper is in contact with the liquid at its sur
face, while the other upper parts are not. Accord
ingly, the bottom part contains the larger amount 
of liquid compared with the other upper parts by the 
amount due to the surface contribution mentioned 
above. However, in the actual case this non- 
uniform state in the surface distribution of liquid 
cannot be maintained stationary and the excess 
amount of surface liquid at the bottom part will 
diffuse to the surface of portions adjacent to it. 
Thus, we can predict the occurrence of a certain 
type of flow along the surface of filter paper. In 
fact, the existence of such a surface flow has also 
been observed by Takahashi, though he has not

developed a detailed discussion on this. In this 
place the author assumes that this surface flow 
obeys the well-known Fick’s law usually fitted to 
diffusion phenomena. Then, if we denote by V 
the amount of this surface liquid per unit area of 
filter paper, V is governed by the equation

dV ò2F 
ò t U  d x 2

(3 .1 )

where D is the diffusivity.
Thus, if we obtain the expressions for W  and V 

in terms of position and time by solving both the 
equations (2.12) and (3.1) with suitable auxiliary 
conditions given physically, the required expres
sion for cel is given at once by

<Jl = (1 +  k ) W  ~\- V  (3 .2 )

4. Before proceeding to solve Eq. (2.12) we 
must consider the auxiliary conditions for deter
mining uniquely the required solution. Since it 
might be assumed that there is no resistance to 
liquid transfer from the surface to the inner capil
lary pores, all the capillary pores at the lowest 
part will be saturated with liquid soon after the 
bottom end touches the free surface of liquid, and 
such a saturated state will remain all through the 
run. This condition can be expressed as

W  =  W o at x  — 0 (4 .1 )

Also, it is obvious that for x >  X , W  =  0. Hence, 
if we assume the continuity of W  over the whole 
range of x the following condition must be given

W  = 0 at x  =  X  (4 .2 )

As will be seen below these two conditions suffice 
to determine the solution of Eq. (2.12) uniquely.

First, on making the change of variables 
1 x
X  =  y, y  =  2 (4 .3 )

Eq. (2.12) is transformed to

(1 + k) d W  , Ò W Ì
+  g  f ( l  - z ) W )  = o (4 .4 )

Substitution of W =  Y(y)-Z(z) in (4.4) gives 
immediately the following equations for Y(y) and
m

( l - U d*Z
ch2

1 dT1 _  a 
Y  d y  1 +  k

d  7

[2 — (1 + k ) z \ ~ ~ a Z  =

(4 .5 ) 

0 .(4 .6 )

where a is a separation constant. Equation (4.5) 
can be readily integrated, giving

T(;y) = c  exp 11 ]

where C is an integration constant. Next, we 
write Eq. (4.6) in the form

Ì —  + ( 7 - i ) g  +  w z  =  0 (4.8)

by the substitutions

| = -  (1 +  *)(1 -  z), 7 = 1 -  k, and a ' = yyjTj:

(4.9)

It is found that Eq. (4.8) is a confluent hypergeo- 
metric equation and, therefore, the general solution 
can be written directly. Since, however, from
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(4.2) Z  must vanish at. £ =  0 the required solution 
of Eq. (4.8) takes the form
Z(z) = C'(l -  g y - r  F( l  -  7 -  2 - 7 ;

-  (2 -  7 ) X (1 -  z)) (4.10)

in which F(a, ft; a;) is a usual notation of the con
fluent hypergeometric function whose elements are 
a and /3, and C' an arbitrary constant. Thus, we get

W  = C"( 1 -  z y ~ 7 e~a'v F( 1 -  7 -  2 - 7 ;
-  (2 -  7 ) X (1 -  2)) (4.11)

C" being a new constant. In order that the solu
tion (4.11) may furthermore satisfy the condition 
(4.1) the parameter a must be chosen to be zero 
and C" to be such that

C" -  w t/F( 1 -  7 , 2 -  7 ; -  (2 -  7 )) 

The final expression for W  is then obtained as

IF = fF„(l V_ „ F(1 -  7 , 2  -  7 ; -  (2 -  r )(l - z ) )
’  F( 1 -  7 , 2 -  7 ; -  (2 -  7 ))

(4.12)
which is written in terms of 2  and k as

W
TF„

,, _  F (k, 1 +  k; -  (1 +  fc)(l -  z)) 
K ’  F(k, 1 + k ;  -  (1 +  k))

(4.13)

It should be noted here that the expression for W  
thus obtained is a function of 2  only.

5. The next problem is to determine the solu
tion of Eq. (3.1) with appropriate auxiliary condi
tions imposed physically on V. The consideration 
of such conditions is rather involved and open to 
more objection than in the case of W  because of the 
fact that the kinetic process of liquid coherence on 
the interface between the liquid and the filter paper 
has not yet been elucidated. So, we shall here 
confine our analysis to the simplest case when the 
rate at which the liquid in the vessel coheres on 
the interface at. the bottom part is infinitely large. 
In this case, we may put

V  — Vo at x — 0 (5.1)

where V0 is a saturation capacity of V. This condi
tion is, as will be seen later, realized almost exactly 
in actual cases investigated by Takahashi.6’10 
Further, it is plausible to suppose that any dry 
part of the filter paper can possess no surface liquid, 
since any drop of liquid placed on the surface of such 
a dry part will immediately be absorbed into the 
inner pores and not remain cohered there. Thus, 
it follows that

F = 0 at. x = X  (5.2)

Then, as before, transforming Eq. (3.1) in 7,,2- 
system and solving after a similar manner, there 
results

F
F„

where r means

F( l  ?. V2’ 2’
?(\ 3. \2’ 2’

r J3_!
2D

(5.3)

(5.4)

This result can also be written in terms of the 
error function 4> in the form

0 0 7  A . T a k a l m s l i i ,  p r i v a t e  c o m m u n i c a t i o n .

V , _  <k(Vrz)
Fo 0(Vr) (5.5)

and, accordingly, the evaluation of V as function 
of 2  can be performed in a straightforward manner 
by using a table of the error function.

6. We now substitute the results (4.13) and 
(5.3) thus obtained in Eq. (3.2) and the required 
expression for ai, is readily obtained in the form

«L = !Fo(l +  k)( 1 -  *)*

4- F„ < 1

F(k, 1 + k ;  -  (1 +  fc)(l -  z))
F ( k , l + k ;  -  ( 1 + k ) )  

3 _  ! 
2’ 2D

f ( 1 f\2’ i
f ( -  3 -  É . )\2’ 2’ 2D)

( 6. 1)

which shows that an is also a function of z only. 
An experimental check of this relation becomes a 
rather interesting problem in what follows.

III. Comparison of the Theory and the Experiment
7. We now come to compare the theoretical 

result of the present analysis with the experimental 
data obtained by Takahashi. The plot of an 
against x in Takahashi’s paper cited before6 is 
rather too small in size to make a detailed com
parison of the theory and the experiment, and 
so the author here uses the more detailed and larger 
scaled plots which have been sent to him from 
Takahashi.10 These plots involve the following 
three cases of liquid used: phenol saturated with 
water, butanol saturated with water and water. 
Among these plots only the one for phenol satisfies 
rather exactly t.he conditions (4.1) and (5.1) 
adopted in the foregoing analysis, while the other 
two do so merely in approximate degrees. That is 
to say, in these cases the constancy of (aL)* = o is 
not realized so strictly as requested in the foregoing 
analysis, but (a i)x = o approaches asymptotically, 
but fairly quickly, a certain final saturation value. 
Due to this situation we must restrict the com
parison between the theory and the experiment 
only to the case of phenol, the original plot for this 
case being shown in Fig. 4. The comparisons for 
the other two cases will be made in future work.

First, on making the plot of « l against 2  from 
Fig. 4, the result shown in Fig. 5 is obtained, in 
which various points correspond to the observed 
values. This plot, shows clearly that a¡, can be 
considered to be a function of 2  only, independent, 
of the values of X  as was expected theoretically 
from the foregoing analysis. Then, to examine 
how the observed plot of an against 2  is fitted by the 
theoretical formula (6.1) we assign the following 
numerical values to the parameters in Eq. (6.1)

Wo =  15

k = 0.3,

mg. mg.
cm.2

D = 0.0125 cm.2
min.

and determine the value of ¡32 from the experi
mental plot between X 2 and t. The calculated 
curve is shown in Fig. 5 with a solid line and it will 
be found that the agreement of the theoretical and 
the observed value is fairly satisfactory.
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x  (cm.).
Fig. 4.—Experimental results obtained by Takahashi for the 

case of phenol saturated with distilled water.

Fig. 5.—Comparison between theory and experiment for 
the case of phenol saturated with distilled water; points: 
experimental; O , X  =  10 cm.; ▲, X  = 18.6 cm.; X, A = 
27.7 cm.; O, X  =  32.0 cm.; line: calculated.

8. Finally, we call attention to an interesting 
feature of the plot of Ol against x  shown in Figs. 1 
and 4. All these plots have the so-called S-shaped 
form and reveal such an interesting property that 
if the area U enclosed by them with the z-axis, 
namely

is represented by X at, at takes almost a constant 
value independent of the values of X  under con
siderations. Accordingly, we have the relation 
that U~A ”. The establishment of this relationship 
is indicated graphically in Fig. 6. The present 
day theory of paper chromatography due to Martin 
and Synge is based upon the assumption: U = 
a iX  with a uniform distribution of <zl, and accord
ing to the above discussion the proportionality 
relationship: U ~ X  proves to be still valid though 
the distribution of ah is never uniform but varies 
considerably from place to place. Consequently, 
the well-known formula for computing the Ri- 
value in the present day theory of paper chroma
tography is still applicable correctly for practical 
purposes in chemical assay.

Fig. C.—Diagram showing the approximate relation as
ySai.da. = Xai,*.
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Radioactive tracers have been used to measure 
the specific surface of various salts and the frac
tions of the salt components which are on the sur
face of the crystals.2 3 4 5 6 7“ 8 * The principle of the method 
is based upon the isotope exchange of the radioac
tive tracer element with the element on the solid 
surface. The reaction for radioactive P32 on miner
als containing phosphorus would be: surface P31 + 
solution P32 surface P32+ solution P81.

In general the method followed is to (1) shake a 
portion of the solid in water until equilibrium is 
established, (2) introduce a small aliquot containing 
P32 and continue shaking until equilibrium is 
reached, and (£) determine the amounts of P3i and 
P32 in the solution and the amount of P32 on the 
solid phase. Since the ratio of the two isotopes on 
the solid surface can be taken equal to that in the 
solution, the equilibrium constant for the reaction 
is unity, and the extent of surface reaction at equilib
rium can be determined with the aid of the equa
tion

P31 surface/Pn solution = P32 surface/P32 solution

These conditions hold provided the surface-solu
tion equilibrium can be attained and distinguished 
from other possible processes, such as penetration 
of the isotope into crystal layers beyond the surface 
layer.

This isotope-exchange method is applied to the 
measurement of surface P31 in hydroxylapatite and 
phosphate rock in the work reported here. The re
sults provide a basis for studies on the nature of

T able  I
Composition of Sample 913, a  R a w , R ock Phosphate 

from F lorida
C o n s t i t u e n t C o m p o s i t i o n ,  %

P205 35.4
CaO 49.0
SiO. 7.5
F 4.0
HOH 1.7
C02 1.5
AloOs 1.1

( 1 )  C o n t r i b u t i o n  f r o m  t h e  S o i l  P h o s p h o r u s  R e s e a r c h  P r o j e c t  f o r  t h e  
W e s t e r n  R e g i o n ,  t h e  B u r e a u  o f  P l a n t  I n d u s t r y ,  S o i l s  a n d  A g r i c u l t u r a l  
E n g i n e e r i n g ,  t h e  C o l o r a d o  A g r i c u l t u r a l  E x p e r i m e n t  S t a t i o n ,  a n d  t h e  
W e s t e r n  S o i l  R e s e a r c h  C o m m i t t e e  c o o p e r a t i n g .  A u t h o r i z e d  b y  t h e  
D i r e c t o r  o f  t h e  C o l o r a d o  A g r i c u l t u r a l  E x p e r i m e n t  S t a t i o n  f o r  p u b l i c a 
t i o n  a s  S c i e n t i f i c  J o u r n a l  S e r ie s  A r t i c l e  N o .  3 6 1 .

(2 )  M a r l e n e  F a l k e n h e i i n ,  W .  F .  N e u m a n  a n d  H . C .  F-Todge, J. Biol. 
*Chem., 169, 7 1 3  ( 1 9 4 7 ) .

( 3 )  I .  M .  K o l t h o f f ,  T h is  J o u r n a l , 4 0 ,  1 0 2 7  ( 1 9 3 6 ) .
( 4 )  I .  M .  K o l t h o f f  a n d  W .  M .  M a c N e v i n ,  J. Am. Chem. Soc., 5 8 ,  4 9 9

( 1 9 3 6 ) .
(5 )  I .  M .  K o l t h o f f  a n d  A .  S . O ’ B r i e n ,  ibid., 61, 3 4 0 9  ( 1 9 3 9 ) .
(6 )  I .  M .  K o l t h o f f  a n d  C .  R o s e n b l u m ,  ibid., 55, 2 6 5 6  ( 1 9 3 3 ) .
( 7 )  C .  D .  M c A u l i f E e ,  N .  S . H a l l ,  L .  A .  D e a n  a n d  S . B .  H e n d r i c k s ,  

Proc. Soil Sci. Soc. Am., 12, 1 1 9  ( 1 9 4 8 ) .
( 8 )  F. P a n e t h  a n d  W .  V o r w e r k ,  Pulver. Sci. Phys, Chem., 101, 4 4 5

( 1 9 2 2 ) .

surface phosphate reactions between native and ap
plied phosphate in calcareous soils.

Description of Samples
Two samples of hydroxylapatite, No. 1540-a and 2453, 

and a sample of ground, raw rock phosphate. No. 913, from 
Florida, were used. The hydroxvlapatites were precipitated 
materialshaving a P206/Ca0 ratio of 0.795 (purehydroxylap
atite has a P205/Ca0 ratio of 0.76 from the formula Ca,o- 
(P04)6(0H )2), and they differed in particle size due to dif
ferences in the manner of preparation. The raw rock phos
phate, No. 913, had been ground to pass a 200 mesh screen. 
The major constituents present are given in Table I .

Experimental
Initial Method for Sorption of P32.—To study the distribu

tion of P 329 between solution P31 and surface P 31, the follow
ing general method was employed in the first series of ex
periments: a 50-mg. sample of the solid was shaken 3-4 days 
with 25 ml. of water to attain equilibrium o: the solid with 
the solution. Then a one- or two-ml. aliquot of P32 solu
tion (this solution was saturated with the ions dissolving 
from the solid) was introduced and the mixture shaken con
tinuously for one hour. The flasks were placed in a con
stant-temperature bath at 25° and shaken several times a 
day by hand for the longer reaction periods. At the end of 
each reaction period the mixture was centrifuged and samples 
of the solution taken for the determination of P 31 and P 32 
concentration. The P 31 was determined by the isobutyl 
alcohol method10 and P 32 after precipitation as MgNH4P04- 
6H2Ou by an end-window counter tube.

The P 31 solution concentration was varied by using K 2- 
HP04 solutions adjusted to the same pH as the saturated 
solution of hydroxylapatite.

Modified Method for Sorption of P 32.—In the second series • 
of experiments, the technique for sorption of P 32 was modi
fied as follows: the volume of solution was increased to 500 
ml. and the weight of solid decreased to 10-15 mg. The 
P 32 solution was saturated with ions dissolving from the solid 
and added directly to the sample in a 500-ml. flask. The 
mixture was stirred continuously in a constant temperature 
room at 24°. A 2-ml. aliquot was removed for sampling, 
centrifuged and two 0.4-ml. aliquots taken for P 32 deter
mination. The excess solution and solid were returned to 
the 500-ml. flask. The solution P 31 concentration was de
termined at the last sampling. The reaction flasks and 
centrifuge tubes were coated with “ Dri-film,”  (#9987, 
Genera) Electric Company), to make them water repellent 
and to decrease the adsorption of phosphorus on the glass 
surface. The P32 counts were made with a proportional 
counter from 0.4-ml. aliquots evaporated on a thin alumi
num planchet. Each sample was counted long enough 
(usuallv 2-4 minutes) to give a total count greater than 
10 , 000 )  .

The P 32 for these experiments (Item S-3 from the Atomic 
Energy Commission, Oak Ridge) was a dilute solution of 
H3P04 containing 0.025 mg. of P 31 per millicurie of P 32. 
The P32 was free from radioactive impurities as indicated by 
checking the activity for a 14.3 day half-life.

Desorption of P 32.—The desorbing solution was 0.05 M  
K2HPO.i adjusted to the same pH as the saturated solution 
of hydroxylapatite. To desorb the P 32, 25 ml. of the 0.05 
M  K2HP04 was added to the solid, which had been separated 
from the P32 in solution by centrifugation, shaken for one 
hour or longer, centrifuged and the process repeated.

( 9 )  T h e  P 32 w a s  o b t a i n e d  f r o m  t h e  A t o m i c  E n e r g y  C o m m i s s i o n .
( 1 0 )  W .  A. P o n s ,  J r . ,  a n d  J .  D .  G u t h r i e ,  Ind. Eng. Chem., Anal. Ed.,

18, 184 (1946).
( 1 1 )  A .  J .  M a e K e n z i e  a n d  L ,  A .  D e a n ,  Anal. Chem., 20, 5 5 9  

(1948).
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Results
Sorption of P32 Using Initial Method.— In the

first series of experiments where the solution to solid 
ratio was low, about 85% of the P32 was sorbed by 
the solid within ten minutes, followed by a very 
slow sorption period. A true equilibrium was not 
reached in 400 hours, but very little change occurred 
after 24 hours. For reaction periods longer than 24 
hours, the sorption curve followed the relationship 
indicated in either of the experimental equations 
;i) A =  Ai -  K t-V. or (2) In A/A{ = Kt~V* 
where A =  amount of P32 sorbed or exchanged in 
time, t; A\ =  amount taken up in infinite time, 
and K  =  a constant representing the slope of the 
straight line.12

The effect of time and solution P31 concentration 
on the rate of sorption of P32 are shown in Table II, 
and the amount of P32 sorbed at infinite time as 
found by extrapolation. From these data the sur
face P31 was calculated as shown in Table III. The 
amount of surface P31 remained constant over a 
wide range of solution P31 concentration. Falken- 
heim, et al.,2 obtained similar results on a precipi
tated hydroxylapatite for the effect of solution P31 
concentration on the surface P31 measured by P32 
exchange. The added P31 as K2HPO4 was not 
sorbed in detectable amounts by the hydroxylapa
tite as indicated by determining the solution P31 
concentration before and after addition of the solid.

T a b l e  II
Sorptio n  o f  P32 on  H y d r o x y l a p a t it e  (#2453) in  R ela tio n  

to  T im e  and  S o lu tio n  P 31 C o n c en tratio n

Sorption P32 sorbed in cts. per second
time, P31 conca, in p.p. in.
hours 1.6 31.6 316

0“ 396.2 467.0 488.4
24 359.0 157.0 23.4
70 181.4 28.0
94 367.6

168 192.0 31.2
212 368.6
378 369.2

co 3 375 220 39

P 32 initially present. 6Values calculated by extrapolât-
ing curves plotted from equation (2) to infinite time.

T a b l e  I I I
T he  A m o u n t  of P31 in  th e  H y d r o x y l a p a t it e  (#2453) 

E q u il ib r a t in g  w it h  P 31 a t  I n f in it e  T ime

Solution P31 Surface P31 exchanging
p.p.m. mg. per gram

1.6 14.1
31.6 14.1

316 13.8

It was assumed in the above calculations that the 
P32 on the surface remained exchangeable with P31 
in solution. The P32 on the surface is exchangeable 
with P31 in solution under these experimental condi
tions as shown by the data in Table IV. A similar 
set of data was obtained for another sample of hy
droxylapatite (#1540-a). The P32 sorbed during 
short reaction periods (less than 24 hours) was

(12) Equation (1) was suggested by V. R. Dietz, National Bureau of
Standards, and equation (2) by N. S. Hall, North Carolina State Col
lege.

readily desorbed with 3-4 extractions, but as the 
sorption period increased, the P32 was less readily 
desorbed. The six extractions used in this experi
ment covered a 6-8 day interval for the longer sorp
tion periods. Evidence for entrapped or inner sur
faces on similar materials have been shown.13 The 
P32 penetrating to these areas on long sorption pe
riods would be less readily desorbed than the P32 on
surfaces readily accessible to  the solution.

T a b l e  IV
A m o u n t  of Sorb ed P32 on  #2453 W hich  W as  D e so rbed  b y

S ix  E xt r a c tio n s  w it h  0.05 M  K2HP04
Adsorption P32 adsorbed, P£2 desorbed by P31

time, hr. cts./sec. cts,/sec.
1 32.7 33.0

122 35.3 34.3
287 35.2 33.8
478 34.8 34.0

Sorption of P32 Using the Modified Method.—
The experimental conditions for sorption of P32 by 
the initial method are not entirely satisfactory be
cause of the long time involved. The concentration 
of P32 in the solution was rapidly decreased to about 
10% of its initial value. By modifying the tech
nique, however, as described for the second series of 
experiments, the concentration of P32 in the solution 
decreased to only 80-90% of its initial value. Un
der these conditions a true equilibrium was reached 
within 24 hours, and near equilibrium in 5 hours. 
Thus, the surface P31 of a sample can be calculated 
from the data obtained at equilibrium without the 
use of a plot that must be extrapolated to infinite 
time. The data in Table V were obtained by this 
procedure.

T a b l e  V
A m o u n t  of P h o sph o ru s  p e r  U n it  o f  S u rface  A r e a  
E q u il ib r a t in g  w it h  P 32 in  V a r io u s  C a lc iu m  P h osph ate

M a t e r ia l s

Sample
no. PîOi/CaO

Specific & 
surface, 
m.2/g .

Surface
P31,

mg./g.
Surface P3I/m .2 

surface area, 
mg.

2453 0 795 57.7 14.3 0.246 ±  0.010
1540-a 795 36.3 8.54 .236 ±  .006
913 .723 13.9 3.23 .233 ±  .013

Apatite“ 51.1 12.2 .238
“ Calculated from equation (1) from published data.2 

b Measured by the BET method.11 Samples 2453 and 913 
were measured by V. R. Dierz of the National Bureau of 
Standards, sample 1540-a was measured by the BPIS & AE 
Beltsville Laboratory, and the apatite sample by N. V. 
Wood.2

The amount of surface P31 per unit of surface area 
was found to be essentially constant for the various 
samples and equal to 0.238 mg. per square meter of 
surface area (average value for four samples), or 
the average surface area occupied by one phosphate 
group equaled 21.6 A .2 The values for surface P31 
shown in Table III for #2453 checked the value 
given in Table V. Thus, it appears that either ex
perimental method may be used, but the modified 
method is more rapid and convenient.

( 1 3 )  S. B .  Hendricks and W .  L. Hill, Proc. Natl. Acad. Set.. 36, 7 3 1  
( 1 9 5 0 ) .

( 1 4 )  S. B r u n a u e r ,  P ,  H ,  E m m e t t  and E .  Teller, J. Am. Chem. Soc 
6 0 ,  3 0 9  ( 1 9 3 8 ) ,
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Application of Data for Determining Surface 
Areas.—The results shown in Table Y indicate that 
these data may be used to calculate the surface 
area of calcium phosphates such as apatite and 
hydroxylapatite, i.e., the surface P :" in mg. per gram 
obtained by isotopic exchange on a sample to be 
measured, divided by the average value 0.238, 
should give a fairly accurate measure of the specific 
surface in square meters per gram. This method 
would be much more rapid than the usual BET 
method for measuring surfaces on these calcium 
phosphates. The general isotopic exchange method 
should be applicable to other materials, provided a 
suitable isotope can be obtained, by determining 
the area occupied by the isotope and the amount of 
the isotope exchanging with the non-active isotope 
on the surface.

The rock phosphate sample (913) contains some 
impurities (notably silica) not present in the other 
materials, which might be expected to cause a lower 
value for surface P31 per m.2 surface area compared 
to a pure hydroxylapatite. Quartz is commonly 
found associated with rock phosphate, however, and 
the portion of the total surface area contributed by 
this relatively coarser material probably would be 
small.

Comparison of Experimental Values with Crystal
lographic Data.— It is of interest to compare the 
experimental value of 21.6 A.2 per phosphate group 
with values calculated from the unit of structure 
for apatite. According to X-ray crystallographic 
data, the dimensions of a unit cell for apatite are, 
a =  9.37 A. and c = 6.88 A. Thus, one of the 
possible faces of the crystal would have an area of
9.37 X 6.88 or 64.5 A .2 within which there would

o

be three phosphate groups or 21.5 A.2 per phosphate 
group. Other faces at the surface with different 
areas and number of phosphate groups are possible

also, and it is probable that there would be a ran
dom orientation of the various faces at the surface, 
some having a larger area than the unit cell dimen
sions. The fact that the experimental value of 21.6
A.2 happens to be one-third of the surface area of a 
unit cell, indicating three phosphate groups avail
able for exchange, does not constitute valid proof 
that this particular face is the one always exposed 
at the surface, but more likely it represents an aver
age value of the various faces.

Another estimate of the area occupied by a 
phosphate group in apatite can be calculated from 
the molecular volume, i.e., molecular weight 
divided by the density. Using a density of 3.16 
g./cm .3 for apatite, the molecular volume per phos
phate group is 88.1 A.3 Assuming a cube, one edge

o  ' ,is 4.45 A. in length, so the surface area ol a side is
19.8 A.,2 which is the same order of magnitude as the 
experimental value obtained by isotopic exchange.

Application of Surface Phosphate Measurements 
to Soil Phosphorus Fertility Problems.— The phos
phate fertility level and the supplying power of the 
soil for the phosphorus removed by plants from the 
soil solution may be related in part to the amount of 
surface phosphate.7 A measurement of the surface 
phosphate in soils may help also to explain some 
of the reactions taking place between the soil and 
a phosphate fertilizer and possibly aid in evaluating 
the residual effect of the applied phosphorus to 
plants.
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Hydrogen attapulgite and hydrogen nontronite show three inflections in their potentiometric and conductometric titration 
curves, indicating three stages of neutralization with the base. Both of them give a weak first inflection. Hydrogen atta
pulgite shows a sharp second inflection but with hydrogen nontronite, this inflection is also not so prominent. Hydrogen 
nontronite, however, gives a pronounced third inflection; only a prolonged interaction with the base reveals this inflection 
in the case of hydrogen attapulgite.

On continued treatment with a A  BaCk solution of pH 9.0, hydrogen attapulgite takes up an amount of Ba + + ions which 
is equal to its base combining capacity given by the third or final inflection in its titration curve; the Ba + + ions, under these 
conditions, replace all the H + ions on the surface, including those dissociated from the available OH groups. If the pH of the 
BaCU solution is only 5.0 or 7.0, only the H + ions balancing the “ isomorphous charge” are reolaced. In the case of hydrogen 
nontronite, a complete replacement of 11+ ions indicated by the final inflection in the titration curve takes place even when 
t he solution of Bal'k has as low a pH as 5.0.

The titration curves of hydrogen clays, he., acid 
forms of soil colloids, have been studied by several 
investigators.1-6 More recently, pure specimens 
of clay minerals have also been used for such stud
ies.6-8 Mukherjee, Mitra and their co-workers7" 10 
observed characteristic differences between the ti
tration curves of montmorillonite and kaolinite, 
and they used these differences as criteria for iden
tifying the two minerals in soil colloids. Mitra 
and Rajagopalan11 have reported the titration 
curve of hydrogen mica obtained by replacing the 
exposed K+ ions of ground muscovite by H+ ions. 
Their titration curve has a different form compared 
with that of hydrogen montmorillonite and hydro
gen kaolinite but hydrogen illite, as is to be ex
pected, gives an almost similar titration curve.12 
Not much work, however, appears to have been 
done on the important series of clay minerals repre
sented by nontronite and attapulgite although Cald
well and Marshall13 have published some interesting 
observations on them. However, as Marshall and 
Caldwell14 themselves point out, further work on 
these minerals is desirable. The present investiga
tion was undertaken with this object in view. 
Aqueous suspensions of hydrogen forms of the min
erals16 obtained on repeatedly treating their 2.0- 
micron fractions with 0.03 N  HC1, were titrated 
potentiometrically and conductometrically with 
KOH and Ba(OH)2. Titrations were done in the 
presence and absence of neutral salts. The features

( 1 )  M .  S .  A n d e r s o n  a n d  H .  G .  B y e r s ,  U.S.D.A. Tech. Bull., .r>42 
( 1 9 3 6 ) .

( 2 )  L. D .  B a v e r ,  Soil Sci., 29, 2 9 1  ( 1 9 3 0 ) .
( 3 )  R .  B r a d f i e l d ,  Proc. 1st Internatl. Cong. Soil Sci., 4 ,  8 5 8  ( 1 9 2 7 ) .
( 4 )  I .  A .  D e n i s o n ,  Bur. Standards J. Res., 1 0 ,  4 1 3  ( 1 9 3 3 ) .
( 5 )  R .  P .  M i t r a ,  Indian J. Agric. Sci., 6 ,  5 5 5  ( 1 9 3 6 ) .
( 6 )  C .  E .  M a r s h a l l ,  Z. Krist., 9 1 ,  4 3 3  ( 1 9 3 5 ) .
( 7 )  R .  P .  M i t r a ,  S .  N .  B a g c h i  a n d  S .  P .  R o y ,  T h is  J o u r n a l , 47, 5 4 9  

( 1 9 4 3 ) .
( 8 )  J .  N .  M u k h e r j e e ,  R .  P .  M i t r a  a n d  D .  K .  M i t r a ,  ibid., 47, 5 4 3  

( 1 9 4 3 ) .
( 9 )  R .  P .  M i t r a ,  Indian Soc. Soil Sci. Bui., 4 ,  4 1  ( 1 9 4 1 - 1 9 4 2 ) .
( 1 0 )  J .  N .  M u k h e r j e e  a n d  R .  P .  M i t r a ,  J. Colloid Sci,, 1 ,  1 4 1  ( 1 9 4 6 ) .
( 1 1 )  R .  P .  M i t r a  a n d  K .  S .  R a j a g o p a l a n ,  Nature, 162, 1 0 5  ( 1 9 4 8 ) .
( 1 2 )  R .  P .  M i t r a  a n d  K .  S .  R a j a g o p a l a n ,  A b s t r a c t s  o f  P r o c .  3 6 t h  

I n d i a n  S c i .  C o n g r e s s .
( 1 3 )  O .  G .  C a l d w e l l  a n d  C .  E .  M a r s h a l l ,  Missouri Agric. Exp. Sta. 

Res. Bui., 3 5 4  ( 1 9 4 2 ) .
( 1 4 )  C .  E .  M a r s h a l l  a n d  O .  G .  C a l d w e l l ,  T h is  J o u r n a l , 51, 3 1 1  

( 1 9 4 7 ) .
( 1 5 )  T h e  m in e r a l s  w e r e  o b t a i n e d  f r o m  D r .  S .  B .  H e n d r i c k s  t h r o u g h  

D r .  S .  P .  R a i c b a u d h u r i  o f  t h e  I n d i a n  A g r i c u l t u r a l  R e s e a r c h  I n s t i t u t e .

of the titration curves have been discussed in rela
tion to the lattice structures of the minerals and 
factors which are known to play a part9'16 in ionic re
actions on surfaces.

The titration technique of Mukherjee and Mitra17 
was followed. “ Continuous”  as well as “ bottle” 
titrations as explained below were done. In a con
tinuous titration, changes of the pH were measured 
following additions of increasing amounts of the 
base to a given volume of the sol kept in an atmos
phere of pure hydrogen or nitrogen gas. A fresh 
addition of the base was not made till the e.m.f. af
ter the previous addition remained constant to 
within 1.0 millivolt for a period of at least 15 min
utes. In bottle titrations, increasing amounts of 
the base were added to a fixed volume of the sol 
contained in each of several Jena glass bottles, the 
mixtures kept overnight, and their pH ’s separately 
determined on the following day. The “ bottle” 
titrations, by allowing a long time of interaction be
tween the hydrogen mineral and the titrant base, 
made it certain that the resulting titration curve 
truly depicted equilibrium conditions. Both the 
continuous and bottle titration techniques gave ti
tration curves showing similar features.

Inflection Points and Breaks in the Titration Curves
Figure 1 shows the titration curves of a 0.83% sol 

of hydrogen attapulgite, obtained using the continu
ous titration technique. Each potentiometric curve 
shows two inflections and each conductometric 
curve, two breaks. The run of the curve and the 
pH at the inflection depend, to some extent, on the 
base used for the titration, and it illustrates the 
part played by the adsorption of the cation of the 
base in its interaction with H+ ions on the sur
face.9'16 The pH’s at the inflections and the base 
exchange capacities (b.e.c.) calculated from them 
as also from the breaks of the conductometric 
curves are given in Table I.

Caldwell and Marshall13 did not use the conduc
tometric method of titration. They did not notice 
the first inflection in the potentiometric curves. An 
inspection of their curves shows that the first inflec-

( 1 6 )  J .  N .  M u k h e r j e e ,  R .  P .  M i t r a  a n d  S .  M u k h e r j e e ,  Trans. Na
tional Inst, of Sciences India, 1 ,  2 2 7  ( 1 9 3 7 ) .

( 1 7 )  J .  N .  M u k h e r j e e  a n d  R .  P .  M i t r a ,  Indian J. Agric. Sci., 1 2 , 4 3 3  
( 1 9 4 2 ) .
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T a b l e  I
B .e . c .  ( i n  meg. p e r  .1 0 0 .0  g . )

B a s e  u s e d P o t e n t i o m e t r i c t i t r a t i o n  c u r v e C o n d u c t o r n e t r i c  c u r v e
a t  f ir s t a t  s e c o n d a t  f i r s t a t  s e c o n d .

i n f l e c t i o n in f l e c t i o n b r e a k b r e a k

K O H 3.0 ( 4 . 7 ) “ 20.0 (7 . 6) 5.0 18.0
B a ( O H ) , 4 . 0 ( 4 . 7 ) 20.0 (7.6) 5.5 18.0

“ The figures within brackets indicate the pH’s at the in
flection points.

tion was missed by them because of too large an 
addition of the base at the very first installment. 
That this inflection is real and indicates H + ions on 
the surface, will be seen from the fact that it is not 
indicated by the titration curve of the ultrafiltrate 
of the sol given in Fig. 1. Caldwell and Marshall13 
also did not notice the inflection at about 20.0 meq. 
of the added base when the titration was done with 
KOH. Our titration curves with this base, po- 
tentiometric and conductometric, clearly bring out 
this inflection.

Fig. 1.—Curve 1, KOH potentiometric; curve 2, Ba(OH)2 
potentiometric; curve 3, KOH conductometric; curve 4, 
Ba(OH)2 conductometric; curve 5, ultrafiltrate.

Caldwell and Marshall,13 in effect, used the “ bot
tle titration” technique. It is our experience— and 
the case in poin~ further confirms it—that the con
tinuous titration technique can be used with much 
greater effect for studying the fine features of the 
titration curves and, if the titration is not intended 
to be extended beyond a pH of about 7.0, it is cer
tainly to be preferred to the bottle titration tech
nique. In a continuous titration, the electrode 
maintains a constant solution tension all the time. 
The absolute value of the pH at each stage of the 
titration may be slightly in error, but this error be
ing constant throughout the titration, one gets a 
very smooth titration curve whose form and run 
are easily reproduced and are very dependable. 
Each point in the bottle titration curve, however, 
is the result of an independent determination of the 
pH on a separate quantity of the sol and is, there
fore, subject to the uncertainties of a variable solu
tion tension of the electrode18 in the separate de
terminations. The titration curve is, therefore, 
difficult to reproduce and unless confirmed by repli

(18) -T. N. Mukherjee, R. P. Mitra, S. Ganguli and B. Chatterjee,
I n d i a n  J . A g r ic . S c i ., 6, 517 (1936).

cations, its features cannot be depended upon. 
However, above a pH of about 7.0, the reaction 
with the base becomes extremely slow, and one is 
left with no other alternative but to take recourse 
to the bottle titration technique.

The inflection point at pH 7.6 in the titration 
curves (see Fig. 1) of the hydrogen attapulgite, 
does not indicate all the H+ ions on the surface. As 
stated above, a very slow reaction with base takes 
place above this pH. The course of the reaction in 
this range is revealed by the bottle titration curves 
given in Fig. 2. Each of these curves shows an 
inflection at about pH 10.0 which marks the com
pletion of the slow reaction. A b.e.c. of about 55
m.e. per 100 g. is obtained at this inflection as also 
observed by Caldwell and Marshall.13 The bottle 
titration curves do not show the first inflection due, 
apparently, to too large an addition of the base at 
the very first installment. They give a somewhat 
higher b.e.c. at the second inflection than the “ con
tinuous” titration curves.

Meq. of base per 100 g. of H-attapulgite.
Fig. 2.—Curve 10, KOH potentiometric; curve 11, Ba(OH)2 

potentiometric.

The titration curves of the hydrogen nontronite 
are shown in Fig. 3. Each curve, potentiometric 
and conductometric, shows three inflections, the 
first two of them, rather weak. The bottle titra
tion curves, not shown here, also present similar 
features. Some of Caldwell and Marshall’s curves— 
they carried out only potentiometric titrations— 
show similar inflections but the curves are not very 
smooth and not much notice of the inflections, es
pecially, the two earlier ones, appears to have been 
taken by these authors. We find that both the 
hydrogen attapulgite and the hydrogen nontronite 
behave as a t.ribasic acid. However, differences be
tween the two minerals certainly exist. Their 
b.e.c.’s calculated at the final (he., third) inflection 
are materially different. Another point of dissimi
larity which seems to be of more than passing inter
est is the fact that the reaction with the base be
yond the second inflection is much faster in the case 
of the hydrogen nontronite compared with hydro
gen attapulgite, which explains why even a continu
ous titration shows the third inflection of hydrogen
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nontronite quite clearly, though only a bottle ti
tration brings out this inflection in the case of hy
drogen attapulgite.

Inflection Points and Breaks in the Titration Curves 
in Relation to the Lattice Structures of the Minerals

Inflection points in the titration curves of dis
solved acids indicate, as is well known, neutraliza
tion of H + ions having markedly different energies 
of dissociation. The three inflections in the titra
tion curves of hydrogen nontronite and hydrogen 
attapulgite, therefore, appear to indicate the pres
ence of H + ions in three distinct affinity levels on 
the surface. Mitra and Rajagopalan19 have dis
cussed the structural factors which might be ex
pected to give rise to different bonding energies of 
the H+ ions on the surface. As emphasized by 
them and also by Marshall,20 isomorphous replace
ments of cations within the lattice for others having 
smaller positive charges constitute an important 
source of the negative charge which could hold the 
H + ions and other exchangeable cations on the sur
face. In the case of attapulgite, Caldwell and 
Marshall13 believe that the b.e.c. of about 20 m.e. 
per 100 g. indicated by the second21 inflection in the 
titration curves is due to this “ isomorphous charge.” 
If this is really the case, a different type of isomor
phous replacement might have to be assumed to ex
plain the first inflection. Actually, replacements 
may occur in the tetrahedral as well as octahedral 
layers of the lattice. The separation of the nega
tive charge from the surface will be greater in the 
latter case. The bonding energies of the H+ ions 
on the surface will, therefore, be weaker and conse
quently the H + ions will be neutralized at a lower 
pH. The first inflection may then indicate H + 
ions balancing the part of the isomorphous charge 
which resides in the octahedral layer, the second in
flection giving a measure of the total “ isomorphous 
charge”  located in both the octahedral and tetra
hedral layers. The fact that the b.e.c. at the first 
inflection is small shows, in the light of the above 
assumption, that only a limited replacement has 
taken place in the octahedral layer.

One can think of yet another explanation of the 
first inflection, assuming that all the isomorphous 
charge resides in the tetrahedral layer. It is pos
sible that this inflection indicates onlv such of the 
H+ ions balancing the total charge as occur at the 
edges and corners of the crystals.11 Attapulgite, 
however, does not have a platy habit, which makes 
this explanation less plausible than in the case of 
the other clay minerals.

Caldwell and Marshall13 believe that the portion 
of the titration curve beyond the inflection point 
found at about 20 m.e. of the added base, indicates 
neutralization of H + ions dissociated from the avail
able OH groups of the crystals. An acid character 
of OH groups in clay minerals has often been as
sumed22 without bringing any conclusive experi-

( 1 9 )  R .  P .  M i t r a  a n d  K .  S .  R a j a g o p a l a n ,  Indian J. Phys., 2 2 ,  1 2 9  
( 1 9 4 8 ) .

( 2 0 )  C .  E .  M a r s h a l l  a n d  W .  E .  B e r g m a n ,  T h is  J o u r n a l , 4 6 ,  5 2 , 
3 2 5 ,  3 2 7  ( 1 9 4 2 ) .

( 2 1 )  I t  is  t h e  f i r s t  i n f l e c t i o n  in  C a l d w e l l  a n d  M a r s h a l l ’ s  c u r v e s .
( 2 2 )  R .  K .  S c h o f i e d ,  Soils and Fertilisers, Imp. Bur. Soil Sci. ,  2 ,  1 

( 1 9 3 9 ) .

Meq. of base per 100 g. of H-nontronite.
Fig. 3.—Curve 1, KOH conductometric; curve 2, Ba- 

(OH)2 conductometric; curve 3, KOH potentiometric; 
curve 4, Ba(OII)2 potentiometric; curve 5, ultrafiltrate, 
KOH.

mental evidence to bear on such an assumption. 
Very strong evidence appears to have been ob
tained for the first time from Mitra and Rajago- 
palan’s work on hydrogen mica.11 They have 
shown that the theoretically calculated amount of 
OH groups of the mica crystals reacts with the base 
after the H+ ions balancing the isomorphous charge 
of the surface have been neutralized. In the light 
of this observation, there seems to be little doubt 
that the portion of the titration curve of the hydro
gen attapulgite between the second and third in
flection indicates the neutralization of the available 
OH groups of the lattice.

One would be inclined, on a first thought, to in
terpret the three inflections in the titration curve of 
the hydrogen nontronite on the above lines. How
ever, unlike hydrogen attapulgite, the second inflec
tion in the case of hydrogen nontronite is not sharp 
and the titration curve, during its entire course, 
slowly changes its curvature till the final inflection 
is reached. No sharp distinction appears to exist 
between H+ ions balancing isomorphous and hy- 
droxylic charges so far as their energies of disso
ciation and neutralization by the base are concerned.

Titration Curves in the Presence of Salts
Figure 4 shows the titration curves23 of the hydro

gen attapulgite (HA) to which enough solid BaCU 
and KC1 were added so as to have normal concentra
tions of the salts in the sol +  salt mixture. The ti
tration curve of the clear supernatant liquid above 
the coagulum of the sol +  IvCl mixture is also 
shown in the figure. An interpretation of such 
curves obtained with hydrogen clays and of the re
actions they depict has been given by Mukherjee, 
Mitra and Their co-wcrkers.9'16 It will be suf
ficient for our purpose to recall their main conclu
sion, viz., that the quantity of H + ions on the sur
face which is neutralized by the base is rather 
ill-defined and it depends, firstly, on the prevail
ing pH and, secondly, on the valency, radius 
(including water of hydration) and concentration of 
the cations present in the system. The higher the

( 2 3 )  O b t a i n e d  u s in g  t h e  c o n t i n u o u s  t i t r a t i o n  t e c h n i q u e .
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Meq. of base per 100 g. of H-aUapulgite.
Fig. 4. -Curve 0, HA +  N KCI-KOH ; curve 7, HA +  

A' BaCl2-Ba(OH)2; curve 8, HA +  N  KCI (supernatant 
liquid )-KOH.

pH and/or the greater the valency as well as con
centration of the cations added to the sol, the larger 
will be the amount of H + ions which will be neu
tralized, such “ pH— , and cation effects”  being a 
characteristic feature of heterogeneous acid sys
tems.

The titration curve of the H-attapulgite +  N  KCI 
mixture gives an inflection at about pH 6.0 and the
b.e.c. (about 25 meq.) calculated from this inflection 
is greater than that (20 meq.) at the second inflec
tion of the “ continuous”  titration curve of the hy
drogen attapulgite itself, though the latter inflec
tion occurs at a higher pH, viz., 7.6. The “ cation 
effect” here more than counterbalances the “ pH 
effect.”

The sol +  salt mixture contains free H + ions24 
exchanged for the cations of the salt and H+ ions 
still adhering to the surface. Because of their 
lesser binding energies compared with the hydrox- 
vlic hydrogens, the H + ions balancing the isomor- 
phous charge will be more easily exchanged than 
the other category of H+ ions. On the addition of 
the base to the mixture, the free H+ ions will be the 
first to become neutralized and that is why the ti
tration curve of the mixture shows a more or less 
strong acid character. After these free H+ ions 
have been neutralized, H + ions still adhering to the 
surface react with the base, and this reaction is fa
cilitated by the exchange adsorption of the cations 
of the salt present in large numbers.

The titration curve of the clear supernatant liq
uid above the sol +  N  KCI mixture shows a pro
nounced inflection at about pH 7.0 and the b.e.c. 
calculated from this inflection is only slightly less 
than that given by the second inflection in the titra
tion curve of the hydrogen attapulgite alone. This 
further shows that most of the H + ions balancing 
the isomorphous charge were exchanged for the K+ 
ions of the added KCI. The titration curve of the 
supernatant liquid, however, does not resemble 
that of free HC1 as would have been the case if only 
H+ ions had been exchanged for K+ ions. Actu
ally, A1 +i ions were also found in the supernatant 
liquid. The titration curve of the latter does show

( 2 4 )  A I  I + +  io n s  a r e  a l s o  p r e s e n t .

features which would be expected if it contained 
A1+++ ions in addition to free H+ ions, the first in
flection in the titration curve indicating the free H + 
ions. The A1+++ ions, in all probability, were ob
tained by a secondary dissolution process, being the 
result of the action of the free acid created by the 
exchange of the H+ ions, on the hydrogen attapul
gite.25

Titration of the hydrogen nontronite in the pres
ence of salts and of the clear supernatant liquid of 
the sol +  salt mixture revealed features similar to 
those found in the case of the hydrogen attapulgite 
and they admit of a similar interpretation.
Adsorption of Ba++ Ions from Solutions of Salts

Amounts of Ba taken up by the hydrogen atta
pulgite on repeated treatment with solutions of N 
BaClj of pH 5.0, 7.0 and 9.0, respectively, are given 
in Table II which also shows, for the sake of com
parison, the b.e.c.’s at the second and third inflec
tions as given by the bottle titration curve (see Fig. 
2) of the hydrogen attapulgite with Ba(OH) >.

T a b l e  II
B a  a d s o r b e d  a t  p H  B . e . e .  f r o m  b o t t l e  t i t r a t i o n  c u r v e  a t

5.0 7.0 9.0 Second" inflection Third inflection
24.5 25.4 54.6 25.0 54.0
“ It is to be remembered that the first inflection in the 

bottle titration curve is really the second inflection.

The amount of Ba taken, up at pH ’s 5.0 and 7.0 
agrees with the b.e.c. calculated at. the second inflec
tion of the titration curve and, in the light of what 
has been said before, it indicates Ba++ ions acquired 
by the surface in exchange for H + ions balancing the 
isomorphous charge. The fact that a complete ex
change of such H+ ions takes place even when the 
pH is as low as 5.0, shows that the “ cation effect,” 
in this case, is particularly strong and more than 
counterbalances the weak “ pH effect.”  However, 
this strong cation effect, by itself, is ineffective in 
bringing about an exchange of the hydroxylic hy
drogens. For this purpose, the leaching solution 
must have a pH as high as 9.0 as it is only then that 
the amount of Ba taken up from the solution agrees 
with the b.e.c. calculated at the third inflection in 
the titration curve. It appears, therefore, that 
the pH plays a more important part in the ex
change of hydroxylic hydrogens compared with 
the H+ ions belonging to the other category.

Using 0.1 A  calcium acetate as the leaching solu
tion, Marshall and Caldwell13 found that even when, 
the pH of this solution was as high was 9.0, the 
amount of Ca taken up from it did not exceed the 
value which would be expected from the isomor
phous charge alone. Our experiments with 1.0 N 
BaCb solution of pH 9.0, however, lead to a dif
ferent conclusion. The larger concentration of the 
salt used by us and the stronger adsorption of Ba++ 
ions compared with Ca++ ions may account for the 
different results obtained. Caldwell and Marshall's 
titration curve with Ca(OH)2 shows the final inflec
tion at about pH 8.2 where all the available H + ions, 
including the hydroxylic hydrogens, were neutral
ized. If this pH could be sufficiently high for a com
plete neutralization by the base alone, it is difficult

( 2 5 )  IT . P a v e r  a n d  C .  E .  M a r s h a l l ,  J. Soc. Chem. I/id., 5 3 ,  7 5 0  
( 1 9 3 4 ) .
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to see why at the higher pi 1, 9.0, no hydroxylic hy
drogen should have been replaced by Ca+ + ions 
when the salt was also present. One would rather 
expect a reinforcing effect of the salt on the effect of 
the pH only.

The hydrogen nontronite behaves differently 
from hydrogen attapulgite in respect of Ba++ ions 
taken up from 1.0 N  BaCl2 solutions. Bottle titra
tion of a fine fraction (<0.7  micron) of hydrogen 
nontronite gave a b.e.c. of 105.0 meq. at the final 
inflection of its titration curve. This amount of 
Ba was also taken up from 1.0 N  BaCl2 solutions 
having pH’s 5.0, 7.0 and 9.0. In the case of hydro
gen nontronite, therefore, the cation effect plays a 
domineering role in the matter of an exchange of H + 
ions on the surface. Assuming that the final in
flection in the titration curve of the hydrogen non- 
tronitc indicates hydroxylic hydrogens in addition

to H+ ions balancing the isomorphous charge, com
parison of the above results with those obtained 
with hydrogen attapulgite shows that the hydrox
ylic hydrogens in hydrogen nontronite are less 
strongly attached to the surface than in hydrogen 
attapulgite. The fact that the pH (about 8.0) at 
the final inflection in the titration curve of the hydro
gen nontronite is much lower than in the case of the 
hydrogen attapulgite, also points to the same con
clusion. Hydrogen montmorillonite also gives the 
final inflection at a pH of about 8.07 and, like hydro
gen nontronite, it, shows this inflection in a continu
ous titration. Taking all these aspects into consid
eration, hydrogen nontronite appears to have a close 
resemblance with hydrogen montmorillonite; hy
drogen attapulgite, on the other hand, shows signifi
cant differences insofar as electrochemical proper
ties arc concerned.

COLLECTOR-DEPRESSANT EQUILIBRIA IX FLOTATION.
DEPRESSANTS FOR METAL SULFIDES

IN O R G AN IC

By George A. Last1 and M elvin A. Cook 
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The “bubble pick up” method of Cooke and Digre was employed to obtain comprehensive equilibrium data for the system 
potassium n-amylxanthate-sodium sulfite-galena at 25°. A free acid collector-free acid depressant single site mechanism 
was developed, based on the Cook hydrolytic adsorption theory and found to give a complete and self consistent correlation 
of the experimental results of this study together with results of investigation of sixteen other similar systems studied by 
Walk.

The term “ depressant” is generally applied in 
flotation technology to any substance which will pre
vent or limit flotation of a mineral. While this 
generally occurs by means of a competitive adsorp
tion with the collector, in some instances this in
terference may act in other ways, for example some 
colloidal depressants may function by adsorbing 
and thereby buffering the collector. Depressants 
may be classed into: (1) the “ ionic”  depressants 
which are vastly important in metal sulfide flota
tion, and (2) the colloidal depressants. Class (I) 
depressants are those obtained from aqueous solu
tions of such salts as sodium sulfide and sodium cy
anide. Examples of class (2) are glue, gelatin, 
casein, tannin, quebracho, starch and dextrine. 
This paper deals with certain of the class (1) de
pressants.

Recently there was introduced2 a new' theory of 
so-called “ anionic” and “ cationic” collectors in 
which collector properties were attributed to 
“ hydrolytic” adsorption, that is, free acid (or free 
base) adsorption in the case of anionic (or cationic) 
collectors. 'Die mechanism was applied in metal 
sulfide flotation with xanthates and related collec
tors by Cook and Nixon, and was employed by

( 1 )  T h i s  p a p e r  c o m p r i s e s  p a r t  o f  a  t h e s is  p r e s e n t e d  b y  G . A . L .  in  
p a r t i a l  f u l f i l l m e n t  o f  t h e  r e q u i r e m e n t s  f o r  t h e  d e g r e e  o f  D o c t o r  o f  
P h i l o s o p h y ,  J u n e ,  1 9 5 1 , D e p a r t m e n t  <>f M e t a l l u r g y ,  U n i v e r s i t y  o f  
U t a h ,  S a l t  L a k e  C i t y ,  U t a h .  T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  A t o m i c  
E n e r g y  C o m m i s s i o n .

( 2 )  M .  A .  C o o k ,  “ M e c h a n i s m  o f  C o l l e c t o r  M i n e r a l  A t t a c h m e n t  in  
F l o t a t i o n ”  ( u n p u b l i s h e d ) ;  s u m m a r i z e d  in  Eng. Min. Jul., 1 5 0 ,  ( 2 )  

1 1 0  ( 1 9 4 9 ) ;  Chem. Eng. News, 2 7 ,  4 8 9  ( 1 9 4 9 ) .

Wadsworth, Conrady and Cook3 in obtaining an 
cquat ion relating contact angle and surface coverage 
for ethylxanthic acid on galena. It was also ap
plied in interpreting the behavior of oleic acid as a 
collector for fluorite4 both at low' temperatures 
where, with oleic acid, non-selective (physical) 
adsorption occurs and at high temperatures where 
selective chemisorption occurs. The experimental 
data interpreted in this paper include data measured 
in the present study for the system potassium 
n-amylxanthate sodium sulfide-galena together 
with extensive data obtained by Wark and co- 
workers6’6 for some sixteen different collector - 
depressant-mineral systems involved in metal 
sulfide flotation.

The earlier work by Wark6 indicated that I lie 
collector-depressant equilibria in metal sulfide 
systems were governed by a competitive adsorption 
of collector “ ions” (designated here X “ ) and de
pressant “ ions” (D - ). Depressant species con
sidered by Wark included HS , CN~ and OH- . 
Wark also showed that D~ and the ratio X - /D -  
were constant along an » d (depressant salt) vs. 
pH curve, and thus concluded that the effective 
collector and depressant were the corresponding 
anions.

This paper discusses the limitations of Wark’s
( 3 )  M .  E .  W a d s w o r t h ,  TL CL C o n r a d y  a n d  M .  A .  C o o k ,  T h i s  Jo u r 

n a l , 5 5 , .1219 (1951).
( 4 )  M .  A . C o o k  a n d  A .  W .  L a s t ,  Bulletin W .  4 0 .  ( 1 4 )  M a y .  1 9 5 0 .
(5 )  I . W .  W a r k ,  “ P r in c i p l e s  o f  F l o t a t i o n , ”  A u s t r a la s ia n  I n s t i t u t e  o f  

M i n .  a n d  M e t . ,  M e l b o u r n e ,  1 9 3 8 .
( 6 )  I .  W .  W a r k  a n d  A .  B . C o x ,  AIMME, T P  6 5 9  ( 1 9 3 0 ) .
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explanation and provides unification of the experi
mental data by postulating not only hydrolytic 
(free acid) collector adsorption but also hydrolytic 
(free acid) depressant adsorption.

Experimental
The “ bubble pick up’ ’ method of Cooke and Digre7 was 

employed to obtain equilibrium data for the potassium n- 
amylxanthate-sodium sulfide-galena system. The “ bubble 
pick up”  tubes consisted of 3.7 dm. (round bottom) tubes 
20 cm. in length. These were fitted with a one holed 7 
rubber stopper through which a 25 cm. length of 1.0 cm. 
glass tubing was passed to within 1 or 2 mm. of the bottom. 
A short length of rubber tubing, closed at one end, was 
attached to the central tube in such a manner that it could 
be mechanically collapsed to force an air bubble down the 
tube.

All reagents used were of analytical grade. The potas
sium n-amylxanthate was prepared and purified according 
to the method described by Foster.8 The final product 
(after three purifications) was believed to be of high purity.

The mineral used was a high purity —35/+48 mesh ga
lena. This was cleaned by carrying it through the cycle of 
(1) boiling with dilute NaOH solution, (2) vrashing with dis
tilled water, (3) boiling with nearly saturated NaCl solu
tion, and (4) washing with distilled water until no chloride 
ion could be detected in the decanted solution. The 
galena was considered to be clean when no more than 4 or 5 
particles were picked up when tested in a pick up tube con
taining distilled water. The galena was stored under dis
tilled water and recleaned immediately before using by steps 
(3) and (4).

The temperature in all tests was maintained at 25 ±  0.1°. 
A Coleman model 3-D pH meter was used to determine the 
pi I of all solutions having a pH < 10.0. The indicated 
accuracy of this instrument was ±  0.05 pH unit. For solu
tions with a pH >  10.0, the pH was calculated from the con
centrations of the components present in the solution. 
Buffered stock solutions were prepared using pure KC1 
to bring the ionic strength to 0.2. The buffers used were 
HC03-C03- for pH values between 8.0 and 11.0, and H2- 
PO^-HPOj" for pH values below 8.0. KOH was used 
to control pH above 11.0.

Fach test was run by pipetting given volumes of the col
lector, depressant and buffer solutions into the “ bubble 
pick up”  tube (original solution being in the non “ pick up”  
range) and adding approximately 0.5 g. of galena powder. 
After allowing 10 minutes or more for equilibrium to be es
tablished, the sample was tested by pressing an air bubble 
against the powder for 15 seconds, raising the bubble, and 
visually noting the “ pick up.”  Successive additions of 
collector were made (allowing at least 10 minutes between 
each) until “ pick up”  was established. Some difficulty 
is experienced in a test such as this in deciding what consti
tutes a “ critical bubble pick-up.”  For example, at least 
one or two small particles will generally adhere to an air

Fig. 1.—Sensitivity and standardization of “bubble pick-up” 
method.

( 7 )  S . K .  B . C o o k e  a m i  M .  D i g r e .  AIM.ME, T l ’  2 GOG, 2 0 0 7 ,  M i n i n g  
E n g .  N o .  8  ( 1 9 4 9 ) .

( 8 )  L .  S . F o s t e r ,  T e c h n i c a l  P a p e r  N o .  2 ,  U t a h  E n g i n e e r i n g  E x p e r i 
m e n t  S t a t i o n ,  1 9 2 8 .

bubble even in pure water in (he case of galena purified as 
described above. To determine the “ best”  definition of a 
“ critical bubble pick-up”  a series of tests ivere made in 
solutions of constant pH and ionic strength in which the 
ratio of collector to depressant was varied. The curve in 
Fig. 1 was obtained working at constant pH and constant 
depressant by varying the collector concentration. Each 
experimental point was obtained by removing the mineralized 
air bubble from the cell, drying the galena and weighing it. 
Incidentally, this test was also used to determine the ap
proximate time for the attainment of equilibrium. In this 
test the weight of galena pick-up was measured as a function 
of time, other factors remaining constant, and found to 
reach a constant value within ten minutes in all cases, in 
agreement with the observations of Seidler.9

The pick-up shown by the vertical line in Fig. 1 namely 
8 mg., was considered a satisfactory definition of the “ criti
cal bubble pick-up”  because this point corresponded to the 
beginning of the region of rapid increase of weight as the 
ratio m0/md was increased. Furthermore, this amount of 
pick-up was such that one could estimate it easily within 
relatively close limits, e.g., within 50% which corresponded 
to a relatively small error in the ratio m^/mo. By this 
means a standard visual method for determining the “ criti
cal bubble pick-up”  point was established, thus enabling 
one to dispense with the tedious weighing method.

Figure 2 presents plots of the experimental data obtained 
in a comprehensive study of the system potassium w-amyl- 
xanthate-sodium sulfide-galena using the standardized 
visual inspection method for determining the “ bubble pick
up” point. The data are plotted as m„ vs. ?»n, both ex
pressed in mg./liter, at constant pH. It was assumed in 
this work that the use of buffers in controlling pH and ionic 
strength would not interfere in the primary adsorption proc
esses, but would assure against activity variations which 
otherwise might affect the results adversely. The tests 
covered a pH range of 5.7 to 13.3 and a concentration 
range up to 500 mg./liter for the collector and 150 mg./liter 
for the depressant.

Examination of “ Ionic”  Mechanism
The Wark “ ionic”  mechanism for the collector 

depressant phenomena, while generally accepted 
for a number of years, has actually never been 
evaluated completely and objectively. There are, 
however, no apparent difficulties inherent in such 
an evaluation and it is thus worthwhile to undertake 
the evaluation here to bring out clearly the in
herent weaknesses of the mechanism. For a single 
univalent depressant ion (D~) system, Wark’s 
mechanism involves the equilibria

S' +  X - ^ S " X -  (la )

8 " +  OH“ S' OH- (lb )

S' +  S 'D -  (lc )

where S" is the electropositive site (the lead ion in 
galena). While the Wark discussion of this theory 
failed to include a consideration of the counter
ion adsorption, one must (on the assumption that 
all cations except hydrogen ion can be dis
regarded6'10) also add the equilibrium equation for 
the counter-ion

•S' +  H + 7 -^  S'H+ (Id )

where S' is the electronegative site (a surface sulfur 
ion in the case of galena). Cook and Nixon11 
believe that if an ionic mechanism is to apply, the 
counter-ions must occupy the compact double 
layer along with the anions in order to account for 
charge neutrality of the floated mineral and also

( 9 )  P .  S e id le r ,  Kolloid. Z., 6 8 ,  8 9  ( 1 9 3 4 ) .
( 1 0 )  H .  H a g i h a r a ,  T h is  Jo u r n a l , 56, 6 1 6  ( 1 9 5 2 ) .
( 1 1 )  M .  A .  C o o k  a n d  J .  C .  N i x o n ,  ibid., 54, 4 4 5  ( 1 9 5 0 ) .
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Potassium /i-amylxant.hate, mg./liter.
Pip. 2.—Experimental "bubble pick-up” data (galena-potassium »-amylxantliate-sorlium sulfide).

the solution left behind. The condition for charge 
balance (for equal concentrations of S' and S" 
sites) may be expressed by the equation

<*> = l -  el -  el -  e; = l -  e' (le)

where <j> is the fraction of each type of surface sites 
which remains unoccupied by collector and de
pressant ions (S '), or counter-ions (S'), 9", 9% 
and 03 are the fractions of the S" sites occupied 
by X - , OH“ , and D~, respectively, and 0' ( =  
20") is the fraction of S' sites occupied by the 
counter-ion (H+).

The physical conditions of the “ contact bubble” 
test and the “ bubble pick-up” test both seem 
clearly to require the constancy of 9" at the critical 
bubble contact point, i.e.

el =  K ' (i f )

where K ' is a constant. In other words the condi
tion for air bubble attachment is determined by the 
presence on the surface of a certain fixed (critical) 
surface concentration of radicals responsible for the 
hydrophobic property, e.g., the hydrocarbon radical. 
Of course, it is necessary to define what is meant by 
“ bubble contact.”  It is possible, for example, 
that the investigators may define their critical 
“ bubble contact”  point differently. However, 
this -will not present any serious difficulty as far 
as correlations are concerned so long as the data 
of each investigator are consistent. The equilib
rium constants for reactions (la )-(ld ) are, re
spectively, defined as

Ki = «r/ (X -)* ( I k)
K, = e;/{ OH- ) 0  (Hi)
k 3 =  e;/(D-)0 (ii)
lu = 8'/(H+)4> (lj)

From equations (le), (lh) and (li), one obtains
4> = (1 -  0 /(1  +  y) (lk)

where
y  = K -i iO F -- )  +  K 3( D ~ )  (lm )

Also, using equation (lj) with (le) and (lk)

(H +)K<
1 -  </> y  +  K '  

1 — K '

Substituting equation (k) in eq. (g) and eliminating 
y by means of eq. (m), one obtains the interesting 
relation

(I +  (H +)K t) (2 )

This equation implies that the critical X -  concen
tration is a function only of the hydrogen ion con
centration, and D _ would then not act as a de
pressant at all! Furthermore, equation (2) is not 
in agreement with the observed “ Barsky constant” 
(X _/O H “  =  constant) in the absence of a specific 
depressant. The experimental facts are therefore 
incompatible with the Wark mechanism when one 
takes into consideration the requirements of charge 
neutrality, unless one denies the validity of the 
rather obvious relation (If) assumed in the deriva- 
I ion of equation (2).
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Proposed Mechanism
Since 0 1 1 c can easily show that any double site 

mechanism is incompatible with the experimental 
data, the single site adsorption model involving both 
collector and depressants as free acids will now be 
investigated. The equilibria involved in this 
model arc

IIX  +  S 7 ^  HXS (3)

HD +  S IZ i :  HDS (4)

The corresponding equilibrium constants are

(5)

( 0)

where is here the fraction of the surface sites 
covered by HX, 02 is the fraction of the surface sites 
covered by HD, and <f> is the fraction of unoccupied 
surface sites given by the relation

<t> = l -  6i -  »■> (7)

Al “  4> (HX)

K  ~ 0i Y. -  2 <t> X (HD)

Solving equation (G) for d2, substituting into equa
tion (7) and solving for <t> one obtains

,  = 1 -  ». 
i  +  Ab(HD)

Substituting (8) into equation (5)
, - v/ 1 +  7\z( IID)

I e, x  (UK)

(8)

O')

At the critical “ bubble pick up” point the surface 
coverage 6i should be a constant, as discussed above, 
and

0i/(l — 0i) = K "  =  constant 

Equation (8) may then be written
A.(IIX) = A" +  A "A 2(HD) (10)

Fig. 3.—Experimental data of (Fig. 2) for the galena- 
n-amyl-anthat.e-sodium sulfide system plotted according 
to the single site free acid collector-free acid depressant 
adsorption mechanism.

Now, when (HD) =  0, (HX) =  (HX0), anil equa
tion (10) becomes

A'.(HXo) = K"
Hence

(IIX) = (IIX,) +  (HD)AI
In logarithmic form

log I (HX) -  (HX,)) = log K"K2 +

(11)

( 12)log (HD) = log Zi(HD)

where B =  K "K 2/Kl. According to equation (12) 
a plot of log { (HX) — (HX0) } vs. log (HD) should 
give a straight line of unit slope. Figure 3 
presents this plot for the data of Fig. 2, from which 
one will note that an excellent correlation is ob
tained.

Previously it has been conventional to plot experi
mental collector-depressant-mineral equilibrium 
data in terms of mg./I. of depressant vs. pH for 
constant collector concentrations. The following 
may be derived from equation (11).

(»1 c -  mc )  v, A d +  (H +) 
m D = ----- TT,----  X -------‘------B' A c +  (H+) (13)

where ??id is expressed as m g./l of depressant salt, 
OTC as mg./l. of collector salt, mc0 is the collector 
salt concentration required for the critical free 
acid concentration (HX0), B' is (K "K })/K1 in 
appropriate units, K o  is the dissociation constant 
of the depressant, and A'c is the dissociation con
stant of the collector. Bv means of equation (11) 
one may construct plots of depressant salt vs. pH
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T a b l e  I
A d sorption  C on stan ts  an d  A dsorption  P o te n tia ls  for  Se v e r a l  C o llectors  and  D epr essan ts  on  V a r io u s  M in e r a l s

M i n e r a l C o l l e c t o r D e p r e s s a n t

Pyrite Diethyl
dithiophosphate NaCN

Pyrite Diethyl
dithiocarbamate NaCN

Pyrite Ethyl xanthate NaCN
Pyrite n-Ainyl xanthate NaCN
Pyrite Di-w-amy]

dithiocarbamate NaCN
Chal copy rite Ethyl xanthate NaCN
Marcasite Ethyl xanthate NaCN
Borni to Ethyl xanthate NaCN
Tetrahedritc Ethyl xanthate NaCN
Covellite Ethyl xanthate NaCN
Galena Ethyl xanthate Na2S.9II20
Activated

sphalerite Ethyl xanthate Na2S-9H20
Chalcopyrite Ethyl xanthate Na2S-9H20
Bornite Ethyl xanthate 'NasS-9H20
Covellite Ethyl xanthate Na2S-9H20
Pyrite Ethyl xanthate Na2S-9H20
Galena ra-Amyl xanthate Na2S-9H20

for any desired concentration of collector. Figure 
4 presents such plots for collector concentrations 
of 50, 100 and 200 mg./l. of potassium n-amyl- 
xanthate. The experimental points were taken at 
constant collector concentrations from Fig. 2.

Evaluation of Ah, Ah and K " and Adsorption 
Potentials.— By substituting Ah(HX0) for K "  in 
equation (11), and solving for K 2, one obtains

1Û K i
— A / 'V c a l . )  

c o l l e c t o r
-  A /V r a l . )  
d e p r e s s a n t

4.67 X 107 2.95 X 13« 10,600 8,900

3.25 X 107 4.95 X 10s 10,400 9,200
6.1 X 10u 2.72 X 1 0 6 16,200 8,800
8.06 X 109 7.31 X 106 13,700 9,500

8.13 X 107 4.56 X 10» 10,900 9,200
1.21 X 1013 1.37 X 107 18,000 9,800
1.92 X 1012 7.65 X 105 16,900 8,100
1.21 X 1016 1.21 X 10s 20,800 11,100
1.21 X I015 7.69 X 107 20,800 10,900
3.05 X 10H 0.85 X 106 20,000 9,400
4.85 X 10“ 1.37 X 1010 16,100 14,000

3.85 X 1Ü15 1.22 X 1012 20,100 16,700
9.6 X 10' 13,800
1.53 X 10“ ■ 15,400
2.42 X 1019 14,300
3.42 X 107 10,400

3.32 X 10“ 1.86 X 1010 14,500 14,200

regardless of the collector involved in the system 
(see Table I). This indicates, in agreement with 
the proposed mechanism, that the adsorption po
tential for the depressant is independent of the 
collector used. This also applies to the collector 
since HXo is constant and independent of the 
depressant present in the system.

(I-IX) -  (HXo) 
2 (HXoXHD) (14)

Wadsworth, Conrady and Cook3 have shown in the 
case of ethyl xanthate and galena that zero contact 
angle corresponds to a surface coverage (6) of 
16% or less and that a 25° contact angle corre
sponds to approximately 50% surface coverage. 
On this basis, we have assumed a value of unity 
for K", that is, that our concentration of adsorbed 
collector for 8 mg. pick-up corresponds to roughly 
half coverage by collector molecules. By use of 
the value unify for A'", K x becomes

Ah S  1/(HX„)

T a b l e  II
H yd ro ly sis  C on stan ts  fo r  C o ll e c to r  and  D epr essan t  

A cids
A c i d  D i s s o c i a t i o n  c o n s t a n t

w-Amylxanthic
Ethylxanthic
Diethyl-dithiophosphoric
Diethyl-dithiocarbamic
Di-re-amyl-dithiocarbamic
Hydrosulfuric
Hydrocyanic

1 X 10 ~6’
3 X KH3'*’1' 
2.3 X 10“5 2
1.6 X IO“7 11
2 X IO“9 11
5.7 X J0“s 12 
7.2 X IO“ 1» 12

" Value giving best bit of experimental data. Cook and 
Nixon11 obtained the value 4.5 X I0“6 which is in fair 
agreement with our value. b References.

Since /yj and K t are surface equilibrium con
stants, one may determine the free energy of ad
sorption (AF) for both the collector and the de
pressant by means of the equation

— AF, = R T  In K\ (15)

Consideration of Literature Data
The extensive data of Wark6’8 were analyzed by 

means of the equations and methods of the previous 
section. Equilibrium constants and the corre
sponding free energies computed from equation (15) 
are given in Table I. The values of the dissociation 
constants employed are listed in Table If. It is 
of interest to note that the values obtained for 
K% for NaCN on pyrite are .practically the same

In general H X (HX0) as long as HD is present 
in significant amounts, which is true along all of the 
depressant vs. pH curves of Wark. One may, 
therefore, write equation (14) for all practical pur
poses as

log (HX) = log B  (HD) (16)

From this equation it is seen that the log (HX) 
vs. log B (HD) plot should be a straight line of unit 
slope passing through the origin. This plot is 
presented in Fig. 5 for seventeen different collector- 
depressant-mineral systems including the one 
studied here. Values of B determined from the 
data in Tables I and II are also given in Fig. 5.

( 1 2 )  N .  A .  L a n g e ,  “ H a n d b o o k  o f  C h e m i s t r y , ”  f i t h  E d . ,  H a n d b o o k  
P u b l i s h e r s ,  I n c . ,  S a n d u s k y ,  O h io ,  1 0 4 0 .
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Log B(HD).

Fig. 5.—Correlation of literature data by hydrolytic adsorption mechanism:
System B

• KEtX-NaCN-CHALCOP YR1TE 1 24 X 10-®
T KEtX-NaCN-MARCASITE 5.31 X 10~7
e KEtX-NaCN-BORNITE i .19 X 10"7
CD KEtX-NaCN-TETRAHEDRITE 8,04 X 10-8
0 KEtX-N aCN-COVELLITE 2.88 X 10 8
o KAmylX-Na2S-GALENA (data of (4. bast, and ( took) •) .60 X 10-'
Q KEtX-N a2S-GALEN A 2 96 X 10 ^
9 KEtX-Na2S-SPHALERITE (activated) 3..25 X 10 8
e KEtX-Na2S-CHALCOPYRITE 7.69 X 10~4
i.» KEtX-N a2S-BORNITE 2.15 X 10~4
© KEtX-N a2S-COVELLITE ] . 10 X 10-'
© KEtX-N a2S-P YRITE 4. 15 X 10“5
j Diethy ldithiophosphate-X aCN-PYR. IT E 7. 02 X lO-2
A Etiethvldithiocarbamate-NaCN-PlTtlTE i .52 X 10“ 1

KETX-NaCN-PYRITE 5 .01 x 10“B
KAmyl-NaCN-PYRITE ti. 90 X 10 4

© Di-n-amjddithiocarbamate-NaCN-P YRITE 5..73 X 10 ^

The agreement between theory and observation hydrolytic adsorption of both collector and de- 
provides substantial support for the hypothesis of pressant in metal sulfide flotation.
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May, 1(J52 Depressant Action of 'J’annic Acid and Quebracho

An experimental investigation of the systems galena—n-amyl xanthate—tannic acid and galena—n-amyl xanthate—quebracho 
was carried out, and the data interpreted by the single site model for hydrolytic (free acid) collector-depressant adsorption. 
These depressants are regarded as having two surface active groups capable of adsorbing on a galena surface, namely, the 
carboxyl and phenolic groups. It is assumed that not all the phenolic groups are active as depressants, but only the undis

sociated radical — ____^OH. Some indications have been

i . e . ,  as micelles, are ineffective as depressants for galena.

Part I2 presented arguments that “ ionic” de
pressants and collectors in metal sulfide flotation 
attach themselves to a mineral surface by means of 
single site adsorption of the neutral free acid mole
cules.3 Only a few studies have been carried out and 
very little is known about the actual mechanism 
by which colloidal depressants produce their effects 
upon a mineral surface. Bartsch4 5 showed that 
gelatine prevented the adsorption of oleic acid 
on chalcopyrite. However, Kellerman6 claimed 
that caprylic acid was adsorbed by galena even 
when flotation of the mineral was prevented by 
saponin. Thus, at the present time, it is not 
possible even to conclude that all colloidal depres
sants function by preventing the adsorption of the 
collector on the mineral surface.

This paper presents the results of an experimental 
investigation of the systems tannic acid-amyl 
xanthate-galena and quebracho-amyl xanthate- 
galena. It shows that the depressant properties of 
tannic acid and quebracho on galena may be inter
preted by means of the free acid adsorption theory 
and in these cases at leaso the mechanism of de
pressant action is apparently the same as for the 
“ ionic”  depressants.

Experimental Procedure and Results.—The experimental 
method adopted for this study was the same as that used 
in part I, namely, the “ bubble pick up”  technique intro
duced by Cooke and Digre.6 All reagents used, except the 
quebracho, were of analytical reagent grade. The que
bracho was the commercial quebracho extract. Ionic 
strength was maintained at 0.05 throughout all tests. The 
temperature of the solutions was maintained at 25 ±  0.1°. 
For a description of the apparatus, method of preparation 
of the galena, preparation of the solution, pH control, tem
perature control and experimental procedure see part I .2

Figures 1 and 2 show plots of the experimental data ob
tained™ this investigation. The data are expressed in mg./
1. units as total depressant (nid) vs. total collector salt (mc) at 
constant pH. Each curve of each figure connects points 
representing incipent floatability as shown by Fig. 1 of part I 
of this series of papers. Figure 1 gives the results for the 
tannic acid-xanthate-galena system and Fig. 2 those for 
quebracho-xanthate-galena system. Figures 3 and 4 are

( 1 )  T h i s  p a p e r  c o m p r i s e s  p a r t  c f  t h e  d i s s e r t a t i o n  s u b m i t t e d  b y  
G .  A .  L a s t  i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  r e q u i r e m e n t s  f o r  t h e  d e g r e e  o f  
D o c t o r  o f  P h i l o s o p h y ,  J u n e ,  1 9 5 1 .  T h i s  i n v e s t i g a t i o n  w a s  s u p p o r t e d  
b y  t h e  A t o m i c  E n e r g y  C o m m i s s i o n .

( 2 )  G .  A .  L a s t  a n d  M .  A .  C o o k ,  T h is  Jo u r n a l , 6 6 ,  6 3 7  ( 1 9 5 2 ) .
(3 )  M .  E .  W a d s w o r t h ,  R .  E .  G o n r a d y  a n d  M .  A .  C o o k ,  ibid., 

5 5 , 1 2 1 9 ( 1 9 5 1 ) .
(4 )  O . B a r t s c h ,  Kolloidchem. Beihefte, 2 0 ,  1 ( 1 9 2 4 ) .
( 5 )  K .  K e l l e r m a n n ,  Kolloid Z., 63, 2 2 0  ( 1 9 3 3 ) .
( 6 )  S . R .  B .  C o o k e  a n d  M .  D igr<$, AIM M E, T P  2 6 0 6 ,  T P  2 6 0 7  

M i n i n g  E n g .  N o .  8  ( 1 9 4 8 ) .

obtained which suggest that tannins in the colloidal form,

the low depressant-low collector portions of Figs. 1 and 2. 
respectively. These figures include the data which are im
portant- in the evaluation of the depressant mechanisms in
volved in this study.

Theoretical Considerations.— In part I it was 
shown, in the case of systems containing a single 
collector and a single depressant, that the equili
brium between collector and depressant may be 
expressed by the relationship

A',[(HX) -  (HXo)] = /v'A’/HD) (1)

where (HX) is the concentration of the collector 
free acid, (HXo) is the critical collector free acid 
concentration to give “ bubble pick up,”  (HD) 
is the depressant free acid concentration, K\ and 
X 2 are the adsorption constants of H X  and HD, 
respectively, and K " =  0hx/(1  — #hx) where 
0hx is the fraction of surface sites covered by the 
collector. In order to analyze data involving more 
than one depressant group, as will be the case with 
tannic acid and quebracho, it is necessary to de
velop a more general form of equation (1). Assum
ing that the collector and depressants follow the 
free acid single site adsorption mechanism, the 
equilibria may be written

HX +  S HXS

HD! +  S HDiS

HD, +  S Z lL  HDoS

HD, +  S Z lA  HD.S

where HX, Hi)!, HD,, - ■ •, HD„ are the free acid 
collector and depressant molecules, S is the surface 
site, and HXS, HDiS, HD2S, • • •, HD„S are the filled 
surface sites. The equilibrium equations for the 
above reactions are

Ai(HX) = 0Hx/ri 
Kof HDO = eaDlU 
x s(HD2) = eaD,u  (2)

7vn+l(HD„) = 6 m > n / < t >

Hence
n n ,

£  Ki+ i(HDi) = i  X  fern (3)

where (HDO iR the concentration of the ¿th de
pressant free acid, K,+ i is its adsorption con
stant, 0HDi is the fraction of surface sites covered by
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Fig. 1.—Experimental “bubble pickup” data (galena-potassium n-amylxanthate-tannic acid);
quebracho, mg./liter.

HD;, and <j> is the fraction of unoccupied surface 
sites. Thus one may write

0  =  1 — 0hx  — flan, — Shd, '  • • • 0nDn 
or

n
i> = 1 ~  0HX ~  ^  Ont)l (4)

1
n

Solving (3) lor 0hi>,„ substituting into (4) and 
i

solving for (j> ore obtains

n
i +  ^  Ki+.aiDi) 

1
Substituting (5) in (2)

n

At the threshold of “ bubble pick up” physical 
conditions of the test apparently impose the condi
tion 0hx =  constant, or K "  =  0Hx / ( l  — dux). 
In the absence of depressant, equation (6) reduces 
to K i =  7a" /(H X 0) so that (setting K "  =  1 as 
before)

/Ll ( irx)  -  (IIX„)J - f )  M, ,(111);) (7)

Analysis of Results.—The depressants (tannic 
acid and quebracho) used in this study are poly- 
basic, i.e., both the carboxyl and phenolic groups 
have acidic properties. The carboxyl group func
tions in the conventional manner, i.e., in the neutral 
free acid form it is surface active and capable of 
adsorbing on a mineral surface. However, the 
phenolic groups are not all surface active. This is 
probably due to the manner in which they are 
associated in the molecule. The surface active 
group may be considered to be the radical

OH

The tannic acid (m-digallic acid) used was one 
with the following structure7 (and contained 12% 
water).

H
OH O Oil

h o o c/  Non /  Non
N---- —------ 0 ^ 0 % ---- /Nc

Complete data on the dissociation constant of this
(7) Paul Karrer, “ Organic Chemistry,”  Elsevier Publishing Co., 

Inc., Amsterdam, 1947
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Fig. 2.—Experimental “bubble pickup” data (galena-potassium n-amylxanthate-quebracho).

compound are lacking. Sunthanker and Jatkar8 
reported Ki (carboxyl group) to be 1.32 X 10-6.
In order to obtain approximate values for K 2 and 
K , (dissociation constants of the first and second 
phenolic groups) we have taken known dissociation 
constants for similar radicals of compounds with 
the same type structures. Thus the dissociation 
constant of the first phenolic group of tannic acid 
should be of the order of magnitude of the dissocia
tion constant of the first phenolic group of gallic 
acid

OH
IIOOC<^ >̂011 

OH

and the dissociation constant of the second phenolic 
group of tannic acid should be of the order of 
magnitude of the dissociation constant of the 
second phenolic group of pyrogallol

OH

<Z>0H
OH

This comparison is substantiated by the close com-
( 8 )  8 .  R .  S u n t h a n k e r  a n d  S . K .  K .  J a t k a r ,  J. Indian Insli. /Set.,

2 1 A ,  2 0 9  (1 9 3 8 )  ; C. A., 3 3 ,  5 0 7  ( 1 9 3 9 ) .

parison between the dissociation constant of the first 
phenolic group of gallic acid (1.41 X 10-9) and the 
first phenolic group of pyrogallol (9.68 X 10~10).9 
From the above considerations the values of K 2 =
1.41 X 10~9 (dissociation constant of first phenolic 
group of gallic acid as determined by Abechandani 
and Jatkar9) and K% — 2.30 X  10 12 (dissociation 
constant of the second phenolic group of pyro
gallol as determined by Abechandani and Jatkar) 
were used. For conformity with the terminology 
used in the derivation of equation5 and to avoid 
confusion with the adsorption constants, the 
dissociation constants of the depressants will hence
forth be referred to as K dp K av -K<iv i.e., Kdi =
1.32 X 10% K à2 =  1.41 X 10” 9, and K ds =  2.30 
X i o - 12.

Quebracho (along with oak and chestnut tannins) 
is one of the condensed' tannins. The commercial 
quebracho extract contains about 80% of tannin 
plus small amounts of lactic, acetic and gallic 
acids.10 The molecular weights of the tannins 
in quebracho vary over a considerable range.

( 9 )  C .  T .  A b e c h a n d a n i  a n d  S . K .  K .  J a t k a r ,  J. Indian Insti. Set., 
2 1 A ,  4 1 7  ( 1 9 3 8 ) ;  C. A., 3 3 ,  3 6 6 2  ( 1 9 3 9 ) .

( 1 0 )  G .  P .  M c L a u g h l i n  a n d  E .  R .  T k e i s ,  “ T h e  C h e m i s t r y  o f  L e a t h e r  
M a n u f a c t u r e , ' ’ K e in h o l d  P u b l i s h i n g  C o r p . ,  N e w  Y o r k ,  N . Y . ,  1 9 4 5 .
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K N-AMYL XANTHATE-mg/liter.
Fig. 3.—Low collector salt-low depressant salt portion of 

Fig. 1.

Douglas and Humphreys11 found the molecular 
weight of quebracho to be 1159 before dialysis and 
2421 after dialysis. Tests showed that considerable 
tannin passed tarough the cellophane dialysis mem
brane which would allow only the passage of mole
cules with molecular weights less than 500. Sokolov 
and Koyakova12 found the dissociation constants 
for oak bark tannin to be =  6 X  10~5 (carboxyl 
group) and Kd2 =  1 X  10 8 (phenolic group). 
The equivalent weights for these groups were found 
to be about 1800 for the carboxyl group and 300 
for the phenolic group. Inasmuch as similar 
data were not available for quebracho, the above 
data were used here in the evaluation of the de
pressant action of commercial quebracho extract. 
The value of 4 X lO-12 for Ka3 (dissociation con
stant of second phenolic group), is the value for the 
best fit of the experimental curves as determined 
by trial of various values. The value 4.5 X 10-e 
for the dissociation constant of n-amyl xanthate 
determined by Cook and Nixon18 was used. This 
differs slightly from the value used in part I (1.0 
X 10_6) but gives slightly better agreement in the 
present results than the value obtained independ
ently in Part I. The difference, however, is 
practically insignificant. In the interest of con
sistency one should, of course, use either one value 
or the other. However, the tedious recalculations 
necessary to do this do not seem justified.

Since both tannic acid and quebracho contain 
two surface active groups, treating each group as 
though it were a separate acid, equation (7) reduces 
to

X,[(HX) -  (HXo)] =  A'2(HD,) +  X3(HD2) (8) 
This equation will apply in the case of tannic acid

( 1 1 )  G .  W .  D o u g l a s  a n d  F .  E .  H u m p h r e y s ,  J. Intern. Soc.  Leather 
Trades Chem., 2 1 ,  3 7 8  ( 1 9 3 7 ) ;  C. A., 3 1 ,  7 2 8 2 6  ( 1 9 3 7 ) .

( 1 2 )  S .  I .  S o k o l o v  a n d  G .  E .  K o y a k o v a ,  Kolloid Z ., 7 2 ,  7 4  ( 1 9 3 5 ) .
( 1 3 )  M .  A .  C o o k  a n d  J .  C .  N i x o n ,  T h is  Jo u b n a l , 6 4 ,  4 4 5  ( 1 9 5 0 ) .

K N-AMYL XANTHATE-mg/l iter.
Fig. 4.—Low collector salt-low depressant salt portion of 

Fig. 2.

and quebracho if we consider the carboxyl and 
phenolic groups to function separately, i.e., each 
group is independently in equilibrium with the 
mineral surface and may be treated as though it 
were a separate species. This assumption necessi
tates neglecting the absorbed molecules which is 
here justified because of negligible total adsorption 
for the particular conditions involved here. That 
is, the surface area of the sample was far too small 
compared with the total concentrations involved 
to remove an appreciable amount of solute by 
absorption. Under conditions of constant pH 
and by combining constants, equation 8 reduces to 
the following expression

A'„m0 +  Xb = mA (9)

where K & and K b  are functions of pH (K b  is usually 
negligible except at high pH values). The initial 
linear variation of collector with depressant seen 
in Figs. 1 and 2 bears out the relationship shown in 
equation (9). The sharp discontinuities in the 
(constant pH) curves of Figs. 1 and 2 are believed 
to be due to micelle formation, i.e., any tannic acid 
or quebracho in excess of the concentration at the 
point of discontinuity is supposedly in the form of 
miscelles and thus ineffective in changing the con
centration of the real (free acid) depressant in 
solution. However, further investigation of micelle 
formation by an independent method would be of 
value. By using the relationship (HA) =  (ma- 
(H+))/(/£  +  (H+)) where (HA) is the free acid 
concentration, wia is the initial salt concentration, 
and K  is the dissociation constant of the free acid, 
one obtains the following expressions (a), (b) and
(c) for the corresponding terms in equation (8)

( « )  (H X ) -  (HX„) = ~

(mt -  n,,)(H+)
X c + (H + )  A c +  (IL+) ~ UU;
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where rru is the added collector salt concentration, K i(m c - mc,)(H +) 
mCQ is the collector salt concentration corresponding A'c +  (H+) 
to (HXo) and K c is the dissociation constant of the 
collector free acid.

A2md,(H+) .
Adl +  (H+)

A.,md,(H+P
(Kdt +  (H +))(Ad, +  (H +))

(b) wd,(ir+ 
A'd, +  (H +) (11)

where md, is the concentration of the carboxyl group 
associated with the added depressant and A'd, 
is the dissociation constant of the carboxyl group.

( r ) (HTA) ™d2(H+)2
(A dj +  (H +))(A d, +  (H +)) ( 12)

where ma2 is the concentration of the
OH

group associated with the added depressant and Xd2 
and Xd3 are the dissociation constants of the above 
depressant group (considered here to be dibasic). 
Substituting (10), (11) and (12) into equation (8) 
there results the equation

pH.

In equation (13) only the two constants X 2 and 
7v3 are unknown. These may be evaluated from 
two experimental points. (For the values of all 
constants see Table I).

In evaluating the data for tannic acid, the equiv
alent weights of the carboxyl and phenolic groups 
were taken as being the same as the molecular 
weight of the digallic acid used. In the case of 
quebracho the values of 3.3 meq./g. for the phenolic 
group and 0.55 meq./g. of the carboxyl group were

Fig. 7.—Experimental data (Fig. 1) plotted according to 
the single site free acid adsorption mechanism (galena- 
potassium M-amylxanthate-tannic acid).

Fig. 5.—Theoretical depressant salt concentration vs. pH 
curve (galena-potassium w-amylxanthate-tannic acidVpotas- 
siurn n-amyl xanthate =  20 mg./l.

Fig. 0. Theoretical depressant salt fw. pH curve (galena- 
potassium n-amvlxanlhate quehrarho(-potassium re-amyl- 
xanthate = 20 mg./l.

Fig. 8. Experimental data. (Fig. 2) plotted according to 
the single, site free acid adsorption mechanism (galena - 
potassium n-amylxarithate quebracho).
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T a b l e  I
H y d r o l y s i s  C o n s t a n t s  a n d  A d s o r p t i o n  C o n s t a n t s  f o r  

T a n n i c  A c i d , Q u e b r a c h o  a n d  r - A m y l  X a n t h a t e  ( A s 

s u m e d  i n  T h i s  P a p e r  f o r  P u r p o s e s  o f  C a l c u l a t i o n  a s  

O u t l i n e d  i n  t h e  T e x t )

D i s s o c i a t i o n  A d s o r p t i o n
S u b s t a n c e  G r o u p  c o n s t a n t  c o n s t a n t

T a n n i c  a c i d  C a r b o x y l  ( i ? d x)  1 . 3 2  X  1 0  (Ki)  1 . 8  X  1 0 12
1 s t  P h e n o l i c  ( X d , )  1 . 4 1  X  1 0 " »  (Kt) 1 . 8  X  1 0 «
2 n d  P h e n o l i c  ( .K d ,)  2 . 3 0  X  1 0 _1S

Q u e b r a c h o  C a r b o x y l  (Kdl) 6  X  1 0  “ 6 (K?) 1 . 5  X  1 0 13
1 s t  P h e n o l i c  (Kdi) 1 X  1 0  " »  (A ’ s)  3 . 5  X  1 0 9
2 n d  P h e n o l i c  (K&t) 4  X 1 0 * “

N - A m y l  x a n t h a t e  (K&) 4 . 5  X  1 0 " «  (JC i) 1 . 5  X  1 0 1*

employed.12 Figures 5 and 6 are theoretical de
pressant vs. pH curves according to equation (13). 
The circles are data taken from Figs. 3 and 4. 
In Fig. 6 the solid circles indicate data obtained by 
extrapolation of the experimental data for the 
pH value indicated. The agreement between the 
experimental data and theory indicates the validity 
of the proposed free acid depressant mechanism for

tannic acid and quebracho. In Fig. 5 the disagree
ment between theory and experimental data at pH 
12 may be largely corrected by increasing the value 
of K d ,. In fact, such an increase in the magnitude 
of this constant is indicated by the author’s value 
of the dissociation constant for the second phenolic 
group of the quebracho tannins.

In order to test all the data obtained in these 
two studies, it'is necessary to employ a logarithmic 
form of equation (10), i.e.
log X, ((HX) -  (HXo)) = log (X 2(HD,) +  X 3(HD2))

(15)

According to equation (15) a straight line with a 
slope of unity passing through the origin should be 
obtained. Figures 7 and 8 show such plots using the 
date in Figs. 1 and 2. Only the data on the initial 
linear portion of the curves have been considered 
in this analysis. The excellent agreement between 
theory and data shown in Figs. 7 and 8 apparently 
substantiates the proposed mechanism of the de
pressant action of tannic acid and quebracho.

THE ROLE OF ADSORPTION IN THE REDUCTION OF ORGANIC MERCURY 
C OMPOUNDS AT THE DROPPING MERCURY ELECTRODE

By Ruth E. Bknesch and Reinhold Benesch 
Department of Experimental Medicine, Northwestern Università Medical School, Chicago, Illinois

Received June 27, 1961

It, has been shown that the product resulting from the addition of one electron to certain organic mercury compounds is 
adsorbed at the dropping mercury electrode. The number of molecules adsorbed per unit area has been determined by 
several methods and the results were found to be in good agreement.

Introduction
It has been shown previously1 that organic mer

cury compounds are reduced in two single electron 
steps at the dropping mercury electrode. The 
following reduction mechanism was proposed

RHgOH +  H+ +  e — RHg- +  H20 (1)
RHg- +  H+ +  e — > RH +  Hg (2)

Although this scheme was in agreement with most 
of the experimental facts, a number of observa
tions could not be explained on the basis of this 
interpretation alone: (1) The wave-like irregulari
ties on the first reduction wave above certain con
centrations (F.g. 1). (2) The appearance of severe
irregularities on the diffusion plateau of the first 
wave above certain concentrations, e.g., 4 X 10-4 
M  in the case of phenylmercuric hydroxide (Fig. 2).

It was suspected that these phenomena might be 
due to adsorption of the organic mercury com
pounds or their reduction products at the surface 
of the mercury drop. Although surface active 
compounds are used widely in polarography for the 
suppression of maxima, cases in which the same 
compound is both surface active and electroactive 
have only rarely been encountered. One such 
example is methylene blue which was studied by 
Brdicka2 who, on the basis of these investigations,

( 1 )  R .  B e n e s c h  a n d  R .  E .  B e n e s c h ,  J. Am. Chem. Sot., 7 3 ,  3 3 9 1  
( 1 9 5 1 ) .

( 2 )  R .  B r d i c k a ,  Z. Elektroehem., 4 8 ,  2 7 8  ( 1 9 4 2 ) ,

developed a general theory of polarographic ad
sorption waves.3 In the reduction of methylene 
blue a portion of the wave is shifted to more 
positive potentials forming a “ pre-wave.”  This 
was ascribed to the adsorption of the reduction 
product, leuco methylene blue, at the electrode 
surface, so that the activity of the product is 
diminished by the free energy of adsorption. The 
height of this pre-wave is limited by the surface 
area of the mercury drop and therefore tends 
toward a constant value as the concentration is 
increased.

Experimental
The apparatus and methods used were essentially the 

same as those previously described.1
The following experiments were carried out to determine 

whether the wave-like irregularity on the first wave (Fig. 
1) was, in fact, a pre-wave caused by the adsorption of 
reduction products on the mercury surface:

(1) Variation of the Height of the Pre-Wave (4) with 
Concentration.—For these experiments the poiarograms 
were spread over a narrow voltage span, e.g., 0.5 volt (Fig. 
3) so that sufficient separation of the pre-wave from the 
diffusion wave was obtained to permit accurate measurement 
of the height of the former. The results in Fig. 4 show that 
the height of the pre-wave varies logarithmically with con
centration as would be expected for an adsorption wave.

(2) Variation of 4 with the Height of the Mercury 
Reservoir above the Capillary Orifice (ft).—It is evident from 
the Ilkovic equation that the height of a diffusion wave (4 ) 
should vary with the square root of the height of the mer-

( 3 )  R .  B r d ic k a ,  Collection Czechoalov. Chem. C o m m u n 1 2 ,  5 2 2  
( 1 9 4 7 ) .
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Fig. 1.—Polarograms of phenyl mercuric hydroxide at various concentrations: A, 0.5 X 10 •* M ; B, 1.0 X H) 1 M ; C, 
2.0 X 10~4 M ; D, 3.0 X 10~4 M . Britton-Rohinson buffer, 5 X 10-2 M , pH 5.0. KNOa, 1 X 10 1 M . All curves 
started at +0.2 volt.

cury reservoir above the capillary orifice (ft'A). On the 
other hand, it can easily be shown2 that the height of an 
adsorption wave (e .g ., a pre-wave) should be directly pro
portional to h. As can be seen from Table I, experiments 
in whigh the height of the mercury reservoir was varied over 
a wide range yielded essentially constant values for u/h'/i

and faA , but not ii/h and 4A 'A . This again permits the 
conclusion that the pre-wave is indeed caused by adsorption.

(3) Effect of Temperature.—The temperature coefficient 
of the wave height provides another means of distinguishing 
between diffusion and adsorption waves, since the tempera
ture coefficient of a diffusion current is generally about 1.0%

Fig. 2.—Effect of gelatin on the irregularities: upper polarogram: 
CoiljIlgOH, 5 X 10~4 M ; Britton-Robinson buffer, 5 X 10-2 M , 
pH 5.0; KNOj, 1 X 10 1 M . Lower polarogram: as above plus 
0.01% gelatin.
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+0.15 +0.10 +0.05 0 —0.05 —0.10 —0.15 —0.20
E  (volts).

Fig. 3.—Effect of concentration on the height of the pre
wave: Britton-Robinson buffer, 5 X 10 “2 M , pH 5.0; 
KNO», 1 X 10“ 1 M ; C6H6HgOH: A, 2.00 X 10~4 M ;  
B, 3.00 X 10~ * M;  C, 5.33 X 10_4 M ;  D, 10.00 X 10“4

per degree, while that of an adsorption current is negligibly 
small. It was found that the temperature coefficient of the 
diffusion current was 1.6% per degree, while the height of 
the pre-wave has no significant temperature coefficient 
between 0 and 6£°. This clearly demonstrates that the 
height of the pre-wave is not limited by diffusion and is 
compatible with the hypothesis that the pre-wave is due to 
adsorption.

T a b l e  I
E f f e c t  o f  t h e  H e i g h t  o f  t h e  M e r c u r y  R e s e r v o i r  o n  

W a v e  H e i g h t s

C6H5HgOH, 3 X 10 “ 4 M ;  Britton-Robinson buffer, 5 X 
10“ 2 M ,  pH 5.0; KNOs, 1 X 10_I M

/ ¡ ( c m . ) A1/ * i'aOxa) t 'a /A ijh '/ t id  ( /¿ a ) i d / A 1/ * i d / A

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

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

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

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

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

the surface active agent. Thus Kolthoff and Barnum4 
found that the reduction wave of cystine was distorted in the 
presence of camphor in such a way that the upper portion 
of the wave was shifted to more negative potentials. As the 
concentration of camphor was increased, the whole wave 
was shifted to more negative potentials until, in saturated 
solutions of camphor, the cystine wave was displaced by as 
much as one volt to the potential at which camphor is de
sorbed from the mercury surface.

The occurrence of a pre-wave on the first reduction wave 
of the phenylmercuric compounds indicates that it is the 
product of this first reduction which is adsorbed at the 
mercury surface. This is also borne out by the electro
capillary curves to be discussed later. Interference with the 
waves of other ions would therefore be expected in the range 
of potentials between the end of the first and the beginning 
of the second wave, i.e ., between about —0.1 and —0.8 
volt. Lead and cadmium were therefore chosen since their 
half-wave potentials are —0.4 and —0.6 volt, respectively, 
under the conditions used.

When a solution which was 2 X 10 “4 M  in cadmium chlo
ride and phenylmercuric hydroxide wras electrolyzed in 
Britton-Robinson buffer at pH 5.0, the polarogram shown in 
Fig. 5 was obtained. It is clear that the cadmium wave is 
severely distorted so that only a small portion of it occurs at 
the usual potential, while the rest is continuous with the 
second reduction wave of phenylmercuric hydroxide. The 
effect on the lead wave was studied at pH 4.1 in 0.05 M  
acetate buffer with 3 X 10 “ 4 M  phenylmercuric hydroxide 
and lead nitrate. The polarograms in Fig. 6 show that the 
reversible lead wave has become distorted in the presence of

C X 104.
Fig. 4.—Relation between the height of the pre-wave and concentration: Britton-Robinson buffer, 5 X 10~2 1/ pH 5 0-

KN03, 1 X 10-i M  ’

(4) Effect of Phenylmercuric Hydroxide on the Reversi
ble Reduction Waves of Cadmium and Lead.—When the 
dropping mercury electrode is coated with a surface active 
substance, some interference with the electrode reactions of 
other substances occurs, depending on the concentration of

the organic mercury compound and its half-wave potential 
shifted by 60 millivolts. These observations on the reversi-

( 4 )  I .  M .  K o l t h o f f  a n d  C .  B a r n u m ,  J. Am. Chem. Soc. 6 3 ,  5 2 0  
H 9 4 1 ) .
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+0.2 0 -0.2 -0.4 —0.6 -0.8 -1.0 -1.2 -J.4
E (volts).

Fig. 5.—Effect of phenylmercuric hydroxide on the re
duction wave of cadmium: solution B: CdCh, 2 X 10~4 M ; 
C6H5HgOH, 2 X 10 ~4 M ; Britton-Robinson buffer, 5 X 
10_2M, pH 5.0; K N 03, 1 X 10-1 M . Solution A: identi
cal with solution B but without CeHsHgOH.

ble cadmium and lead waves effectively demonstrate that the 
product of the first reduction of the phenylmercuric com
pounds is adsorbed on the dropping mercury electrode.

(5) Effect of Organic Mercury Compounds on the 
Electrocapillary Curve of Mercury.—Determination of the 
electrocapillary curves of mercury in the presence of organic 
mercury compounds were made on oxygen-free solutions of 
the compounds in Britton-Robinson buffers. The curves 
obtained with several concentrations of phenylmercuric 
hydroxide at pH 5.0 and 9.0 are shown in Fig. 7. Several

conclusions can be drawn from these curves: (a) The inter
facial tension is lowered progressively by increasing con
centrations of these compounds, (b) Increase of the con
centration above 3 X 10 “ 4 M  has no further effect on the 
interfacial tension. This may be compared with the curve 
relating the height of the pre-wave to concentration (Fig. 4) 
which flattens off at about the same concentration, (c) 
The range potentials over which the interfacial tension is 
lowered is more positive at pH 5.0 than at pH 9.0. This is 
well correlated with the shift of the reduction waves to more 
positive potentials with increasing hydrogen ion concentra
tion. Furthermore, as can be seen from Fig. 8, there is a 
particularly striking correlation between the course of the 
second wave, i.e ., the complete destruction of the organic 
mercury compound to benzene and mercury, and the return 
of the drop times to normal values. The effect on the drop 
time is therefore limited to potentials at which the product 
resulting from the addition of one electron to the organic 
mercury compound is present at the electrode surface.

From all these lines of evidence it becomes clear that the 
pre-wave is indeed an adsorption wave. Adsorption there
fore plays an important role in determining the polarographic 
behavior of organic mercury compounds. The previously 
postulated mechanism for the electroreduction of these com
pounds must thus be reinterpreted in the light of these 
findings. The reduction may then be pictured as follows:

As a result of the addition of the first electron to the 
organic mercury compound, RHg-free radicals are formed 
and this process is responsible for the formation of the first 
reduction wave. A portion of these radicals, limited by the 
surface area of the mercury, is adsorbed on the electrode, 
giving rise to the pre-wave. The free radicals then dispropor
tionate to R2Hg ( via the unstable intermediate RHgHgR) 
which coats the.electrode up tc the potential at which, with the 
formation of the second reduction wave, the organic mercury 
compound is fully reduced with the addition of another 
electron.

An explanation can now be given for the severe irregulari
ties which appear on the diffusion plateau of the first wave of 
the unsubstituted phenylmercuric compounds at concentra
tions greater than 3 X 10 ~4 M . This phenomenon is un
doubtedly due to the coating of the electrode by the insol
uble diphenylmercurv. This interpretation is supported

x----- x= SUPPORTING ELECTROLYTE

E  (volts).
Fig. 6.—Effect of phenylmercuric hydroxide on the reduction wave of 

lead: Solution B: Pb(NOs)2, 3 X 10“ 4ikT; CeH6HgOH, 3 X 10“4 M ; ace
tate buffer, 5 X 10-2 M , pH 4.1; KN03, 1 X 10 1 M . Solution A: Iden
tical with solution B but without C6H6HgOH.
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+0.2 -0.2 -0.6 -1.0 -1.4 -1.8
E  (volts).

Fig. 7.-—Electrocapillary curves in the presence of phenyl- 
mercuric hydroxide: Supporting electrolyte, Britton-
Robinson buffer, 5 X 10“2 M ; KN03, 1 X 10“ 1 M ; upper 
curves, pH 9.0; lower curves, pH 5.0. □ , supporting elec
trolyte; O. 1 X 10“4 M phenylmercuric hydroxide; X , 2 X  
10 “ 4 M  phenylmercuric hydroxide; A, 3 X 10“4 M  phenyl- 
mercuric hydroxide; + , 5 X 10“4 M  phenylmercuric hy
droxide.

by the following facts: (a) The irregularities are sharply 
confined to the diffusion plateau of the first wave, i.e ., to 
the range of potentials over which the electrocapillary curve 
shows clear evidence of adsorption (Fig. 2). (b) They are
observed only in the case of the unsubstituted phenylmer
curic compounds where insoluble diphenylmercury is formed, 
but not in the case of p-chloromercuribenzoic acid, the dimer 
of which is soluble.

The detailed investigations on adsorption phenomena 
reported above, were carried out with phenylmercuric 
hydroxide. Pre-waves were, however, also observed on the 
first reduction weaves of 0- and p-chloromercuribenzoic acid 
as well as Mersalyl in alkaline solution. Drop time meas
urements in the presence of these compounds also gave 
clear evidence of adsorption. As would be expected, no 
pre-wave was discernible on the two-electron wave of Mer
salyl in acid solution, since in this case the reduction pro
ceeds without the intermediate formation of free radicals.

Calculation of the Number of Molecules Adsorbed 
per Unit Area of Mercury Surface

(1) Direct Calculation from the Height of the
Pre-Wave.—The number of adsorbed molecules 
reduced per second is iJnF. The rate of increase 
of the mercury surface is 0.85 cm.2/sec.5
Hence the number of moles adsorbed per cm.2 is

z =  la/rtF 0.85 rn}h l-'h

On substitution of the following values: fa =
5.2 X  10“ 7 amp. (highest value in Fig. 4), n — 1, 
m =  2.54 X 10“ 3 g. per sec., t =  3.54 sec. per drop, 
the maximum number of adsorbed molecules is 
z — 5.2 X  10“ 10 mole cm.“ 2 =  3.1 X 10u molecules 
cm.“ 2, and the area occupied per molecule is 32 A.2

The corresponding values for Mersalyl are: 
fa =  1.5 X 10“ 7 amp. (Fig. 4), m =  2.54 X  10“ 3 
g. per sec., t =  3.70 sec. per drop. Therefore z =
1.53 X 10“ 10 mole cm.-2 =  0.92 X 1014 molecules 
cm.“ 2, and the area per molecule is 109 A.2.

(2) Calculation from the Langmuir Adsorption 
Isotherm.— In order to avoid the rather arbitrary 
choice of a limiting value for fa, the results were 
extrapolated according to the Langmuir adsorption 
isotherm

x/m =  kzc/( 1 +  he) or 
c/(x/m) =  \/hz +  c/z

where x =  number of moles adsorbed/cm.2, m =  
area^of surface in cm.2, c =  concentration of ad-

x ------ x= SUPPORTING ELECTROLYTE

Fig. 8.—The effect of phenylmercuric hydroxide on the electrocapillary 
curve of mercurv: C6H5HgOH, 3 X 10"J M ; acetate buffer, 5 X 10"2df, 
pH 4.1; KN03, 1 X 10 “1

.Another unusual phenomenon, i.e ., the shift of the second 
reduction wave to more negative potentials with increasing 
concentration, has previously been ascribed to a competition 
between reduction and dimerization of the free radicals 
formed in the first reduction step.1 Since adsorption of the 
free radicals on the mercury surface would tend to favor their 
dimerization, this argument receives further support from 
the additional facts reported here.

sorbable substance in the solution, z — maximum 
number of moles adsorbed/cm.2, 1c =  adsorption 
coefficient.

Although the concentration of adsorbable mole
cules (RITg- radicals) is not directly known, it is

(.r0 IJ.Jnk.ov ic, C u lle c t t  un  C z ech o a lo v . ( ’ h em . C o in  /nun a., 6, 4 9S (ly3-J).



May, 1952 O r GANOMERCURIC RED U CTIO N  AT THE D R O P P IN G  M E R C U R Y  ELECTRODE 653

related to the concentration of clectroactive sub
stance (e.g., phenylmercuric hydroxide) by the 
proportionality factors of the Ilkovic equation. 
The concentration of phenylmercuric compound in 
the solution can therefore be used for c in the above 
equation, provided it is corrected for the amount 
removed from the solution by adsorption.3 * * 6 This 
was done by multiplying the concentrations by 
(id ~  ia)/id ■ x/m, as has been seen above,6 is 
equal to iJ n F  0.85 The results for
phenylmercuric hydroxide are shown in Fig. 9. 
The value obtained for z is 6.0 X  10-10 mole per 
cm.2-7 which corresponds to an area of 28 A.2 per 
molecule. This may be compared with the area of 
32 A.2 obtained above.

Fig. 9.—Relation between i a and concentration plotted 
according to the Langmuir adsorption isotherm: C611 v
HgOH; Britton-Robinson buffer, 5 X 10 ~2 M , pH 5.0; 
KNOj, 1 X 10"1 M .

(3) Calculation from the Gibbs Adsorption Iso
therm. —The number of molecules adsorbed was 
also calculated from the Gibbs adsorption equation. 
The drop times were determined as a function of 
concentration at —0.50 volt versus the saturated 
calomel electrode, since at this potential the con
centration of unreduced phenylmercuric compound 
is zero and any adsorption can therefore be due 
only to the reduction product. The concentra
tions in the. solution were corrected for depletion 
by adsorption as explained above. The results 
which are shown in Fig. 10 contain the values from 
two separate experiments to illustrate the repro
ducibility of the drop times. The best slope of the

( 6 )  T h e  n e c e s s i t y  f o r  t h is  c o r r e c t i o n  w a s  k i n d l y  p o i n t e d  o u t  b y  P .  
K i v a l o  a n d  l i .  A .  L u i t i n e n .

(7 )  T h e  s a m e  v a l u e  w a s  o b t a i n e d  b y  e x t r a p o l a t i n g  the r e s u lt s  a c 
c o r d i n g  t o  t h e  m e t h o d  o f  S o a t c l i a r d .8

(8) Cl. Scatrhard, A n n . N . A ca d . S c i .. 51, (»00 ill) 10).

4.0 .

3.4 -

—5.5 —5.0 —4.5 —1.0 —3.5
I'Jg c.

Fig. 10.—Variation of drop time with concentration: 
(AHJIgOIl; Britton-Robinson buffer, 5 X 10“ 2 M , pll 
5.0; KNOk, 1 X 10->*.

straight line portion, corresponding to concentra
tions of phenylmercuric hydroxide from 0.75 
X 10 4 M  to 2.50 X J O '1 M, was calculated by
means of the regression equation 

Sxy
y = y - S x > ( x - x)

The equation of the line was thus found to be 
t = 2.14 -  0.37 log c

The interfac.ial tension between mercury and 
water in the complete absence of oxygen is 427 
dynes cm.“ 1.9 The drop time under these condi
tions was 4.03 seconds per drop. In view of the 
narrow limits of variation encountered, the correc
tion factor for the conversion of drop time to surface 
tension is negligible.10 Therefore

= -0.37 Xd log c 4.03
and

r  = 6.8 X 10-10 mole cm.' 2 11 
This value may be compared with: (!) 5.2 X 10~10 
mole/cm.2 from the “ maximum” height of the 
pre-wave. (2) 6.0 X  10~10 mole/cm.2 from the 
Langmuir adsorption isotherm. (3) 6.0 X 10~10 
mole/cm.2 from a molecular model of RHg-. This 

•was drawn to scale and the area measured with a 
planimeter. It is clear that all these values are in 
good agreement.

In conclusion it may be pointed out that the 
special advantages of the polarographic method in 
the study of adsorption phenomena are its relative 
experimental simplicity, its applicability to un
stable molecules, such as free radicals, and the fact 
that the adsorbable substance is formed right at 
the surface of the adsorbing interface, so that 
diffusion toward that surface is not a limiting 
factor. The method is, however, limited to 
substances which are both electroactive and surface 
active and can, of course, only be applied to adsorp
tion studies at a mercurjr/water interface.
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Infrared analysis of the ion-exchangers; Zeo-Karb, Amberlite llt-1, Amberlite 1R-100, Dowex-30 and Dowex-50, has 
established the presence of sulfonic acid groups in all of them and the presence of O—H groups, C =C  groups and para groups. 
The O—II groups may be phenol groups but the evidence is not definite. The evidence for carboxyl groups in Zeo-Karb is 
also not beyond question. There is a structural similarity for Zeo-Karb, Amberlite IR-1 and Amberlite IR-100.

Introduction
The functional groups in cation exchange adsorb

ers and their source materials have been discussed 
in several papers.M-19 The presence of these 
groups has been generally inferred from the method 
used to prepare the exchanger. The identification 
of the functional groups by extracting the exchanger 
with solvents, such as ether, benzene, dioxane, and 
ethylene glycol has been tried but very small 
amounts of material were obtained. Sodium hy
droxide solution and destructive distillation applied 
to the solid exchangers cause degradation and con
densation that produce substances of uncertain re
lation to the original substances.

The interaction of infrared rays and matter can 
be recorded20 as curves on coordinate paper, plot
ting wave length in microns versus absorption as 
optical density, log I0/I, and many types of bonds 
have a maximum absorption at particular wave 
lengths that are characteristic of them. This pa
per describes and discusses the use of infrared spec
troscopy for the study of the functional groups o f; 
Zeo-Karb, Amberlite IR-1, Amberlite IR-100, 
Dowex-30 and Dowex-50.

Experimental
A. Materials.—Measurements were made with a Beck

mann infrared spectrophotometer model IR-2. Samples of 
the exchanger with adsorbed hydrogen ions or other cations 
were prepared as air-dried 20-40 mesh material.

The air-dried samples of the exchanger with adsorbed cat
ion were ground to a fine powder in an agate mortar and then 
sufficient nujol was added to obtain a thin paste. The paste 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

(1) Harpur College, Endicott, New York.
(2) Merrimack College, Andover, Mass.
(3) E. I. Akeroyd and G. Broughton, T his Jouhnai,, 42, 343 (1938).
(4) W. C. Bauman and J. Eichhorn, J. Am. Chem. Soc., 69, 2830 

(1947).
(5) H. E. Blaydon, .1. Gibson and 11. L. Riley, “ The Ultra Fine 

Structure oi Coals and Cokes," British Coal Utilization Research As
sociation, 1946, pp. 18, 176, 232.

(6) K. Bolton, J. Chem . Soc., 252 (1942).
(7) W, A. Bone, et al., Proc. Roy. Soc. {London), A110, 537 (1926); 

A127, 481 (1930); A148, 492 1,1936).
(8) Dept. Sci. Ind Res. British Fuel Res. Board Rept., No. 51 (1938).
(9) J. F. Duncan and B. A. J. Lister, J. Chem . Soc. ,  3285 (1949).
(10) F. Fischer, and H. Schrader, Brennstoff Chem ,, 2, 37 (1921).
(11) W. Fuchs, F u e l,  25, 132 (1946).
(12) Fuel Research Board Reports, No. 935-939.
(13) R. Houwink, “ Elasticity, Plasticity and Structure of Matter," 

Cambridge University Press, 1937,
(14) U . Hofman, T ra n s . F a rad ay  Soc., 34, 1017 (1938).
(15) H. C. Howard, T h is  J o u r n a l , 40, 1103 (1936).
(16) R. J. Myers J. W . Estes and F. J. Myers, In d .  E n g . Chem., 

42, 697 (1951).
(17) R. G. Randall, M. Benger and C. M. Grooock, Proc. Roy. Soc., 

(London), A166, 432 (1938).
(18) N. E. Topp and K. W. Pepper, J. Chem. Soc., 3299 (1949).
(19) H. F. Walton, J. F ra n k  Inst., 232, 305 (1941).
(20) H. F. Walton, T his Jou rn al , 47, 371 (1943).

was suspended in carbon tetrachloride and transferred to a 
plate of silver chloride. A thin, adherent film of solid ex
changer in nujol was produced when the carbon tetrachloride 
evaporated and the film was dried over phosphorus pentoxide.

B . Infrared Spectra (1) Nujol.—The spectra from a thin 
film of nujol on a silver chloride plate are represented by curve 
1, Fig. 1.

(2) Pure Carbon.—The spectra of pure sugar charcoal 
was obtained for comparison purposes. This is shown in 
curve 2, Fig. 1. The spectra from a sample of the sugar 
charcoal that had been in contact with 0.1 A  ferric chloride 
solution more than 24 hours is shown in curve 3, Fig. 1.

(3) p-Toluenesulfonic Acid.—A film of p-toluenesulfonie 
acid wras prepared by placing 1 ml. of a 10% solution of p- 
toluenesulfonic acid in water on a silver chloride plate and 
evaporating the water over phosphorus pentoxide. A film 
of the sodium salt of p-toluenesulfonic acid was similarly 
prepared. The spectra of these films are curves 1 and 2, 
respectively, Fig. 2.

(4) Exchange Adsorbers.—Films of hydrogen Zeo-Karb 
were prepared from a paste obtained by grinding hydrogen 
Zeo-Karb in water without nujol and from a paste obtained 
by grinding hydrogen Zeo-Karb in nujol. The spectra from 
these films are curves 1 and 2, respectively, Fig. 3. Curve 
2A of Fig. 3 was prepared with an extrapolated base line 
and shows the approximate absorption due only to specific 
bonding.

The sodium form of Zeo-Karb was prepared by passing a 
0.1 M sodium chloride solution at pH through the hydrogen 
form of the Zeo-Karb until equilibrium was attained. The 
spectra from a film prepared from water only is shown by 
curve 1, Fig. 4. The spectra from a film prepared with nu
jol, is shown in curve 2, Fig. 4, and the same spectra without 
the background is curve 2 A, Fig. 4.

The spectra from films of the hydrogen form of Amberlite 
IR-1, Amberlite IR-100, Dowex-30 and Dowex-50, without 
the background, arc shown in the labeled curves of Fig. 5.

Results and Discussion
The absorption wave lengths that might be ex

pected in the materials studied are in Table I .21
T a b l e  I

W a v e  L e n g t h s  o f  A b s o r p t i o n  B a n d s

W a v e le n g th s , ¡i g r o u p s W a v e  le n g t h s ,  fi g r o u p s
2 . 7 0 - 3 .3 5 O H : s t r e tc h in g 3 . 2 0 - 3 .3 5 C — H : a r o m a t ic
3 . 0 5 - 3 .7 0 O H : s t r e tc h in g 3 . 3 5 - 3 .6 0 C — H : sa tu ra te d
5 . 4 0 - 6 .0 5 C = 0 :  s tr e tc h in g 5 . 8 0 - 6 .0 0 C = 0 :  c a r b o x y l ic
5 . 9 0 - 6 .3 5 C = C :  s t r e tc h in g 6 . 1 5 - 6 .4 5 C = 0 :  io n iz e d  a c id
6 . 8 0 - 7 .7 0 C — H : b e n d in g 5 . 8 0 - 6 .0 5 C = 0 :  a r o m a t ic
6 . 9 0 - 8 .3 5 O — H : b e n d in g k e to n e
7 . 7 0 - 1 1 . 1 0 C — O : s tr e tc h in g 6 . 1 5 - 6 .3 5 C = C :  a r o m a t ic
8 . 3 5 - 1 2 . 5 0 C — C : s tr e tc h in g 6 . 8 0 - 7 .0 0 C — H : m e th y l
2 . 7 0 - 3 .1 0 W a t e r  b a n d 6 . 9 0 - 7 .1 5 C — H : m e th y le n e
6 . 0 5 - 6 . 5 0 C a r b o n  d io x id e  b a n d 7 . 1 5 - 7 .4 0 C — H : m e t h y l  or
2 . 7 0 - 2 .8 5 O — H : p h e n o lic  o r  a l- m e th y le n e

c o h o l ic ,  n o n -b o n d e d 7 . 9 5 - 8 .7 0 S u lfo n ic  a c id  o r  s i
2 . 7 0 - 3 .2 0 O — H : p h e n o lic  o r  a l- f e n a t e  io n

c o h o l ic ,  h y d r o g e n - 8 . 8 5 - 9 . 1 0 P a ra  g r o u p in g
b o n d e d 9 . 1 5 - 9 .9 0 S u lfo n ic  a c id  o r  s i

2 . 9 0 - 3 .2 5 O — H : s u lfo n ic  a c id
9 . 7 0 - 1 0 . 0 0

fo n a t e  io n  
P a ra  g r o u p in g

(21) Barnes, Gore, Liddel and Williams, "Infrared Spectroscopy, 
Industrial Applications,” Reinhold Publishing Corp., New York, 
N. Y ., 1944.
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Fig. 1.—Absorption curves: curve 1, nujol; curves 2 and 3, 
sugar charcoal.

Absorption bands may be shifted in wave length 
by the presence of other bands.

The absorption spectra of nujol as curve 1, Fig. 1, 
shows absorption bands for C-H  at X 3.25, for 
-C H 3, -C H 2-  at X 7.00 and for C-CH 3 at X 7.35.

Microns.
Fig. 2.—Absorption curves: curve 1, p-toluenesulfonic acid; 

curve 2, sodium p-toluenesulfonate.

Fig. 3.—Absorption curves for hydrogen Zeo-Karb.

Only these three very distinct maxima occur for 
nujol.

The spectrum of sugar charcoal was obtained to 
have a knowledge of the possible background ab
sorption and scattering of the exchanger. Zeo- 
Karb is prepared by treating coal with sulfuric acid 
and the other exchangers studied are from poly-

Microns.
Fig. 4.—Absorption curves for sodium Zeo-Karb.
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Fig. 5.—Absorption curves: curve 1, hydrogen Ambcrlitc 
IK-1; curve 2, hydrogen Amberlitc IK-100; curve 3, hydro
gen Dowcx-30; Curve 4, hydrogen Dowex-50.

mers consisting mainly of carbon with small 
amounts of hydrogen, oxygen and sulfur. The 
two curves for charcoal in Fig. 1 show no signifi
cant maxima and no particular difference indicating 
the absence of bands absorbing in the wave length 
region studied. Also, oxidation of the charcoal 
with ferric ions produced no evidence of special 
bonding caused by oxidation.

At the time this study was made, no absorption 
wave lengths were obtainable from published 
works for sulfonic groups. The curve for p-toluene- 
sulfonic acid was therefore obtained for comparison 
purposes. The curve in Fig. 2 shows a wide band 
for 0 -H  merging into the band for C-H  in the re
gion of three microns; a weak band for methyl C-H 
at 7.00 arid at 7.20; a strong band for sulfonic at
8.55 and 9.65: and a strong band due to para 
grouping at 9.00 and at 10.00. The curve for the 
sodium salt of p-toluenesulfonic acid in Fig. 2 show 
all the bands present in curve 1, Fig. 2. Here the 
C-H  absorption at 3.25 is distinct since the small
O-H absorption at 2.80 is due to impurity. Par
ticularly to be noticed is the much stronger ab
sorption at 8.50 as compared with absorption at 
other wave lengths.

A consideration of the curves for nujol, charcoal 
and numerous curves for exchangers indicated that 
an accurate base line could not be constructed for 
the proportions of nujol and exchanger. An ap
proximation can be made by extrapolation, consid
ering the relative heights of the absorption maxima. 
The variations in the wave lengths of the maxima, 
are probably caused by the influence of the dispers
ing agent and restricted motion such as hydrogen 
bridges. Many methods were tried to prepare a

pH.
Fig. 0.—Cation capacity versus pH: curve 1, Zeo-Karb;

curve 2, Amberlite IK-100; curve 3, Dovvex-50.

film of solid only, but without success and the few 
curves shown represent many obtained.

The curves for hydrogen Zeo-Karb, prepared by 
two methods, are curves 1 and 2, Fig. 3. Curve 
2A was prepared with an extrapolated base line 
from curves 1 and 2 and shows the approximate ab
sorption due only to specific bonding.

These curves show a strong band for O-H at 2.90 
indicating extensive hydrogen-bonding since it ex
tends into the C-H  band at 3.30. Also found is a 
band at 5.90 which could be ketonic or carboxylic 
C = 0  or both. This is seen to shift for the main 
part in the presence of nujol to a wave length of 6.35 
indicative of ionized acid. The absorption at 8.7 
and 9.7 are obviously due to sulfonic acid. The peak 
at 8.3 is probably due to a split in the peak at 8.7.

The curves for the sodium form of Zeo-Karb 
are in Fig. 4. Curve 1 is for the sample prepared 
in water and curve 2 is for the sample prepared in 
nujol. Curve 2A is curve 2 without the back
ground. The maxima for the hydrogen Zeo-Karb 
are present in these curves. The sharp O-H peak 
at 2.80 strongly indicates noil-bonded phenol, since 
carboxylic and sulfonic O-H should be missing at 
this pH and moreover absorb above this wave 
length to give a wider band as does water. The 
C— O peak at 6.30 agrees with the ionized carboxyl 
postulated in the hydrogen form. There is some 
indication of ketonic C = 0  at 5.90. Again the 
sulfonic absorption is present.

The inconclusive identification of the phenol 
group led to a t itration of the hydrogen Zeo-Karb 
with 0.1 N  sodium hydroxide solution. The very 
slow rate of reaction at pH greater than three made 
this unreliable for an accurate determination. 
However, the capacity of Zeo-Karb increases with
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increasing pH beyond the capacity calculated for 
the sulfonic acid groups in it. This is shown in 
curve 1, Fig. 6, and confirms previous work.20 
The capacities for Amberlite IR-100 and Dowex-50 
at several concentrations of hydrogen ions were 
measured for comparison and appear as curves 2 
and 3, respectively, in Fig. 6. These curves con
firm work reported10,18 since these results were 
obtained.

The curves for the hydrogen forms of Amberlite- 
IR-1, Amberlite IR-100, Dowex-30 and Dowex-50 
in Fig. 5, show the same maxima for bands that 
occur in the curves from hydrogen Zeo-Karb and 
sodium Zeo-Karb, indicating a similar structure.

The curves from Zeo-Karb and the Amberlites are 
very similar. The curves from the Dowex ex
changers arc characterized by their lack of bands 
for a C = 0  group and the more numerous and 
narrow absorption bands in the region of sulfonic 
acid and aromatic groups. The curves for p- 
toluenesulfonic acid and Dowex-50 are similar in 
the portion from X 8.0 to X 10.0. In the Amberlite 
exchangers, the absorption at 6.25 is probably due 
to aromatic C = C  rather than C = 0  since the 
latter should not be present according to the 
method of preparation.

This investigation was supported by a grant from 
the Abbott Fund of Northwestern University.

ADSORPTION OF OXYGEN ON SILVER
B y F. H. B uttner , E. R. Funk and H. Udin

Metal Processing Laboratory, Massachusetts Institute of Technology, Cambridge, Mass.
Received July 2, 1951

The surface tension of solid silver, measured by the weighted wire method, was found to be 1140 ±  90 dynes per centime
ter in the temperature range 870 to 945°. Measurements were made of the surface tension of solid silver in helium—oxygen 
atmospheres at several proportions and the surface tension was found to decrease linearly with the logarithm of the oxygen 
partial pressure. Using the data with the Gibbs adsorption isotherm indicate that oxygen chemisorbs to silver and that at 
932° there are approximately 1.4 atoms of oxygen adsorbed per silver atom at the surface. There is little or no adsorbed 
oxygen on this chemisorbed layer.

This paper compares the results of recent experi
mental determinations of the surface tension of 
solid silver in pure helium and in an atmosphere of 
controlled helium-oxygen mixtures. From such 
determinations the adsorption of oxygen oti silver 
is found.

Theoretical
The interfacial tension between two phases 

arises, according to Gibbs,1 from the fact that an 
excess energy exists at the interface between two 
phases. Gibbs proves that this energy is a partial 
function of the interfacial area. The defining 
expression for the interfacial energy, y, is then 

dF/dA = y
where DF/d/l is the rate of change of the free energy 
of the surface with changing surface area at con
stant temperature, pressure and composition of 
both phases. Gurney2 has clarified the relation 
between surface energy and surface tension and 
shown that as long as thermodynamic equilibrium 
obtains between the surface and bulk phases, the 
two are equal in magnitude, y  may be properly 
termed surface tension since the long times and 
high temperatures of the work reported here en
sures the required thermodynamic equilibrium.

Successful measurements of the surface tension of 
a solid metal were reported by Udin, Shaler and 
Wulff3 for copper. In their experimental pro
cedure the contractile forces resulting from the 
surface tension in fine copper wires were opposed 
by a dead load suspended from the wire. By using

(1) J. W . Gibbs, “ Collected W oi ks, ”  Vol. I, Longmans, Green and 
Go. New York, N. Y ., 1,931.

(2) It. W. Gurney, Proc. Ph.i/s. S(.c„ 358A, (»39 (1939).
(3) II. Udin, A. J. SI i alee and J. Wulff, Trans. A T  M E, 185, 18(1 

(191:9).

several wares each differently "weighted, the resulting 
creep strain in these wires at high temperatures 
could be followed as a function of the applied load. 
At low loads the greater contractile force of surface 
tension caused the wire to shrink, vliile at higher 
applied loads the sui'face tension v'as overbalanced 
and the wires elongated. From the strain versus 
load plot, the value of the load winch just balanced 
the surface tension was found.

For this balancing case, the sum of the surface 
tension forces acting along the wire axis must equal 
the applied dead load. The longitudinal force 
tending to shorten the wire is 2wry. But also a 
hoop stress, y/r, tends to decrease the radius and 
elongate the wire. The longitudinal component of 
this stress yields a force of —wry. The resultant 
contractile force is, by difference of these, wry 
dynes. Equating this ro the balancing dead load, 
w, then

V )  = i r r y  ( 1)

This analysis has assumed that the wire is a 
single crystal and that surface tension is isotropic 
with respect to surface orientation. But metallo- 
graphic examination of the specimens after a test 
showed that the wires were not single crystals, 
but were made up of many grains with grain bound
aries essentially perpendicular to the axis of the 
wire. Udin4 has made it clear that for a wire made 
up of these pancake grains, equation (1) must be 
modified for the energy of the grain boundaries. 
Each grain boundary, attempting to minimize its 
area, exerts a hoop stress on the wire, tending to 
elongate it. dims

to  — w r y  —  ( r i/ l )w ) '~  7g .i i.

(4) II. Udin, ibid.,. 189, G3 (1,951).

(2 )
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where ?j/l is the number of grain boundaries per unit 
length of the wire, and r is the radius. y e.b. is the 
grain boundary interfacial tension which Green- 
ough6 has shown and further experiments confirmed 
to be one-third the tension of the free surface. 
Rewriting and combining terms equation (3) 
becomes then

u> = wry (3)

For the special case of the wires in our experiments, 
n/l is 60 ±  10 grain boundaries per centimeter and 
r is 0.0065 centimeter, so that the equation used to 
evaluate surface tension from the balancing load is 
then

w =  7t?’y [0.87] (4)
w

7 ~~ Trr(0.87) (5)

The applied stress for zero strain is merely the 
balancing load divided by the cross-sectional area 
of a wire, so

y = o-e_or/0.87 (6)

where <re = o is the applied stress for zero strain.

Experimental
The techniques and procedures devised for copper were 

used to measure the surface tension of solid silver. The 
silver wire was 0.00508 inch in diameter and was drawn 
from a vacuum cast billet of high purity silver. Careful 
metallographic examination did not reveal interior flaws or 

inclusions in the wire either prior to 
or following a test. The gage marks, 
approximately 1 centimeter apart, 
were cut into each wire specimen by 

l  rotating the wire against the edge of 
two spaced razor blades in a jig espe
cially designed for this purpose. The 
weights were prepared by taking a 
length of this wire and melting it on a 
charcoal block. The end of the test 
specimen was thrust into the molten 
ball just as it solidified. In this way 
the weight was welded to the end of 
the wire. In all the runs 10 to 13 
wires were used with end weights rang
ing from 0 to 120 mg. 

i The wires were suspended from a 
' silver cell cover and then the array was 

carefully transferred to a cylindrical 
silver cell. The cover closed but did 
not seal the cell. The cell, shown in 

Fig. 1.—Silver cell Fig. 1, was then transferred to aplati- 
wit.h thermocouple num wound inconel tube furnace, 
well. This furnace has three independent

windings so that the temperature in a 
6-inch hot zone could be held uniform to ± 2  ° . A Tagliabue 
throttling pyrometer with manual droop compensation was 
used as a temperature control device.

The preliminary runs using this furnace were carried out 
in vacuum of 5 X 10“ 6 mm. at temperatures of 910 to 930°. 
The wires had so changed in diameter due to evaporation 
that no practical results could be obtained. All efforts to 
seal the wires more tightly in the cell while still leaving ac
cess to the vacuum chamber proved fruitless. The runs 
reported were therefore carried out in a purified helium atmos
phere. A helium flow of 3 cc. per second was maintained 
throughout the run. The helium was purified by passing 
it through an activated charcoal trap held at liquid nitrogen 
temperatures.

In order to ascertain the effect of various partial pres
sures of oxygen on the surface tension of solid silver, a con
trolled amount of oxjrgen produced in a gas coulometer was 
admitted into the metered helium stream. This mixture

was passed through a Dry Ice and acetone trap to remove 
any water vapor before entering the furnace, see Fig. 2.

Fig. 2.—Atmosphere control system: A, helium tank;
B, slight-flow meter; C, activated charcoal in liquid nitro
gen; D, calibrated orifice manometer; E, gas coulometer; 
F, dry ice-acetone trap.

Due to the manipulation required for mounting, the wires 
were often slightly bent and cold worked. An anneal treat
ment of a few minutes at 600° wras sufficient to allow 
straightening of the wires.

The specimens were ■washed in alcohol and ether to remove 
grease and dirt picked up from the air and returned to the 
furnace for a high temperature anneal. This anneal lasted 
one hour at 940°. The specimens were removed from the 
furnace after cooling and the gage length of each wire meas
ured with a vertical traveling microscope with a screw ac
curate to ±0.00015 cm. The array -was returned to the 
furnace for the run which lasted up to 116 hours for the 
lower range of the test temperatures and as short as 18 hours 
for the highest temperature of 932°. Upon cooling the 
wires ivere removed from the furnace and the gage length 
again measured. The weights vrere clipped off at the weld 
and weighed to ±0.1 mg.

It was always possible to count the number of grains in 
each wire after a test was completed. This can be done be
cause where the grain boundary meets the free wire surface 
an equilibrium of surface forces exists. The groove angle 
established at the grain boundary (see Fig. 3) is distinctly

r

GRAIN I

--------- rgb~ y r

GRAIN H

7
Fig. 3.-^Formation of surface groove angles.(■5) A. P. Greenough, Report to Ministry, No. 52, London.
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visible under diffuse oblique illumination at 50 magnifica
tions. These grooves are often visible even after the short 
940° anneal. A grain count on a number of specimens after 
the anneal and also after the test itself showed that the 
grain size established during the anneal remains essentially 
unchanged.

The surface tension for all runs was calculated from equa
tion 6. A straight line fits the data for stresses between 0 
and 4 X 10s dynes per cm.2. A least square calculation 
was used to determine the most probable stress at zero 
strain. The necessary but small correction (0.15 X 105 
dynes/cm.) to the ball weight for the weight of the wires 
between the lower gage mark and the weight was made.

T a b l e  I

Test
num
ber

Test
temp.,

°C.

Duration 
of test, 

hr.

Oxygen
partial

pressure
atmospheres

Log
oxygen
partial
pressure

Surface
tension,
dynes/

centimeter
22 938 18 Purified helium atmosphere 1110
23 941 29 Purified helium atmosphere 1150
24 923 18 Purified helium atmosphere 1190
25 906 26 Purified helium atmosphere 1265
26 923 36 Purified helium atmosphere 1115
27 907 50 Purified helium atmosphere 1210
28 907 108 Purified helium atmosphere 1215
29 Run lost
30 924 64.5 Purified helium atmosphere 1005
31 876 116 Purified helium atmosphere 1045
32 938 59.5 Purified helium atmosphere 1070
33 935 36 0 .2 - 0 . 7 350
34 922 35.5 .2 -  .7 560
35 912 46.5 .2 -  .7 610
36 Run lost
37 933 37.5 .1 - 1 500
38 932 31 .01 - 2 725
39 932 30 .001 - 3 800
40 932 21 .0001 - 4 1010
41 913 38 .01 - 2 525
42 913 40 .001 - 3 770
43 913 35.5 .0001 - 4 1080

A summary of the experimental results is presented in 
Table I. Two typical strain-stress plots are given in Figs. 
4 and 5.

Stress, dynes per cm.2
Fig. 4.—Strain-stress curves for Test No. 22.

Stress, dynes per cm.2
Fig. 5.—Strain-stress curves for Test No. 37.

Discussion of Results
Ten tests for surface tension of solid silver in a 

purified helium atmosphere were made at four 
different temperatures and various times. The 
average of the results is y  =  1140 ±  90 dynes per 
cm. for the range 875 to 932°.

There is a trend toward higher surface tension at 
lower temperature in accordance with theoretical 
considerations, but the expected increase in the 
range of test temperatures is less than the un
certainty of the data. Therefore, no temperature 
coefficient for surface tension is reported.

Figure 6 summarizes the results of ten tests for 
the surface tension of silver in helium-oxygen ad
mixtures. The data for 932 0 can be represented by

To, =  228 -  188 log Po2 (7)

This equation is valid between 0.2 and 0.0001 
atmosphere of oxygen and precise to ±80  dynes 
per centimeter.

o:
UJ

Fig. 6.—The oxygen partial pressure dependence of sur
face tension of solid silver. Straight line is least square plot 
for 932° points.

The amount of adsorption of oxygen on silver can 
be quantitatively related to the change in surface 
tension with the partial pressure of the surrounding 
gaseous phase by modifying the Gibbs Adsorption 
Isotherm. Although this equation has been used 
to find the adsorption of gases on liquid metals, 
it has never before been employed to find adsorp
tion of gases on solid metals. That it can be used, 
however, is without question.6

For a solvent-solute system the Gibbs equation 
is

r  = p r ( d c ) r  (8)
where T is the surface excess or deficit of solute, 
and C is the concentration of solute in the bulk

(6) N. K. Adam, “ The Physics and Chemistry of Surfaces,” Ox
ford University Press, London, 1941.
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phase. The concentration of oxygen in solid silver 
has been investigated by Sieverts and Hagenacker7 
and Steacie and Johnson.8 These workers confirm 
that Sieverts’ law holds for this system, i.e., that

c = K\/P (9)
Differentiating (9) and substituting values of c 
and dc into equation (8) gives for the surface in the 
oxygen-silver system

-  =  ~ 2 (  (1t— ^ (10)2.3RT \d log Po,/T ( '
The change in surface tension with the logarithm 

of oxygen panial pressure can be obtained from 
Fig. 6 and is —188. The surface excess at 930° is 
then

r = 1.98 X 1016 atoms oxygen/cm.J
This figure can be more easily visualized by con

verting it to an excess oxygen surface concentration 
in atoms of oxygen per atom of silver. Assuming 
a close packed arrangement on the surface, a (111) 
face of silver will have 1.4 atoms of oxygen adsorbed 
per silver atom. A (110) face will have 1.65 
atoms oxygen per silver atom. These values are 
uncertain by 15%.

The oxygen is undoubtedly chemisorbed to the 
silver surface. This conclusion is supported by the 
fact that the sorption is not, within the limits of the 
precision of the data, affected by a change in oxygen 
partial pressure.

While the adsorption isotherm gives the amount 
of adsorption, it says nothing about the form of the

(7) A. Sieverts and J. Hagenacker, Phys. Chem., 68, 125 (1000-10).
(8) E. W. R. Steacie and F. M. G. Johnson, Pror. Roy. &lor. 

(London), A112, 429 (1926).

layer. However, it is certain that the chemi
sorbed layer does not have the thermodynamic 
properties of bulk silver oxide since bulk Ag20  
could only exist at the test temperature at an oxy
gen pressure of 1.7 X 104 atmospheres. One may 
speculate about the decomposition pressure of the 
sui’face film by observing that the oxygen partial 
pressure at which the presence of the oxygen be
comes ineffective on the surface tension. Extra
polation of the line in Fig. 6 shows that in the 
vicinity of 10-6 atmospheres of oxygen the surface 
tension would become 1140, so that 10~5 appears 
to be a decomposition pressure of the surface film 
at 932°.

There have been uo previous studies of adsorp
tion of oxygen on silver at high temperatures re
ported in the literature. The results of this study 
are, however, in general qualitative with the results 
of Benton and Elgin9 who found that oxygen is 
chemisorbed on silver in the range 0 to 200°. Arm- 
bruster10 also studied the sorption of oxygen on 
silver and concluded that at 20° about 0.3 X 1015 
molecules of oxygen adsorbed to silver per square 
centimeter and that adsorption increases with 
temperature. Thus the work of Armbruster pro
vides an order of magnitude confirmation of the 
work presented in this paper.
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(9) A. F. Renton and J. O. Elgin, ./. Am. Chem. See., 51, 7 (1929).
(10) M. H. Armbruster, ibid., 64, 2515 (1942).
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The thermomolecular pressure ratio, the /¿-factor, of ethylene has been measured and found that it can be fitted to the 
nitrogen values whh the pressure shifting factor /  =  0.5. The vapor pressure of ethylene at 77.5 and 90 °K. has been meas
ured. The results of Tickner and Lossing on methane, ethylene and acetylene have been corrected for the /¿-factor. The 
corrected values can be represented by an equation log p = A — B/T. The constants A and B, and the applicable tempera
ture range for each gas are given. A method is suggested by which/, and therefore the R, factor of one gas can be estimated 
from that of another.

Recently, Tickner and Lossing re-examined the 
vapor pressure data of hydrocarbons by means of a 
mass spectrometer for the purpose of providing 
some reliable values.1'2 Their effort will be de
feated if the results so obtained are not corrected 
for the thermal transpiration effect. These authors 
being aware of such correction, used a connecting 
tube of large diameter (16 mm. i.d.), and contended 
that only the pressures below 0.01 mm. were un
certain. While it is so for some of the larger 
molecules, it is not so in the cases of methane and

(1) A. W. Tickner and F. P. Lossing, J. Chem. Phys., 18, 148 
(1950).

(2) A. W . Tickner and F. P. Lossing, T his Jo u r n a l , 55, 733 (1951).

acetylene. The present paper will treat the cases 
of these two gases and ethylene as examples and 
outline a method by which such a correction may be 
estimated without actually determining the effect 
for individual gases.

Experimental Part
Experimental work was carried out for ethylene to deter

mine its vapor pressures at 77.5 and 90°K., and also to 
measure its thermomolecular pressure ratio R as a function 
of pressure p. The apparatus used was that of the relative 
method described elsewhere.3 The small tubing was a 1.6- 
mm. capillary and the large tubing was 32 mm. inside di
ameter. The ethylene used was withdrawn from a com-

(3) S. C. Liang, J. Ap/,1. I'hys., 22, 148 (1051).
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mereiài tank and purified by repeated operations of freezing 
the ethylene at 78°K., pumping off the residual gas and then 
revaporizing the solid. The finally purified gas was found 
to be better than 99.9% pure by mass spectrometric analy
sis.

The /2-value.—In the work with non-condensable gases, 
it was found that the B vs. pd curves of different gases could 
be reduced to a single curve by introducing a “ pressure 
shifting factor”  / ,  and the /-values for several gases were 
given by arbitrarily choosing fs, = 1. The present deter
mination revealed that / 2 c2H4 fitted into this scheme very 
well w ith /c2h4 =  0.5. In other words, with the cold and 
warm ends at the same temperature differentials and tubing 
being of the same size, /2n, at p is the same as /2c,h, at 0.5 p. 
This is obviously because ethylene has larger cross-sectional 
area than nitrogen. The exact functional dependence of 
/  on r, the radius of the gas molecule, is not known. How
ever, in several instances we have found that the empirical 
relation

M t  = 1 +  4 ^  -  l )  (I)

holds quite well. Table I gives the comparison of experi
mental values and that calculated from eq. (1) with r 
values compiled by Hirsehfelder, Bird and Spotz4 from the 
viscosity data.

T able I
C omparison op / -F actors

Experimental“ Calcd. by
I I I eq. (1)

N.. 1 1 1

A 1.25 1.30 1.3
l b 2.2 1.80 2.0
He 2.80 2.12 2.4
Ne 2.0 2.0

a The experimental values were taken from Table VII, 
ref. 3, with neon value the unpublished work of the present 
author.

Considering the accuracy of the r-values, the agreements 
between the experimental and calculated values are excel
lent indeed with the exception of helium. With the aid of 
eq. (1), it is thus possible to estimate the /2-factor for a 
given gas if its collisional diameter can be estimated from 
some other sources.

The Vapor Pressure.—The vapor pressure of ethylene has 
not before been measured experimentally at as low as 77.5°K. 
To serve as a double check, the pressure was measured si
multaneously with two McLeod gages connected to the 
cold-bath by tubing of 1.6 and 32 mm. i.d., respectively. 
The 90°K. value was measured in the same manner. The 
readings from the two gages, as may be expected, are dif
ferent; but become the same when corrected for R. In 
Table II are summarized the experimental results.

T able  II
V a p o r  P r e s s u r e  o f  E t h y l e n e

G a g e  I (d = 1.6 mm.)
Experimental R - Corrected
reading, mm. Factor pressure, mm.

77.5 °K. 1.04 X IO“ 3 0.51 (0.53 ±  0.01) X 10“3
90 °K. 0.036 0.82 0.030

Gage II (d = 32 mm.)
77.5 °K. 0.77 X HT3 0.72 (0.55 ±  0.03) X 10“3
90 °K. 0.030 1.00 0.030
The importance of thermal Lranspiration is clearly illus

trated. It is of interest to notice that the vapor pressure 
of ethylene at liquid nitrogen temperature has always been 
designated as 0.73 X 10-3 mm. The discussion obtained 
by correlating experimental data with this wrong value 
should therefore all be re-examined.

Discussion
The results of Tickner and Tossing on methane, 

ethylene and acetylene, corrected for the thermal
(4) J. O. Hirsehfelder, R. B. Bird and E. L. Spotz, J. Chew. Phya.,

16, y75 (194S).

fil'd

Fig. 1.—Vapor pressures of methane, ethane and ethylene: 
X, Uelaplace; + , Bourbo; A, Liang; O, Tickner and Loss- 
ing; • , corrected T-L data.

transpiration effect, are plotted in Fig. 1 to compare 
with the uncorrected values and the values of other 
investigations. As the corrected values are be
lieved to be the most reliable, for reasons to follow, 
and they can be represented by a straight line rela
tionship

log P mm. = A — ^ (2)

the constants A and B for all three gases are given 
in Table III.

T able  III
C o n s t a n t s  for  V a po r  P r e ssu r e  a n d  A p p lic a b le  T km -

PERATUKE
Methane Ethylene Acetylene

A 7.655 9.526 9.630
B 515 998 1250

Highest applic
able T, °K. 90 115 140

To use eq. (2) and Table IV, attention is called 
to the fact that they are only applicable up to a 
certain temperature and the highest applicable 
temperature for each gas is given in Table III as 
well.

Methane.—The vapor pressure of methane 
seems to be one of the least investigated. The data 
from the Bureau of Standards6 extend only down to 
10 mm., below which Tickner and Lossing’s work 
appears to be the only one. Equation (2) agrees 
with the Bureau of Standards value up to about 
100 mm., above which the straight line takes a 
new slope.

Ethylene.—Within the temperature range where 
eq. (2) is applicable, the only other work is due to

(5) National Bureau of Standards, A. P. I. Project 44, “ Selected 
Values of Properties of Hydrocarbons,” (1949).
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Delaplace who calculated the vapor pressure by 
thermal conductivity.6 His data are also shown in 
Fig. 1. His values appear to be much too low as 
the temperature lowers. Inasmuch as his method 
is an indirect one, we incline to ignore his data.

Acetylene.—The vapor pressure of acetylene has 
attracted unusual attention. Aside from the data 
of Tickner and Lossing, Delaplace6 and Bourbo7 
supply another two sets. The results of Delaplace 
again appear to be too low. The comparison be
tween the results of Bourbo and the corrected values 
of Tickner and Lossing is of interest. The values 
plotted in Fig. 1 are taken from the table given by 
Bourbo. There is a small but definite difference 
between the T.-L. and Bourbo results. In terms of 
pressure, the two sets differ by a factor of 1.4 in 
the higher pressure region and 1.8 in the lower 
pressure region. In terms of temperature, the two 
sets differ by 2 degrees at all pressures. The tem
peratures recorded by T.-L. are accurate to ±0.5°; 
if the Bourbo temperature scale is off by about 1°,

(6) R. Delaplace, Comp, rend., 204, 493 (1937).
(7) P. S. Bourbo, / .  Phys. (U.S.S.R.), 7 , 286 (1943).

then the difference between the two can be ac
counted for by other experimental errors. Since 
we know the accuracy of T.-L. measurements, we 
choose their values as standard. While this_ is 
rather arbitrary, there is a somewhat side fine 
evidence. Bourbo’s data in such low pressure 
ranges fit exactly into the extrapolation of Stull’s 
values8 which extend down to 10 mm. only. This is 
not the general behavior of other hydrocarbons 
which all exhibit a change of slope with tempera
ture. The results of Tickner and Lossing, when 
corrected for R-effect, follow this general rule.

Other Gases.—The data of Tickner and Lossing 
on other gases, including carbon dioxide, may all 
need small corrections. However, owing to the low 
accuracy in their temperature measurements 
(±0 .5°), the corrections are about the same as 
their experimental errors.

Acknowledgment.—The author is indebted to 
Drs. Tickner and Lossing for much of the detailed 
information about the vapor pressure measure
ments.

(8) D. Stull, In i. Eng. Chem., 39, 517 (1947).
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The optimum operating conditions for each of the catalysts are summarized in Table VIII for the reduction of nitro- 
naphthalene to 1-naphthylamine. Of the catalysts studied copper gave the highest yields of the amine. Reduced nickel 
vanadate is too active for reduction to the amine giving appreciable amounts of the over reduction product, naphthalene. 
Small amounts of 1,2,5,6-dibenzophenazine were produced by the use of reduced copper vanadate and lead vanadate cata
lysts.

Many studies have been carried out on the 
properties of reduction catalysts, particularly on 
the metals prepared by the reduction of their 
oxides. These metals have been classified into 
various systems, in attempts to predict the best 
catalysts for hitherto unexplored systems. Many 
other investigations have been made on addition 
agents and their effects in modifying the activity 
or selectivity of these metal catalysts. On the 
other hand little has been reported as to the manner 
in which these catalysts may be altered by reduction 
from their salts. Studies are now being made on 
the classified effects of acid radicals as moderators 
or promoters on these reduced metal or reduced 
compound catalysts. Reports of the catalytic 
activity of copper chromate,1 nickel tungstate2 
and cobalt molybdate3 in the reduction of nitro 
compounds to their respective amines have been 
published. This paper will deal with a systematic 
study of the variables concerned in obtaining the 
maximum activity of reduced nickel, copper and 
lead vanadates for the gas phase reduction of 1- 
nitronaphthalene to 1-naphthylamine. These cat
ions were chosen as representatives from each of 
three groups, nickel being of extreme activity in the

(1) H. A. Doyal and O. W . Brown, T his Journal, 36, 1549 (1932).
(2) C. S. Rohrer, J. Rooley and O. W. Brown, ibid., 55, 211 (1951).
(3) F. A. Griffitts and O. W . Brown, ibid., 42, 107 (1938).

reduction of nitrobenzene, even giving reduction 
within the benzene ring; copper, from those metals 
of moderate reducing activity; lead, of a group with 
considerably less activity.

Apparatus.—The apparatus was the type usually em
ployed in such studies. A horizontal type electrically 
heated, metal block furnace containing a reaction tube of 
Vi-inch iron pipe was employed. The furnace ŵ as thermo
statically controlled, and temperatures were measured in 
the block and in the 10-inch catalyst bed at points one inch 
from each end. • The feed was through a capillary tube with 
the rate regulated by a variable head of mercury. An oven 
thermostatically controlled at 77° was placed at the head 
of the furnace to contain the l-nitronaphthalene feed tube, 
in order that the reagent be maintained as a liquid with a 
nearly constant viscosity. Hydrogen flow was measured 
in liters per hour through a calibrated flow meter.

Preparation of the Catalysts.—Copper oxide was prepared 
by the method of Brown and Henke.4 The salts were prepared 
by adding solutions of copper sulfate pentahvdrate, nickel 
acetate tetrahydrate and lead acetate trihydrate to hot solu
tions of ammonium motavanadate. Vanadium pentoxide 
was prepared by adding glacial acetic acid to a boiling solu
tion of ammonium metavanadate. Each of the above pre
cipitated compounds was washed repeatedly with distilled 
water except that the nickel vanadate, which is appreciably 
soluble, was washed with ethyl alcohol. The compounds 
were then dried overnight at 145°.

_ Ten grams of a compound prepared as above, was evenly 
distributed in a ten-inch bed in the cold catalyst furnace and 
reduced under a stream of 14.5 liters of hydrogen per hour.

(4) O. W . Brown and C. O. Henke, ibid., 26, 715 (1922); F. A. 
Madenwald, C. O. Henke and O. W . Brown, ibid., 31, 862 (1927).
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One hour was required to bring the copper oxide to 296°, 
nickel vanadate to 304° and copper vanadate to 302°, 
while two hours were required to bring lead vanadate to 
425° and one hour and forty minutes were required to bring 
the vanadium pentoxide up to 407°. Each was maintained 
at its respective temperature for one additional hour.

Discussion
Copper Catalyst.—Copper was shown by Saba

tier5 to have a high degree of selectivity in the com
plete conversion of the nitro group to the amine, 
without reduction in the benzene ring. For the 
purpose of comparing the activity of a catalyst in 
the reduction of 1-nitronaphthalene to 1-naphthyl- 
amine with that of nitrobenzene to aniline, copper 
was studied first.

Figure 1 curve 5 shows the effect of the operating- 
temperature on the percentage conversion to amine. 
The operating conditions for the construction of this 
curve were 8 liters of hydrogen per hour, a rate of
1-nitronaphthalene of 4.5 to 5.0 g. per hour over 
10 g. of copper oxide reduced to copper. The tem
perature of approximately 256° for maximum 
conversion agrees well with the 260° reported by 
Brown and Henke4 for the reduction of nitroben- 
zeen.

The rate of flow of hydrogen giving the maximum 
yield is seen from Table I to be 432% of the theo
retical where a conversion of 99.9% was observed. 
Analytical results became inconsistent at lower 
flow due to the difficulty of sweeping the catalyst 
free of the reaction product.

As with nitrobenzene4 copper is seen to give prac
tically complete conversion of 1-nitronaphthalene 
to the amine with practically no decomposition or 
by-products.

T a b l e  I
Catalyst, 10 g. copper oxide reduced; temperature of cata

lyst, 256°; reactant rate, 4.5 to 5.0 g. per hour
Liters per hour Hydrogen. Yield of amine,

of hydrogen %  of theory Wt. %

8 432 99.9 
16 864 99.4 
24 1296 98.4

Reduced Vanadium Pentoxide Catalyst.—This 
catalyst was difficult to work with due to its ex
tremely short life. After four or five runs the 
yields dropped about 10%. For this reason the 
points shown in Fig. 1 curve 4 do not represent 
averages of two or more determinations as do 
the other data in the paper; however, on the other 
catalysts single runs were very seldom in error 
by more than 1 or 2%. For the same reason only 
qualitative determinations on the rate of flow of 
hydrogen and 1-nitronaphthalene were made. 
The temperature of 374° for the maximum con
version to the amine, Fig. 1 curve 5, lies between 
the 365° reported by Brown and Henke6 and 403° 
reported by Doyal and Brown1 who reduced nitro
benzene to aniline over reduced vanadium pent
oxide. The operating conditions for this curve 
were 14.5 liters per hour of hydrogen and 5.9 to
6.7 g. per hour of 1-nitronaphthalene over 10 g. 
of vanadium pentoxide reduced.

(5) Paul Sabatier, “ Catalysis in Organic Chemistry,” D. Van 
Nostrand Co., Inc., New York, N. Y., 1922.

(6) O . W . Brown and C . O . Henke, T his Journal, 2 6 , 272 (1922).

Temperature, °C.
Fig. 1.—Conversion, % vs. °C.: 1, lead vanadate; 2,

nickel vanadate; 3, copper vanadate; 4, vanadium pent
oxide; 5, copper oxide.

Reduced Nickel Vanadate Catalyst.— The opti
mum temperature for the reduction of the nitro 
group over this catalyst is seen from Fig. 1 curve 2 
to be between about 185 to 235°. The operating 
conditions for determining the points on this curve 
were 18.5 liters of hydrogen per hour, 4.5 to 6 g. 
of 1-nitronaphthalene per hour over catalyst ob
tained from 10 g. of nickel vanadate. The tem
perature chosen for the optimum on further experi
ments was therefore 210°.

Table II shows a ratio of hydrogen to the nitro 
compound of from 703 to 1000% of the stoichio- 
metrically required amounts to give a maximum 
yield of the amine.

T a b l e  I I

Catalyst, 10 g. of nickel vanadate reduced; temperature of 
catalyst, 210°; reactant rate, 4.5 to 6 g. per hour

Liters per hour Hydrogen, Yield of amine,
of hydrogen %  cf theory Wt. %

2.8 150 67
4.0 216 73

13.0 703 79 
18.5 1000 79 
25.3 1368 78 
3.16 1708 75

Obtaining quantitative results over this catalyst 
was extremely difficult since one is operating at 
temperatures approximately 95° below the boiling 
point of 1-naphthylamine and attempts to sweep 
the catalyst clean of the adsorbed reactant rendered 
results accurate to little better than ± 1 % . In 
determining the optimum rate of flow of the re
actant, then, one can conclude from the data of Table
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III only that he yield of amine changes little with 
rates from 5.3 to 12 g. per hour.

T a b l e  III
Catalyst, 10 g. cf nickel vanadate reduced; temperature of 

catalyst, 210°; rate of hydrogen, 18.5 liters per hour.
Reactant rate, Yield of amine,

g. per hour Wt. %

5.3 77
8.7 78

12.2 78
18.1 75

This catalyst was too active for reduction to the 
amine as seen by the appearance of beautiful white 
leaflets of naphthalene in the condenser.

The optimum temperature for reduction lies 
between that reported by Brown and Henke4 for 
nickel in the reduction of nitrobenzene at 192° 
and the approximately 375° here reported for the 
reduction over reduced vanadium pentoxide.

Reduced Ccpper Vanadate.—The reduction tem
perature found to give a maximum yield of amine 
was 333°, Fig. 1 curve 3. The operating conditions 
for the construction of this curve were 16 liters of 
hydrogen per hour, 2.0 to 2.2 g. per hour of 1- 
nitronaphthalene over 10 g. of copper vanadate 
reduced. Table IV shows a maximum for the rate 
feed to be 2 g. per hour or less. From the results 
on individual runs this curve appears to level off 
at rates below 2 g. per hour, however the difficulty 
of duplicating made it impractical to carry the rate 
lower, and 2 g. per hour was taken as the optimum.

T a b l e  IV
Catalyst, 10 g. copper vanadate reduced; temperature of 

catalyst, 333°; rate of hydrogen, 16 liters per hour
Reactant rate, 

g. per hour
Yield of amine, 

wt. %

2.0
5.1
6.7

15.6
23.8

94.8
88.9 
79.5 
58.0 
49.2

Table V shows 16 liters per hour as the optimum 
rate of flow o: hydrogen; however, there was no 
detectable difference in rates of from 14 to 18 
liters per hour.

T a b l e  V
Catalyst, 10 g. copper vanadate reduced; temperature of 

catalyst, 333°; reactant rate, 2.0 to 2.2 g. per hour
Liters per hour 

of hydrogen
Hydrogen, 

%  of theory
Yield of amine, 

wt. %

8 432 89.9 
16 864 94.8 
24 1296 91.6

At temperatures well above the optimum naph
thalene appeared in small quantities. Also occur
ring as a by-product was 1,2,5,6-dibenzophenazine. 
It occurred in amounts as great as 3.5% on a new 
catalyst but decreased to about 1% or less as the

activity for the amine formation increased. Low- 
rates of hydrogen also increased the yield of the 
dibenzophenazine.

Reduced Lead Vanadate.—From Fig. 1 curve 1 
it is seen that the temperature for maximum con
version is approximately 392°. The operating 
conditions for the points listed on this curve were 
18 liters of hydrogen per hour, and 2.0 to 2.2 g. 
of 1-nitronaphthalene per hour over 10 g. of lead 
vanadate reduced.

The maximum yields of amine occur at hydrogen 
rates of from 16 to 18, or more, liters per hour and 
proved to be approximately constant over this 
range, Table VI.

T a b l e  VI
Catalyst, 10 g. lead vanadate reduced; temperature of 

catalyst, 362°; reactant rate, 2.0 to 2.2 g. per hour
Liters per hour 

of hydrogen
Hydrogen, 

% of theory
Yield of ai 

wt. %

8 432 84.7
16 8C4 91.1
18 972 91.1
24 1296 90.7
32 1728 85.9

Due to the difficulty in. controlling very low rates 
of feed, Table VII terminates with a level maximum, 
yield of amine from between 2.1 and 1.4 g. per hour.

T a b l e  VII
Catalyst, 10 g. lead vanadate reduced; temperature of 

catalyst, 362°; rate of hydrogen, 18 liters per hour 
Reactant rate. Yield of amine,

g. per hour wt. %

1.4
2.1
4.1
5.9
7.8
8.7

91.1
91.1 
88.7 
85.3 
80.5 
80.0

Brown and his co-workers1 found the optimum of 
308° for the reduction of nitrobenzene over lead. 
While experiments in this Laboratory on other com
pound catalysts have not confirmed this behavior, 
it is of interest to notice that each of the three com
pound catalysts reported in this paper have optimum 
temperatures for the reduction of the nitro group 
lying between that for the reduced oxide of the 
cation and that for reduced vanadium pentoxide.

As with the copper vanadate a few per cent, of 
1,2,5,6-dibenzophenazine occurred, the yields in
creasing with lower temperatures, low hydrogen 
rates, and the newness of the catalyst.

T a b l e  VIII

Catalyst

Tempera
ture,
°C.

Hydro
gen, %  of 

theory

Reaetant 
rate, g. 

per hour

Yield of 
amine, 
wt. %

Copper 256 432 99.9
Nickel vanadate 210 1000 5.0-12.0 78.2
Copper vanadate 333 864 2.0 - 2.2 94.8
Lead vanadate 392 974 1.4 - 2.0 93.3
Vanadium pentoxide 374 55.4
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The isotherms for the adsorption of water from »-butyl, n-amyl, «-hexyl, and heptyl alcohols at 0, 25, and 45° were deter
mined by means of the Karl Fischer method of water analysis and the amounts adsorbed were plotted against the reduced 
concentrations. The Brunauer, Emmett and Teller equation was applied to the adsorption data and the physical significance 
of the BET constants (x/m)m, n and c' were examined. The value of (x/ro)m per unit area was shown to be at least partially 
dependent upon the solubility of the solute in the solvent. The values of n and c' appear in these oases to represent’the 
physical significance implied by the BET theory. From the isotherms it was observed that at reasonably high reduced 
concentrations a process analogous to capillary condensation in gases must have occurred which caused an apparently large 
increase in the amount adsorbed. Evidence was presented which indicated that the rapid increase in apparent adsorption 
resulted from separation of a water rich phase in the capillaries. Study of the dehydrating ability of silica gel has shown that 
the effectiveness of the dehydration increases rapidly with the decrease of the solubility of the water in the solvent. Evidence 
in support of the preferential adsorption theory of membrane semi-permeability has been presented. The large apparent 
adsorption of water observed in the high concentration region of the isotherms gives strong support to this theory. It was 
found that water displaced other components from the capillaries of a hydrophilic gel. This would prevent the passage of 
other components through the capillaries and in a continuous gel membrane would result in a membrane which would lie 
semi-permeable or nearly semi-permeable to water only.

Recent work on adsorption in this Laboratory2 
showed that the Brunauer, Emmett and Teller 
(B.E.T.) equation represents multi-molecular ad
sorption from binary liquid solution as well as it 
represents adsorption from gaseous systems. In 
that study, as has been the case in most studies of 
adsorption from solutions, different solutes were 
adsorbed from a given solvent. It seemed desirable 
that a similar study be made of the adsorption of a 
given solute from different solvents. By conduct
ing such experiments at different temperatures 
further information could be obtained as to the 
general applicability of the B.E.T. equation to 
adsorption from solution.

The isotherms for the adsorption of vapors by 
highly porous adsorbents, such as silica gel, nor
mally show a rapid increase in apparent adsorption 
in the intermediate, or higher, pressure region. 
This rapid increase in apparent adsorption is a 
result of capillary condensation of the vapor within 
the pores of the adsorbent. It seemed possible 
that adsorption of a solute from solution with such 
a porous adsorbent might tend to give analogous 
effects and might at least give some interesting and 
perhaps previously unobserved results. Highly 
porous silica gel appeared to be a logical choice for 
the absorbent and water an ideal choice for the 
solute. Solvents for these systems should be 
liquids with which water would have limited solu
bility; accordingly some of the higher alcohols 
were selected. It was believed that adsorption 
data obtained with such systems would furnish 
worthwhile information concerning the specific 
effect of the solvent. Of special importance would 
be information relating to the dehydrating proper
ties of silica gel when used with various organic 
liquid systems in ■which the solubility of water 
was limited. The data also should show the extent 
to which water is preferentially adsorbed within 
the capillaries of the gel. Such information should

(1) The data in this paper were taken from a portion of a thesis by 
D. Joseph Donahue, submitted to the School of Graduate Studies of 
the University of Michigan in partial fulfillment of the requirements for 
the Ph.D. degree, June, 1951.

(2) R.. S. Hansen, Y . Fu and F. E. Bartell, T his Jou rn al , 63, 769 
(1949).

be valuable in a study of the semi-permeability of 
membranes. The object of this investigation was 
therefore to obtain isotherms for the adsorption of 
water from organic solutions by silica gel and to 
consider the fundamental significance of the data 
obtained.

Experimental
Analysis of W ater.—The Karl Fischer method for the de

termination of water was used in the adsorption studies as 
also in the solubility measurements. The apparatus used 
is illustrated in Fig. 1. The end-point of the direct titration 
was detected by means of the potentiometric method. The 
circuit as described by Kieselbach3 was used in conjunction 
with platinum and tungsten electrodes.

The Karl Fischer reagent was prepared and standardized 
daily with a solution of water in methanol by the method of 
Mitchell and Smith.4

Materials
Liquids.—During the purification of the alcohols no at

tempt was made to remove the last trace of water since all 
of the solutions were analyzed for their water content prior 
to use. A four-foot packed column was used for all of the 
fractional distillations. Eimer and Amend best grade n- 
butyl alcohol and Eastman Kodak Co. best grade ra-heptyl 
alcohol were fractionally distilled. Eastman practical 
grade »-hexyl alcohol was fractionally distilled twice. East
man practical grade »-amyl alcohol was purified by the 
method previously employed in this Laboratory.2 The 
water used was distilled water which had been redistilled 
from an alkaline permanganate solution.

Silica G el.—Eimer and Amend silicon tetrachloride was 
distilled and the middle fraction was again distilled into 
twice distilled water until the rapidly stirred solution showed 
a blue tinge. After the solution had set to a gel it was 
heated in an oven at 55 to 75° for 15 days in order to remove 
most of the water and acid from the silica. It was then 
heated to 280° and washed. The heating and washing was 
repeated until all of the hydrogen chloride was removed. 
The gel was finally activated at 300°.

Procedures
The specific surface area of silica gel was determined by 

the Brunauer, Emmett and Teller method5 using adsorption 
of nitrogen at liquid nitrogen temperatures. This area was 
found to be 455 sq. m./g.

The Kelvin radius was calculated from the adsorption iso
therm of ethyl alcohol obtained with this gel. This deter-

(3) R. Kieselbach, Ind. Eng. Chem., Anal. Ed., 18, 726 (1946).
(4) J. Mitchell and D. M . Smith, "Aquametry,” Interscience Pub- 

Ushers, Inc., New York, N. Y ., 1948.
( * (5) S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 
60, 309 (1938).
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DRYING TUBE T a b l e  I
T h e  S o l u b il it y  o f  W a t e r  in  t h e  D if f e r e n t  A lc o h o ls  

a n d  t h e  D e n s it ie s  o f  t h e  S o l u t io n s

Alcohol

n-Butyl

re-Amyl

/¡-Hexyl

n-TIeptyl

Tem
perature,

°C.
0

25
45

0
25
45
0

25
45
0

25
45

Density
saturated

alcohol
phase,
g./m l.

0.8594
.8432
.8282
.8502
.8325
.8174
.8454
.8284
.8121
.8450
.8268
.8117

Solubility of water 
in the alcohols

Molar,
inoles/1.

8.50 
9.15
9.50 
4.28 
4.75 
5.00 
2.80 
3.07 
3.20 
2.30 
2.46 
2.53

Mole
fraction

0.471
.500
.515
.328
.357
.377
.205
.288
.303
.250
.267
.277

were pipetted directly from the adsorption flasks in the ther
mostats into the Karl Fischer titration assembly where they 
were analyzed.

The isotherms for the adsorption of water by silica gel 
from n-butyl, ra-amyl, ra-hexyl and n-heptyl alcohol solu
tions were constructed for 0, 25 and 45°. The surface ex
cess of the solute at equilibrium was calculated from the 
change in concentration of a known volume of bulk liquid 
during the adsorption process. Thus
x/m = (ci — cf) V =  millimoles solute adsorbed per gram 

of adsorbent
and

x/ms = millimoles adsorbed per unit area of 
adsorbent surface

where o, and ci are the initial and final concentrations of the 
bulk solution of volume V, and m is the number of grams of

T a b l e  II
A d so r p tio n  o f  W a t e r  fr o m  w-B u t y l  A lc o h o l  b y  S ilic a  

G e l

o° 25° 45°

mination was made with a modified McBain and Bakr type 
gravimetric gas adsorption apparatus which was described 
by Bartell and Dobay.6 The Kelvin radius was found to be 
41 A. From the amount of ethyl alcohol adsorbed at the 
saturated vapor pressure the pore volume of the gel was 
calculated to be 0.99 ml./g.

For the determination of solubility, alcohol with excess 
water was shaken mechanically in a constant temperature- 
bath at 25.0 ±  0.1° and at 45.0 ±  0.1° for 48 hours. Simi
lar solutions were subjected to intermittent shaking in an 
insulated ice-bath held at 0°. Samples of the saturated 
alcohol phases were pipetted into the titration flask and 
analyzed. Each value reported is the average of at least 
four determinations. The densities of the saturated phases 
were determined at these same temperatures. The data are 
recorded in Table I.

In the determination of the adsorption data the initial 
solutions were made up to approximately the desired strength 
volumetrically and were analyzed for water content with 
Karl Fischer reagent. In general, for each determination 
approximately 1 g. of silica gel was weighed into a 10-ml. 
glass stoppered erlenmeyer adsorption flask and 5 ml. of the 
analyzed solution was added. In the region of high reduced 
concentrations successively smaller samples, down to 0.05 
g., of silica gel were used with the same volume of liquid. 
After sealing, the flasks were submerged to their necks in a 
water-bath at 25.0 ±  0.1°, or at 45.0 ±  0.1° and mechani
cally shaken for 48 hours. The data for the 0° isotherms 
were obtained by supporting the flasks in an insulated ice- 
bath and shaking them intermittently over a period of 48 
hours. Following the shaking period samples of the liquid

(6) F. "R. Bartell and D, G. Dobay, J . A m . C h em . S o c .,  72, 4388
(1950).

x/m,
niilli-

moles/g. c/co

x/m, 
milli

moles/ g. c/co

x/m, 
milli

moles/ g. c/co

0.62 0.034 0.59 0.033 0.49 0.032
0.96 .069 1.15 .102 0.78 .071
1 .1 2 .102 1.60 .169 1.03 .105
1.95 .276 2.13 .277 1.95 .240
2.97 .453 3.36 .489 3.00 .398
3.10 .512 4.55 .688 4.90 .652
4.04 .638 4.89 .707 5.95 .707
5.55 .797 6.10 .768 6.61 .743
6.23 .831 7.26 .820 7.45 .757
7.55 .855 10.51 .840 8.59 .788

T a b l e  III
A d so r p tio n  o f  W a t e r  from  íi-A m y l  A lc o h o l BY SiLIC

0°
x/m, 
milli

moles/ g. c/co

G e l

25°
x/m, 
milli- 

moles/g. c/co

45°
x/m,
milli-

moles/g. c /co
0.67 0.050 0.58 0.048 0.31 0.039
0.90 .079 0.69 .068 0.51 .070
1.49 .198 1.11 .135 1.07- .135
1.73 .272 1.58 .226 1.65 .240
2.19 .366 1.75 .259 1.95 .281
3.45 .641 2.34 .377 2.80 .443
4.51 .821 2.80 .485 3.50 .494
5.56 .841 4.06 .688 4.68 .683
7.97 .900 4.85 .773 5.60 .779

11 .50 .032 11 .80 .881 7.52 , 829



May, 1952 Silvion Gbl Capillary Adsorption of Watioti from Alcohol GG7

Table IV
Adsorption of Water from tc-Hexyl Alcohol by Silica 

G el
0° 25° 45°x/m,milli-

moles/g. c/co
x/m, milli- 

moles/g. c/co
x/m,milli-

moles/g. c/co
0.58 0.050 0.39 0.035 0.32 0.048

.80 .088 .50 .049 0.63 .088

.94 .128 .94 .118 1.50 .248
1.40 . 239 1.43 .226 1.99 .364
1.95 .370 1.93 .354 2.56 .445
2.81 .002 2.57 .486 2.82 .511
3.41 .677 3.36 . 650 4.18 .685
4.84 .840 4.62 .780 5.14 .760
5.89 .875 6.70 .854 8.00 .815
9.11 .934 12.00 .915 9.24 .830

Adsorpt
Table V

'ton of Water from ji-Hbptyl Alcohol by Silica

x/m,
milli-

moles/g.

0°

c/co

Gel
25°

x/m, 
milli

moles/ g. c/co

45
x/m, 
milli-

moles/g. c / C 0

0.87 0.080 0.65 0.065 0.54 0.050
1.10 .122 .84 .094 0.76 .082
1.52 .226 .97 .110 1.19 .101
1 .84 .319 1.29 .203 1.80 .287
2.30 .488 1.83 .340 2.10 .349
2.52 .538 2.52 .485 3.07 .516
3.51 .728 3.39 .631 3.44 .557
3.87 .773 4.21 .774 3.80 . 660
4.86 .860 5.40 .852 5.26 .790
0.00 .915 11.50 .926 9.72 .842

the adsorbent having a surface area of « sq. cm. Tables
II-V  give the apparent adsorption values, x/m, in milli
moles per gram together with the equilibrium reduced con
centration. values, c/co. These results are represented 
graphically in Figs. 2-5.

Fig. 3.

Fig. 4.

Fig. 2.

Discussion of Results Fig. 5.

Multimolecular Adsorption from Solution.— The
BET equation was found to represent multimolecu
lar adsorption of water from solutions of alcohols 
as well as it represents gaseous adsorption. The 
equilibrium adsorption data were plotted to con
form with the linear form of the equation and the 
values of (x/m)m (the apparent number of milli
moles of adsorbate in a monolayer per gram of ad

sorbent) and c' (a constant related to the heat of 
adsorption) were calculated from the slope and 
intercept of the line. The value of n (number of 
layers adsorbed) was determined by the method of 
Joyner, Weinberger and Montgomery.7 The values 
of these constants are summarized in Table VI.

(7) L. G. Joyner, E. B. Weinberger and O. W. Montgomery, J. 
Am. Chem. Soc., 67, 2182 (1945).
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T able VI

C onstants of the  BET E quation

Alcohol

Tem
perature,

°C.
(x/m)m, 

milli- 
inoles/g. 71 cf

Ei-El,
kcal./
mole

ra-Butyl 0 1.75 6 15.4 1.48
25 1.91 6 10.5 1.39
45 2.24 6 6 .9 1.22

«-Amyl 0 1.54 6 12.7 1.38
25 1.79 6 7 .9 1.22
45 1.97 6 5 .6 1.09

»-Hexyl 0 1.29 6 15.2 1.48
25 1.51 6 8 .5 1.26
45 1.73 (5 5 .6 1.09

n-TTcpt.yl 0 1.30 G 18.7 1.59
25 1.48 0 10.7 1.40
45 1.72 G 7 .5 1.28

Hansen, Fu and Bartell2 found that (x/m)
was a function of the surface area of the adsorbent. 
They calculated the area each solute molecule would 
occupy on the adsorbent if (x/m)m millimoles of that 
solute per gram of adsorbent were distributed uni
formly in a monolayer on the surface of the ad
sorbent. This area for each solute was found to be 
identical for the adsorption of the solute on different 
adsorbents. The fact that the same area values 
were obtained for each of given solutes against 
different adsorbents indicates that (x /rri)m must be 
significantly related to the surface area and not to 
the physical structure of the solids.

The systems used in the present adsorption 
study were identical in all respects except for the 
alcohols which differed in structure by the number 
of methylene groups in their hydrocarbon chains. 
The similar nature of the different systems makes 
it possible to study the effect of the limited solu
bility of the solute on (x/rns)m, the apparent limit
ing number of millimoles of adsorbate in a mono- 
layer per unit area of surface. One can compare the 
surface concentrations of the solute corresponding 
to an adsorption of (x/m)m with the concentrations 
of the saturated solutions of water in the alcohols 
both of which can be expressed in the same units. 
The surface concentrations appearing in Table VII 
are based on the assumption that the surface layer 
has a thickness which is equal to the length of the

T able  VII
Surface Concentrations

Alcohol
Tem

perature,°C.

Concen
tration

saturated
solution,

moles/liter

Surface 
concen
tration 

at {x/m) m, 
moles/liter

n-Butyl 0 8 .5 0 7 .3 5
25 9 .1 5 8 .0 6
45 9 .5 0 9 .6 5

/¡-Amyl 0 4 .2 8 5 .0 0
25 4 .7 5 6 .0 0
45 5 .0 0 6 .6 8

/¡-Hexyl 0 2 .8 0 3 .5 6
25 3 .0 7 4 .2 8
45 3 .2 0 4 .9 2

re-Heptyl 0 2 .3 0 3 .1 3
25 2 .4 6 3 .6 0
45 2 .5 3 4 .2 1

alcohol molecules. The lengths of the molecules 
were calculated from their cross sectional areas and 
their molar volumes. These data show that a 
change in the solubility of the solute brought about 
by the substitution of one solvent for another 
or by the alteration of the temperature results in a 
change of the surface concentration in the same 
direction and of similar relative magnitude as that 
of the solubility. It is thus evident that the 
apparent number of millimoles of adsorbate in a 
monolayer per unit area of surface is affected by the 
solubility of the solute.

Although the exact physical significance of n 
is not altogether clear its value appears in general 
to be related to the number of layers adsorbed. If 
n is directly related to the number of layers ad
sorbed then a small variation in the nature of the 
solvent or a small change of temperature would be 
expected to have little effect on n. This is in agree
ment with the results obtained for the adsorption 
of water from solution since n was found to have a 
value of six for all the isotherms determined. 
Hansen, Fu and Bartell4 and also Thomas8 found 
that for different solid-solution systems n had val
ues ranging from one to four. The water used as 
solute in this investigation has molecules much 
smaller than those of the organic solutes used by 
the other investigators; therefore, the adsorption 
forces should extend through a greater number of 
layers of adsorbed water than of the adsorbed 
organic solutes. Water is also capable of strong 
hydrogen bond formation and the lower oriented 
layers should be more capable of attracting further 
layers than would the oriented layers of an organic 
solute. It is thus logical that water molecules 
should give a greater value of n than would the 
larger less polar organic molecules.

In the derivation of the BET equation for gases 
c' was defined as c' =  eEx — Ei/RT, where E i 
is the heat of adsorption of the first layer and 
Ei, is the heat of adsorption of the subsequent 
layers. The term E\, for adsorption from solutions 
should presumably be quite small owing to the 
fact that most of the available forces have been 
satisfied by the wetting of the solid by the bulk 
liquid and by the adsorption of the first layer. 
This would mean that the quantity Ex — Ei, for 
adsorption from solution is a measure of the heat of 
adsorption of the solute. Hansen, Fu and Bartell2 
and Thomas8 found the BET heat of adsorption of 
organic solutes from solution by carbon to be 
approximately 2.5 kcal./mole while this heat for 
the adsorption of water from solution was found 
to be approximately 1.5 kcal./mole, Table VI. 
The displacement of a loosely bound water molecule 
from hydrophobic carbon by an organic liquid 
should be expected to liberate more energy than the 
displacement of a polar alcohol molecule from 
silica gel by water. Thus the values of the heats 
of adsorption obtained from the BET equation 
correspond with the physical picture of adsorption.

Capillary Condensation from Solution.— Al
though equations derived specifically for the physi
cal adsorption of gases, such as the BET and the 
Langmuir equations, apply equally well to adsorp-

(8) T. L. Thomas, Thesis, University of Michigan (1948).
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tion from solution, no case of capillary condensation 
of adsorbates from solution has, to our knowledge, 
ever been reported but such a process could con
ceivably occur in solutions should suitable condi
tions exist. In gaseous adsorption processes capil
lary condensation ma3r be detected by the hysteresis 
effects which occur but since hysteresis effects 
cannot similarly be detected in the process of ad
sorption from solution, capillary condensation from 
solution could only be detected by a marked in
crease in the slope of the isotherm. Few if any 
complete isotherms for the adsorption of partially 
miscible solutes from solution by an absorbent 
having pores suitable for the detection of capillary 
condensation from solution have been determined. 
The systems used in this investigation were chosen 
because they were believed to have suitable proper
ties for the detection of capillary condensation 
from solution should it occur in the pores of the 
silica gel. An inspection of the isotherms, Figs.
2-5, reveals that as one increases the reduced com- 
centration above approximately 0.8 the equilibrium 
amount adsorbed by the gel increases extremely 
rapidly. This is similar to the increase observed 
on corresponding isotherms obtained when capillary 
condensation occurs from the vapor phase with 
the same gel. This indicates that capillary con
densation of a type actually does occur from solu
tion. Even before this phenomenon begins the silica 
gel has adsorbed 4 to 6 millimoles of water per gram 
of gel. This amount of water distributed uniformly 
throughout the bulk solutions in the pores would 
produce solutions having concentrations greater 
Ilian the concentrations of the saturated solutions 
of water in the alcohols. From the bulk solutions of 
still higher concentrations values of x/m as large as 
25 millimoles of water per gram of silica gel were 
obtained and on a few occasions values even higher 
than this were obtained. The distribution of 25 
millimoles of water uniformly throughout the bulk 
solutions in the capillaries would produce solu
tions having concentrations greater than 0.8 mole 
fraction of water. The higher x/m values may in
dicate that the solution within the capillaries 
approaches pure water. The experimental error 
in the determination of x/m is greater in the region 
of high reduced concentrations but the data never-

Fig. <>.

theless definitely show that the capillaries must 
have filled with a solution of high water content .

The process of this phase separation is probably 
comparable to that of t.Oe capillary condensation 
of gases. The concentration of the solute in the 
surface phase becomes quite high even at low re
duced concentrations. As water is absorbed it 
probably begins to separate as a distinct phase 
which would be separatee from the bulk liquid by a 
highly curved interface. The equilibrium across 
this interface should be shifted from that for the 
same two-phase system having an interface with a 
large radius of curvature. It is presumably this 
shift of equilibrium conditions which allows the 
water rich phase to continue to separate and to fill 
the capillaries.

Figure 7 is a plot of the data for the adsorption 
of water from n-butyl alcohol at 25° in the linear 
form of the BET equation in which the number of 
layers adsorbed is set equal to infinity. It will be 
observed that the adsorption in the intermediate 
region is less than is predicted by the theory. 
This type of deviation can be noted in nearly all 
cases of adsorption of gases and of solutes from 
solution. As the concentration is increased a 
point is reached at which the experimental curve 
crosses the theoretical curve into the region which 
shows that a greater amount has been adsorbed 
than is predicted by the BET theory for an infinite 
number of layers. This indicates that something 
other than physical adsorption alone caused this 
rapid increase in apparent adsorption. Curves 
of this nature were obtained by Bartell and Dobay7 
for the vapor adsorption of aliphatic amines by 
silica gel which had a similar structure. They 
attributed this excessive adsorption to condensation 
of vapor in the capillaries. It is thus evident there 
exists in adsorption from solutions a phenomenon 
which is analogous to capillary condensation in 
gaseous adsorption. The occurrence of this phe
nomenon results in the filling of the capillaries of the 
silica gel with a solution of high water content.

Fig. 7.

Dehydration with Silica Gel.—Although silica 
gel has been used as a dehydrating agent, both in 
industry and in research laboratories, but few 
fundamental studies of the adsorption of water from 
solution by silica gel have been made, and very 
little information is available on this subject. One
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of the purposes of this investigation was to study the 
effectiveness of dehydration by silica gel from 
different solvents. For the purpose of comparison 
the four 25° isotherms have been plotted together 
on the same scale in Fig. 6. It is of interest to 
note that when one compares the isotherms for the 
ascending homologous series they are found to 
approach the same shape and for the higher mem
bers the isotherms become practically identical. 
If solvents representing still higher members of the 
series were to be used, it is believed that all the 
resulting isotherms would be approximately the 
same as those of the two higher alcohols. This 
would indicate that the amount of water adsorbed 
is a function of the reduced concentration of water 
and is largely independent of the total amount or 
molar concentration of the water present in the 
solution. The efficiency of water removal there
fore increases rapidly as the solubility of the water 
in the liquid is decreased. It is apparent from the 
isotherms that silica gel would be a relatively poor 
dehydrating agent in the alcohol solutions studied 
but that it would be an excellent dehydrating agent 
for the removal of water from hydrocarbons and 
other liquids :n which water is relatively insoluble.

Preferential Adsorption and Membrane Semi
permeability.— The results obtained in this investi
gation tend to support the theory that semi
permeability of osmotic membranes is the result of 
preferential adsorption. While it had previously 
been shown that water is adsorbed by osmotic 
membrane materals9-10 and that water tends to 
displace other liquids (or solutes) from the pores of 
hydrophilic solids,11 there have, heretofore, been no 
quantitative data to indicate the extent to which 
water is preferentially adsorbed within the capil
laries of such porous materials.

It seemed reasonable to assume that since a 
partially dehydrated silica gel adsorbs water pref
erentially from an aqueous solution the frame
work of the original non-dehydrated gel should 
likewise give preferential adsorption of water and, 
further, that if the pores formed within the gel 
structure were sufficiently small, a membrane of the 
gel should give osmotic effects.

To test, this v.ew an osmotic cell was prepared by using a 
small glass cylinder about 2 cm. in diameter and 4 cm. in 
depth. A piece of fine nylon cloth, to serve as a membrane 
support, was placed over one end of the cylinder followed by

(9) (a) J. Mathieu, Ann. P h y s i k 9, 340 (1902); (b) F. Tinker,
Proc. Roy. Soc. (London), 92A,  357 (1916); 93A,  268 (1917).

(10) H. B. Weiser, T his Jo u rn al , 34, 1826 (1930).
(11 )F. R. Bartell and H. J. Osterhof, Colloid Symposi urn Mono

graph, IV, 234 (1926).

a piece of waterproof cellophane (which later could be re
moved). These were held in place by a rubber band and 
constituted the bottom of the cell. A solution of “ silicic 
acid”  prepared by bringing together equal volumes of 1.15 
sp. gr. sodium silicate solution and 6 N hydrochloric acid 
solution was poured into the cell to the depth of about 1 cm. 
and allowed to stand for a few hours, during which time it 
formed a firm gelatinous membrane.

For an osmotic experiment9 10 12 a pure liquid, or an aqueous 
solution, was put into the cell. A one-hole stopper carrying 
a glass outlet tube (approx. 2 mm. i.d.) was inserted into 
the top of the cell and forced against the solution until the 
solution had risen in the glass tube a few centimeters above 
the stopper. The cellophane was removed from the bottom 
of the cell after which the cell was placed in a beaker con
taining about 400 ml. of water and lowered until the height 
of the liquid in the tube was at the water surface level. 
The temperature was maintained at approximately 25°.

In a series of osmotic experiments «-butyl, ra-amyl, n- 
hexyl and n-heptyl alcohols were used. In one set of experi
ments water saturated solutions were used while in another 
set the pure alcohols were used. Osmotic effects were ob
tained in every case; within 24 hours the liquids in the dif
ferent outlet tubes rose to heights ranging from 4 to 8 cm. 
For a given set of experiments the different alcohols gave ef
fects of the same order of magnitude. Interestingly enough, 
very similar results were obtained wdien pure alcohol and 
when water-saturated solutions of alcohol were used in the 
cells. This should not be surprising for the cases of the 
higher alcohols when one considers that as soon as water 
begins to pass through the membrane the alcohol in contact 
with it at once becomes, saturated and soon there exists im
mediately above the membrane an alcohol-saturated water 
phase and above this a water-saturated alcohol phase. After 
a few hours the menisci between phases rose to such heights 
that two liquid phases could readily be observed. Al
though water was preferentially adsorbed the membranes 
were not strictly semi-permeable; some alcohol was found 
to have passed through to the water compartments.13 Per
haps a denser gel with still finer pores would have been more 
nearly semi-permeable.

In another experiment a molar solution of sucrose pro
duced a measurable hydrostatic pressure within a few hours. 
After four days the liquid in the tube had risen 7 to 8 cm. 
No trace of sugar was detected in the outer water. Against 
solutions of sugar the membrane appeared to be semi-perme
able.

In still other experiments salt solutions were used. Alu
minum chloride, 3 N, caused the liquid in the outlet tube to 
rise to a height of over 30 cm. in 48 hours. Tests showed 
that in this case aluminum chloride had diffused through 
the membrane into the water compartment. Water ap
parently was not preferentially adsorbed by the membrane 
from the solution of this electrolyte to as great an extent as 
from the sugar solution.

The results cited above are admittedly very qualitative in 
nature; nevertheless, they do show that hydrated silica 
gel membranes can function as osmotic membranes and tend 
further to strengthen the theory that membrane semiperme
ability is the result of preferential adsorption of the solvent 
within the pores of the membrane.

(12) The experimental work described herein was carried out by Mr. 
Lowell Schleicher whose assistance we wish hereby to acknowledge.

(13) In the experiments with the alcohols there was evidence that 
the framework of the gel tended to contract somewhat; this may have 
resulted in a leak between membrane and cell wall.
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PRECIPITATION OF COLLOIDAL FEllRIC OXIDE BY CORROSION
INHIBITOR IONS
By W. D. R obertson

Hammond Metallurgical Laboratory, Yale University, New Haven, Connecticut 
Received. July 17, 1951

The relative precipitating power with respect to a ferric oxide sol of anions employed as corrosion inhibitors has been 
determined. It is concluded that the colloidal precipitating power of anions is not a significant factor in the corrosion inhibi
tion mechanism.

Introduction
Several proposals have been made regarding a 

possible connection between the relative precipi
tating power of various anions with respect to the 
positive ferric oxide sol and the pronounced effect 
of the same ions on the corrosion rate of iron.1-2 
However, sufficiently extensive data for an ade
quate evaluation of the proposed correlation has 
not been available, particularly with regard to ions 
that markedly inhibit corrosion.

For the present purpose, the ions may be divided 
into three general classes in accordance with their 
effect on the corrosion rate: the accelerators, of 
which chloride is typical; sulfate and nitrate which 
have a less pronounced accelerating effect; and the 
inhibitors typified by chromate. Recently, ni
trite3 and molybdate and tungstate4 have been 
added to the class of inhibitors. Thus, there is 
available a reasonably large group of anions of 
different charge whose general effect on corrosion 
rate is known and, since the effects of the various 
classes of ions are so greatly divergent, a correlation 
between their relative precipitating power and 
their effect on corrosion rate should be readily 
apparent. For example, chloride and nitrite are, 
respectively, an accelerator and an inhibitor but 
both are univalent anions; similarly, sulfate is a 
moderate accelerator whereas other divalent anions, 
chromate, molybdate and tungstate, are efficient 
inhibitors. If the rate of corrosion in solutions 
of these ions is directly related to their precipitating 
power, it may be anticipated that nitrite would fall 
in the class of divalent ions and presumably the 
mechanism of inhibition would then involve the 
precipitation of hydrated ferric oxide in contact 
with the reacting iron surface, inhibiting subsequent 
reaction. Alternatively, if the precipitation values 
of nitrite and sulfate are similar to other univalent 
and divalent anions, respectively, it may be con
cluded that colloidal considerations are not a pre
dominant part of the corrosion or inhibition mech
anism.

The following experiments were undertaken to 
obtain the necessary data with which to evaluate 
the proposed hypothesis.

Experimental Procedure
In view of the fact that only relative precipitating power 

of the ions was required for direct comparison, a commer
(1) J. Newton Friend, Carnegie Scholarship Memoirs, 21, 125 

(1922).
(2) W . D. Robertson, “ Encyclopedia of Chemical Technology,” 

4, 487 (1949).
(3) A. Wächter and S. S. Smith, Ind. Eng. Chem., 35, 358 (1943); 

A. Wächter, ibid., 37, 749 (1945).
(4) W. D. Robertson, J. (and Trans.) Electrochem. Soc., 98, 94

(1951).

cially available, dialyzed 5% ferric oxide sol was used (Eimer 
and Amend So-D-12).

A stock solution containing 2 g. per liter of Fe20 3 was pre
pared by dilution and the pH adjusted to 5.0 ±  0.1 by drop- 
wise addition of 0.1 M sodium hydroxide. The initial pH 
of the solution, 2.90, was increased to limit polymerization 
of the molybdate and tungstate ions and, to maintain the 
relative character of the experiment, all precipitations were 
carried out at constant pH as measured by the glass elec
trode. Subsequent experiments to determine the effect of 
the hydroxyl ion alone indicated that precipitation does not 
occur below pH 6.5.

Twenty milliliters of the stock solution and 20 ml. of a 
solution of the sodium salt of the precipitating ion were 
mixed in a reproducible manner in a container which was 
patterned after Weiser5 but more conveniently made en
tirely of glass from standard taper (45/50) Pyrex joints. 
Following inversion of the container, the resulting solution 
was poured into a test-tube and allowed to stand for 24 
hours. Successive tests with bracketing concentrations 
resulted in a narrow range of ion concentration above and 
below the precipitation values given in Table I. Tn the 
event of questionable completeness of precipitation, the 
apparently clear supernatant liquid was pipetted out and 
tested with an excess of sodium sulfate.

The criterion of precipitation adopted was the appearance 
of a narrow band of clear solution (less than 1 mm.) at the 
top of the tube in 24 hours. In a series of ten tubes con
taining increasing concentrations of the precipitating ion, 
the distinction between (by definition) incomplete precipita
tion indicated by flocculation without clarification at the 
top of the tube and definite clarification was readily ob
served and verified by successive bracketing of concentra
tions for the purpose of narrowing the precipitation range.

Results
The values obtained are presented in Table I, 

together with those of Weiser and Middleton6 
for comparison. Tt should be noted that the

T a b l e  I

P recipitation Valves for Fe2Os Sol , I (.1. ter L iter , 
a t  pH 5.0

Precipitation value 
(inillitnoles/liter)

Weiser and
Ions This work Middleton

p o r 0.23

w o r . 3 3

CrO; .36 0 . 6 5 0

Cr20, . 3 7 5

M o o ; . 3 8

s o r . 4 0 . 4 3 7

( O H - ) ( . 7 3 )  p H  6 . 5

i o , - 0 . 9 0 0

N02 — 1 5 . 5
Cl- 1 6 . 5 1 0 3 . 0

CIO,- 102.0
C1 0 3 - 1 1 5 . 6

X 0 3 - 1 3 1 . 2

\ H. B. Weiser and E. B. Middleton, T his Jou rn al , 24.
(1920).
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comparison of the two sets of data, obtained with 
sols prepared in a different manner, is only indica
tive of similar trends; however, with the exception 
of the chloride ion, the correspondence between the 
two sets of data is good. The variation obtainable 
between univalent ions and the clear distinction 
between univalent and divalent ions is again 
demonstrated.

Conclusions
It is apparent from the data that nitrite, molyb

date, tungstate and chromate fall in their respective 
class of univalent and divalent ions with respect to 
precipitating power; in other words, there is 
nothing distinctive about the inhibitor ions that

would indicate that their colloidal properties are 
involved in the inhibitor mechanism. The fact 
that sulfate, a moderate accelerator, and nitrite, 
an efficient inhibitor, have precipitation values 
characteristic of their charge apparently means 
that precipitation of colloidally dispersed corrosion 
products is not directly involved, otherwise chloride 
and sulfate should both be inhibitors or, alterna
tively, nitrite should be an accelerator.
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BOOK REVIEW

College Chemistry. By L in u s  P a u l in g , Professor of Chem
istry in the California Institute of Technology W. H. 
Freeman and Company, San Francisco, Calif. 1950. 
x -f- 705 pp. 213 figs. 37 tables. 16 X 24 cm. Price, 
$4.50.
In this book—one might almost say edition—the il

luminating and unconventional approach of Pauling’s 
“ General Chemistry”  is still there, although in a more 
diluted form. The treatment of fundamentals is clear and 
adequate, although the occasional obscure sentences of 
“ General Chemistry”  have been not quite completely 
eliminated. At first glance the two books appear almost 
identical, but in “ College Chemistry”  the order of chapters 
has been changed—for example the treatment of gases and 
gas laws is now considered much earlier—and material 
shifted around between chapters; the contents have been 
expanded by addition of more factual matter on metallurgy, 
manufacturing processes, chemistry of the common ele
ments, biochemistry and photography including color pho
tography. The printing of the book and also the illustra
tions have been improved and there are very few misprints. 

The main reason given for publishing “ College Chemis

try”  is, it seems, the need for a freshman text “ written in a 
more slowly paced and less mathematical form.”  The at
tempt to achieve a slower pace seems to have been made in 
the main, by the omission of paragraphs on more sophis
ticated topics, except in one or two chapters, such as the one 
on gases and gas laws, where a certain amount of rewriting 
has been done; many of the chapters, however, including 
the first five or so, have virtually the same wording as in 
“ General Chemistry.”  The writing in a less mathematical 
form appears to consist in omitting the use of calculus in 
rate equations, thus bringing the book into lino with most 
conventional freshman texts. A pity. In this reviewer’s 
opinion it is questionable whether the average or subaverage 
freshman, to whom it seems popular to cater these days, will 
find the present book so much easier to understand than 
“ General Chemistry”  that its existence is justified. There 
is no doubt, however, that Prof. Pauling’s “ College Chemis
try”  is one of the best freshman texts available at the present 
time.
D e p a r t m e n t  o f  C h e m is t r y
H a r v a r d  U n iv e r s it y  G e o f f r e y  W il k in s o n
C a m b r id g e  38, M a s sa c h u se tts
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