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SAMUEL COLVILLE LIND
Born June IS, 1879

Samuel Colville Lind was almost eight years old 
when the Zeitschrift fur physikalische Chemie was 
founded by Ostwald in Leipzig. Since the latter 
event is often considered to mark the birth of 
Physical Chemistry as a separate discipline, he is 
some ten per cent, older than the subject of his ca
reer. He was born on June 15, 1879, to Thomas 
Christian Lind and Ida Colville Lind, the latter a 
native of McMinnville, Tennessee, the former a na
tive of Sweden. Thomas Lind, a mate on one of 
his father’s ships at nineteen, left the sea in New 
York to join the Union Army in the Civil War. 
After the war he was sent by his employers, the 
Pennsylvania Oil Company, to find whether the gas 
bubbles rising from the Barren Fork of the Collins 
River at McMinnville were a sign of petroleum. 
When test drilling failed to disclose any, he aban
doned the oil business in disgust, read law in Mc
Minnville, married a local girl and settled down to 
practice law in that small, Middle Tennessee county 
seat, where his oldest child, Samuel Colville, was 
born and grew up.

After graduating from high school, Lind was sent 
to Washington and Lee University at the instiga
tion of an alumnus, the superintendent of the 
McMinnville High School. It would have been 
natural for him to study law, but his father advised 
against it because the prospects for young lawyers 
in the South seemed to be declining. He elected a 
general course in college, studying primarily classics 
for three years. As a senior, he found that he 
needed six points in science or mathematics for 
graduation, and only for that reason elected the 
elementary course in chemistry.

This course determined Lind’s future career. It 
was taught by Jas. L. Howe, Professor of Chemistry 
at Washington and Lee from 1894 to 1937 and an 
active chemist (platinum metals, especially ruthe
nium) until 1955 when he died at the age of 96. 
He presented the subject so attractively that Lind 
returned for a fifth year in order to prepare himself

for advanced work. Since the Massachusetts In
stitute of Technology had then the outstanding un
dergraduate course in chemistry in this country, 
Lind went there in 1900, received an S.B. degree in 
1902 and returned in 1903 as an assistant, teaching 
Advanced Analysis under li. P. Talbot.

In 1904 M.I.T. granted Lind a Dalton Traveling 
Fellowship, which he used to go to Ostwald’s 
laboratory in Leipzig for a Ph.D. By that time 
Ostwald had almost disengaged himself from lec
turing and research, and the choice of thesis pro
fessors in Physical Chemistry lay between Luther, 
the electrochemist, and Bodenstein, the kineticist. 
The former was the favorite with the graduate 
students, perhaps because 3odenstein’s problems, in 
gas kinetics, were more difficult experimentally and 
perhaps partly because Bodenstein, being inde
pendently wealthy, was somewhat more aloof. 
Lind approached Luther for a thesis problem but 
found that he could accommodate no more stu
dents that year. Turning, therefore, to Bodenstein, 
he was assigned the kinetics of the thermal reaction 
of bromine with hydrogen. Quite in contrast to 
the simple, second-order kinetics shown by hydro
gen and iodine, the results for bromine and hydro
gen could only be fitted by an equation with two 
numerical constants, a square root dependence on 
bromine and a function of hydrogen and bromine 
concentrations in the derominator. This new ki
netic equation remained unexplained for thirteen 
years, being finally interpreted independently by 
Christiansen, Polanyi anc Herzfeld by an atomic 
chain mechanism. After receiving the Ph.D. for 
this work in 1905, Lind was offered an appointment 
as assistant at Leipzig, but the salary was too small 
for subsistence, and his mother, fearing his expatria
tion, declined to assist him. He, therefore, re
turned to America in 1906 and accepted an instruc- 
torship at the University of Michigan. Here he 
taught General and Physical Chemistry and con
ducted research in analysis and in solution kinetics.

773



774 Samuel Colville L ind Vol. 63

Michigan then had a plan by which a faculty 
member could take a year off with salary after only 
five at the university, by teaching summers with
out pay. Lind did this and in 1910 left for a year 
in Marie Curie’s laboratory in Paris. Radioactiv
ity was the newest thing in chemistry, and he 
wished to learn about it at the source.

Although Madame Curie was largely occupied 
in writing her “ Traité de Radioactivité”  in 1910, 
she continued to deliver her lectures on radioactiv
ity, and the Chef de Laboratoire, André Debierne, 
with William Duane, introduced Lind to experi
mental radioactivity. Duane, from the University 
of Colorado, had been instrumental in obtaining 
money from the Carnegie Foundation for the Curie 
laboratory and was at that time concluding his sec
ond stay there. Lind’s research was on the a-ray 
induced combination of hydrogen and bromine and 
the decomposition of hydrogen bromide, the latter 
in the liquid and in aqueous solution as well as in 
the gas. He moved to the new Institut für Ra- 
diumforschung in Vienna for the last part of his 
leave, working with Stefan Meyer and Victor F. 
Hess (now at Fordham), the discoverer (1912) of 
cosmic rays. Here Lind carried out the first re
search in which the amount of ionization and the 
amount of chemical change were directly compared, 
namely, the ozonization of oxygen by a-rays.

Lind returned to Ann Arbor as assistant profes
sor, with the intention of initiating chemical work 
with «-particles in this country. He recalculated 
previous results by Cameron and Ramsay, by 
Usher, by Debierne, and by himself, and showed 
that there was a close equivalence between the 
amount of chemical reaction and the number of 
gaseous ions formed by the a-particles. He was un
able, however, to obtain support for experimental 
work in this field (radium at that time cost over 
$100,000 per gram), and in 1913 he accepted a po
sition with the Bureau of Mines at Denver, Colo
rado, where a group under R. B. Moore was build
ing a plant to isolate about eight grams of radium 
from carnotite. This undertaking was sponsored 
jointly by the Bureau of Mines and the newly- 
formed National Radium Institute, a creation of H. 
A. Kelly and J. Douglas, of Baltimore and New 
York, respectively, who intended to use the radium 
in experimental therapy. Lind, of course, took 
part in the chemical developments necessary to the 
process, but, as the expert in radioactivity, his 
principal efforts were devoted to radioactive meas
urements and to the handling of the material in 
the final stages of purification. He was, for in
stance, responsible for the division of each batch of 
final product into two equal parts for shipment to 
the two sponsoring hospitals. As a result of these 
operations he carries about a tenth of a microgram 
of radium in his system, apparently not to his detri
ment, at least in comparison to ordinary persons.

By the end of the production operations, about 
half a gram (of a total of 8.9) was in excess of the 
contract requirements, and Lind was able to employ 
it in studies of chemical changes. It was loaned 
to him when he left the Bureau of Mines, accom
panying him to his subsequent posts, even to the 
present, where it is in use by Lind and his colleagues

at the Oak Ridge National Laboratory. Some 
thirty-five research papers have described work 
done with this sample of radium.

While in Denver, he married Marie Holliday, an 
Omaha girl, whose charm and graciousness have 
complemented his own in all of his subsequent life. 
They have one son, Thomas Colville Lind, and 
three grandchildren. The boy is his grandfather’s 
favorite fishing companion on his visits to Oak 
Ridge.

The Bureau of Mines station at Denver was 
moved first to Golden, Colorado, in 1916 and then 
in 1920 to Reno, Nevada, as the Rare and Precious 
Metals Experiment Station, with Lind in charge. 
In 1923 he moved to Washington, D. C., succeed
ing R. B. Moore as chief chemist of the Bureau of 
Mines. Finally, in 1925, he left to become associ
ate director of the Fixed Nitrogen Laboratory of the 
Department of Agriculture. In 1926 Lind w'as 
called from Washington to become Director of the 
School of Chemistry of the University of Minne
sota, returning thus to academic life after thirteen 
years in Government service. After nine further 
years he was made Dean of the Institute of Tech
nology, where he continued until his retirement in 
1947.

Lind wished to return to Tennessee after retire
ment, and, therefore, sought a position vfith the 
Union Carbide Corporation, which operates the 
atomic energy facilities in Oak Ridge for the 
Atomic Energy Commission. He was made a 
technical consultant to C. E. Center, at that time 
the general superintendent for Union Carbide in 
Oak Ridge. Although Lind’s headquarters were 
at the Gaseous Diffusion Plant, most of his atten
tion soon came to be directed to the Oak Ridge 
National Laboratory, where the largest part of the 
research in Oak Ridge is conducted, and since 1951 
he has been in almost full-time residence there. 
From 1951 to 1954 he was acting director of the 
Chemistry Division of the Laboratory and since 
then he has been a consultant to the Laboratory, as 
well as to the vice-president. He is (with two asso
ciates) revising and enlarging his ACS Mono
graph, “ The Chemical Effects of Alpha Particles and 
Electrons” to make it a comprehensive treatise on 
experimental results in radiation chemistry. The 
original edition was the second monograph to be pub
lished by the American Chemical Society and, with 
its revision in 1928, has been the standard reference 
on the subj ect. He also continues to direct research 
in experimental radiation chemistry of gases.

Lind’s connection with scientific publications 
started with Chemical Abstracts, for which he was 
an abstracter from 1908 through 1911 and 1915 
through 1921, and an assistant editor (in charge of 
“ Subatomic Phenomena and Radiochemistry” ) 
from 1922 through 1929. He has been an associ
ate editor of the Journal of Ihe American Chemical 
Society and a member of the Board of Editors of 
the American Chemical Society Series of Chemical 
Monographs. In 1933 he assumed the editorship 
of the Journal of Physical Chemistry from its 
founder, W. D. Bancroft, He edited it from Min
nesota until 1947, when he moved the editorial of



June, 1959 Samuel C olville L ind 775

fices to Oak Ridge. He continued as editor until 
1951.

Numerous prizes, offices and other honors have 
accrued to Lind. He was president of the Electro
chemical Society in 1927 and vice-president (Sec
tion C— Chemistry) of the American Association 
for the Advancement of Science in 1930. He was 
president of the American Chemical Society in 
1940. He received the Nichols Medal of the New 
York Section of the American Chemical Society in 
1926 in recognition of his work on chemical activa
tion by a-particles, and the Priestley Medal of the 
American Chemical Society at the Diamond Jubilee 
Meeting of the Society in 1951 in New York. He 
was elected to the National Academy of Sciences in 
1930 and for some years after returning to Ten
nessee was the only member residing in that state.

The positions and honors which Lind has re
ceived testify to his distinction as a scientist and 
his ability as a teacher and administrator. Since 
his scientific work so typifies the spirit of physical 
chemistry, it may be permissible to attempt a brief 
recapitulation. Growing up, scientifically, in the 
middle of the development of physical chemistry, 
he has quite naturally remained an experi
mental physical chemist throughout his career. 
Well over a hundred papers have resulted from his 
research, the largest part of them dealing with re
actions under a-particle radiation or in the electric 
discharge. His principal collaborators have been
D. C. Bardwell, G. Glockler, R. S. Livingston and
C. H. Shiflett. In addition, he has authored sev
eral papers on related subjects, numerous reviews, 
and another book, “ The Electrochemistry of 
Gases,”  with George Glockler. His primary con
cern has been careful measurement and simple 
transformation of the results into terms (rate 
equations, M /N  ratios, etc.) that can be used in 
compilation and in theoretical speculations. Wher
ever needed, he has supplied new techniques or in
genious improvements. The thin-walled a-ray 
bulb (developed with Duane, following earlier ex
periments with thin capillaries by Rutherford) and 
the Lind electroscope are tributes to his skill and 
ingenuity. His thesis, under Bodenstein, stands 
as one of the classics of chemical kinetics, and repe
tition with newer information and apparatus has 
merely confirmed the results which he obtained 
fifty-four years ago.

Lind has been equally careful and ingenious in 
drawing conclusions from his experimental results. 
Sometimes, as in his thesis, these have been simply 
crystallizations of the data into empirical equations, 
but these have withstood time and re-examination. 
Sometimes, his results have revealed new phenom
ena such as the catalysis of radiation effects by inert 
gases, or the effect of recoils in a-ray reactions. He 
has hunted such discoveries, as well as contradic
tions and anomalies, out of his own work and that 
of others with almost unerring aim. He suggested 
in 1911, from evidence in his experiments, the exist
ence of indirect action of radiation upon a solute, a 
concept that is central to most radiation chemical 
work with solutions and to most of radiobiology.

The thread of all his work has been the impor
tance of ionization in radiation-induced reactions.

This concept was not original with him, but he rec
ognized its probable soundness and its usefulness 
as a working hypothesis. He provided the first 
careful measurements designed to test it (the ozoni- 
zation of oxygen), and a whole series of experi
ments to explore the effect of chemical variation. 
He correlated these results in terms of molecules 
reacting per ion-pair formed in the gas (M /N ) and 
observed regularities in behavior, from simple re
actions for which M /N  was a small number to 
cases of obvious chain reaction (H2 +  Cl2) for which 
M /N  was very large. Directed by such observa
tions and by physical evidence for clustering of 
molecules about gaseous ions, Lind put forward in 
1923 a “ cluster hypothesis”  for radiation-induced 
reactions, in which the chemical action took place 
within a cluster of molecules as a result of the energy 
liberated by neutralization of oppositely charged 
ions. The concreteness of this hypothesis and its 
success in accounting for numerous results led it to 
be widely used, among others by Mund, by Rideal, 
and by Brewer and Westhaver. A few critical ex
periments were suggested, by Lind and by others, 
but were not feasible because of the short molec
ular or ionic free path in gases at pressures where 
chemical reactions could be followed. Rapid de
velopments in kinetics during the next few years 
brought the role of atoms and radicals in thermal 
and photochemical reactions to attention, and in 
1936 J. 0 . ILirschfelder, H. Eyring and H. S. Tay
lor showed that two a-ray reactions could be ex
plained without invoking clustering. This marked a 
turning point in the theory of radiation chemistry, 
since it showed that no special behavior different 
from that demonstrated for other types of activa
tion needed to be assumed. Although Lind was un
doubtedly attached to the cluster hypothesis, he 
recognized the merits of the (by then) more con
ventional explanation and retained the cluster hy
pothesis only for cases where the newer mechanism 
did not seem to work.

Mainly because gas reactions were little studied 
during the war, when radiation chemistry achieved 
its present, greatly enlarged status, the role of ions, 
except as fleeting, initial products began to be 
neglected. More recently, experiments in mass 
spectrometers at higher than usual pressure have 
begun to show the wide occurrence and large prob
ability of ion-molecule reactions, and the most re
cent research in gas-phase radiation chemistry has 
shown that ion-molecule reactions are probably 
highly important. Thus, the essence of Lind’s ap
proach, the importance of ions as reacting species, 
and the importance of measuring the ions (because 
they alone of the activated primary species can be 
quantitatively measured, even now) is again prov
ing fruitful.

Although Lind was not unaware of the revolution 
in physics which has occurred during his lifetime, 
and of its impact upon chemistry, he has remained 
essentially an experimental physical chemist, de
voted to the experimental discovery of regularities 
in chemical behavior. A few incidental remarks 
in his papers suggest that he could as well have ap
proached chemistry from the theoretical viewpoint. 
Thus, the electronic picture he suggested in 1923
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for coloration and thermoluminescence is remark
ably sensible in present-day terms, and the discus
sions of nuclear physics, photochemistry and other 
topics in some of his reviews reveal a most lucid 
grasp of modern theoretical developments. The 
quick, penetrating intelligence which shows 
throughout his writing and appears daily in his 
conversation about science, world affairs, or peo
ple, could have brought him success in any field. 
Since he elected to apply his talents to physical

chemistry, he is now, as he has been for more than 
fifty years, one of the foremost physical chemists of 
his time.

It remains only to wish Lind a happy eightieth 
birthday and continued happiness and success. 
The papers in this Jubilee Issue are but an insignifi
cant token of the esteem and affection in which he is 
held by his colleagues.
O a k  R i d g e  N a t i o n a l  L a b o r a t o r y

O a k  R i d g e , T e n n e s s e e  E l l i s o n  H. T a y l o r

CHEMICAL EFFECTS OF LOW ENERGY ELECTRONS1
By R u s s e l l  R. W i l l i a m s , Jr .

Haverford College, Haverford, Pa. 
Received October 15, 1958

A new technique has been developed for the study of chemical decomposition of gases by low energy electrons. Ultraviolet 
light falling on a silver surface generates photoelectrons which are accelerated in the gas by application of an electric field. 
The electron yields of products formed by irradiation of methane and ethane have been examined as a function of applied 
potential and the behavior of the systems suggests that an important primary process is non-ionizing excitation by electron 
impact.

It has been presumed for some time that radioly
sis by high energy electrons produces chemical re
action by excitation2 as well as by ionization al
though most of the mechanisms proposed have 
emphasized the importance of ionization as the 
primary process, relegating excitation to an unde
termined role. This report describes the first re
sults of a new attempt to investigate the chemical 
effects of electrons of such low energies that ioni
zation will be impossible or inefficient.

The prior literature reveals several instances in 
which chemical decomposition by electron excita
tion appears to occur. Essex and his collaborators3 
found that the ion-pair yield in the alpha radiolysis 
of gaseous ethane was increased by the applica
tion of an electric field in a manner which led them 
to conclude that electron excitation was responsible 
for the increase. In like manner Meisels, Hamill 
and Williams4 found that the ion pair yield in the 
X-radiolysis of methane in argon was increased by 
application of an electric field. Kiser and John
ston5 have analyzed the products and determined 
electron yields in Geiger-Miiller discharge in etha
nol-argon and 2-propanol-argon mixtures. They 
find, respectively, 285 and 56 molecules decomposed 
per electron collected. They conclude that the 
magnitude of these yields indicates a primary 
process of excitation rather than ionization. Mech
anisms of decomposition in electric discharge have 
been proposed6 which depend heavily on excitation 
as a primary process.

Cl) W ork supported b y  a special grant from the Board of M anagers 
of H averford College.

(2) In  the present context th e  use of the term excitation w ill be 
confined to processes which do not result in positive ion form ation in 
the in itial act or in an y subsequent unim olecular process.

(3) E .g ., N . T . W illiam s and H. Essex, J . Chem. P h yc., 1 7 , 995 
(1949).

(4) G . G . M eisels, W . H. H am ill and R . R . W illiam s, Jr., T h is  
J o u r n a l , 6 1 , 1456 (1957).

(5) R . W . K iser and W . H . Johnston, J . A m . Chem. S oc., 7 8 , 707
(1956); 7 9 , 811 (1957).

(6) E .g., M . B urton  and J. L . M agee, J. Chem . P h ys., 2 3 , 2194, 2195 
(1955).

In the present investigation low energy electrons 
are introduced into a gas via the photoelectric ef
fect from a metal surface. The electrons then are 
caused to drift through the gas by application of an 
adjustable electric field. Chemical decomposition 
is determined as a function of applied potential per 
unit gas pressure.

Experimental
Apparatus.— The reaction chamber consists of a cylindri

cal silver cathode 12 mm. in diameter X 120 mm. in length 
centered in a cylindrical anode 29 mm. in diameter X  120 
mm. in length constructed from 18 mesh bronze screen. 
Thus the electrode spacing is 8.5 mm. with a maximum 
variation of ca. ±  1 mm. This electrode assembly is en
cased in a Vycor 7910 jacket with appropriate gas and elec
trical connections as shown in Fig. 1. Some care must be 
exercised to avoid discharge points on the electrodes and 
leads.

The reaction chamber is inserted within the coil of a Han- 
ovia SC2537 mercury resonance lamp formed from 10 mm. 
quartz tubing shaped in the form of a four turn helix with 
inside diameter 50 mm. and length 100 mm. The radiation 
from the lamp passes through the Vycor jacket, through the 
screen anode and falls on the surface of the silver cathode as 
shown in Fig. 1.

Power for the mercury resonance lamp is furnished by a 
5000 volt transformer operated from a variable transformer 
in the primary. The electrode potentials for the reaction 
chamber are furnished by the d.c. supply of a Geiger- 
Miiller counting circuit and a d.c. microammeter is placed 
between the cathode and ground to permit measurement of 
the photoelectron currents, which ranged from 2 to 100 mi
croamp.

Preliminary tests on several metals resulted in the selec
tion of silver for its relatively high photoelectron efficiency. 
After pretreatment of the silver by high voltage, high fre
quency discharge in hydrogen at ca. 1 mm. pressure the 
vacuum photoelectron current, collected with an applied 
potential <50 volts, was ca. 10 microamp. The current 
varied slowly with time and with the nature of the experi
mental procedure.

The reaction chamber was permanently connected through 
a stopcock to a typical vacuum system for gas handling and 
to a gas collecting apparatus. The latter consisted of a 
McLeod gauge modified to have a calibrated volume con
nected by a stopcock to the top of the closed arm. By 
successive strokes of the mercury in the McLeod the gaseous 
products were collected in the calibrated volume or in a 
sample holder for analysis.
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Considerable care was taken to avoid entrance of mercury 
vapor into the reaction chamber. A trap immediately out
side the chamber was always cooled in Dry Ice-acetone or 
in liquid nitrogen when the chamber was exposed to the 
vacuum system. Furthermore, the presence of silver in the 
chamber should drastically lower the vapor pressure of 
mercury through formation of the silver amalgam. The 
trap outside of the reaction chamber also was used to sepa
rate reactants from products after irradiation.

Reagents.— Reagents used were: methane, Phillips re
search grade, >99.6 mole % ; ethane, Phillips research 
grade, >99.75 mole % ; argon, Matheson, >99.9 mole %.

Procedure.— A typical experiment with methane or meth
ane and argon proceeded as follows. The reagents were 
cooled in their reservoirs to liquid nitrogen temperatures and 
then admitted to the reaction chamber, the desired pressure 
being obtained by allowing the reservoir to warm slowly 
from liquid nitrogen temperature. This procedure was used 
to reduce the possibility of introducing small amounts of 
contaminants which might be condensable on liquid nitro
gen. A Dry Ice-acetone bath was placed around the trap 
next to the reaction chamber during sample introduction 
and the ultraviolet lamp was turned on for warm-up. After 
sample introduction the electric field was applied for a meas
ured period of time and the photoelectron current observed 
during the irradiation. The lamp primary, and therefore 
its intensity, was adjusted during the run to maintain a con
stant photocurrent. It was shown that the rate of reactions 
is simply proportional to the light intensity.

After completion of the exposure liquid nitrogen was 
placed around the trap next to the reaction chamber and 
the sample was passed slowly through the trap. Non
condensables were discarded and the condensable products 
(ethane, etc.) were warmed to room temperature and col
lected in the modified McLeod where their P V  product was 
measured. The amount of product collected was typically 
10-40 ce. X mm. at room temperature, and the reaction 
chamber volume was ca. 250 cc. Therefore the extent of de
composition was usually less than one per cent., except 
where larger samples were collected for mass spectrometric 
analysis. Comparison of the amount of product collected 
with the total charge passed through the system permitted 
calculation of the electron yield, Y — moles of product/ 
faradays of charge.

The procedure for ethane was similar except that ethane 
was condensed on liquid nitrogen and the non-condensable 
products (hydrogen and methane) were collected.

Results
Ethane.— Blank runs (ultraviolet irradiation with 

no field applied) demonstrated a small but sig
nificant rate of reaction which might be either a 
mercury photosensitized reaction or a photolyzable 
impurity in the sample. Several attempts to 
purify the ethane by distillation failed to reduce the 
blank. However, the rate of this reaction was very 
consistent even after complete disassembly of the 
chamber for replacement of electrodes, and the 
rate was approximately proportional to the pres
sure of ethane. These observations favor the im
purity hypothesis. The correction for the blank was 
as high as 20% in one or two experiments at very 
low fields, but otherwise always less than 10%.

The electron yield, F, in the decomposition of 
ethane was examined principally at two pressures as 
a function of applied voltage. The products col
lected in these experiments were non-condens
able on liquid nitrogen. Mass spectrometric 
analysis7 of several samples showed that the hydro
gen-methane ratio was ca. 5 A . The observed yields 
are plotted versus V/P in volts/mm. gas pressure in 
Fig. 2. (The field strength is approximately uni
form at 1.18 volts/cm. at 1 volt applied potential.) 
The upper limit of the measurements was deter
mined by the onset of intermittent discharges in the

(7) Courtesy of A tlan tic Refining C o., Philadelphia, Pa.

Fig. 2.— Decomposition of ethane: O, 38 mm.; □, 79 mm.

chamber at high potentials and no results are re
ported in which this occurred. The lines drawn 
through the data are merely to show the apparent 
trends of the points and have no immediate theo
retical origin. It is seen that, within the precision 
of the data, the lower points fall on straight lines 
having a common intercept and with slopes ap
proximately proportional to the gas pressure.
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V/P.
Fij>. 3.— Decomposition of methane: O, 30 mm.; □ , 66 mm., 

A, 82 mm.

V/P.
Fig. 4.— Decomposition of methane in argon: O, 10 

mm. CH4, 190 mm. Ar; □, 10 mm. CH4, 400 mm. Ar; A, 
20 mm. CH4, 390 mm. Ar.

Figure 2 also shows the current-voltage curve at 
the lowest ethane pressure. The scale of current

here does not correspond quantitatively to the de
composition experiments and such curves are 
given only to show their shapes.

Methane.— Blank runs with methane showed 
that the sample contained a very small amount of 
condensable impurity but, in contrast to the 
ethane, there was no evidence of reaction upon 
ultraviolet irradiation. The collected impurity 
was shown to be a constant proportion of the meth
ane and therefore accurate correction was possible. 
Again the correction was as large as 20% only for a 
few experiments at very low rates and was ordi
narily much less than 10%.

The electron yield in the decomposition of meth
ane was examined principally at two pressures as a 
function of applied voltage and the results are 
shown in Fig. 3. The products collected in these 
experiments are condensable on liquid nitrogen and 
mass spectrometric analysis7 of two runs showed 
the following principal products: ethane, 72%; 
propane, 19%; n-butane, 2% ; isopentane, 4%. 
Exceptionally long runs were required to obtain 
sufficient product for analysis and it may be that 
this analysis does not accurately represent the ini
tial product distribution. As with ethane the lower 
yields appear to be a linear function of V/P with a 
common intercept and a slope proportional to the 
pressure. Curves of photocurrent vs. V/P are 
given for both pressures of methane.

Methane in Argon.—-Blank runs with methane in 
argon showed that no condensable impurity was 
obtained from the argon and only that attributable 
to the methane was observed.

The addition of small amounts of methane to ar
gon has a strong effect on the current versus V/P 
curves. The current in the flat portion of the curve 
(V/P <  3) is less by 25-50 than in pure argon and 
the “ plateau”  is longer than in pure argon.

The yields of condensable products as a function 
of applied voltage were determined for three mix
tures as shown in Fig. 4 and the corresponding pho
tocurrent curves were obtained. The yield curves 
are of the same general form as those obtained for 
pure ethane and pure methane, but the yields are 
higher and the reaction occurs at lower values of 
V/P. The data at 10 mm. CH4, 190 mm. Ar in
clude two points which do not fit the presumed 
curve. The low yield at V/P =  6.8 is a result of an 
unusually long exposure which was subsequently 
shown to result in diminished yield. There 
is no evident reason for the high yield at V/ 
P — 5. Mass spectrometric analysis7 of two runs 
showed a product composition essentially the same 
as that observed in irradiation of pure methane.

Discussion
The chief point of interest in the present study is 

the assessment of the significance of excitation as 
opposed to ionization in the primary process. 
While there are practically no positive ions formed 
at low V/P, the sharp rise of the current at higher 
V/P, e.g., V/P >  20 for ethane at 38 mm., indi
cates significant ionization by electron impact to 
form positive ions and additional electrons. The 
positive ions thus formed could lead to product 
formation through ion-molecule reactions and/or 
charge neutralization at the cathode. The onset of
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such ionization cannot be clearly defined since the 
electron swarm acquires a broad distribution of en
ergies as it drifts through the gas under the influ
ence of an applied field.8 In the cases of methane 
and ethane the onset of chemical reaction with in
creasing V/P occurs at values of V/P comparable 
with those at which ionization sets in. In 
the argon-methane system there appears to be a 
significant difference between these subjective 
“ thresholds”  but because of the breadth of the 
electron energy distribution this is a nearly worth
less test.

Two characteristics of the yield curves strongly 
suggest that excitation is an important primary 
process in these systems. First, the shapes of the 
chemical yield curves are clearly different from 
those for electron multiplication, i.e., positive ion 
formation, which are approximately exponential. 
Secondly, the values of the chemical yield are so 
large as to defy explanation by any ordinary ionic 
mechanism. In radiolysis the ion-pair yield for 
production of non-condensable gas from ethane is
1.53 and for decomposition of methane it is 2.2.9

The behavior of these systems may be analyzed in 
further detail as follows. The dependence of the 
number of electrons collected at the anode, n, on the 
number leaving the cathode, n0, the distance be
tween electrodes, l, and the gas pressure, P  is well 
known to be8

n =  wo exp(<*i PI) (1)
in a parallel plate system at constant X/P  (field 
strength per unit gas pressure). The coefficient m 
represents the number of new electrons created per 
unit distance per unit gas pressure. It is found 
that m is a smooth function of X/P  alone, to be 
discussed below.

In a manner analogous to that used in deduction 
of equation 1, we now write an expression for the 
rate of formation of product molecules as a function 
of P  and l, assuming that a fixed number of product 
molecules is formed as an ultimate consequence of 
each productive electron impact. Let N  be the 
number of product molecules and ap the number of 
product molecules created per unit distance per 
unit pressure. The latter property may be expected 
to be a function of X/P.

diV =  a„n d{PI)

Substituting for n by equation 1 and integrating 
yields

N  =  {av/a{)nts [expCajW) — 1] (2)
This equation indicates that the electron yield, Y — 
N/n, at constant X/P  should depend on P  and l as 

N/n =  (arp/txi) [1 — exp( — a\Pl)] (3)
At small values of the exponent, N/n ~ aPPl and 
the yield is approximately proportional to the gas 
pressure.

It is more interesting to examine the behavior of 
ap/ai with changing V/P (proportional to X/P). 
For this purpose it is appropriate to replace exp(ai 
PI) by n/tto and rearrange equation 2 to the form

(8) See L . B . Loeb, “ Fundam ental Processes in E lectrical D is
charge in Gases,”  esp. C h. V III , John W iley  and Sons, In c., N ew  
Y o rk , N . Y ., 1939.

(9) S. C . Lind and D . C . Bardw ell, J . A m . Chem. S oc.t 48, 2335 
(1926). O nly ab out 2 5%  of th e  product is condensable.

Fig. 5.— ap/ai vs. V/P: O, CH4; q , C2H6 (top abscissa for 
both); A ,  Ar +  CH4 (bottom abscissa).

N/(n -  no) =  ap/ai (4)

As suggested by this equation N/(n — n0) has been 
plotted versus V/P in Fig. 5 for the three systems. 
(The quantity N /(n  — n0) is also the yield of prod
uct molecules per positive ion, which is to be con
trasted with the ion pair yields in radiolysis.) The 
lack of any true “ plateau”  in the ionization curves 
makes it difficult to make an objective determina
tion of n0 (from 70) and this introduces a large un
certainty into values of ap/m  at low values of n — 
n0. In spite of this difficulty it is clear that ap/cn 
decreases with increasing V/P. Therefore the 
formation of products cannot be a simple conse
quence of a single ionization process. Since dissocia
tive excitation may be expected to occur at ener
gies below that required for ionization the evidence 
indicates that excitation is an important process in 
the formation of products.

The dependence of ai on X/P  has been experi
mentally determined for a few simple gases, but no 
manageable theoretical expression is available for 
description of this behavior, largely due to difficul
ties in describing the electron energy distribution. 
There is, however, a simple equation derived by 
Townsend but now known to be inadequate,8 which 
approximates the observed behavior. This is of 
the form

a, =  A exp {-B E i/ (X / P )]

where E{ is the ionization energy. If the depend
ence of av on X/P  were of the same form, but with 
Ei replaced by Ep <  E\, then the ratio ap/'a; would 
vary with V/P (X/P) as shown in Fig. 5. In 
fact a plot of log (ap/a-/) vs. \/(V/P) is nearly lin
ear, but unfortunately the theory is inadequate to 
justify such a quantitative interpretation.

In the argon-methane system reaction occurs at 
much lower V/P than in the case of pure methane. 
This can be understood from examination of curves 
of mean electron energy, e, vs. X/P  for various 
gases.10 These show that for argon e rises rapidly
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with increasing X/P, reaching ca. 1 2  e.v. at 2  volts/ 
cm./mm. This corresponds to the energy of the 
first excited state of argon. Evidently the loss of 
energy by elastic collision is very inefficient and the 
energy of the electrons increases readily until inelas
tic collision is possible. On the other hand, a poly
atomic molecule can undergo inelastic collisions at 
much lower energies. The data show that e in
creases much more slowly with X/P  and the in
crease continues to much higher values of X/P  than 
in the case of a monoatomic gas. Consequently 
much higher values of X/P  will be required to pro
duce an appreciable number of electrons of the 
high energy required for chemical decomposition.

In the argon-methane mixtures the possibility 
exists that either component could be the seat of the 
primary excitation. If it were argon it then would 
be necessary to postulate a process such as A* +  
CH4 =  CH3 +  H +  A to initiate reaction. The 
higher yields of methane decomposition in the pres
ence of argon and the increase in yield with increas-

(10) B . Rossi and H. Staub, “ Ionization Cham bers and Counters,”  
Ch. 1, N . N . E . S., D iv . 5, Vol. 2, M c G ra w -H ill Book C o., N ew  Y o rk , 
N . Y ., 1949.

ing proportion of methane tempt one to adopt this 
view. However, the decision should not be made 
on this basis, for the electron energy distribution is 
certainly a function of gas composition and is un
doubtedly a strong factor in determining the ob
served yields.

Little can be said at present about the nature 
of the products of these reactions other than to note 
that they correspond, qualitatively, to those ob
tained in radiolysis reactions. It is difficult to con
ceive of a radical reaction which could produce a 
product such as isopentane from methane at 
room temperature. The possibility remains that 
ionic reactions may contribute some small part of 
the total product yield and may be primarily re
sponsible for such a product. Further investigation 
to examine this and other aspects of the problem 
has been initiated.
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There are numerous reports in the literature with 
regard to the absorption spectra of coordination 
compounds of cobalt (III). Practically all of these 
reports are concerned with the absorption spectra 
in aqueous solutions. There are some inconsisten
cies in the data in regard to the absorption charac
teristics of some of the cobalt compounds. In 
some cases the positions of maxima are not clearly 
defined in aqueous solutions, whereas some of these 
maxima become clearly defined in non-aqueous sol
vents. A study was initiated to coordinate some of 
the absorption spectra of some of the cobalt(III) 
amine complexes, compare and contrast reported 
spectra from other sources, and to make a study of 
the absorption spectra in alcohols as well as in aque
ous solutions. Certain of the spectra are inter
preted in terms of crystal field theory.

Experimental
Preparation of Compounds.— The compounds were pre

pared by well-established methods.1-8 Most of these com-
(1) H. F. W alton, “ Inorganic Preparations,”  P ren tice-H all, Inc., 

N ew  Y o rk , N . Y ., 1948, p. 91.
(2) A . W erner, B e r . ,  4 0 , 4821 (1907).
(3) S. M . Jorgensen, Z. anorg. Chem., 14, 416 (1897).
(4) S. M . Jorgensen, prakt. Chem., 42, 211 (1890).
(5) W . C . Fernelius, “ Inorganic Syntheses,”  V ol. II, John W iley 

and Sons, Inc., N ew  Y o rk , N . Y .,  1946, p. 222.
(6) W . C . Fernelius, ib id ., V ol. I I , p. 222.
(7) A . W erner and A . Fröhlich, Ber., 4 0 , 2228 (1907).
(8) J. C . Bailar, Jr., “ Inorganic Syntheses,”  V ol. IV , John W iley and 

Sons. In c., N ew  Y o rk , N . Y . ,  1953, p. 176.

pounds were assayed by analyzing for cobalt, and the analy
ses in each ease showed satisfactory agreement with the the
oretical percentage of cobalt. The diaquo complexes were 
prepared only in solution, by hydrolysis of the corresponding 
dichloro complexes.

Method of Analysis for Cobalt.— The analyses for cobalt 
were done by the electrolytic method.9 In the analysis of 
the ethylenediamine and propylenediamine complexes, it 
was first necessary to treat the sample with concentrated 
sulfuric acid and ignite to remove the amine. The residue 
was then dissolved by treatment with nitric acid and a 30% 
H20 2 solution. The nitric acid subsequently was removed by 
evaporation to fumes after adding sulfuric acid.

Determination of Absorption Spectra.— The absorption 
spectra in the various solvents were determined at room 
temperature by use of a Cary recording spectrophotometer. 
Fused quartz cells of two- and ten-cm. lengths were used.

Certain of the complexes isomerize as soon as they are dis
solved, e.g., cis-dichloro complexes of the tetramine, bis- 
(ethylenediamine) and bis-(propylenediamine). Some are 
unstable in aqueous solutions in which they undergo rapid 
aquation, such as the chloro complexes. Still others are 
unstable to heat, such as the nitritopentammine cobalt(III) 
chloride. Therefore, the solids of the more readily soluble 
compounds were 'weighed into volumetric flasks and the 
solutions were made immediately before determining the 
spectrum. In this way, it was possible to determine the 
spectra of these compounds -within 15 to 20 minutes after 
the solutions were made. In those instances in which the 
compounds were only slightly soluble (as the nitritopentam- 
minecobalt(III) chloride in methanol) a solution was made 
by shaking a large excess of the solid with the solvent followed 
by rapid filtration and then obtaining the spectrum. The * 1953

(9) I. M . K olthoff and E. B . Sandell, “ T extbook of Q u a n titative  In 
organic A nalysis,”  3rd E d., T h e M acm illan C o., N ew  Y o rk , N . Y .,
1953, p . 410.
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T a b l e  I
O p t i c a l  A b s o r p t i o n  o f  C o b a l t  (III) A m m i n e s  a n d  A m i n e s  i n  D i f f e r e n t  S o l v e n t s

Compound Water log t
l,2-[Co(NH 3)4Cl2]Cl 540 1.64
1,6-[Co(NH3)4C12]C1 630 1.49

465 1.37
366 1.62
253

l,2-[Co(en)2Cl2]Cl 530 1.89
380 1.84

1,6- [Co(en)2Cl2]Cl 620 1.53

304 3.11
247 4.45

l,2-[Co(pn)2Cl2]Cl 529 1.81
382 1.84
244 4.26

l,6-[Co(pn)2Cl2]Cl 615 1.55

ca. 394 1.6
307 3.15
246 4.44

1,2-[Co (en)2(N 02)2]N 05 447 1.98
335 3.06

1,6-[Co (en)2(N 02)2]N 03 433 2.28
338 3.55
247.5 4.31

[Co (NH3) 5N 0 2 ]C12 457.5 2.34
325 3.23
239 4.05

[Co(NH3)5ONO]Cl2 486
ca. 330

220
[Co(NH3)6C1]C12 535

362
228

1,2- [Co(NH3)4(H 20)C1 ]C12

1,2-[Co(NH3)4(H20 )2]C13 513
360

[Co (en)s(H20 )2]Cl3 502
364

[Co(pn)2(H20 )2jCl3 498
362

[Co(NH3)6] +3 474 (ref. 10) 
349 (ref. 10)

[Co(en)3] +3 465 (ref. 10) 
349 (ref. 10)

Wave length of 
Methanol log «

maxima (mu) 
Ethanol log e Propanol

i. 560
627.5 1.58
468 1.31
384 1.71
256
540 1.93 540 1.98

608 1.55 610 1.68
442 1.38 450 1.42
390 1.63 390 1.67
305 3.05 305
250 4.44 252
540 1.83 540 1.87 540

246 4.20 247 4.25 249
605 1.57 608 1.60 608
450 1.43 450 1.45 454
384 1.67 386 1.71 385
307 3.09 306 3.12 306
251 4 .38 252 4.36 252-253
434 2.30
333.5 3.07
416 2.51
340 3.50 342 3.51
250 4.06 251 4.10
450 2.17
330 3.24 330
240 4 .04 242

223
532
364
231
530
360
240.5

log i

1.90

4 .26
1.60
1.40
1.70
3.06
4 .2

concentrations ot these solutions were not determined in most 
instances. However, since we are chiefly interested in the 
positions of the maxima rather than the intensity of the 
bands, this procedure was quite satisfactory.

In instances in which the compounds aquate readily, such 
as the dichloro complexes, the spectra were determined in 
two (or more) different parts. This process was accom
plished by weighing two (or more) different portions of the 
solid in volumetric flasks, making the solutions immediately 
before measurement, and carrying out the measurement for 
any one solution over a short wave length region. In this 
way the spectrum wras measured before it could be signifi
cantly affected by aquation.

The nitro complexes are slightly soluble in alcohols, but

they are stable in both aqueous and alcoholic solutions. 
Therefore, these alcoholic solutions were made by shaking 
the solvent with an excess of the solid over a period of a half- 
hour to several hours, filtering and measuring the spectrum. 
The concentrations of most of these solutions were estimated 
by evaporating a known volume of the solution to redness 
in a platinum dish and determining the weight of the residue. 
The nitro complexes are stable up to 80° (the temperature 
at which the alcohol was evaporated) so that the concentra
tion could be estimated to about ± 1 5 % .

Since the absorption increases greatly in the deeper ultra
violet region, it was necessary to make dilutions of ten- to 
a hundred-fold. This dilution was especially necessary in 
the region of 2500 A ., where the absorption coefficient was
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in the order of 10-20,000 as compared to approximately 75 
in the visible.

Ordinary distilled water was used to make the aqueous 
solution. The methanol, ethanol and 1-propanol were re
distilled after drying with sodium.

The molar absorption coefficient is defined by the expres
sion log I  ¡¡/I =  ecb

Experimental Results
The positions of the maxima and log e values are shown in 

Table I. The detailed results are described for the individ
ual compounds.

cis-Dichloro-(ethylenediamine)-cobalt(III) Chloride.—
The data of Table I show this compound to have two dis
tinct maxima, at 530 and 380 m/x, in aqueous solutions, but 
only one distinct maximum in the alcohol solutions. This 
compound isomerizes readily to the trans form, and the rate 
of isomerization is markedly affected by ultraviolet light. 
Linhard and Weigel10 show a definite shoulder on the ab
sorption curve at around 560 m/x, with a distinct maximum 
at 625 and calculated bands at 302 and 312 m/x. Basolo11 
reports a diffuse fourth band at 240 m/x. The present work 
gives no indication of a shoulder in 560 m/x region. A pla
teau at about 240 m/x is indicated in aqueous solution. The 
alcoholic solution, however, shows a continued increase in 
absorption.

irans-Dichlorobis-(ethylenediamine)-cobaltilll) Chlo
ride.— Basolo11 reports four maxima for a 95-99 %  meth
anol-water solution of this compound, these appearing at 
252, 385, 450 and 625 m/x. Linhard and Weigel10 report 
only two maxima in aqueous solution, although three others 
are calculated. In the present investigation, three distinct 
maxima are found in aqueous solution, while in the alcohols 
there are five. The 450 and 390 m/x bands are broad, per
mitting only ±  2 m/x estimate of the peaks. These two bands 
are overlapped by their neighboring bands in the shorter 
wave length region to such a degree in aqueous solution that 
the peak does not rise to its expected maximum. The 
band at 305 m/x appears as a definite maximum with the 
peak slightly displaced to shorter wave length in the aqueous 
solution. In dilute solutions this band does not appear to 
have a maximum in the alcoholic solutions, but, instead, ap
pears as a plateau in this region.

cis-Dichlorotetramminecobalt(III) Chloride.— The spec
trum of this compound was obtained only in the visible re
gion. The compound is unstable in aqueous solution. A 
maximum in aqueous solution is found at 540 m/x. The 
spectrum of this compound in methanol could not be ob
tained due to its slight solubility and very rapid isomeriza
tion to the trans form. When an excess of the cis compound 
was shaken with methanol, the purple solution rapidly 
changed to green and subsequently exhibited a yellow tur
bidity. It was apparent that the compound reacted with 
methanol, resulting in the formation of the insoluble solid. 
This reaction with methanol also was noticed with the 
trans complex. The concentrations of the complexes whose 
spectra are recorded in Table I are: m-eomplex in water =
8.6 X  10-4 M ; iraras-complex in water =  8.5 X  10-4 M ; 
and irons-complex in methanol =  3.7 X  10_4M .

¿raws-Dichlorotetramminecobalt (III) Chloride.—The pres
ent work shows four maxima for this compound. Tsuchida 
and Kashimoto12 report only three of these bands at 666, 
475 and 312 m/t. Linhard and Weigel10 report bands at 629 
and 253 m/x, with additional bands calculated at 475, 401 
and 304 m/i. In the present investigation the maxima in 
aqueous solution appear at 630, 366, 465 and 253 m/x.

cis-Dichlorobis-( propylene diamine )-cobalt(III) Chloride. 
— The aqueous solution of this compound has three maxima 
at 529, 382 and 244 m/x (see Fig. 1 and Table I). The shape 
of the absorption curve of this compound suggests at least 
four bands similar to the analogous ethylenediamine com
plex, with an additional apparent band in the neighborhood 
of 600 m/x where a slight hump appears. The first band ap
pears at 540 m/x in methanol, ethanol and propanol solutions. 
However, the absorption increases rapidly as the wave 
length diminishes, such that the band in the 380 m/x region 
does not show a clear maximum.

(10) M . Linhard and M . W eigel, Z . anorg. allgem . Chem ., 271, 101 
(1952;.

(11) F . Basolo, J . A m . Chem. Soc., 72, 4393 (1950).
(12) R . Tsuchida and S. K ashim oto, B ull. Chem. Soc. Japan. 1 1 ,  785

(1936).

t rans-Dichlorobis-( propyl en e diamine )-cobalt( III) Chlo- 
ride.— As with the ethylenediamine analog, there are five 
maxima in the alcohol solutions and only three well-defined 
maxima in the aqueous solution (see Fig. 2 and Table I). 
The ultraviolet spectra are practically the same as those for 
the ethylenediamine complex. In the 395 m/x region in 
water the maximum is ill-defined. It is estimated that this 
maximum in the aqueous solution is located at 394 m/x. Due 
to the overlapping of bands in the region between 450 and 
380 m/x the maxima in this region are determined to an ac
curacy no better than ±  2 to 3 m/x. The band at 307 m/x 
appears at practically the same position for all four solvents. 
The 250 m/x band appears at shortest wave length in water 
and at longest wave length in propanol. Basolo11 reports 
only four bands in 95-99% methanol-water solution, these 
being at 610, 450, 380 and 255 m/x. As was the case for the 
ethylenediamine analog, he does not report the 307 m/i 
band.

Nitropentamminecobalt(III) Chloride.— The first maxi
mum for this compound appears at a longer wave length in 
the aqueous solution than for a corresponding alcoholic 
solution. The maxima in the ultraviolet region appear at 
shorter wave lengths in the aqueous solution than in the al
cohols. Tsuchida and Kashimoto12 report only two bands 
at 455 and 323 m/x in aqueous solution, and they claim that 
the third band is absent. Linhard and Weigel13 report a 
third distinct band at 238.6 m/x, in agreement with our re
sults.

Nitritopentamminecobalt(III) Chloride.— This com
pound was not sufficiently soluble in the alcoholic solvents 
to be able to obtain the absorption characteristics with the 
exception of the third band in a very dilute saturated solu
tion of the complex in methanol. The band at 202 m/x 
appears as a flat band with slight maximum at 220 and 223 
m/x in water and methanol, respectively. In aqueous solu
tions there are bands at 485 and 330 mu. Tsuchida and 
Kashimoto12 report just two bands at 486 and 330 m/x. 
Linhard and Weigel13 report bands at 491, 361.5 and a 
shoulder in the region of 263 m/x. There is a discrepancy in 
the position of the second band between Linhard and Weigel, 
on one hand, and Tsuchida and Kashimoto and the present 
investigators. Linhard and Weigel observed a distinctly 
peaked band at 361.5 m/x, whereas the band (this work) at 
330 m/x is somewhat overlapped. It is, however, definitely 
not in the region of 360 m/x. There is also a discrepancy in 
the position of the third band. A much shorter wave length 
is therein indicated for this band.

It was noticed that the nitrito and nitro complexes de
composed in aqueous solutions after being stored at 35°. 
This decomposition takes place at a slower rate at room tem
perature. A blackish-brown precipitate is formed. The de
composition appeared to be prevented in acid solutions. 
The precipitate is cobalt(III) hydroxide,14 which is formed 
by the photodecomposition of the complex.

as-Chloroaquotetramminecobalt(III) Chloride.— The 
spectrum of this compound was obtained only in methanol 
solution. Three maxima were obtained at 530, 360 and 240.5 
m/x. Shimura15 reports bands at 529 and 363 m/x in aqueous 
solution.

frans-Dinitrobis-( ethylene diamine )-cobalt (III) Nitrate.—
The first band in the ethanolic solution was overlapped by 
the second band such that the maximum was obscured. 
However, the first band in water appears at a longer wave 
length than in methanol. The second and third bands 
showed maxima at shorter wave lengths in water than in the 
alcohols. Basolo11 reports maxima in 95-99 %  methanol- 
water solution at 433, 347 and 250 m/x.

cfs-Dinitrobis-( ethylenediamine)-cobalt(III) Nitrate.— 
This compound has only two absorption maxima between 
700 and 230 m/x. Both maxima appear at longer wave lengths 
in the aqueous solution as compared to those in methanol. 
Basolo1'reports three maxima for this compound in methanol- 
water solution at 438, 325 and 240 m/x.

Discussion
Bands I and II.— In the past five years the crys

tal field theory has been used very successfully in 
the interpretation of magnetic, spectroscopic and

(13) M . Linhard and M . W eigel, Z . anorg. allgem . Chem ., 267, 113 
(1951).

(14) M . Linhard and M . W eigel, ibid ., 266, 49 (1951).
(15) Y .  Shim ura, B u ll. Chem. Soc. J ap an , 25, 49 (1952).
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stereochemical data of discrete transition metal 
complexes.16 In the case of complexes of octahed
ral symmetry, the first two bands are due to elec
tronic transitions within the central metal ion. 
However, in the case of a complex of tetragonal 
symmetry the first band is further split into two 
components, the magnitude of the splitting de
pending upon the relative magnitude of crystal field 
contribution of the ligands. It has been shown by 
Orgel17 that the magnitude of the crystal field ef
fect on the d-electrons of the central ion is in the 
increasing order of the spectrochemical series, i.e., 
the order I -  >  Br~ >  Cl-  >  F~ >  H20  >  C20 4“  >  
pyridine >  NH3 >  en >  N 02-  >  CN~, where en is 
ethylenediamine. The greater crystal field pro
duced by one ligand compared to another, on a d- 
electron of the central ion in a complex of identical 
symmetry, will manifest itself in the shifting of the 
first maximum to shorter wave lengths. The results 
of Linhard and Weigel10 show this shift for the am- 
mine and ethylenediamine complexes of cobalt(III). 
The results in Table I for the aqueous solutions 
agree with those of Linhard and Weigel. How
ever, whereas some of the peaks are not observed 
in aqueous solutions, these peaks are actually ob
served in the alcoholic solutions in the present in
vestigation.

In the case of cobalt(III) complexes of octahedral 
symmetry (hexamminecobalt(III), hexaquocobalt
(III), etc.) a calculation17 based on a simple pertur
bation theory shows that the band separation 
should be about 10,500 cm.-1. However, it is 
found that the actual band separations are 8,500 
and 8,000 cm.-1 for hexamminecobalt(III) and 
tris-(ethylenediamine)-cobalt(III) complexes,10 re
spectively. The band separation between the 
same first-order electron configuration is related 
to the intermixing of molecular orbitals,18 which 
gives a measure of covalency. As the crystal field 
effect of the ligand increases (increasing order in the 
spectrochemical series) the band separation in the 
octahedral complexes decreases. Thus the separa
tion is greater in the hexammine than it is in the 
tris-(ethylenediamine) complexes, and the hexacy- 
ano complex is even smaller at 6600 cm.-1.18 The 
decrease in band separation is, to a reasonable ap
proximation, in the order of increasing covalency.

The effect of changing the symmetry of the crys
tal field results in different orders of splitting of the 
electronic energy levels. The splitting of the first 
band is increased as the difference in the crystal 
field effect of the incoming ligand and that of the 
other ligand becomes greater.17 Thus a change 
from the octahedral symmetry of the hexammine to 
the tetragonal symmetry of the chloropentammine 
predicts a further splitting of the first band. Lin
hard and Weigel14 have shown that the splitting of 
the halopentammine first band is greatest for the 
iodopentammine and that there is no splitting of the 
fluoropentammine first band. The broad first band 
of chloropentamminecobalt(III) is attributed to a 
splitting of this band. The nitro and nitritopen-

(16) See, for exam ple, L . E . Orgel, J . Chem. S oc., 4756 (1953), and 
papers b y  Orgel and b y  N yholm  in “ Proceedings of the T enth  So lvay 
Conference in C h em istry ,’ ' R . Stoops, E d., Brussels, 1956.

(17) L . E . Orgel, J . Chem. Soc., 4756 (1953).
(18) C . K . Jorgensen, Acta Chem. Scand., 10, 500 (1956).

X ( h im ).

Fig. 1.— Absorption of cis-[Co(pri)>Cl2]Cl.

Fig. 2.— Absorption of trans-[CofpnhCL] Cl.

tamminecobalt(III) complexes do not show evi
dence of splitting in the first band since these lig
ands lie very close to ammonia in the spectrochemi
cal series.

Since the nitro ligand produces a greater crystal 
field than either the ammonia or amine ligands, the 
position of the first band for the latter ligands is 
more bathochromic than for the nitro complexes. 
Shimura16 has determined the order of the spectro
chemical series and has placed the nitrito ligand be
fore ammonia. The earlier position of the nitrito 
ligand is manifested in the slightly longer wave 
length of the first band of nitritopentammine as 
compared to that of the hexammine complex.

In disubstituted complexes, the crystal field the
ory predicts that the splitting of the longest wave 
length transition would be much more marked in 
the trans complexes than in the cis.n As predicted 
by the theory the intensity of the first band of the 
frans-dihalo complexes is greater than that of the 
short wave length component. In addition, the 
cfs-complexes show greater intensity than the 
trans complexes. Basolo, Ballhausen and Bjer- 
rum20 report similar observations. These latter

(19) L . E . Orgel, J . Chem. P h ys., 23, 1004 (1955).
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investigators also reported a splitting of the first 
band of the cis isomer of [Co(en)2(N 02)C l]+, in 
contrast to the trans isomer. They explained the 
splitting in the cis complex as being due to the much 
^mailer contribution of the chloride, compared to 
one-half ethylenediamine and the nitro groups. The 
ultimate result is ascribed to a greater tetragonal 
symmetry in the cis complex. The cfs-chloroaquo- 
tetramminecobalt(III) chloride does not show any 
splitting of the first band due to the small crystal 
field contributions of the chloride ion and water as 
compared to the chloronitrotetrammine complex.

The t rans-dinitrobis- (ethylenediamine) -cobalt-
(III) does not show any splitting in the first band. 
Basolo11 and Linhard and Weigel21 also have shown 
no splitting in the irans-dinitrotetramminecobalt-
(III) complexes. It is seen from Table I that the 
first band of the irans-dinitro complex has the 
greatest hypsochromic shift. Both the cis and trans 
complexes exhibit a first band whose maximum is 
more hypsochromic than the tris-(ethylenediamine)- 
cobalt(III) complex. These relative band positions 
can be explained easily on the basis of the nitro 
groups exhibiting a greater crystal field effect than 
ethylenediamine. For this reason it would be ex
pected that the ¿rans-dinitro-(ethylenediamine)-co- 
balt(III) would have a more hypsochromic first 
band than the corresponding cis complex. The 
lack of splitting in the trans isomer may be attrib
uted to the comparatively similar crystal field 
contributions of the ethylenediamine and nitro 
ligands.

The replacement of a propylenediamine by two 
chloro groups to form the dichlorobis-(propylenedi- 
amine)-cobalt(III) complex results in the appear
ance of the first band at a shorter wave length than 
theethylenediaminecobalt(III) complex. Assuming 
that the dihalo complexes follow the same order as 
the pure amine complexes in their relative first band 
positions (as tie  trend seems to indicate from the 
spectra for other diacidoammine complexes), the 
propylenediamine ligand would be placed in a later 
position than ethylenediamine in the spectrochemi- 
cal series.

In examining the frequency difference (ru — 
via) (see Table II) it is seen that the magnitude 
of this difference increases in the order of complexes 
of ethylenediamine <  propylenediamine <  am
monia. In every case the difference in the trans- 
dichloro complex is greater than that in the mono- 
chloro and ammine complex. If the decreasing 
magnitude of (rn — vif) is a measure of increasing 
covalency, then this order follows that of increasing 
stability of the complexes since the stability of am
mine complexes increases in the order ammonia, 
propylenediamine, ethylenediamine.22 In this case, 
it would appear that the spectrochemical series does 
not give the order of increasing stability of the lig
and.

The values of (m  — nb) for the irons-dichloro 
complexes show a fairly wide variation for the dif
ferent complexes in the different solvents; how-

(20) F. Basolo, C . J. Ballhausen and J. Bjerrum , Acta Chemica 
Scand., 9 , 810 (19551.

(21) M . Linhard and M . W eigel, Z . anorg. allgem. C h em ., 2 7 8 , 287 
(1955).

(22) G . Schwarzenbach, Helv. C h im . A cta , 3 5 , 2344 (1952.)

ever, the difference (Ara — Art,) remains quite con
stant. This value represents the splitting in the 
first band of the irans-dichloro complexes. From 
the constancy of this value, it seems that the effect 
of the chloro ligand on the symmetry of the field due 
to ammonia, ethylenediamine and propylenediam
ine is of the same magnitude.

Bands III and IV.—The results obtained in the 
present investigation are in general agreement with 
those previously reported (vide infra). The only 
disagreement is in the absorption of nitropentam- 
minecobalt(III) chloride. The present results for 
the positions of bands I and III agree with those of 
Tsuchida and Kashimoto,12 these being at 486 and 
330 mjt, respectively. Linhard and Weigel21 re
port band III at 361.5 mju. There is also a disagree
ment in the position of band IV between that of the 
latter workers and that obtained by the present in
vestigators. There is, however, general agreement 
in that the charge-transfer band III of this com
pound is more bathochromic than that of the corre
sponding nitro complex. It is thus indicated that 
there is greater photosensitivity in the nitrito com
plex. The greater photosensitivity of the nitro 
and nitrito complexes is shown by the compara
tively rapid decomposition of these complexes in 
aqueous solution in the presence of light.

Effect of Solvents on Absorption.—The most 
prominent effect of solvent on the absorption is 
seen in the shifting of the maxima (see Table II). 
There is a difference in the direction of the shift for 
the longer wave length bands depending on whether 
the solvent is water or an alcohol and on the type of 
complex concerned. The position of band IV, the 
most hypsochromic band, is always at the shortest 
wave length for the aqueous solution, increasing in 
the order: water <  methanol <  ethanol <  propanol. 
It is to be noted that the diacido complexes show 
this band at longer wave lengths than the mono- 
acido complexes. The hexammine and tris-(ethyl- 
enediamine) complexes do not show either bands III 
or IV down to 200 mu.23 The cfs-diacido complexes 
always have their respective bands at shorter wave 
length than those of the corresponding trans com
plexes.

The most significant shift of the maxima with 
solvent is observed in the visible bands. The max
ima of the first band of cfs-dichlorobis-(ethylenedi- 
amine)-cobalt(III), cfs-dichlorotetramminecobalt-
(III) and cis-dichlorobis-(propylenediamine)-cobalt-
(III) complexes all appear at shorter wave lengths 
in water than in the alcohols. The position of the 
band in the alcohols remains constant. On the other 
hand, cfs-dinitrobis-(ethylenediamine)-cobalt(III) 
has the maximum for this band at longer wave 
length in the aqueous solution. All of the trans 
complexes, nitropentammine, and chloropentam- 
minecobalt(III) chloride also have their first band 
at longer wave length in the aqueous solution. It is 
noted, on the other hand, that the magnitude of 
the shift in the irans-dinitrobis-(ethylenediamine) - 
cobalt(III) nitrate is greater than that of the cor
responding m-complex.

The charge-transfer band, III, in Zrans-dichloro- 
bis-(ethylenediamine)-cobalt(III) and the corre-

(23) M . Linhard, Z. Elektrochem., 6 0 , 224 (1944).
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T a b l e  I I

F r e q u e n c y  D i f f e r e n c e s  i n  M a x i m a  ( F r e q u e n c y  i n  C m . - 1 X  1 0 3) c
Compound Solvent i'll — VIn i'll ~ Plb — Avb VTV — vili

trans- [Co (NH3)4C12] Cl Water 11.45 5.85 5.60 9.2°

¿rails-[Co INHdjCkJCl Methanol
(9.0)''
10.1 4.65 5.5

(6 .5)6

m -[C o(en)2Ci2]Cl Water 7.45 (9 .7)b
trans- [Co(en)2Cl2]Cl Water (9 .8)6 (3.4)& 7.6

trans- [Co (en)2Cl2 ]C1 Methanol 9.11 3.61 5.5
(7.8)6
7.2

¿rails-[Co (en)2Cl2]Cl Ethanol 9.2 3.4 5.8 6.9
cis- [Co(pn)2Cl2]Cl Water 7.3
trans- [Co(pn)2Cl2 jCl Water 9.7 8.0
inms-[Co(pn)2Cl2]Cl Methanol 9.5 3.9 5.7 7.2
trans- [Co (pu ) 2C12 ]C1 Ethanol 9.5 3.70 5.8 7.0
trans- [Co ( pn )2C12 ]C1 Propanol 9.6 4.0 5.6 ca. 7.0
trans- [Co (en) 2 (N 02) 2 ] NG3 Water 10.8
trans- [Co(en)2(N 02)2]N 03 Methanol 10.6
trans- [Co(en)2(N0 2)2]N03 Ethanol 10.6
trans- [Co(NH,¡)4C12]C1 Water 11.45 5.85 5.60 9 .2“

trans- [Co (NHS) iCL ] Cl Methanol
(9.0)6
10.1 4.65 5.5

(6 .5)6

cis- [Co (en)2Cl2[ Cl Water 7.45 (9.7)6
Zrans-[Co(en)2Cl2]Cl Water (9.8)" (3 .4)6 7.6

trans- [Co(en)2Cl2]Cl Methanol 9.11 3.61 5.5
(7.8)*
7.2

trans- [Co(en)2Cl2]Cl Ethanol 9.2 3.4 5.8 6.9
cis- [Co(pn)2Cl2 [Cl Water 7.3
trans- [Co(pn)2Cl> [Cl Water 9.7 8.0
trans- [Co (pn) 2C12 ]C1 Methanol 9.5 3.9 5.7 7.2
trans- [Co (pn)2Cl2 ]C1 Ethanol 9.5 3.70 5.8 7.0
trans- [Co (p n ) 2C12 ] C1 Propanol 9.6 4.0 5 .6 ca. 7.0
Zrans-[Co (en)2(N 02)2]N 03 Water 10.8
frans-[Co(en)2(N 02)2]N 03 Methanol 10.6
trans- [Co (en)2(N 0 2)2 ]N 0 3 Ethanol 10.6
[Co(NH3)5N 02]C12 Water 11.1
[Co(NH8)6N 02]C12 Methanol 11.3
[Co(NH3)sN 02]C12 Ethanol 11.1
[Co(NH3)5C1]C12 Water ca. 15
[Co(NH3)6C1]C12 Water 8.9 7.56
[Co(NH3)5C1]C12 Methanol 8.7
[Co(NH3)6]+3 Water 
[Co(en)3]+3 Water 

Calculated from m i value of Linhard and Weigel.10 b

8.5''
8.0*

Values of Linhard and Weigel.10 e m  =  frequency of second
=  band la ; rib = band lb ; riv =  band IV ; m i = band III; Ar3 =  m — vu; Arb =  m  — pib>

sponding propylenediamine complex appear at 
practically the same wave length in all solvents for 
both these complexes. This charge-transfer band is 
overlapped heavily in frans-dichlorotetrammineco- 
balt(III) and appears as just a slight shoulder in the 
region of 300 m/a. It already has been shown (vide 
supra) that the corresponding cz's-complexes only 
show a slight shoulder in this region.

The nitrocomplexes show a different behavior in 
their first charge-transfer band. This band in cis- 
dinitrobis-(ethylenediamine)-cobalt(III) appears at 
a slightly longer wave length in the aqueous solu
tion. The bands for the trans isomer as well as the 
nitropentamminecobalt(III) chloride are both more 
hypsochromic in the aqueous solution than in the 
alcohols. This band is at a longer wave length in 
ethanol than in methanol for the trans isomer. 
Tsuchida and co-workers24 studied the effect of 
solvent on the absorption of some cobalt(III) and

(24) N. N akam oto, M . K obayaski and R . Tsuchida, J. Chem. P h ys., 
22, 957 (1954).

chromium (III) ammine and acidoammine com
plexes. These investigators report bathochromic 
shifts for the first two bands of all compounds with 
a solvent change from alcohol, to water, to acetic 
acid. The characteristic bands showed a hypso
chromic shift. These workers apparently studied 
only monoacido and fraiis-diacido isomers where the 
acido ligand was thiocyanate. In general, the ob
servations of Tsuchida and co-workers are in agree
ment with our results. However, if the second 
band of the nitro complexes is defined as the char
acteristic ligand band by these workers, then there 
is disagreement in our results since there is a dif
ference in the direction of the shift between the cis- 
and ¿rans-dinitro complexes.

Band lb, the second band due to splitting, in 
the (rans-dichloro complexes is somewhat obscured 
by the flatness of the absorption in this region. The 
shapes of the absorption curves seem, however, to in
dicate a hypsochromic shift for this band in water. 
This shift is fairly well defined in ¿rans-dichloro-
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tetramminecobalt(III) chloride. On the other hand 
band III, which is also somewhat obscured due to 
overlapping, shows a bathochromic shift in water 
relative to the alcohols. The band lb  has been at
tributed10 to the acido-cobalt bond. In the cis-di- 
chlorotetrammine (and amine) complexes the first 
band was ascribed by these workers to the lb  (split
ting) component. In the dinitrobis-(ethylenedi- 
amine)-cobalt(III) and the monoacido-pentam- 
mines the first band is not split to any noticeable ex
tent unless the monoacido ligand has a very marked 
difference in crystal field effect from that of the 
ammine. In agreement with Tsuchida24 the hyp- 
sochromic shift in cfs-dichlorotetrammine and am
ine complexes can be attributed to the characteris
tic band originating from the effect of the chloro 
ligand on the crystal field of the ammine.

It is seen in the ¿rans-diacido complexes that the 
frequency difference between bands IV and III (in
dicated by nv — m i in Table II) decreases as the 
solvent goes from water to the less polar solvents. 
This decrease is greater in the frans-dichloro com
plexes than in the dinitro, although the value of 
{viv — m i) is higher for the nitrocomplexes. Lin- 
hard and Weigel10 have shown that band III for 
cis- and ¿rans-dichlorobis-(ethylenediamine)-cobalt- 
(III) appear in identical positions in their aqueous 
solutions. From general observations we would ex
pect the cis isomer to show band IV at a shorter 
wave length than the corresponding trans isomer. 
If this be the case, it can be seen that (nv — m i) 
for the cis isomer would also be greater than that 
for the trans isomer.

A number of investigators have reported on the 
effect of solvent on the absorption spectra of com
plex organic molecules.26’26 However, there has 
been very little work of this type done on solutions 
of inorganic complexes. In the case of square 
planar Cu(II) complexes, Calvin and co-workers27 
have shown that the shifting of the band in the visi
ble and near infrared is due to solvation of the 
complex with the resultant formation of an octahed
ral complex. The formation of the complex re
sults in a hypsochromic shift of the bands. Similar 
effects have been observed for some square planar 
Ni(II) complexes.28 Schlafer and Skoludek29 have 
observed that the 730 m/x band of CrCl2 is shifted 
to a longer wave length in solutions of increasing 
acidity and also as the solvent goes from water to 
methanol to eohanol. In the alcoholic solutions, 
the hypsochromic shift is attributed to the forma
tion of octahedral complexes of the form [Cr11-

(25) H . M cC onnell, J . Chem. P hys., 2 0 , 700 (1952).
(26) J. Ferguson, ib id ., 24, 1263 (1956).
(27) R . L . Belford, M . C a lvin  and G . Belford, ibid ., 26, 1165

(1957).
(28) L . Sacconi, P . P aoletti and G . D el R e, J . Am.. Chem. Soc., 79, 

4062 (J957).
(29) H . C . Schlafer and H . Skoludek, Z . physik. Chem., 1 1 ,  277 

(1957).

(alc)6] ++. Tsuchida and co-workers,24 on the 
other hand, applied McConnell’s theory25 and attrib
ute the hypsochromic shift to 7r —► t transitions, 
while the bathochromic shift, characteristic of the 
acido ligand bands, is designated as j -*■ ir transi
tions.

From the shifting of the absorption bands, it is 
seen that although the effect is small, the solvent 
has a definite perturbing influence on the crystal 
field around the central ion. It would seem 
at first sight that the effect of the solvent on octa
hedral complexes is primarily electrostatic rather 
than any effect on the symmetry of the complex. 
The interaction of the solvent on the field due to 
amine ligands causes a hypsochromic shift. Ac
cording to McConnell’s theory, which applies to 
non-charge-transfer processes, this effect could be 
interpreted as an interaction and excitation of a 7 r -  

electron of the ligand on the field due to the solvent 
molecule. On the other hand, the bathochromic 
shift of the characteristic lb  band in the cfs-dichloro 
complexes would be due to interaction of a o--elec- 
tron of the solute with a ir-electron of a solvent.

The opposite influences of the solvent on the 
intensities, depending on the type of shift, is per
haps manifested in some way in the absorption char
acteristics of the cis- and ¿rans-complexes. cis- 
Diehlorobis-(ethylenediamine)-cobalt(III) and the 
corresponding propylenediamine complex both 
show distinct maxima for band II at 380 mpt in 
aqueous solution, whereas the alcoholic solutions 
only indicate a shoulder in this region. The trans- 
dichloro complexes, on the other hand, have dis
tinct maxima for band II and lb  in alcoholic solu
tions, while the aqueous solution does not show dis
tinct maxima in this region. In the latter solu
tions, band II appears as a plateau.

The charge-transfer band IV is affected to a 
greater extent as the polarity of the solvent in
creases. Linhard and Weigel14 attribute this band 
to the formation of an excited complex resulting 
from a charge-transfer process within the complex 
ion. Rabinowitch,30 on the other hand, has indi
cated that the charge-transfer bands are shifted to 
longer wave lengths when an association complex is 
formed. The bathochromic shift as a result of ion- 
pair formation in aqueous solution has been shown 
in a number of cases.30'31 Thus the bathochromic 
shift of band IV with decreasing polarity of the 
solvent may be attributed to the formation of ion- 
pairs between the complex ion and the negative ion 
in solution. Association would be expected to be 
least in aqueous solution and greatest in propanol.

Acknowledgment.— The authors wish to thank 
Mr. Robert Rinehart for measurement of some of 
the absorption spectra.

(30) E . R abinow itch , Rev. M odern P h ys., 14 , 112  '3 942).
(31) H. T a u b e and F . A . Posey, J . A m . Chem. S oc., 75 , 1463 (1953).
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THE USE OF INTERFERENCE OPTICS IN EQUILIBRIUM 
ULTRACENTRIFUGATIONS OF CHARGED SYSTEMS1

B y  J a m e s  S. J o h n s o n , G e o r g e  S c a t c h a r d 1"  a n d  K u r t  A. K r a u s  

Contribution from the Oak Ridge National Laboratory, Chemistry Division, Oak Ridge, Tennessee
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The use of interference optics for concentration measurements is discussed for equilibrium ultracentrifugations of charged 
solutes in supporting electrolytes. A procedure suitable for machine computation is presented. Experimental tests on 
three “ known”  systems (Na«M o04 in 1 M  NaC104, BiOClO* in 1 M  NaCIO, and BaCl2 in 1 M  HC1) are presented together 
with pertinent apparent volume and refractive index increment measurements. The results show that interference optics 
is much more accurate than schlieren optics and that use of wedged centerpieces allows simultaneous ultracentrifugation 
of several solutions without significant loss of accuracy. The importance of activity coefficient derivatives in the evaluation 
of degrees of polymerization and of charges by ultracentrifugation is demonstrated with a discussion of the BaCl2-H Cl 
system, and the feasibility of studying complexing reactions (average charge determination) is discussed.

Procedures2-3 have been described for interpreta
tion of equilibrium ultracentrifugation of charged 
solutes in the presence of slightly sedimenting sup
porting electrolytes. These discussions dealt pri
marily with results obtained by schlieren optics, 
with which the concentration of solutes in the cen
trifugal field is followed by measurement of the re
fractive index gradient dn/dx as a function of radius
x. In recent years interference optical systems, 
which give differences in refractive index, have come 
into use,4 * and it is the purpose of this note to dis
cuss the interpretation of results obtained with 
this system.

With interference optics, a double compartment 
cell is used: one (solution compartment) contains 
solvent, the solute whose molecular weight is to be 
determined, and supporting electrolyte; the other 
one (background or solvent compartment) contains 
solvent and supporting electrolyte, usually at ap
proximately the same concentration as in the solu
tion compartment. Both compartments are sector 
shaped, i.e., the side walls he along radii, and both 
cover the same range of radius. Monochromatic 
light passes through both compartments and is re
combined to give interference fringes. With the 
ultracentrifuge which we use (manufactured by 
Spinco Division, Beckman Instruments), these 
fringes are horizontal when the refractive index dif
ference between the two compartments n* is inde
pendent of the radius. Essentially this pattern is 
observed at the start of centrifugation. As sedi
mentation proceeds and the refractive indices of 
the solution and background begin to vary with x, 
the fringes will curve. Between any two adjacent 
fringes in the horizontal (radial) direction, there 
will be a difference in n* equal to \/h, where X is 
the wave length of light used and h is the thickness 
of the solution in the direction of observation. If 
the difference n* between the refractive index of 
solution and background can be established at one

(1) T his docum ent is based on work performed for the U. S. A tom ic 
E n erg y Com m ission a t  the O ak R idge N ational L aboratory, O ak 
R idge, Tennessee, operated b y  Union Carbide Corporation.

(la ) D epartm ent of Chem istry, M assachusetts In stitu te of T ech 
nology, Cam bridge, M assachusetts; C on su ltan t, C h em istry D ivision  
O ak R idge N ational L aboratory.

(2 )  J. S. Johnson, K . A . K raus and G . Scatchard, T h is  J o u r n a l , 
58, 1034 (1954).

(3) J. S. Johnson, K . A . K raus and R . W . Flolm berg, J . A m . Chem . 
S oc., 78, 26 (1956).

(4) See e.Q., J. W . Beam s, N . Snidow, A . Robeson and H . M . D ixon,
III . Rev. Sex. I n s t . , 25, 295 (1954).

radius (e.g., by following the movement of fringes 
from the start of centrifugation, or by an integra
tion procedure), the values of n* are known for 
the other radii. Some complications stemming 
from details of construction and from the use of a 
multiple-cell rotor will be discussed later.

1. Uncharged Solutes.— If the solute is un
charged, the values of n* may be converted to 
concentrations (c), if the refractive index increment 
k =  dn/dc is known. The slope S =  d In c/d(.r2) 
can then be obtained. The molecular weight M  
may be computed by the equation

M  = 2 RT
(1 -  6p)«2 G )

where R is the gas constant; T, the abs lute tem
perature; v, the partial specific volume; p, the 
density of the solution; and u, the angular veloc
ity. Activity coefficients, v, and p are assumed 
constant in equation 1. Frequently, k will be 
essentially constant, and with sufficient accuracy, S 
will be given by d In n*/d(x2). If an integration 
procedure is used to establish concentrations (hence 
n*) at one radius, the condition which must be 
satisfied for sector shaped cells is given by the 
equation6

OX d x  — (c0/2)(ïùi2 — x a2) (2)

Co being the initial concentration, the index o> indi
cating the maximum radius of the solution, and a 
indicating the radius at the meniscus. If k is con
stant, values of n* may be substituted for c in equa
tion 2. The equation follows from the fact that 
the total amount of solute in the cell at equilibrium 
is the same as at the start of centrifugation.

2. Charged Solutes.—Sedimentation of ionized 
solutes depends on the charge6 as well as on 
molecular weight. The effect of charge varies with 
concentration of the solute and of supporting elec
trolyte, and by varying their concentration ratio, 
that molecular weight and charge can be selected 
which best satisfies all results. In principle, the 
variation of concentrations in a single centrifuga
tion is sufficient for simultaneous charge and 
molecular weight determination, but in practice 
more experiments frequently are required.

Equations for computing molecular weights from 
centrifugation results as a function of assumed

(5) T . Svedberg and K . O. Pedersen, “ T h e  U ltracen trifuge,”  T h e 
Clarendon Press, Oxford, E ngland, 1940, p . 312.

(6) O. Lam m , A rk iv . K em i. M ineral. G eol., 17A, N o. 25 (1944).
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charge were developed for an idealized system, 2 
which will also be used for the present discussion: 
a polymeric component PX 2, which is ionized in 
solution as P - 2  +  zX - ; a supporting electrolyte 
B X ; and solvent. In the assumed system, the 
partial specific volumes and solution density are 
constant. Charge per monomer unit z' (primes re
fer to quantities expressed in terms of monomer) is 
also constant. The discussion will be limited to a 
monodisperse polymeric solute.

In such a charged system the supporting electro
lyte does not sediment independently of the poly
meric solute; i.e., BX is distributed differently in 
the background and solution compartments. To 
minimize this difficulty and to make derivation of 
the equations more convenient, the components 
are redefined in a manner used by Scatchard7 for 
interpretation of osmotic pressure measurements 
on similar systems, and also employed in light scat
tering work.8

The polymer component (2 ) is redefined as (PX 2 
— (z/2)BX) or (PX 2/ 2B _2/2) ; the concentration c2 
of this component is the same as that of PX 2, but 
its activity is a2 =  cpCx2/ 2CB~2/ 20 p£ix2/ 2ffB_ 2 /2  =  
cpCx 2'/2cb~2/ 2G:, where g indicates activity coefficients 
of ions and G the appropriate activity coefficient 
products. The equilibrium condition for compo
nent (2 ) is given by 
d I n  a2 =  d I n  c v Cx z I2c b ~ zI2  +  d I n  (?2 =  

d I n  c2 +  (z /2 ) d I n
1 - 1 7

+  d In G2 =  A 2 d(z2) (3)
where

_  zc2 z'c2' , _  M ¡(1 — À;p )«2
v ~  2J3 _  ' 2c ?  ‘ 2RT

The subscript i indicates the component in ques
tion. Contrary to our earlier procedure, 2 activity 
coefficient terms will be left in the expressions. Suf
ficient information to evaluate them usually is not 
available, and they are assumed independent of ra
dius (i.e., d In GJd(a;2) =  0).

The activity of the supporting electrolyte, com
ponent (3), is given by the product a3 =  cbcx^b^x 
=  CBCxf?3, but its concentration in presence of com
ponent 2 is c3 =  cb +  (z/2)cî — cx — (z/2 )c2. With 
this definition of components, it was shown2 that, 
at centrifugation equilibrium 
d In a3 =  d In dbg =  2 d In c2 +

d In (1 — 172) +  d In (?3 =  2 d In Cb8 +
d In (?bg =  A s d ( i2) =  Abe d (z2) (4)

where the subscript bg indicates BX  in the back
ground compartment. The quantity 17 usually is 
small enough compared to unity to allow neglect of 
the term d ln(l — 172) in equation 4. Thus, with 
components defined in this way, the distribution of 
B X  in the background compartment approximates 
the distribution of component (3) in the solution 
compartment, i.e., ratios of concentration of com
ponent (3) at two radii will be nearly the same as the 
ratios of Cbg.

The refractive index difference between solu
tion and background is given by the equation

(7) G . Scatchard, J . A m . Chem. S oc., 68, 2315 (1946).
(8) J. T . E dsall, H. Edelhoch, R . Lontie and P. R . M orrison, ibid., 

72, 4641 (1950).

n* =  ki'ct +  k3(c3 — Cbg) (5)

in which k ' 1  =  dn/dc'2 =  dn/dc'pxz — (2 7 2 ) (dn/ 
5cbx) and fc3 =  dn/dcex- Usually the initial con
centrations of BX  in the two compartments are 
approximately the same. Then the difference in 
the initial concentrations of component (3) (c30) 
and of BX  in the background compartment (cbg0) is 
given by the equation

C30 Cbgo — (z / 2 )c2o (6 )
Further, at equilibrium the difference between c3 

and Cbg is approximately equal to (z7 2 )c '2o at all ra
dii. Values of c2' necessary for computation of 
molecular weights would be given to good accuracy 
by 1 1*/k' 2 only if solutions are made up so that c30 = 
Cbgo- However, usually z' is not known beforehand 
and iterative experiments would be required. The 
error incurred by neglect of the difference between 
c3 and Cbg is usually small if interpretation is based 
on refractive index gradients, but must be consid
ered with interference optics, and a computational 
procedure to eliminate it is desirable.

The greater precision attainable with interference 
optics makes it desirable to eliminate some other ap
proximations made in the interpretation of data ob
tained with a schlieren optical system. To do so 
makes the arithmetic rather burdensome, and a pro
cedure adaptable to machine computation was de
veloped. To reiterate, the problem is the compu
tation of the degree of polymerization N  implied 
by the results of a centrifugation for a series of val
ues of z' covering the expected range. After com
parison, those values of z' and N  best satisfying all 
results can be selected. It is assumed, for the pres
ent, that the menisci in the solution and solvent 
compartments are at the same radius.

3. Computational Procedure, (a) Input In
formation.—The centrifugation results are recorded 
as photographs of fringes stemming from recom
bination of light passing through the solution and 
solvent compartments. On the same photograph 
are reference fringes, resulting from slots in the 
counterbalance, which enable alignment of the 
plate. The horizontal (radial) positions of maxima 
(or minima) of darkness are determined with a com
parator and corrected for cell distortion. With 
knowledge of the radial magnification of the optical 
system, and of the radius at one point on the pho
tograph, computation yields a list of radii for which 
there is a known and constant difference in n* be
tween adjacent points.

Additional input information required are the 
partial specific volumes and refractive index incre
ments of polymeric solute and of supporting elec
trolyte, molecular weights of the supporting electro
lyte and of the monomer unit of the polymeric sol
ute, density of the solution, speed of rotation and 
temperature, and the difference in n* corresponding 
to one fringe interval (X/h).

(b) Integration Procedure.— If refractive index 
increments k, are constant
no*(Xu2 — Xa2) = (fc2'Ci 0' +  k3c 311 — k3Cbeo)G~w- — la1) =

=  J* n* d(;c2) =  na*(xa,2 -  Xo?) +

J “  (n* -  % * ) d(x2) (7)
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where n0* is the initial value of n* and na* is the equi
librium value of n* at the meniscus.

The value of (n* — na*) for any radius may be ob
tained from the number of fringe intervals between
xa and x. The integral J “ (n* — na*)d(x2) can
therefore be evaluated by standard methods, for 
example by the trapezoidal rule. Since the change 
in n* per fringe interval is constant, Simpson’s rule 
may also be used, with { x j  — x2) as the varying 
quantity. In the latter case, an estimate of the 
contribution to the integral by elements at the 
limiting radii may be made by a trapezoidal com
putation. With the integral evaluated, na* and 
therefore n* at any fringe position may be com
puted.

(c) Computation of Cbg.—Values of Cbg at various 
radii are needed in subsequent steps of the com
putation. From equation 4

dcbg = (d s/2)cbg d(z2) -  d In Gbe (8)

and

/ : Cbg d ( 2 2) =  Cbgo (X u 2 — X a 2) =

(2 /A 3) dcbg +  (cbg/2) d 111 GbgJ =

(2/yC) (cbgùj -  Cbga) +  J a (cbg/2) d In GbgJ (9) 

Cbga = Cbgû)(G!bgio/Gbga)1/i exp[(A,/2)(Xa2 — Zìo2)) (10)

4-3[Cbgo (Zto2 Xa2) ( I /A 3) ^  Cbg d In (?bg]
Cbgco 2 [1 -  (Gbev/Gbga)1''2 exp {(A 3/2)(Xa2 -  Xu2) }

(H )
Once Cbgo. is known, Cbg at other values of x may be 
computed.

(d) Computation of e% (z ' =  0).— For z’ as
sumed equal to 0, c3 = c bx  in the solution compart
ment, and c2' may be computed by a modified form 
of equation 5

, n* -  fecbgi l(c3„/Cbgo)G‘A] -  1)
C2 = ---------------------- W ) -------------------  (12)

where
G =  (G3oGbg)/(GbgoGs)

Equation 12 follows from the fact that d In (1 — 
rf2)/d{x2) =  0, and

CbXo /  GbXo\W  _  Cso_ 17 G V \‘A = ( T l Y
Cbgo \Gbeo ) Cbgo Wbgo,/  Cbg \GbJ

when 2 ' =  0 (see also footnote 10).
(e) Computation of c2'(z' ^  0).— For computa

tions of c2' with assumed polymer charge other than 
zero, it is convenient to make use of a quadratic 
equation in -q. After substitution of 2qc3/z' for c2'

c3 =  (n* +  h cbs)/(^~r  +  (13)

With the approximation that the initial value of 
the activity of component (3) and of the back
ground solute occur at the same radius at equilib
rium, we obtain from equation 4

as_ _  £bg_ _  c32( 1  —  i)2)(?3 _  Cbg2(?bg

azo ctbgo c3o2( 1  —  vo2)Gzo c2bgoGbgo

From equation 6
(15)

Combination of these equations yields 
( l  -  , 2) (l  -  v°Y(n* +  kzcbg)2 =

c2bg (1 -  V )[(2fc2V z ')  +  kz] 2G (16)
This equation must be modified to allow for some 

complications resulting from details of construction 
of the equipment, as well as departures from as
sumed experimental conditions which are incon
venient to control.

(i) The initial concentration of c bx  in solution 
and background compartment may not be precisely 
the same. The assumption that they are was not 
made in the equations involving refractive index (5 
and progeny) but is made in equation 15. Correc
tion may be made by adding a term A =  (cbg0 — 
cbxo) / c3o, to the right side of this equation.9

(ii) In equations 7 and 14, use of the initial 
background concentration (cbg0) involves the as
sumption that the menisci in solution and solvent 
compartments occur at the same radius. In prac
tice, this is seldom precisely the case; indeed, it is 
well to fill the background compartment more 
completely than the other, so that the fringe pat
tern will cover as much of the polymer solution as 
possible. The value needed for Cbgo in the equa
tions is that concentration which would have to be 
introduced into the compartment to give the actual 
distribution of Cbg, if the menisci in the solution and 
background compartments were located at the same 
radius. Once Cbgu has been computed for the actual 
limits of the background solution, the required 
value of Cbgo may be computed by substituting xa2 
and x j  for the solution compartment into equation
n .

(iii) In the mask at the upper collimating lens of 
the Spinco optical system, the slits are frequently 
located unsymmetrically, i.e., the slit for the solu
tion compartment is centered along the optical 
axis, while that for the background compartment 
is off center. As a result, light going through a 
given radius of the solution compartment inter
feres with light from a slightly different radius of 
the background. The difference e will vary with 
radius, but for present purposes it is sufficient to 
use an average value; thus light from the solution 
compartment, radius x, will be assumed to recom
bine with light passing through the background 
compartment at x*  =  x +  e, where e ~ 0.0123 cm. 
for centrifugations reported here. Three modifica
tions of the procedure are incurred by this.

(a) The light will be cut off in the background 
compartment between the solution compartment 
radii Xu — e and xa, and to cover the full range of 
the polymer solution in the integration (equation
7), a short extrapolation is necessary.

(b) The concentration Cbgo in equation 7 must be 
replaced by c+bgo computed for the limits and xj^ 
(the limits of the polymer solution +  e) in the man
ner described in (ii).

(c) The value of Cbg in the refractive index equa
tion 5 and progeny must be replaced by c^bg, the

(9) If A is defined a little  differently, ((cbg)xao — cbXo)/c3o, where 
(cbg)x3o is the value of the background concentration a t  the radius for 
which 0 3  ■ = C3 2( l  — J72)(?3 — 0 3 0  *= C3o2(1 — 7]q̂ )Gzo, the approxim ation 
th a t the in itial a c tiv ity  of b oth  com ponent (3) and the background 
solute occur a t  the sam e radius (equation 14) would be elim inated. 
T h e difference betw een the tw o definitions of A u sually  m ay be neg
lected for practical purposes.Cbgo/£-30 1 VQ
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concentration of background solute at a radius 
greater by e than the corresponding solution ra
dius. Note that Cbg in equation 14 is not changed— 
values computed for the same radius as that in 
question for the solution are used.

(iv) With the multicell (Analytical G) rotor now- 
available from Spinco, simultaneous centrifugation 
of five solutions is possible. The fringe patterns for 
the five cells are separated by wedging of the cen
terpieces, and consequently there is a slightly dif
ferent length of light path for the two compart
ments. Although the difference in thickness of the 
column of solution (at most about 0.007 cm. out of
1 . 2  cm.) is the same at all radii, the difference in 
light path varies somewhat with radius, since the 
total concentration of solute varies. Correction is 
made by multiplying c*bg by a factor h2/hx, where hi 
is the thickness of the solution compartment, and 
hi the thickness of the background compartment. 
(The value for Ara*/fringe interval is computed for 
the solution compartment, i.e., X/hi). Note that 
only the terms c+bg which arise from equations in
volving refractive index are multiplied by h2/hi, 
however, the correction also must be made in com
puting the value of the integral, equation 7, i.e., 
(hi/hi)^bgo is substituted for Cbg0-

With these modifications equation 16 becomes
(1 — I)2)(l — 1?0 +  A )2(n* +  h ih i/ h y *  bg)2 =

c2bg (1 -  *)o2)[(2 h 'v/z ') +  fePG  (16a)

or rearranged as a quadratic in 27

machine, but where this course is not feasible an 
equation derived by making certain approxima
tions may be useful. It has given values of N  
within 3% of those obtained by the more complete 
procedure in the few cases so far tried, in spite of 
the fact that allowance is not made for the factors 
discussed in Sec. 3e. Taking the logarithm of both 
sides of 5, followed by differentiation, yields, for 
constant activity coefficients 
d  In  n* _  d  In  c 2'  _  

d ( z 2)  d ( i 2)
(h/k2')[(c3 -  Cb8) / c 2' ] [ d l n ( c 3 -  Cbe ) / d ( z 2) -  d  In  c P / d p c 2)] 

1 +  (fe/fe')(Cs — Cbg)/C2'
(20)

If the approximations are made that the original 
concentrations of c'2, c3 and Cbg occur at the same 
radius, that ? /2 is negligible in comparison with 
unity, and that d In c3/d(a:2) is small compared with 
d In c'2/d(:c2), the equation
d In n*/A{x2) — d  In c2'/d ( x 2) =

„  =  (A , /2) -  N A 2'/{\ +  Nz'y) 
C2h'/z% ) +  1 (21)

is obtained. After a table of n* as a function of 
x has been computed from the fringe positions, one 
may compute N  for assumed values of z' by iteration 
with equation 21 and an approximate form of 19.3

(d In c2'/d x2)/A2 
z'y Td In c2 d In c3~l
3 7  L d(x2) ~  d(x2) J

(19a)

[(1  —  vo +  A ) 2(?i*  +  h z ih i/ h ^ c ^ e  bg)2 +  c2bg(l —  vo2) 
(Ak'22/zi'2)QW  +  [c2bg (1 — i)o2)G 

iWk%/z']y +  c2bg(l — vo2)k32G — (1 — 170 +  A)2
(.n* +  k3(h2/hi)c^bs)2 =  0 (16b)

When i) is evaluated, c3 and c '2 are given by the equa
tions

n* T  k3(h2/hi)c-Kg
2  (h'v/z') +  fe (17)

ci! =  2c3y/z' (18)
With the values of c2 computed at the radii of 

fringe positions, the value of N  implied for the z’ in 
question10 may be computed with the equation

at =  d In c2'/d(x2) +  d In G2/d(x2) 
a / d In (1 -(- r?)/(l — v)

As -  ( z / 2 ) ------------d(77------------
which is obtained by substituting ÀV for z and N A  '2 
for A 2 in equation 3.

The above procedure has been coded for the Oak 
Ridge National Laboratory digital computer, the 
ORACLE, with activity coefficients assumed con
stant, and tests are presented for centrifugations of 
known systems.

Computations are most satisfactorily effected by
(10) In  th e  com putation  of c ' 2  for 2 '  =  0, equation 12 is modified 

som ew hat b y  allow ance for the com plications discussed above.

C‘2 *
n* — k3c ^  bg r  Qm /  G3 0G ̂ bgVA

Lr^bgo yG^bgoGz)
h '

hf\
h J (12a)

A  sm all approxim ation is in volved  since 

C 3 _  ^  C:i0 /  G sqG  ~ ^ b g \  2

C ibg C '̂ "bgo \ G )  6 ^
l ( A , / 2 )  [ ( x 2 -  i t 2) -  ( i „ 2 -  i „ t 2) ]J  

In equation 12a, the exponential term  is taken  as unity.

Experimental
Centrifugations were carried out with a Spinco Model E 

Ultracentrifuge, equipped with a Rayleigh interference 
optical system, and with an Analytical G (five-cell) rotor. 
Most of the centrifugation technique is standard or has been 
described earlier3’11 and for the most part only changes re
sulting from the use of interference optics will be discussed.

It has already been mentioned that the data are recorded 
as photographs of fringe patterns, resultingfromrefractivein
dex differences between solution and solvent compartments. 
Reference fringes from gaps in the counterbalance permit 
alignment of the plates. Progress of centrifugation is 
followed, and attainment of equilibrium established, by 
examination of the plates with a comparator capable of 
measurements in both vertical and horizontal directions. 
For an arbitrary vertical setting relative to the reference 
fringes, the horizontal position of the fringes is determined. 
When there is no significant change in position from day to 
day, equilibrium is considered established.

Cell distortion is evidenced in centrifugations with water 
in both compartments by departures of the fringes from the 
horizontal. Normally water centrifugations are carried 
out both before and after centrifugation of solutions. The 
distortion indicated by these runs is reproducible to about 
± 0 .1  fringe interval. Distortion of as much as 1.5 fringe 
intervals has been found, but the extent for a given cell 
does not seem to change rapidly with time, nor does it seem 
very sensitive to speeds of rotation in our usual range of 
operation, from 14,000 to 30,000 r.p.m. In reading plates 
for interpretation, correction is effected by altering the ver
tical setting of the comparator to compensate for departures 
from the horizontal with water. An average of the distor
tion found in the water centrifugations before and after the 
run is used.

Because of the acidity of some of the solutions studied, 
cell centerpieces of pure epoxy resin were used, rather than 
the usual aluminum filled type. Normally the cells were 
not disassembled between centrifugations, but were rinsed, 
shaken overnight filled with water, rinsed again and dried. 
Values of the thickness h of the column of solution were ob
tained by subtracting the thickness of the quartz windows

(11) J. S. Johnson, K . A . K raus and T . F . Y o u n g , J . A m . Chem. 
S oc., 76, 1436 (1954).
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(assumed not to compress) from the distances between their 
outer faces in the assembled cells. A Baird interference 
filter assembly was used for isolation of the 546 m /iH g line, 
and photographs were made on Eastman Spectroscopic IID 
plates. Temperature, controlled by equipment now stand
ard with the machine, was 25.0 ±  ca. 0.1°.

Refractive index increments were determined with a 
Brice-Phoenix Differential Refractometer. Densities were 
measured pycnometrically.

Sodium perchlorate solutions were prepared by neutrali
zation of HClOi with NaOH; concentrations were estab
lished by density measurements.12 Concentrated bismuth 
stock solutions were prepared by dissolving Bi20 3 in HC104 
solutions, and characterized by bismuth and perchlorate 
(precipitation of tetraphenylarsonium perchlorate) analyses. 
All chemicals used in these and other preparations were 
C .p . or reagent grade. The composition of the Na2MoO,- 
2H20  used in preparation of solutions was checked by pre
cipitation of PbMoOi.

Results and Discussion
In order to test the performance of the equipment 

and to see how far some real systems depart from 
the assumptions made in the derivation of equa
tions, we have carried out studies of three solutes 
having known molecular weights: Na2M o04 in 1 M  
NaClCL, BiOClOi in 1 M  NaCICb, and BaCl2 in 1 
M  HC1. The centrifugation results, corrected for 
cell distortion, are presented in Fig. 1 as deviation 
plots of log n* — (S/2.303)a:2. The points are 
computed from the value of n* at individual fringe 
positions, and S is an average slope, d In n * /d (r2), 
computed for all the points. Since these solutes 
are monodisperse, graphs of log c '2 vs. x2 should be 
linear, except for charge and activity coefficient 
effects. The graphs of log n* vs. x 2, are close enough 
to linear for the deviation plot in Fig. 1 to be a use-

T a b l e  I
C e n t r i f u g a t i o n  C o n d i t i o n s , R e f r a c t i v e  I n d e x  a n d  

V o l u m e  D a t a

M ola rity  
com ponent 2

W  for 
2' =  0 

(546 m/i)

A pparent 
specific 
v o l., cc.

C en trif
ugation

conditions0 S
N a jM o O i-l M  N a C lO .

0.1029 0.0334 0.168
.1003 .0336 .177
.0558 .0336 .166 A1 0.00607

A2 .00608
A3 .00603
A4 .00597
A5 .00631

.0535 .0336 .170

.0497 .0335 .167

.0255 .0336 .156

.0249 .0336 .159
. 03354 . 16S6

B iO C IO ^ l M  N a C lO .

0.1004 0.0300 0.155 B3 0.02598
.0602 .0299 .153 B1 .02488
.0200 .0314 .151 B5 .03012
.0080

.OSOO5 . î s t 6

B5 .03508

B a C h - r  M  HC1

0.1009 0.0295 0.143 A4 0.00794
.0575 .0295 .143 A5 .00885
.0350 .0297 .138 A1 .00832

. 0295i . 1436
“ Letters: speed of rotation: A, ca. 27,690 r.p.m .; B, 

ca. 14,290 r.p.m. Numbers: cell number. 6 Used in 
computations.

(12) H. E . W irth  and F . N . Collier, ibid .. 72, 5292 (1950).

Fig. 1.— Deviation plot of ultracentrifugation results, 
interference optical system (values of S listed in Table I). 
(Each fringe position is represented by a point.) One point 
at x 1 ~  39.3, not shown, from centrifugation of 0.008 M  
BiOClOi was about 5%  in n* below the average line for the 
other points.

ful test of precision, although in principle d log n*/ 
d(a;2) is only approximately constant. Most of the 
points scatter less than =0.5%  in n*. The preci
sion is much better than with schlieren optics. 
(See e.g., the comparable graph in ref. 3, Fig. 1). 
Values of S and the experimental conditions are 
summarized in Table I.

1. Volumes and Refractive Index Increments.—
The results of refractive index and apparent specific 
volume measurements of sodium molybdate, barium 
chloride and bismuth oxyperchlorate in the sup
porting electrolytes are summarized in Table I. 
In the case of Na2M o0 4 , values are given for several 
solutions for which centrifugations are not reported. 
Within the accuracy of our measurements, no de
pendence of specific volumes or refractive index in
crements on concentration was observed, and aver
age values were used in the centrifuge computa
tions. Since the precision of these measurements 
depends on the concentration of solute, the aver
ages were weighted with factors proportional to 
concentration. Further, (averaged) apparent spe
cific volumes were taken as the partial specific 
volumes. For BiOClCh in 1 M  NaCICh, the pres
ent value of the volume agrees with that reported 
earlier.18

Literature values were used for partial specific 
volumes and refractive index increments of the 
supporting electrolytes. For NaCICh, k3 =  0.007414

(13) R . W . H olm berg, K . A . K raus and J. S. Johnson, ibid ., 78, 5506 
(1956).

(14) H. K ohner, Z . physik. Chem., B l f 427 (1928). These measure-
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Fig. 2.—'Degree of polymerization N  of Bi0C104 in 1 M  
NaClOi as a function of charge z'.

Fig. 3.— Degree of polymerization N  of BaCl2 in 1 M  HC 
computed as a function of charge z'.

and v =  0.373 cc.12 were used and for HC1, k3 = 
0.008315 and v =  0.533 cc.16

T a b l e  I I

R e p r o d u c i b i l i t y  o f  M e a s u r e m e n t s  

(5-cell rotor, wedged cells, 0.056 M  Na2M o04 T M  NaC104)
Cell Äi(cm.)“ AîCcm.) fe N„. 2

1 1.202 1.195 1.07
2 1.201 1.197 1.06
3 1.198 1.198 1.05
4 1.193 1.197 1.03
5 1.196 1.203 1.06
T h e o r e t i c a l  d e g r e e  o f  p o l y m e r i z a t i o n  l W - 2 =  1 .0 0 .

“ T h i c k n e s s  o f  “ s o l u t i o n ”  c o m p a r t m e n t .  b T h i c k n e s s  o f  

“ b a c k g r o u n d ”  c o m p a r t m e n t .

2. Na2M o04 in 1 M  NaC104.— Reproducibility 
of the experiments and adequacy of the procedure 
used to diminish effect of cell distortion were tested 
by centrifugation of identical solutions of 0.056 M  
Na2M o04- l  M  NaC104 in the five cells of the “ Ana
lytical G" rotor. The values of N  computed for 
the known charge, z' =  2, are given in Table II. 
The values fall within ±0.02 of N — 1.05. (If com
puted for z' =  0, N  is about 0.5.) A spread of only
ments w ere for N a-D  light, b u t there is little  change of dn/dc for this 
salt w ith  w ave length.

(15) O. R . Howell, J . Chem. S oc., 2039 (1927). T h e value given is 
dn/dc for 1 M  HC1, interpolated for 546 m/n for m easurem ents at other 
w ave lengths.

(16) H. E . W irth, J . A m . Chem. Soc., 62 , 1128 (1940).

4%  in N  for such a light solute indicates a substan
tial improvement in precision over schlieren op
tics, with which a coherent result would be diffi
cult to obtain, with cells of the same thickness. 
About 2% of the variation of the mean from N  =  1 
may be attributed to neglect of the contribution to 
n* of pressure differences between the two com
partments.11 The rest lies easily within the range 
either of possible experimental errors or of activ
ity coefficient effects (see below).

3. BiOC104 in 1 M  NaC104.—A system more of 
the type we have ordinarily studied is hydrolyzed 
Bi(III) in NaC104. Earlier investigations13 with 
the schlieren optical system indicated a degree of 
polymerization of 5-6 and some complexing of 
perchlorate ions by the polymer. Since then, X - 
ray scattering measurements on concentrated 
BiOC104 solutions, carried out in this Laboratory,17 
have strongly suggested that the Bi atoms are ar
ranged octahedrally, which would indicate a hexa- 
mer. Olin,18 on the basis of e.m.f. measurements 
carried out in Sillen’s laboratory, also favors this 
species.

We have centrifuged BiOC104 solutions of (ini
tial) concentrations 0.008 to 0.100 M  in 1 M  NaC104 
supporting electrolyte. To prevent precipitation 
the solutions contained also 0.01 to 0.02 M  HC104 
in excess of the composition Bi0C104. Under these 
conditions the hydroxyl number is two, and— ex
cept for perchlorate complexing—the predominant 
species is (BiO)w+X 13

The results of the centrifugations are summarized 
as plots of 1/iV vs. z' (Fig. 2). Previously, similar 
results have been presented as N is. z' graphs3; 
the reciprocal l/N  is used here, since the graphs 
are more linear. The curves for all concentrations 
approach one another most closely for N  =  6 
(within a spread of about 2% in N). The corre
sponding value of z' indicates that about two per
chlorates are complexed per polymeric aggregate 
and that hence the average formula of the species 
is Bi60 6(C104)2+h

4. BaCl2 in HC1.— Three solutions of BaCl2 
(initial concentrations 0.035 to 0.100 M) were cen
trifuged in 1 iff HC1 supporting electrolyte. The 
results are presented in Fig. 3 as graphs of l/W  
computed as a function of assumed charge z'. The 
curves should, of course, cross at N  =  1 and z' =
2. The values of N  computed for z' =  2 are 
about 5% high. The discrepancy is not far outside 
of probable experimental uncertainties for such a 
low molecular weight solute. However, we shall 
examine how far it might result from activity coef
ficient effects since in this case data on the perti
nent three-component systems are available.19 The 
activity coefficients enter principally in two ways, 
as d In G%/d(.r2) in the sedimentation equation of the 
component of interest and as a correction for the 
differences in the sedimentation of the supporting 
electrolyte in the solution and background com
partments (d In y±HCi/da;2).

Estimates of activity coefficients were made with 
the equations

(17) H. L evy , M . D . Danford, P. A gron and M . A . B redig, unpub
lished results.

(18) A . Olin, A cta  Chem. Scand., 11, 1445 (1957).
(19) H. S. H arned and R . G ary, J. A m . Chem. S oc., 76, 5924 (1954).
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! log 7  A
1.018m1/»

77, +1 +  1.5m' /2
5aA«ÎA +  5aB))IB +  (¿AAAOTA2 +  2dAABOTA»iB +  (¿ABBTOB2

(22)
and

3 log 7 B  =  —
3.054m1/2

1 +  1.5m1/2
&ABTOA +  5b b Wb  +  dAABTOA2 +  2(Za BBWaTOB +  dBBBTO2B

(23)

where 6 and d are constants or interaction coeffi
cients20; A and B indicate HC1 or BaCl2, respec
tively; n is the ionic strength (2»iiZi2/2) and m the 
molality. The coefficients in these equations were 
evaluated from tables21 of t ± hci and osmotic coef
ficients, 4>, of BaCl2, and the constant an for HC1 in 
BaCl2.19 The values of 7 ± bci and 0BaCk in water 
were represented by equations having a Debye- 
Hiickel term, in addition to terms linear and quad
ratic in molality22; a12 was assumed to vary lin
early with M-

Correction for d In G2/d(x2) was found to lower 
N  (computed for z' = 2) by ca. 3% for 0.035 M  
BaCl2; by ca. 4% for 0.058 M  BaCl2; and by ca. 
6% for 0.1 M  BaCl2. Corrections for the effect of 
differences in d In 7 ±nci/d(a;2) between solution and 
background compartments were smaller. The N  for 
0.1 M  BaCl2 was raised by about 1%; corrections 
for the other two solutions could not be estimated 
accurately enough for application but appeared to 
be less.

In addition, corrections for the effect of differ
ences in pressure on the tw'o compartments11 were 
estimated to decrease N  by about 2% in all cases. 
The net effect of these corrections lowers the com
puted values of N  from ca. 1.05 to 0.97 for 0.1 M  
BaCl2, to 0.99 for .058 M  BaCl2, and to 1.00 for 
0.035 M  BaCl2. It appears that in this case, dif
ferences between known and observed values of N  
are indeed of approximately the magnitude ex
pected from activity coefficient variations.

5. General Discussion.—We may conclude 
from the coherence of the results in the three 
examples that considerably more accurate estimates 
of the degree of aggregation of charged solutes may 
be obtained with interference optics than with 
schlieren optics. Further, with proper corrections, 
use of wedged centerpieces allows simultaneous 
centrifugation of five solutions with no significant 
loss in accuracy. In equilibrium ultracentrifuga
tions with deep cells,23 this permits a substantial

(20) The values of the coefficients of equations 22 and 23 are: 
&AA =  0.210, ¿AAA =  0.012 (from 7±HCl in water); 6bb  =  
0.2241, dBBB= 0.0468 (from <£BaCl2 in water); &AB =  0.2478, <2a a B =  
0.0327; ¿ a b b  =  0.0882.

(21) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions,*’ 
Butterworths Scientific Publications, London, 1955, p. 476, 471. 
Original source: HC1, H. S. Harned and R. W. Ehlers, J. Am. Chem. 
Soc., 55, 2179 (1933); BaCls, R. A. Robinson, Trans. Faraday Soc., 
36, 735 (1940).

(22) G. Scatchard and L. F. Epstein. Chem. Revs., 30, 211 (1942).
(23) Recently, techniques have been described for equilibrium ultra

centrifugations with columns of solution shallow in the radial direc
tion (K. E. Van Holde and R. L. Baldwin, T h is  J o u r n a l , 62, 734
(1958)). By this device, much less time is required to attain equi
librium.

reduction in the time required for a single set of 
results, particularly since with digital computers 
the time needed for computations is greatly de
creased.

It has been stated earlier and reiterated in the 
examples that determination of the degree of ag
gregation implies simultaneous estimation of the 
charge of the ions. In many cases this implies 
that through equilibrium ultracentrifugation some 
information regarding complexing reactions of the 
solutes with ions of the supporting electrolyte may 
be obtained. Thus, we concluded that the Bi(III)- 
hexamer (Bi606+6) is to some extent complexed by 
perchlorate ions. Further, equilibrium centrifu
gations gave the expected result that Ba(II) is not 
complexed by chloride ions in the medium studied 
and that the molybdate ions are not complexed by 
sodium ions. In an earlier study24 of considerably 
less precision, since it was carried out with schlieren 
optics, we pointed out that In(III) in bromide solu
tions appeared to be considerably less complexed 
than some have stated.

One method of estimating z' involves determina
tion of an intersection of the curves of N  vs. as
sumed charge z' (see Figs. 2 and 3). With light 
solutes in light supporting electrolytes these curves 
are too nearly parallel for this to be a sensitive pro
cedure. In such cases it is sometimes better to de
termine z' at the point where such curves cross the 
proper value of N. For this to be effective the ac
tivity coefficient derivatives, particularly the de
rivative d In Gi/d{x2), should be small. Often it is 
more effective to centrifuge in a relatively high mo
lecular weight supporting electrolyte since then the 
curves of N  vs. z' will be steep and more sensitive to 
the concentration ratio c'2/c3.

If one deals with a monodisperse solute, the 
charge z obtained should equal the average charge of 
all species (z =  2 z ;F i  where z ,  is the charge of the 
species i and F-, = rrii/2m , is the fraction of the sol
ute as species i). In principle, knowledge of the 
average charge as a function of ligand concentration 
permits computation of complex constants; how
ever, at present it appears that such an objective is 
not practical. Experimental difficulties, as well as 
expected variations in activity coefficient terms, 
make estimates of z' too uncertain for evaluation 
of complex constants. In the BaCl2 and Na2Mo04 
experiments, without activity coefficient correc
tions, z '  would be estimated with an accuracy of 
approximately 0.2 in charge units. These experi
ments were carried out at moderate ionic strength, 
in the region wffiere most activity coefficient vs. 
concentration curves have a minimum. It is dif
ficult to predict at present if results useful in the 
study of complex reactions may be obtained at sub
stantially higher ionic strength, where activity co
efficient derivatives should be larger and more dif
ficult to estimate.

Acknowledgment.—We are indebted to Miss 
Neva E. Harrison for technical assistance.

(24) J, S. Johnson and K. A. Kraus, J. Am. Chem. Soc., 79, 2034 
(1957).
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The quantum yields of the photoautoôxidation of anthracene and diphenylanthracene were measured in several solvents. 
The results of these measurements demonstrate that the fluorescent state as well as the triplet state of the hydrocarbon can 
react with 0 2 to form an intermediate, leading to the formation of a peroxide. In strongly fluorescent solutions (e.g., di
phenylanthracene in benzene), the interaction of the fluorescent state with 0 2 is the principal step. For weakly fluorescent 
solutions, the triplet state plays the dominant role. Diphenylanthracene sensitizes the oxidation of anthracene. This 
process was studied by illuminating a solution, containing both substances, with light which was absorbed by diphenyl
anthracene only. An analysis of these measurements indicates that the Kautsky mechanism, which involves molecular 
oxygen in a singlet state as a reaction intermediate, is not compatible with our results.

The photochemical autooxidation of anthracene 
and its derivatives has been studied quantitatively 
and extensively by Bowen and his co-workers.2'3 
They determined the quantum yields of fluores
cence, dimerization and autooxidation of several 
anthracenes in a variety of solvents and over a 
wide range of hydrocarbon concentrations. How
ever, their measurements were limited to oxygen 
concentrations corresponding to solutions saturated 
with pure 02, air or pure N2, each at 1 atm. The 
present experiments include the results of measure
ments of the oxidation of diphenylanthracene in 
benzene at oxygen concentrations ranging from 1.00 
X 10-2 to 2.5 X 10- 4 M  and of anthracene in 
bromobenzene at concentrations from 8 X 10~3 
to 8 X 10-5 M . In addition, the effect of the addi
tion of small amounts of quinone upon the rate of 
autooxidation of anthracene was studied. The 
photochemical autooxidation of anthracene sensi
tized by dipnenylanthracene also was investi
gated.

E. J. Bowen3a has demonstrated that, under 
certain conditions, the oxidation of anthracene is 
the consequence of a reaction between an oxygen 
molecule and a molecule of the hydrocarbon in its 
lowest triplet state; he has suggested that the 
photochemical autooxidations of all anthracenes 
proceed, always, by way of this step. Our results 
show that the interaction of an oxygen molecule 
with one of the hydrocarbon in either its triplet or 
fluorescent state can induce the formation of the 
peroxide. In strongly fluorescent solutions {e.g., 
diphenylanthracene in benzene) the important 
intermediate is the fluorescent state, while in 
practically non-fluorescent solutions of anthracene 
in bromobenzene the dominant step is the inter
action of an oxygen molecule with one of anthracene 
in its triplet state.

The publication of the results of measurements of 
the half-life of the triplet state of anthracene and of 
the rate constant for its bimolecular reaction with 
oxygen4'5 6 offers the opportunity for an additional

(1) This work was in part supported by grants from the National 
Science Foundation (NSF-G 1449) and from the Graduate School of 
the University of Minnesota, for which the authors are grateful.

(2) E. J. Bowen and D. W. Tanner, Trans. Faraday Soc., 51, 475 
(1955).

(3) (a) E. J. Bowen, Disc. Faraday Soc., 14, 143 (1953); (b) E. J. 
Bowen, Trans. Faraday S oc.,50;”97 (1954).

(4) G. Porter and M. W. Windsor, Disc. Faraday Soc., 17, 178 
(1954); Hrof Hoy. Soc. (London), 245A, 238 (1958)Vi - j

j

test of the reliability of the proposed mechanism of 
these reactions.

Experimental
Materials.— Benzene and carbon disulfide were high- 

grade commercial samples and were used without further 
purification. Bromobenzene was twice distilled under ni
trogen. Quinone was sublimed shortly before it was used. 
The final purification of anthracene and diphenylanthracene 
was accomplished chromatographically on activated alu
mina.

Flash-photolytic Measurements.— A few preliminary 
measurements of the half-life of the triplet state of diphenyl
anthracene and of the quenching of the triplet of anthracene 
by quinone were made, using the apparatus and technique 
described by Livingston and Tanner.6

Measurements of Photochemical Autooxidation.— A 
modification of the method of Bowen and Tanner2 was used 
to measure the rates of photochemical autooxidation. 
Two 3.00-ml. samples, containing identical concentrations 
of anthracene or diphenylanthracene, were exposed simul
taneously to the complete radiation (filtered only by a 5- 
cm. layer of a 2%  CuSO, solution) from a GE AH5 mercury 
arc. One sample, which was free from quenchers and was 
in equilibrium with air at 1 atm., was used as the reference 
solution. The ratio of the change in anthracene concentra
tion in this solution to that in the other solution, which 
contained a quencher or was in equilibrium with a different, 
known concentration of oxygen, was a measure of the effect 
of the variable upon the rate (i.e., the quantum yield) of 
photooxidation.

The reaction cells were Pyrex cylinders, about 4.0 cm. 
in diameter and 10.0 cm. long. At each end, the cylinders 
were fitted with projecting axially-centered tubes, 0.6 cm. in 
diameter and 5 cm. long. One such tube was sealed; the 
other ended, for the reference cell, in a male f  joint, which 
could be closed by the external member of the joint without 
danger of contaminating the contents of the cylinder with 
(silicone) lubricating grease. Cells which were used with 
air or oxygen at pressures other than 1 atm. had, in place 
of the seal, a constriction followed by a f  joint, by which 
they could be connected to an ordinary vacuum line. To 
fill the cylinder with gas at a known pressure, it was clamped 
in a vertical position and connected to the vacuum line. 
The 3.00-ml. sample was pipetted into the small, closed-end 
tube. The solution was then frozen with liquid nitrogen 
and the cylinder evacuated. The solution was degassed by 
successive freezing, pumping and thawing; after which, 
with the solution frozen and the cylinder at room tempera
ture, gas was admitted to the desired pressure. The cylin
der was then sealed at the constriction and separated from 
the vacuum line. Since the volume of the solution was 
less than 2.5%  of that of the gas in the reaction vessel, the 
oxygen was seriously depleted only in those few experiments 
where its initial partial pressure was less than 1 mm. (see 
Tahle I).

The two cylinders were supported side by side on a set of 
three horizontal, rubber-covered rollers and were rotated

(5) R. Livingston and D. W. Tanner, Trans. Faraday Soc., 54, 765
(1058).
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about their axes at about 150 r.p.m. The rotation of the 
cylinders spread the solutions on their inner walls as thin, 
continuously renewed films. Bowen and Tanner demon
strated,2 and it was confirmed under our experimental con
ditions, that the oxygen in the solution was maintained in 
equilibrium with the gas phase by this procedure. A series 
of calibrating experiments showed that the rate of oxidation 
was sensibly independent of what cylinder was used and of 
which position on the rollers it occupied.

The solutions were analyzed spectrophotometrically, 
before and after irradiation. Since the solutions were much 
too concentrated to be analyzed spectrophotometrically in a 
cell of normal thickness, samples were diluted with the aid 
of a calibrated micro-dilution pipet. The resulting solu
tion was further diluted to 10 ml. and its optical density 
determined with a Cary spectrophotometer using matched 
2.00-cm. silica cells. For the solutions used in these ex
periments, the complete analysis (dilution +  measurement 
of optical density) was reproducible to better than 0.5%. 
In a few cases, the decrease in anthracene concentration was 
checked using Bowen and Tanner’s analysis for anthracene 
peroxide; however, in our hands this method proved to be 
less precise than the speetrophotometric measurements.

Experimental Results
The Photooxidation of Anthracene in Bromo- 

benzene.—The results of measurements of the rate 
of disappearance of anthracene, in bromobenzene 
containing various concentrations of oxygen, are 
summarized in Table I. Measurements were made 
of the change of concentration of anthracene in 
pairs of reaction vessels, as is described in the pre
ceding section of this paper. In each pair of ves
sels, the concentration of anthracene was initially 
the same and the vessels were exposed simultane
ously to light of the same intensity for the same 
length of time. The solubility of oxygen in bromo
benzene is not known. The tabulated concentra
tions of oxygen were calculated upon the arbitrary 
assumption that bromobenzene saturated -with air 
at 1 atm. contains 2.0 X 10~3 M  oxygen, which is 
approximately the solubility of oxygen in benzene.

In contrast to the report of Bowen and Tanner,2 
we observed an appreciable photodimerization of 
anthracene in bromobenzene. The rate of disap
pearance of anthracene from an illuminated, oxy
gen-free solution was about one-fourth that ob
served in the reference solution, but the standard 
analytical method2 fails to indicate the presence 
of any peroxide in such an anaerobic solution. 
Direct evidence for dimerization was obtained.

A 3  X 10 ~2 M  deoxygenated solution was il
luminated for an hour. The resulting crystalline 
precipitate was filtered, washed and dissolved in 
benzene. This solution was transparent for light 
of wave lengths greater than 3000 A., but showed 
an absorption maximum at 2830 A. Its absorption 
spectrum was similar to that reported for the an
thracene dimer by Noland.6

It is apparent from the data listed in the first 
five columns of Table I that the rate of the photo
chemical reaction of anthracene in bromobenzene 
is practically independent of the oxygen concen
tration, in the range from 8.2 X lO“"3 to 8.3 X 
10 ~6 M . At lower concentrations, the rate of 
peroxide formation decreases rapidly.

The values in column six have been (approxi
mately) corrected for the effect upon the rate of 
the differently changing concentrations of anthra
cene. The rates of both dimerization and peroxide

(61 W. E. Noland, J. Am. Chem. Soc., 78, 188 (1956).

T a b l e  I
E ff e c t  o f  Ox y g e n  C o n c e n t r a t io n  U pon  t h e  R a t e  o f  
F o r m a t io n  o f  A n t h r a c e n e  P e r o x id e  in  B r o m o b e n ze n e

[A] X 
102

jPq2 [02] X 
10'

A[A] 
X 10'

itio of rat
mm. sat.)

,____
Obsd. Cor. Calcd.

1.00 625.5 82.0 1.40 0.93 0.93 1.03
1.00 97.6 12.8 2.64 1.03 1.03 0.99
1.00 6.0 .79 2.09 0.97 0.97 .98
1.00 2.4 .31 1.96 .91 .91 .96
0.36 1.7 .22 1.58 1.00 1.00 .96
0.36 0.6 .083 0.93 0.91 0.91 .96
1.05 0 .2 ' .026' 4.51 .33 .27 .69'
1.03 0° 0 4.56 .26 .22 .22
1.03 06 0 4.47 .24 .20 .22
1.03 04 0 4.60 .26 .22 .22
° Oxygen removed by successive freezing, pumping and 

melting. Vessel finally filled with purified N2. 6 Oxygen 
removed as stated above. Vessel sealed off while evacu
ated. c The total number of moles oxygen present is 
several-fold less than the number of moles of anthracene 
consumed. An approximate calculation indicates that the 
average concentration of oxygen was 1.6 X  10_s M . In 
calculating a value for the ratio of the rates, a constant 
value of [0 2] =  1.5 X  10~6 M  was used.

formation increase with increasing concentration of 
the hydrocarbon. For the peroxide formation 
in bromobenzene, the rate is, within the limits of 
precision, directly proportional to the anthracene 
concentration, at least to 0.02 M . In the last four 
experiments listed in Table I, the disappearance of 
anthracene was much faster in the reference vessel 
than in the other vessel. To correct approximately 
for this difference, the observed ratio of the rates 
has been multiplied by the ratio of the average con
centrations in the reference and reaction vessels, 
respectively.

The Photooxidation of Diphenylanthracene in 
Benzene.—The photochemical properties of 9,10- 
diphenylanthracene in benzene differ markedly from 
those of anthracene in bromobenzene. Diphenyl
anthracene is not detectably photodimerized.2 Its 
fluorescence has a high yield (about 0.8 in benzene) 
and is not measurably self-quenched. In view of 
these differences, it is not surprising that, unlike 
anthracene in bromobenzene, its rate of photo
oxidation is strongly dependent upon the concen
tration of oxygen. Evidence for this dependence 
is summarized in Table II.

Since for these experiments the decrease in the 
concentration of hydrocarbon was quite different 
in the reference and reaction vessels, the observed 
ratio of the rates were corrected, approximately, 
by multiplying the observed values by the ratio of 
the average concentrations of the hydrocarbon in 
the reference and reaction vessels. The corrected 
values are given in column six.

Carbon disulfide efficiently quenches the fluores
cence of the anthracenes3 but has little effect upon 
the half-life of the triplet state of anthracene.6 
In terms of a possible mechanism for these reactions 
(which is discussed in a later section of this paper) 
it is to be expected that the photooxidation of 
diphenylanthracene should be practically indepen
dent of oxygen concentration (except at very low 
concentrations) in solutions containing carbon
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T able II
T he Effect of Oxygen Concentration Upon the R ate 
of F ormation of D iphenylanthracene Peroxide in 

Benzene
A [ A02 ]
X 10*

[Aifri]
X 102

P  02, 
m m .

[Os] X 103 ÌS ✓— Ratio of the rates-----'
Obsd. Cor. Calcd.

1.03 1049.0 10.05 1.59 2.27 2.51 2.38
1.02 652.1 6.24 1.64 2.11 2.28 2.01
1.04 619.3 5.03 1 .84 2.02 2.24 1.96
1.05 314.8 3.01 2.32 1.28 1.36 1.46
1.05 205.7 1.97 1.95 1.32 1.36 1.17
1.07 140.0 1.34 2.39 1.03 1.06 0.96
0.98“ 58.6 0.56 1.35“ 0.52 0.50 .63
1.03 58.5 .56 1.69 .53 .49 .63
1.04 26.1 .25 1.86 .33 .32 .47
“ The intensity of the incident light was reduced about 

2.5-fold by the use of a neutral filter (screen) and the time 
of illumination was increased to compensate partially for 
this change.

disulfide. The data of Tabic III confirm this 
prediction.

T able III
T he Effect of Oxygen Concentration Upon the R ate 
of F ormation of D iphenylanthracene Peroxide in 

Benzene Containing Carbon D isulfide
Ratio

Voi. % _ Afa] P 02,
A [Aó, ] 
X  IO3

of the 
rates

of CS! X IO2 mm. (in air) (obsd.)
1 1.02 602.0 3.20 1.14
1 1.02 10.7 3.15 0.98
1 1.02 4.9 3.02 1.00
9 1.06 642.0 3.65 1.01
9 1.02 9.9 3.14 1.00
9 1.02 4.2 3.38 0.88

Effect of Quinone upon the Photooxidation of 
Anthracene.—Using the apparatus and technique 
of Livingston and Tanner6 we have shown that p- 
benzoquinone quenches the triplet state of anthra
cene about as efficiently as oxygen. In bromo- 
benzene, the bimolecular quenching constant is 
approximately 1.6 X 109 M ~ l sec.-1. A similar 
value has been reported7 for the quenching of the 
triplet state of chlorophyll a by quinone. Schenck 
observed8 that quinone inhibits photoautooxida
tions sensitized by a number of dyes and pigments 
and interprets this effect as the consequence of the 
quenching of the triplet state by quinone. As is 
illustrated by the data of Table IV, quinone has a 
similar retarding effect upon the photochemical 
autooxidation of anthracene in bromobenzene. 
However, it should be remembered that the ob
served rate of disappearance of anthracene is the 
sum of the rates of photooxidation and dimerization.

The Photooxidation of Anthracene Sensitized by 
Diphenylanthracene.—It has been demonstrated 
by Bowen and Tanner2 that in solutions containing 
both anthracene and diphenylanthracene either sub
stance can sensitize the photooxidation of the other. 
Most of their measurements were made with sys
tems in which each substance absorbed an appreci
able fraction of the incident light. This fact

(7) E . Fujimori and R . Livingston, N ature , 180, 1036 (1957).
(8) G. Schenck and K . Kinkel, Natuncissen., 38, 355 (1951); 

G. Schenck and K . H . Ritter, i b i d 41, 334 (1954).

renders any quantitative analysis of their results 
difficult. To avoid this difficulty, we illuminated 
solutions (in benzene) of anthracene and diphenyl
anthracene with light from a mercury arc after it 
had passed through 2 cm. of a concentrated solu
tion of anthracene in toluene. Since the anthracene 
in the filter was rapidly dimerized and oxidized, it 
was renewed before each measurement. Under 
these conditions, pure anthracene in benzene did 
not react detectably. In mixtures, both anthra
cene and diphenylanthracene were consumed.

The reaction mixtures were analyzed spectro- 
photometrically. The concentration of diphenyl
anthracene was calculated from the optical density 
measured at 3930 A., at which wave length the ab
sorption of anthracene is negligible. Optical den
sities were also measured at shorter wave lengths, 
corresponding to three maxima and two minima of 
the anthracene absorption spectrum. Knowing 
the diphenylanthracene concentration and the 
extinction coefficients of each hydrocarbon, a 
value for the anthracene concentration can be cal
culated from the measurements at each of the five 
wave lengths. The concentration was taken as the 
average of five such determinations. We found 
this to be a more reliable and reproducible way of 
measuring the anthracene concentration in the 
mixture than the use of the iodimetric method2 
of analysis for anthracene peroxide.

In each experiment two tubes were exposed side 
by side. They both contained diphenylanthracene 
at the same concentration but one had, in addition, 
a known concentration of anthracene. All solu
tions were saturated with air.

The results of such measurements are presented 
in Table V. The values of A[A]/A[A$2] which are 
listed in column three are the ratios of the changes 
in the concentrations of anthracene and diphenyl
anthracene, respectively, based upon the analysis 
of the solution contained in the reaction cell. 
The ratios A[A<fo]°/A[Afa], listed in column five, 
were obtained by dividing the decrease in the con
centration of diphenylanthracene in the reference 
cell by the corresponding decrease which occurred 
in the reaction (i.e., mixture-containing) vessel.

It is noteworthy that the values of A[A<£2]°/ 
A[A02] are all close to unity; in fact, their average 
is 0.98 ±  0.06. For the range of concentrations 
investigated, these data demonstrate that the 
addition of anthracene to a diphenylanthracene 
solution has little, if any, effect on the rate of 
disappearance of diphenylanthracene, although the 
anthracene itself is photoôxidized.

Discussion
The following generalized mechanism is consist

ent with the measurements of the maximum yield 
of fluorescence, the quenching of fluorescence,3 
the natural life and quenching of the triplet state,4’6 
the photodimerization,2’3 the photoautooxidation2’3 
and the photosensitized oxidation of the anthra
cenes. The roles played by the fluorescent and 
lowest triplet states (H* and H', respectively) are 
well established and are represented by the first 
seven steps of the mechanism. The third inter
mediate, X, has not been detected directly and its
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T a b l e  IV
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E ff e c t  o f  Q u in o n e  U pon  t h e  P h o t o o x id a t io n  o f  A n t h r a c e n e  in  B ro m o b e n ze n e

[Q]/[Oa] [02] X 10‘ [A] x  1 0 = ' Ref.
—Rate------------- v

With Q Obsd.
— Ratio =  R rqî/R q- 

Cor.
1.0 9.60 3.20 1.14 0.72 1.58 1.61
2.1 9.60 1.63 0.67 .32 1.97 2.05
2.1 9.60 3.18 1.10 .56 1.96 2.05
3.1 9.60 3  2 2 1.20 .57 2.14 2.21
5.2 9.60 3 . 1.5 1.19 .41 2.90 3.03
5.2 9.60 3.25 1.21 .48 2.52 2.61
6.9 2.88 3.27 0.78 .36 2.16 2.16
9.5 2.11 3.20 .68 .22 3.09 3.09

10.4 1.92 2.84 .44 .19 2.32 2.33
10.4 1.92 3.14 .50 .20 2.50 2.56

T a b l e  V

T he  P h o t o o x id a t io n  o f  A n t h r a c e n e  Se n sit iz e d  b y  
D ip h e n y l a n t h r a c e n e  in  B e n ze n e

\<i> 2A] 
X 102 [A ] / [A ^ l

A [A ]/A [A * 2] 
Obsd. Calcd.

A [ A'X 
Obsd.

:]«/A [A *.]
Calcd.

1.05 1.42 0.17 0.30 0.94 1.00
1.11 1.44 .36 .32
0.34 2.44 .46 .51
1.06 3.02 .42 .62 1.03 1.01
1.09 3.36 .54 .70 0.90 1.01
1.12 3.75 .86 .76 .91 1.01
0.66 4.03 .75 .80 1.02 0.98
1.22 4.96 1.31 1.00
1.08 5.36 1.53 1.08
1.09 5.78 1.44 1.16 1.11 1.02
0.87 5.82 1.05 1.16 1.02 1.00

.14 6.33 2.15 1.25 0.95 0.92

.27 7.52 1.51 1.47

.68 7.78 1.72 1.55 1.02 0.98

.65 8.15 1.62 1.58

.34 15.08 2.13 2.64

.34 15.30 2.51 2.68 0.91 .88

nature is in dispute. It has been postulated that it 
is either a reactive, labile moleoxide, 0 2H ',2,9 or 
else an oxygen molecule in a metastable singlet 
state.2'10 An alternative mechanism, involving a 
labile reactive dimer of the hydrocarbon,11 can be 
rejected in terms of kinetic evidence2 and of the 
measured properties4'6 of the triplet state.

The kinetics of the autooxidations are consistent 
with either of the postulated descriptions of the 
intermediate X. However, we believe that the 
measurements of the photochemical oxidation of 
anthracene sensitized by diphenylanthracene are 
incompatible with the view that X is a metastable, 
singlet state of 02.

In the following scheme, the dimer and stable 
peroxide of the anthracene are indicated by H2 and 
H 02, respectively. R represents the second hy
drocarbon, whose oxidation is sensitized by H; 
in the present case, H is diphenylanthracene and 
R is anthracene.

The following set of consistent values for the 
several rate constants, for anthracene in benzene 
and in bromobenzene and diphenylanthracene in 
benzene, have been fitted to the available data.

(9) H. Koblitz and W . Schumacher, Z . physik. Chem., B35, 11 
(1935); B37, 462 (1937); A . Schonberg, Ann. Chem., 518, 300 (1935).

(10) H. Kautsky, et al., B er., 65, 1588 (1933) ; H. Kautsky, Biochem. 
Z .. 291, 271 (1937).

(11) C. Dufraisse and M . Gérard, Compl. rend., 201, 428 (1935); 
C. Dufraisse, B u ll. soc. cliim., 6, 422 (1939).

Calcd.
1 51 
1 90
1 87
2 15 
2 52 
2 52 
2 72
2 95
3 05 
3 05

hv +  H — > H* (1)
H* — >- H +  hvt (2)
H * ---- ^  H ' (3)
H* •— >  H (4)

H +  H* — ^ 2H (5)
H +  H* — s- H2 (6)

H ' ---- >■ H (7)
0 2 +  H* — ^  — > X (8)
0 2 +  H' - — (9)

X ■— ^ Oj +  H (10)
H +  X — > H +  H 0 2 ( llh )
R +  X — > H +  R 0 2 ( l lr )

Values of /c2 were calculated by Bowen3b from the 
integrated extinction coefficients. Values of k3 +  
kt were derived by combining k2 with the maxi
mum315 quantum yields of fluorescence. The ratio, 
k s / (k 3 +  /c4), was estimated from the limiting, 
maximum yields of photooxidation.2 The sum, 
k6 +  fce, was obtained from the self-quenching 
constant for fluorescence2'315 and k2. The maxi
mum yield of dimerization2 was used to calculate 
ks/ (fc6 +  k6) . The value of fa was obtained directly 
by flash-photolytic measurements.4'6 k8 was de
rived from the Stern-Volmer quenching constant 
for oxygen3b; kg, from flash photolytic studies.4-5 
The ratio, fao/fai, was obtained from the variation 
of the yield of photooxidation with the concentra
tion of the hydrocarbon.1

T a b l e  VI
S u m m ary  of t iie  V a l u e s  o f  th e  R a te  C o n st a n t s

H ydro
carbon Anthracene

Anthracene
Bromo

Diphenyl
anthracene

solvent Benzene benzene Benzene
fa, sec.“ 1 7.4 X  107 7 .4  X  107 1.3 X 108
fa  +  k i, sec.-1 2 .4  X  108 4.0 X  109 3 .2  X  107
fa/(fa +  fa) 0.67 0.90 0.5
fa  T  fa, M ~l 5 X 10» 8 X 109 <1 X  107

sec.-1
fa/(fa +  fa) 0.20 ~ 1
fa, sec.-1 2.0 X 103 2.0 X  103 ~ 2  X  103
fa, M ~1 sec.-1 4.0 X  1010 3 X  10“ 3 .2  X  1010
fa, M ~1 sec.-1 4 .0  X 109 2 .0  X  109 ~ 4  X  109
fa o /fa i 0.57 0.12 0.045

Making the usual steady-state approximations, 
the following expressions may be derived for the 
quantum yields of dimerization, autooxidation (in 
the absence of a second hydrocarbon) and sensi
tized oxidation.

= ________________ M U ________________ fa rTT,
^A2 /12 4 fa fa k ; fa ( fa fa fa) [H] +  A's [0-_. ] Den.

(*)
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<PKO%

<P RO2

iH][Q2]
Den. (kn/kn.h +  [H]) 

________________ [EJ[02

+  h / h  +  [0 ,] )
(2)

Den. (km/k]],R +  [H]&n,H/&n,R +  [R])
kz

ks + ki/ko -f- [O2])  (S)

The quantum yield for the disappearance of 
anthracene, as in bromobenzene where both 
dimerization and oxidation are appreciable

<P-H =  <P Hi +  VHOi

is given by the sum of equations 1 and 2. This equa
tion was used 1 0  calculate the values of the ratios of 
the yield at various oxygen concentration to the yield 
in air-saturated solutions. These values are listed 
in the last column of Table I, under the title of

Fig. 1.— Ratio of the quantum yields of sensitized and direct 
autooxidation.

Ratio of rates, calcd. Since the intensities of the 
absorbed light were the same in the vessels being 
compared, the ratio of the rates equals the ratio 
of yields. In general, the agreement between 
the observed and calculated vaiues appears to be 
within the limits of experimental error.

The calculated values for the ratios of the rates 
of autooxidation of diphenylanthracene in benzene 
were obtained by the use of equation 2 and the ap
propriate values of the several rate constants; 
since, in this case, the dimerization may be neg
lected. Here again, the agreement between ob
served and calculated values appears to be within 
the limits of experimental error. In these strongly 
fluorescent solutions, step 8 makes the chief con
tribution to the oxidation, whereas step 9 was the 
dominant one in the preceding example. The addi
tion of carbon disulfide to benzene solutions of di
phenylanthracene strongly quenches their fluores
cence. As a result, the mean life of the fluorescent 
state, which equals (fc2 +  k3 +  fc4)-1, is greatly 
reduced; step 8 becomes negligible compared 
to step 9, and the yield is independent of the oxygen 
concentration, for all except very small values.

To allow for the retarding effect of quinone on the 
oxidation of anthracene, the following step must be 
added to the general mechanism.

H 7 T  G,-,114()2 — >■ H +  C6H4O2

The rate constant for this reaction was evaluated, 
directly by the flash-photolytic method, as 1.6 X 
1010 M - 1  sec.-1. It is possible that quinone also 
quenches the fluorescence of anthracene but, if it 
does, its bimolecular rate constant cannot exceed 4 
X 1010 M ~ l sec.-1. The highest concentration of 
quinone used was 2 X 10- 4  M. Therefore, the 
product 4 X 1010[C6H4O2] sec. - 1  can be safely 
neglected relative to the sum k2 +  /c3 -j- /c4 = 4.7 X 
109 sec.-1. Introducing the term 1.6 X 1010- 
[C6H4O2] sec. - 1  into the sum of equation 1 and 2 , 
the ratio of the rates of disappearance of anthracene, 
with and without added quinone, were calculated 
and are given in the last column of Table IV. In 
general, the agreement between the calculated 
and observed values is surprisingly good. For 
the last three values, corresponding to [0 2] = 
2 X 10- 6  M, the somewhat larger deviation can 
be attributed to the uncertainty in the measure
ment of the relatively low rates.

In studying the autooxidation of mixtures of 
two hydrocarbons, it is convenient to measure the 
ratio of the rate of oxidation of the substrate R to 
that of the sensitizer H. Values of this ratio, 
A[R]/A[H] = <PB.oJ<PttOu are listed in the third 
column of Table V. In these experiments, anthra
cene was the substrate and diphenylanthracene, 
the sensitizer. It follows from the general mecha
nism that, at the steady state

PRO; _  fa,R[R] / .\
■PHOi Lm [H ]

As a test of this equation, the experimental values 
of vmoj/Vno! have been plotted as a function of 
[R]/[H], As is evident from Fig. 1, the data can 
be represented by a straight line passing through the 
origin with a slope of 0 .2 1 .

If it be assumed that the intermediate, X, is an 
0 2 molecule in a metastable, singlet state, 0 2', 
the last four steps of the generalized mechanism 
should be replaced by the reactions

0 2 +  H ' — H +  0 2' (9)
0 2' — ->  0 2 (10')

H +  ( V  - H 0 2 (11'h)
R  +  (V  — -»■ R 0 2 ( l l r ')

The specific reaction rates, fci, of steps 10' and 11R' 
must be the same regardless of whether 02' was 
formed by step 9' or the analogous reaction in
volving R'. Therefore, it should be possible to 
evaluate the ratio /c'ue/F hh from the results of 
separate measurements of k'w/k'uh in solutions 
containing only H or only R (but using the same 
solvent). Taking the values from Table VI

=  ( # ^ )  ( j ^ )  =  =  0.079k  11H \ k  11,H/H\ k  11,H/R 0.57
The dotted line on Fig. 1 which has this slope ob
viously does not fit the experimental data. It 
follows that the “Kautsky”10 or singlet-oxygen 
mechanism is incompatible with our data.

The alternative hypothesis, that the intermediate 
is a labile moleoxide, 0 2H', leads to the reaction 
steps

Oi +  H' —->  0 2H ' (9")
O-.H' —->■ H +  0 2 (10")

H +  0 2H ' — H +  H 0 2 ( 11"H)
R +  0 2H ' — H +  R 0 2 (11 "r)
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There is no obvious reason why the specific re
action rates of the spontaneous decompositions of 
02H' and 02R' should be identical. It is, therefore, 
impossible, in terms of this mechanism, to evaluate 
k"uTi/k"im from the results of measurements made 
with solutions containing the two hydrocarbons 
separately. Although it cannot properly be said 
that the present results confirm the moleoxide 
mechanism, they are consistent with it.

An additional test of the mechanism can be made 
by comparing calculated and observed (column 5 
of Table V) values of <p°hoJ  <puo, (f.e., yields of 
diphenylperoxide in the absence and presence of 
anthracene). The mechanism leads to the equation

¥>°ho, _  , , (fch i.R /fchoH R ] , , ,
t o o , "*■ l  +  ( f c 'W r i o M H ]  w

For the range of concentrations used in the experi
ments, values calculated with the aid of this equa
tion range from 1.04 to 1.19 and show a marked 
dependence upon [R], In contrast, the observed 
values are not appreciably affected by a variation 
of either [R] or [R]/[H] and their average is 
0.98 ±  0.06. This discrepancy, while not very 
great, is probably too large to be attributed to 
experimental error.

The mechanism may be brought into agreement

with the data by modifying step 11"R. It is pos
sible that an encounter between a molecule of 
diphenylanthracene moleoxide and one of anthra
cene may sometimes result in the formation of the 
stable diphenylanthracene peroxide, rather than 
anthracene peroxide. Taking this possibility into 
account and letting a indicate the fraction of such 
encounters which produce the peroxide of the sensi
tizer, we should replace equation 5 with the ex
pression
^“ho*   { ,  . (fc'ii.R /A j'n .H ) [R ] \ / .  , &"ii,r [R ]\ _1
PHO, V + (*'m/*'ii.h) + [H]A + “ Jfc'u.h[H]I

(6)This equation is in agreement with the experimental 
data if it is assumed that a = 0.07. Values cal
culated with the aid of this equation are listed in the 
last column of Table V.

To be consistent with this modification of the 
mechanism, we should substitute the following 
expression for equation 4

TOO, = (1 -  o9(fcVK/rn,B)[R1/[H ])
TOO, 1 +  a(/c"ii,RA",i.H)[R]/[H]

The full line curve of Fig. 1 and the calculated 
values given in column 4 of Table V were obtained 
by the use of this equation. Either equation 4 or 
7 is in satisfactory agreement with the data.

TRITIUM LABELING OF ORGANIC COMPOUNDS BY MEANS OF
ELECTRIC DISCHARGE1

B y  L eon  M . D orfm an  and  K en n eth  E . W ilzbach

Argonne National Laboratory, Lemont, Illinois 
Received November 11+, 1988

Tritium labeling of solid organic compounds by means of electric discharge in tritium in the 10 mm. pressure region is shown 
to be a feasible technique. Details of experiments with p-dichlorobenzene, naphthalene and palmitic acid are presented. 
Some advantages of the discharge method are pointed out, and results are compared with those obtained by the gas exposure 
technique for labeling.

Introduction
In the labeling technique involving exposure of 

organic compounds to tritium gas,2 the tritium has 
two obvious and quite separate functions. It is, 
of course, the radioactive label which is to be in
troduced into the compound by exchange. This re
quires millicurie amounts of tritium. It serves also 
as an internal source of radiation which effects the 
exchange. This requires curie amounts of tritium 
and, usually, exposure times of several days to ob
tain a sufficiently high level of labeling.

It seemed logical to try to replace this second 
function and eliminate the need for curie amounts of 
tritium by using an electric discharge in tritium at a 
pressure of 5 to 15 mm. The discharge would be 
expected to initiate exchange by means of ioniza
tion, excitation and dissociation of the tritium mole
cules in contact with a solid organic compound. 
This technique has been tested with three different 
compounds and seems to be effective enough to be 
of general interest. It has some advantage over the

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) K. E. Wilzbach, J. Am. Chem. Soc., 79, 1013 (1957).

exposure technique in that the amount of tritium 
required is reduced by an order of magnitude, hence 
the handling techniques and precautions which 
must be taken are considerably simplified. In 
addition the exposure time required is reduced 
from days to minutes. A possible disadvantage, 
which has not yet been fully assessed, is that the 
extent of formation of labeled decomposition prod
ucts may be greater.

Recently Wolfgang, Pratt and Rowland investi
gated3 the labeling of organic compounds by a 
discharge in tritium in the 50 y. pressure region on 
the assumption that accelerated tritium ions were 
the active transients required for labeling. The 
substantially more promising results of the present 
experiments must be due, in part, to the greater 
amount of tritium available at the higher pressure.

Experimental
The discharge was carried out in a cylindrical Pyrex cell, 

volume approximately 35 cc., with electrodes 20 mm. apart. 
The cell is shown in Fig. 1. The compound to be labeled 
was placed in the lower, cup-shaped electrode. The source

(3) R. Wolfgang, T. Pratt and F. S. Rowland, J. Am. Chem. Soc., 78, 
5132 (1956).
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of the discharge was simply a Tesla coil leak tester which 
was connected to one electrode of the cell, the other electrode 
of the cell being grounded. The discharge was normally 
run for 3 to 10 irin. at approximately 100 microamp. current 
and somewhat less than 1000 volts, although no attempt was 
made to control this in these rather simple experiments.

Three compounds were used: p-dichlorobenzene, naph
thalene and palmitic acid4 5; the first two were selected 
for their relatively high vapor pressure so that products 
could be analyzed by vapor fractometry.

The procedure used with naphthalene and p-dichloroben- 
zene follows: a weighed quantity (approximately 0.5 g.) 
was placed in the lower electrode and the cell degassed. 
During the degassing, as well as the subsequent discharge 
period, the cup was cooled by conduction by keeping the 
tungsten lead from this electrode immersed in liquid nitro
gen. This was considered advisable to keep the volatile 
compound in the condensed phase, and is not at all neces
sary with compounds of low vapor pressure. After the 
cell was degassed, tritium (which has been passed through a 
trap immersed in liquid nitrogen) was introduced and the 
discharge run. The tritium had an isotopic purity of ap
proximately 90%, but contained almost an equal volume of 
helium-3. In running the discharge, arcing to the rim of the 
lower electrode occasionally occurred, but this could gener
ally be avoided by keeping the setting on the Tesla coil 
turned down.

After the discharge the cell was degassed through a U-tube 
immersed in liquid nitrogen to condense volatile decomposi
tion products. The bulk of the organic compound then was 
distilled over imo the same U-tube and benzene was added. 
The solution now was injected into a vapor fractometer con
taining an ion-chamber connected in series with the ther
mistors, thus permitting analysis of both chemical and 
radioactive products. The technique has been described.6

The palmitic acid was subjected to a tritium discharge 
in the same way, except that the lower electrode was not 
cooled. After the discharge the cell was degassed and 
flushed twice with air, and the palmitic acid was removed and 
assayed for trifcum in a liquid scintillation counter. The 
acid also was assayed after several purifications were carried

(4) The experiment with palmitic acid was performed at the Miami 
Valley Laboratories of the Procter and Gamble Co. on the occasion of a 
consulting visit of one of us (LMD) to that laboratory. We are 
indebted to Procter and Gamble for permission to report these results 
here.

(5) P. Riesz and K. E. Wilzbach, T his Journal, 62, 6 (1958).

out by recrystallization, chromatography on Norite and, in 
the second of two runs, conversion to the p-bromophenacyl 
ester.

In addition to the labeling experiments, two discharge 
runs were carried out with naphthalene in deuterium to ob- 
ta n an estimate of the amount of hydrogen lost from the 
gas phase as well as the amount formed from the organic 
compound. The same discharge procedure was followed. 
The gas was analyzed before and after the discharge.

Results and Discussion
In each case, incorporation of tritium into the 

parent compound to the mc./g. level was obtained 
by the procedure described. Labeled decomposi
tion products of the p-dichlorobenzene and naph
thalene were identified. The results are shown 
in the following tabulations.

Table I shows the activity levels obtained for the 
three compounds subjected to the discharge tech
nique. The table indicates as well the sample 
weight used, the pressure of gas (tritium-helium) 
in the discharge and the duration of the discharge. 
It is clear that useful activity levels are readily ob
tained, and it is important, further, to draw atten
tion to the fact that these levels are produced in a 
significant quantity of material. The results thus 
suggest that the technique might be of general use 
for preparation of labeled compounds, but the 
broad applicability of the method must, of course, 
be investigated more fully.

T a b l e  I
L a b e l in g  b y  E le c tr ic  D isc h a r g e  in  T r it iu m  

Gas Dis-

Compound
Quantity,

g-

pres
sure,
mm.

charge
time,
min.

Activity,
Crude

product
mc./g.
Pure

product
p-Dichlorobenzene 0.490 7 3 65 20
Naphthalene .585 5 5 4.1

.518 13 5 52 4.5
Palmitic acid .254 9 6 42“ 3 .4

.350 13 5 32“ 3.7
“ Possibly high due to incomplete removal of tritium in the 

initial degassing in which the sample was swept with air.

For comparison purposes, analogous data, ob
tained for these three compounds by the gas ex
posure method, are presented in Table II. In 
Table III are shown the results of the radio-assay, 
by vapor fractometry, of the labeled by-products 
formed in both the electric discharge and the gas 
exposure techniques. These data, which give rela
tive values for the tritium content of the by-prod
ucts in the naphthalene and p-dichlorobenzene la
beling, indicate a somewhat greater extent and vari
ety of formation of these labeled products in the 
discharge technique. With these relatively simple 
compounds increased formation of labelled by
products did not increase the difficulty of purifica
tion. In the labeling of more complex compounds 
it may prove to be a more critical factor. It should, 
however, be pointed out that in these experiments 
no attempt was made to select optimum condi
tions (with respect to pressure, discharge voltage, 
cell design, etc.) so as to minimize the decomposi
tion.

The results of the two discharge experiments 
with deuterium are shown in Table IV. The de
pletion of deuterium from the gas phase amounts to 
16%. The quantity of hydrogen formed from the
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T a b l e  II
L a b e l in g  b y  E x p o s u r e  t o  T r it iu m  G as

Q u a n - T r i 
E x 

p o su re A c t iv it y ,

C o m p o u n d
LI uy,

g- cu ries d a y s
m c . /g .  • 

C r u d e  P u re

p-Dichlorobenzene 0 . 5 2 5 1 . 5 3 4 4 3 2

Naphthalene 1.0 3 . 4 0.8 2 8 7 . 2

Palmitic acid 20 1 0 . 4 11 4 1 1 5

T a b l e  III
L a b e l e d  B y -pro d u cts  F orm ed  in  th e  E le c tr ic  D is 

c h a r g e  an d  G a s  E x p o s u r e  T ech n iq u e s

B y -p r o d u c t

R e la t iv e  t r it iu m  c o n t e n t ,
------p a r e n t  c o m p d .  = 100----- •
D is c h a r g e  G a s  e x p o s u r e

From dichlorobenzene:
Chlorobenzene 68 2 6

Benzene 8 7 1
Hydrocarbons, <C6 3 9

Other“ 8
From naphthalene:

T  etrahydronaphthalene 1 7 2 3

irans-Decalin * 9

Alkylbenzenes6 5 7

Benzene 2 8 3

Hydrocarbons, < C c 7 1 3

“ Unidentified product less volatile than dichlorobenzene. 
b Including toluene, ethylbenzene and butylbenzene.

naphthalene is considerably lower, amounting to 
2 micromoles. On this basis the decomposition of 
the organic compound can be estimated to be cer
tainly less than 0.1%, a conclusion which is con
sistent with the failure to observe chemical decom
position products by conventional analysis in the 
vapor fractometer. It seems reasonable to assume, 
since chemical decomposition was undetectable by 
vapor fractometry and since a reservoir of tritium

remains after the discharge times used, that even 
higher levels could be attained by prolonging the 
discharge.

T a b l e  IV
D isc h a r g e  in  D e u t e r iu m - N a ph th a l e n e

W t .

D is 
ch a rg e
t im e , P re ssu re , m m . F in a l g a s  c o m p o s it io n 0

CioHs, g. m in . I n it ia l F in a l D ì H D  Hj
0 . 5 3 5 5 12.2 11.0 8 1 . 7  1 6 . 6  1 . 6

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

° Initial composition: D2 =  99%, HD =  1%.

It appears, from a consideration of the fact that 
the discharge has effectively produced labeling at 
pressures as high as 13 mm., at which pressure the 
mean free path in the gas is less than 5 X 10 ~4 
cm., that the process does not likely depend solely 
upon accelerated tritium ions. The complexities of 
a Tesla discharge, however, are so great that this 
conclusion cannot be reached with certainty from 
the present experiments. A definitive answer to 
this question will have to come from experiments 
with a steady-state glow discharge, along with a de
termination of the labeling yields in such a dis
charge.

Labeling would be expected to occur as a result 
of the primary processes of ionization, excitation 
and dissociation of the tritium molecules in the gas 
phase. Following this, hydrogen abstraction from 
the organic compound and subsequent combination 
with tritium atoms, or abstraction by the organic 
free radical of a tritium atom from the gaseous mole
cule would lead to a labeled compound. Ionization 
and excitation of the compound by the discharge 
also may be involved. The data obtained furnish 
no basis for any more extensive discussion of mech
anism.

DETERMINATION OF FREE RADICAL YIELDS IN THE RADIOLYSIS OF 
MIXTURES BY THE POLYMERIZATION METHOD

By A d o l p h e  C h a p i r o

Laboratoire de Chimie Physique de la Faculté des Sciences de Paris, Paris, France 
Received November 14> 1958

Radiation initiated solution polymerization of vinyl monomers can be used as a method for investigating the radiolysis 
of binary mixtures. In such systems the monomer is one of the components of the mixture and at the same time acts as a 
free radical scavenger. The rate of free radical production in the system can be derived from polymerization rates provided 
the rate constants for chain propagation and termination are known. A number of systems have been examined. In the 
most simple case the rate of free radical production is a linear function of chemical composition of the mixture. This situa
tion applies to styrene solutions in aromatic hydrocarbons and to methyl methacrylate and vinyl acetate solutions in methyl 
and ethyl acetate. Other systems however exhibit “ protection”  and sensitization effects. These results are discussed on the 
basis of current theories for the kinetics of energy transfer processes. Free radical yields are derived from all available data 
and the results are compared with yields obtained by other methods.

I. Introduction
The interest of radiation chemists has been fo

cussed in recent years on the radiolysis of binary 
mixtures. In such systems energy transfer proc
esses often are observed which lead to non-linear re
lationships between product yields and the chemical 
composition of the mixture. Observations along 
these lines were made by measuring gas evolution 
in the radiolysis of a number of mixtures,1-3 dis

appearance of diphenylpicrylhydrazyl (DPPH),4-6 
reaction with mercaptans7 and polymer degrada-

(1) J. P. Manion and M. Burton, T his J ournal, 56, 560 (1952).
(2) S. Gordon and M. Burton, Faraday Soc. Disc., 12, 88 (1952).
(3) W. N. Patrick and M. Burton, T his Journal, 58, 421 (1954).
(4) L. Bouby and A. Chapiro, J. chim. phys., 52, 645 (1955).
(5) L. Bouby, Thesis, University of Paris, 1957.
(6) M. Magat, L. Bouby, A. Chapiro and N. Gislon, Z. Elektro- 

chem., 62, 307 (1958).
(7) T. D. Nevitt, W. A. Wilson and H. S. Seelig, 131st A.G.S. Meet

ing, Miami, April 1957.
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tion in solution.8 9 10 Direct evidence for the existence 
of energy transfer processes in irradiated liquids was 
gained from studies on radiation induced lumines
cence in various solutions.9-10

Another method for investigating the radiolysis 
of binary mixtures is based on kinetic studies of ra
diation-initiated polymerizations of vinyl mono
mers in solution.11-16 In such systems the vinyl 
monomer is one of the components of the mixture 
and at the same time acts as a free radical scavenger. 
The rate of polymerization is directly related to the 
rate of free radical production in the mixture and 
hence the primary free radical yields can be de
termined. Since the process involved here is a 
chain reaction, the ratio of rate constants for chain 
propagation and termination must be accurately 
known and furthermore only mixtures in which the 
reaction follows normal kinetic behavior can be 
investigated by this method. These requirements 
are best fulfilled for styrene, methyl methacrylate 
and vinyl acetate solutions in substances which also 
dissolve the corresponding polymer, since it is well 
established that anomalous kinetic features occur 
when polymerization takes place in heterogeneous 
media.11 12 13 14 15 16 Several attempts already have been made 
to determine free radical yields by this method. 
In earlier work11-14 it was assumed that a simple 
additivity rule was governing free radical yields 
in binary mixtures. This assumption was how
ever found to hold only in a few special cases 
and more often energy transfer processes were 
operative.15-16 The present article is an attempt 
to correlate all available data in this field and to 
examine the validity of this method and also its 
limitations. Experimental material is collected 
from both earlier publications and unpublished 
work from this Laboratory.

M — R-
rates

¥>m/(M)-| n
« / ( S )  J K'

(1)
S — v—>  R- (2)
R- +  M — RM- (3)
R M .- -{- M — RMn+i- i p(R M -)(M ) (4)
R M .- +  R M .------ >  P h (R M -)1 (5)

At the stationary state
R i  =  U R M - Y

and the over-all rate is given by the rate of chain 
propagation

R = = fcp(RM-XM) -  ^  («*)*/<M) (6 )

If the concentration of monomer is lower than a 
critical value, some of the primary radicals R- 
escape scavenging by the monomer and either re
combine or react with growing chains. In such 
event the reaction rate is lower than expected on the 
basis of equation 6.17

The rate of free radical production is equal to the 
rate of chain initiation Ri and can be derived im
mediately from equation 6

p  — —  V ^
' V  A (M )2 (7)

It is seen that Ri is proportional to the square of 
the measured over-all polymerization rate.

In order to compare the results of different in
vestigators obtained with a given system under 
different experimental conditions (temperature 
and dose rate), it is convenient to consider relative 
reaction rates with respect to rate of polymerization 
of the pure monomer R0. It immediately follows 
from the equations above that

R / R o  = (Äi/Ä i0)I/2(M)/(M„) (8)
and

R i/R io =  (Ä /ßo)2(M „)7(M )2 (9)

II. Basic Kinetic Equations
When a vinyl monomer is radiation polymerized 

in solution at ordinary temperatures, the reaction is 
initiated usually by free radicals R- originating 
from the radiolysis of both the monomer M and the 
solvent S. The propagation step proceeds in the 
conventional manner and, provided the radiation 
dose-rate is net too high and the monomer concen
tration is large enough to trap all primary radicals, 
termination occurs exclusively by the bimolecular 
interaction of two growing chains. This leads to the 
conventional kinetic scheme of free radical poly
merizations

(8) A. Henglein, C. Schneider and W. Schnabel, Z. physik. Chem. 
12 , 339 (1957).

(9) (a) P. J. Berry and M. Burton, J. Chem. Phys., 2 3 , 19f>9 (1955); 
(b) P. J. Berry, S. Lipsky and M. Burton, Trans. Faraday Soc., 52, 
3 1 1  (1956).

(10) F. H. Brown. M. Furst and H. P. Kallmann. J. chim. phys., 5 5, 
689 (1958).

(11) A. Chápiro, ibid., 4 7 , 747, 764 (1950).
(12) Y. Landler, Thesi3, University of Paris, 1952.
(13) C. Cousin, Thesis, University of Paris, 1953.
(14) W. H. Seitzer and A. V. Tobolsky, J. Am. Chem. Soc., 7 7 ,  2687 

(1955).
(15) A. Chápiro, M. Magat, A. Prevot-Bernas and J. Sebban, J. 

chim. phys., 5 2 , 689 (1955).
(16) (a) T. S. Nikitina and Kh. S. Badgasarian, “ Sbornik Rabot po

Radiazionnoi Khimii,”  Academy of Sciences USSR, Moscow, 1955, 
p. 183; (b) S. S. Medvedev, J. chim. phys., 52 , 677 (1955).

Here R0, Rio and (M0) pertain to polymerization 
in bulk and R, R■, and (M) to polymerization in 
solution.

If free radicals are produced independently from 
the monomer and from the solvent (i.e., if energy 
transfer is not operative), the simple additivity rule 
applies to the system and the over-all rate of initia-
tion is

Ri =  D m(M )  +  «(S)]/ (10)
This equation can be modified to

a  -  „ m v  [ i  +  %  g ] (ID

<p m  c a n  b e  d e r iv e d  f r o m  t h e  r a t e  o f  p o ly m e r iz a t io n  
o f  t h e  p u r e  m o n o m e r ;  h e n c e  c a n  b e  c a l c u la t e d  
a c c o r d in g  t o  e q u a t io n  11.

In the more general case equation 10 is not appli
cable and if R\ is plotted versus (M) a non-linear re
lationship usually is observed.

It should be noted that when the chemical com
position of the mixture is modified while the samples 
are irradiated in the same radiation field, the ab
sorbed dose can be noticeably different in each set 
of experiments. It follows that only the exposure 
dose remains constant in such experiments and

(17) A. diapiro, M. Magat, J. Sebban and P. Wahl, “ Internat. 
Symp. Macromol. chem. Milan-Turin,*' 1954, Suppl. La Ricerca Scien
tifica, 1955, p. 73.
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hence the symbol /  is used to designate exposure 
dose-rate, expressed in roentgens per second. The 
reduced rates of free radical production (M) and 
<£s(S) are expressed in moles of free radicals formed 
per roentgen per second. Gr values can be derived 
from the corresponding values of <p according to the 
equation

r ,  M pm(M ) X 6 . 0 2  X 1 0 23 X 1 0 0  

G e  = ---------------- ÏÜÔÜd^-------------- (12)

Here cZm is the specific gravity of M and êm is 
the amount of energy (in electron volts) absorbed per 
roentgen in one gram of M. A similar equation 
applies to values of Grs. In the following, all the 
Gr values are calculated on the basis of G(Fe3+) =
15.5 for the yield of oxidation of ferrous sulfate in 
0.8 N  sulfuric acid solutions.

III. Experimental Results
Various types of radiations have been used in the 

past for initiating vinyl polymerizations in solution. 
These include y-rays11-16-18-21 /3-particles14 and mixed 
radiation from a nuclear reactor. 12-13 Most of the 
work was carried out with either styrene or methyl 
methacrylate although a few data are available as 
well for other monomers. A number of binary 
mixtures show linear relationships between rates of 
initiation and chemical composition. These often 
correspond to compounds having similar chemical 
structure. Mixtures of other types usually exhibit 
energy transfer processes.

1. Mixtures Showing a Simple Dilution Ef
fect.—This group of mixtures includes styrene solu
tions in various aromatic hydrocarbons and methyl 
methacrylate or vinyl acetate in methyl and ethyl 
acetate solutions.

A. Styrene Solutions in Aromatic Hydrocar
bons.—The radiation polymerization of styrene in 
benzene, toluene, ethylbenzene and xylene was 
studied by the author with a 0.4 curie radium source 
at a single dose rate. 11 Sebban18 initiated the poly
merization of styrene in toluene solutions with co
balt-60 y-rays over a very broad range of dose rates. 
The /3-ray initiated reaction in both benzene and 
toluene was reported by Seitzer and Tobolsky. 14 
Finally Cousin13 investigated the polymerization 
of styrene solutions in benzene in the nuclear reac
tor Zoé at Chatillon, France.

Linear plots are obtained from most experimental 
data when plotting the rate of initiation versus com
position of the mixture. For very dilute solutions, 
rates are lower than expected, in accordance with 
the discussion above. 17 In the case of toluene, the 
agreement reached between all results is excellent 
and the ratio cp j <pm is found to be 1.5. Assuming a 
Gr value of 0.69 for pure styrene, which best fits 
with all experimental data, 22 the Gr value derived 
for toluene is 1.15. This value is in very close 
agreement with the Gr value determined for this 
compound by the DPPFI method in vacuo, i.e.,

(18) J. Sebban, unpublished results; see also references 15 and 17.
(19) K. Hayashi, unpublished results, 1957.
(20) I. Mita, unpublished results, 1957.
(21) P. Cordier, unpublished results, 1957.
(22) A. Chápiro, “ Radiation Chemistry of Polymeric Systems,”  

Interscience Publishers, New York, N. Y., to be published. See also 
A. Chápiro and M. Magat in “ Actions chimiques et biologiques des 
radiations ionisantes,”  3ème série, Masson et Cie., Paris, 1958.

Fig. 1.—Free radical yields in mixtures of styrene with 
benzene derived from data of the following sources: O, A. 
Chapiro11; •, C. Cousin13; o, W. H. Seitzer and A. V. 
Tobolsky.14

G( — DPPH) = l.l23; it is noticeably lower than 
the Gr value found with iodine, G( — I) = 2.3624 
(see Table I).

T a b l e  I
R e l a t iv e  R ates  of F r e e  R a d ic a l  P ro d u c tio n  an d  G r 
V a lu e s  of A r o m a t ic  H yd r o c a r b o n s  D e r iv e d  fro m  th e  
So lu tio n  P o l y m e r iza t io n  o f  St y r e n e  an d  fro m  Sca v e n 

g e r  D a ta
Com- Polymerization DPPIT Iodine
p o u n d <ps/ pm Gr H e f. Gr Ref. Gr R e f .

Styrene 0 . 6 9 22 0.6 2 5

Benzene 0 . 9 5 0 . 7 4 11 0.6 2 6 0.66 2 4

1.0 0 . 7 8 1 3 0 . 7 4 4 0 . 7 8 “ 2 8

3 . 1 2 . 3 1 4 0 . 7 5 2 5 ,  2 7

Toluene 1 . 4 5 1.1 11 1.1 2 3 2 . 4 1 2 4

1 . 5 5 1.2 1 4

Xylene
Ethylben

4 . 5 2.8 11 2 . 5 2 4

zene 6 . 5 4 . 0 11 2.8 2 4

“ G( —F e+3) determined by the ferric ion method.

In the case of benzene solutions, both the results 
of Cousin and the earlier results of the author lead 
to values of <pR/y>M very close to unity, whereas the 
data derived from /3-ray experiments are much more 
scattered and correspond to a higher value. The 
various results are shown in Fig. 1 . The Gr value 
for benzene derived from the straight line deter
mined by most results is Ĝ enzene = 0.76. This 
value agrees well with Gr values for benzene ob-

(23) N. Gislon. unpublished results, 1957-1958.
(24) E. N. Weber, P. F. Forsith and R. H. Schuler, Radiation Re

search, 3, 03 (1955).
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tained by scavenger studies. The available data on 
Gr values of aromatic hydrocarbons are summa
rized in Table I.

B. Methyl Methacrylate Solutions.—The 7 -ray 
initiated polymerization of methyl methacrylate in 
ethyl acetate solutions was reported by Nikitina 
and Bagdasarian. 16 These authors found a linear 
relationship when plotting over-all rates of poly
merization v e r s u s  monomer concentration. Such a 
relationship demonstrates that the simple additiv
ity rule applies to this system and that the over-all 
rate of free radical production remains constant 
over the entire range of concentrations. It follows 
that

VM =
and hence that the Gr value of ethyl acetate is close 
to that of methyl methacrylate. A similar result 
was found by Sebban18 for methyl methacrylate 
solutions in methyl acetate. The rate of polymeri-

Fig. 2.— Free radical yields in mixtures of styrene with 
carbon tetrachloride derived from data of the following 
sources: O, A. Chapiro11; ®, Y. Landler12; •, C. Cousin13; 
O, W. H. Seitzer and A. V. Tobolsky14; ©, T. S. Nikitina 
and Kh. S. Bagdasarian16; ©, P. Cordier.21 The dotted line 
is based on On-values determined by the DPPH method in 
mixtures of benzene with carbon tetrachloride.6
zation of methyl methacrylate in acetone was re
ported by Seitzer and Tobolsky. 14 Although the 
results obtained by these authors are very scattered, 
a straight line can be drawn through most experi
mental points when plotting rates of initiation 
v e r s u s  monomer concentration. The value of 
<P&/tpu derived from these data is 0.72 which leads 
to a Gr value of acetone in reasonable agreement 
with results obtained by other methods (see Table 
II).

In order to calculate Gr values from the results 
above, it is necessary to know the absolute yield of 
free radical production in the monomer. The Gr 
value of methyl methacrylate was determined di
rectly by Krongauz and Bagdasarian25 using the

(25) V. A. Krongauz; and Kh. S. Bagdasarian, quoted by S. S. 
Medvedev, Proceedings of the first (UNESCO) International Confer
ence “ Radioisotopes in Scientific Research”  Pergamon Press, London, 
1958, Vol. I, p. 757.

DPPH method. These authors found G( —DPPH) 
= 5.5 in the pure monomer. This value is roughly 
two times lower than the Gr value derived from 
polymerization rate data, i . e . ,  G r  =  1 1 - 1 2 . 22 The 
reason for this discrepancy is not known.

It should be noted that the DPPH method i n  
v a c u o  usually leads to lower Gr values than other 
methods in the case of oxygenated compounds. 29'30 
On the other hand Gr values obtained with DPPH 
in aerated solutions correspond to the higher val
ues. 4

C. Vinyl Acetate Solutions.—Various mixtures 
of vinyl acetate and ethyl acetate were irradiated 
by Nikitina and Bagdasarian16 in the presence of 
DPPH. Gr values were not derived from these 
experiments. It was found however that the rates 
of disappearance of DPPH were equal in pure vinyl 
acetate, in pure ethyl acetate and in an equimolec- 
ular mixture of these two compounds. It can be 
concluded from this result that <ps/ >p m  =  1 in this 
system. The absolute yield of DPPH consump
tion in ethyl acetate was reported by Krongauz and 
Bagdasarian to be 7.27 Here again this value is 
one-half the Gr value of vinyl acetate derived from 
kinetic data. 22

Gr values for these various compounds derived 
either from polymerization studies or by other 
methods are listed in Table II.

T a b l e  II
R e l a t iv e  R a te s  of F r e e  R a d ic a l  P ro d u c tio n  an d  Gr  
V a l u e s  o f  Ox y g e n a t e d  C om pou n ds  D e r iv e d  fro m  
So lu tio n  P o l y m e r iza t io n  in  M e t h y l  M e t h a c r y l a t e  and  

V in y l  A c e t a t e  an d  fro m  Ot h e r  M eth o d s
DPPH and

—̂ 'Polymerization---- - other methods
Compound c ö s /^ m G r Ref. G r Ref.

Methyl methacrylate 11.5 22 5.5 25
Methyl acetate 0.95 10.9 18 6.8 4

5.5 29
10.5” 30

Ethyl acetate 1 11.5 16 7 27
Acetone 0.72 9.4 14 5.6 29

11.8 28
Vinyl acetate 14 22
Ethyl acetate A 14 16 7 27

“ Derived from an analysis of products of radiolysis. 
b Determined by the DPPH method.

2. Mixtures Exhibiting Energy Transfer.—
In the earlier work on radiation-initiated polymeri
zation in solution it was noticed for a number of 
systems that the ratio <ps/ <p m  did not remain con
stant but steadily changed with monomer concen
tration. 11 When the rate of initiation calculated 
from these data was plotted v e r s u s  monomer con
centration, non-linear curves were obtained. 16 
A quantitative treatment of these effects was pro
posed by Nikitina and Bagdasarian16 on the basis of

(26) W. Wild, Faraday Soc. Disc., 12, 127 (1952).
(27) V. A. Krongauz and Kh. S. Bagdasarian, “ Deistve ioniziruyu- 

shtshikh izluchenii na neorganicheskie i organicheskie sistemy,”  Acad
emy of Sciences, USSR, 1958, p. 205.

(28) E. A. Cherniak, E. Collinson, F. S. Dainton and G. M. Mea- 
burn, Proc. Chem. Soc., 54 (1958). See also R. A. Back, et al., Second 
United Nations International Conference on the Peaceful Uses of 
Atomic Energy, Geneva 1958, 15/P/1510.

(29) W. Wild, J. chim. phys., 52, 653 (1955).
630) P. Ausloos and C. Trumbore, to be published.
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an energy transfer process. A similar scheme was 
developed further by Bouby.8-6 In the following, 
several monomer-solvent mixtures are considered 
in which these effects are particularly pronounced.

A. Styrene Solutions in Carbon Tetrachloride. 
—Radiation polymerization of styrene solutions in 
carbon tetrachloride was studied by a number of 
investigators using y-rays,11’16’21 /3-particles14 and 
mixed radiation from a nuclear reactor.12’13 In or
der to compare these various results, the rate of ra
diation polymerization of pure styrene was used as a 
chemical dosimeter. Relative rates of polymeriza
tion in solution with respect to the reaction in bulk 
were calculated from experimental data and from 
these the relative rates of initiation were derived (see 
equation 8). G r values for the mixtures are plot
ted in Fig. 2. The experimental points show con
siderable scatter partly because G r values are pro
portional to the square of measured polymerization 
rates. Average deviations from the solid line are 
of the order of 20%. The general agreement be
tween results obtained with y-rays and reactor ra
diation is satisfactory, whereas /3-ray experiments de
finitely show a different trend. The reason for this 
discrepancy is not clear. It can be seen that the 
addition of small amounts of carbon tetrachloride 
to styrene leads to a very important sensitization of 
the reaction. A similar effect was observed in mix
tures of benzene with carbon tetrachloride. The 
dotted line in Fig. 2 shows (?r values obtained by 
the DPPH method for carbon tetrachloride benzene 
mixtures i n  v a c u o .e When comparing the two 
curves it appears that the results are almost iden
tical for both systems over most of the range of con
centrations studied. However, in solutions con
taining more than 80% carbon tetrachloride, the 
two curves are distinctly separated. In this range 
of concentrations, benzene strongly “protects” car
bon tetrachloride, as shown by the experiments 
with DPPH, whereas in styrene solutions this ef
fect, if it does take place, is hidden by a sudden 
drop in rate of initiation owing to incomplete sca
venging of primary radicals by the monomer.

It is of interest that Bagdasarian31 obtained an 
identical relationship between over-all rate of 
polymerization and monomer concentration when 
using either y-rays or ultraviolet light for initiating 
the reaction. This observation demonstrates that 
the processes occurring in this reaction involve only 
transfer of excitation energy and that transfer of 
charge is unimportant. On the other hand, the 
good agreement reached between the results of the 
various investigators who worked at different re
action temperatures (between 15 and 40°) and with 
both y-rays and mixed radiation from the nuclear 
reactor, demonstrates that these excitation trans
fer processes only depend to a small extent on tem
perature and on type of radiation.

B. Styrene Solutions in Chloroform.—The re
sults obtained with styrene solutions in chloroform 
are very similar to those found in carbon tetra
chloride. The former mixture was studied using y- 
rays,11 /3-particles14 and reactor radiation.13 The 
results are shown in Fig. 3. Here again the poly-

(31) Kh. S. Bagdasarian, Thesis, Institut Karpov Moscow, 1950. 
See also ref. 15b and 25.

Fig. 3.— Free radical yields in mixtures of styrene with 
chloroform derived from data of the following sources: O, 
A. Chapiro11; •, C. Cousin13; o , W. H. Seitzer and A. V. 
Tobolsky.14 The dotted line is based on (?R-values deter
mined by the DPPH method in mixtures of benzene with 
chloroform.4'4

Fig. 4.— Free radical yields in mixtures of methyl meth
acrylate with carbon tetrachloride derived from data of the 
following sources: O, W. H. Seitzer and A. V. Tobolsky19; 
®, T. S. Nikitina and Kh. S. Bagdasarian16; O, K. Kayashi.14

merization data show a similar trend to the data 
obtained by the DPPH method for chloroform- 
benzene mixtures.4’6 This is shown by the dotted 
curve. In both systems the addition of small
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Fig. 5.— Free radical yields in mixtures of methyl meth
acrylate with benzene derived from data of the following 
sources: O, A. Chápiro11; ©, W. H. Seitzer and A. V. 
Tobolsky14; •, T. S. Nikitina and Kh. S. Bagdasarian16; ®, 
I. Mita.*0

amounts of chloroform to the aromatic hydrocar
bon leads to a strong sensitization. The deviation 
occurs at lower concentrations of monomer than 
in carbon tetrachloride solutions. In addition the 
dotted curve shows that small amounts of benzene 
very efficiently “protect” chloroform.

C. Methyl Methacrylate Solutions in Carbon 
Tetrachloride.—Carbon tetrachloride strongly sen
sitizes the polymerization of methyl methacrylate. 
The reaction was initiated both with 7 -rays16' 19 and 
with d-partides14; the latter results are very scat
tered. G r  values for this system are plotted in 
Fig. 4 using the higher G r  value for methyl meth
acrylate, i.e., GrIMA = ll.5 22 The Gr value thus 
obtained for pure carbon tetrachloride is 19, a value 
which is reasonably close to the result obtained by 
the DPPH method in vacuo, i.e., G rCU = 18- 
20.5,6,23 should further be noticed that even in 
very dilute solutions the monomer acts as a very 
efficient free radical scavenger in this system.

The curve in Fig. 4 shows a flat maximum at 
approximately 80% CC14. A very similar curve 
was obtained when plotting Gr  values for mixtures 
of chloroform and methyl acetate determined by the 
DPPH method. 4 Here again the agreement 
reached by the two methods is very good.

D. Methyl Methacrylate Solutions in Benzene. 
—The radiation initiated polymerization of methyl 
methacrylate in benzene solution proceeds at a 
lowrer rate than in bulk over the entire range of 
concentrations. This reaction was studied with

7 -rays11'16'20 and with /3-particles. 14 Figure 5 
shows a plot of G r  values derived from all available 
data. It should be noted that the accuracy in de
riving rates of initiation from polymerization data 
is very poor when G \ is lower than G \ l ' i . e . ,  when 
<p&/ <pm <  1- It follows that it is difficult to con
clude definitely from the data whether energy 
transfer actually takes place in this system or not. 
It can be seen from the plot in Fig. 5 that the data 
of Nikitina and Bagdasarian16 lead to an almost lin
ear relationship between G r  and concentration; 
the data of Seitzer and Tobolsky14 are consistent 
with a sensitizing effect (curve 1), whereas the 
earlier data of the author11 as well as the more re
cent experiments of Mita20 indicate sensitization 
for low monomer concentrations and “protection” 
in concentrated monomer solutions (curve 2). It is 
noteworthy that a curve of type 1 was obtained for 
free radical yields in mixtures of benzene with 
methyl acetate by the DPPH method in vacuo 
whereas a curve of type 2  was found in aerated solu
tions. 32

E. Other Systems.—A number of data are 
available on radiation-initiated solution polymeri
zation of several other systems. The results are 
usually too scattered or involve too complicated 
processes to make it possible to derive any quanti
tative information on radical yields of the added 
substance. In a few special cases however more sys
tematic work has been carried out. A brief survey 
of the data is presented below.

(a) Styrene Solutions.—Butylamine, dibutyl- 
amine, benzylamine and aniline all significantly 
sensitize the 7 -ray initiated polymerization of sty
rene. 11 The effect is less pronounced with aniline 
than with aliphatic amines. The experimental data 
do not fit with the simple energy transfer theory 
developed by Nikitina and Bagdasarian. 16 This 
situation presumably results from the fact that 
amines inhibit vinyl polymerization. The results 
obtained by adding small amounts of amine to the 
monomer suggest that energy transfer takes place 
in the radiolysis of these mixtures leading to very 
strong sensitization. Quantitative data on the 
influence of amines on polymerization rates are 
still scarce and the mechanism of this inhibition is 
not definitely established. Hence G r  values for 
amines cannot be derived from these data.

Inhibition seems to be operative as well when 
ethyl iodide14 and carbon disulfide11 are added to 
styrene. The radiolysis of these substances leads 
to the formation of iodine and sulfur, respectively; 
the latter are known to act as efficient polymeriza
tion inhibitors. It is interesting to notice that pro
tection is observed when carbon disulfide is dis
solved in chloroform whereas some sensitization 
occurs in carbon disulfide-benzene mixtures.6

Diphenylmethane, unlike other aromatic hydro
carbons, strongly sensitizes the radiation poly
merization of styrene; the same applies to the 
addition of small amounts of hydroquinone to sty
rene. 33

Benzoyl peroxide produces an important in
crease in the rate of styrene polymerization, 83

(32) L. Bouby and A. Chapiro, J . chim. phys., 54, 341 (1057).
(33) A. Chapiro, unpublished results.
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whereas ¿-butyl peroxide does not show any pro
nounced effect. 14 This observation can be inter
preted on the basis of more recent work on the ra
diolysis of peroxide solutions in various solvents. 
Thus Krongauz and Bagdasarian found that when 
benzoyl peroxide was irradiated in benzene solution 
a very rapid decomposition ensued which led to an 
apparent G( — Bz202) of the order of 1700.27 It 
was demonstrated that the reaction did not proceed 
through a chain mechanism and hence a very ef
ficient energy transfer process was assumed to 
occur in this system. No energy transfer was ob
served in cyclohexane and ethyl acetate solutions 
but the decomposition of benzoyl peroxide occurred 
through a chain reaction in these two solvents. 
The addition of small amounts of methyl metha
crylate prevented chain propagation and reduced 
the over-all (?(-Bz2 0 2). On the other hand, ¿-butyl 
peroxide, when dissolved in either benzene, cyclo
hexane or methyl acetate, decomposed exclusively 
by a straightforward reaction apparently without 
energy transfer. The observed (7-value was 
(7(-peroxide) = 17.34 The G r , value for decompo
sition of benzoyl peroxide was found to be 40.27 If 
one assumes that the behavior of these peroxides is 
similar in styrene and in benzene solutions, it be
comes clear why only benzoyl peroxide sensitizes 
the radiation polymerization of styrene.

Experiments were carried out as well with solu
tions of styrene in ether, 11 nitrobenzene, propioni- 
trile, 33 bromoform12 and dioxane. 14 In all cases the 
reaction rate increased with dilution.

Protection seemed to be operative in styrene solu
tions in cyclohexane and in n-heptane. In con
trast, strong sensitization occurred in various alco
hols and in acetone. 11 In these mixtures, however, 
polymer precipitation during the reaction leads to 
anomalous kinetic behavior.

The radiation polymerization of styrene dissolved 
in binary mixtures of carbon tetrachloride and ben
zene also was investigated. 14 The rate was found 
to be higher in the mixtures than in either solvent 
alone.

(b) Methyl Methacrylate Solutions.—Only 
little information is available on the influence of 
other additives on the radiation polymerization of 
methyl methacrylate. Experiments were carried 
out by Seitzer and Tobolsky14 with ethyl bromide, 
ethyl iodide and dioxane. The results indicate a 
sensitizing effect in most cases. Methyl methacry
late dissolved in binary mixtures of carbon tetra-

(34) V. A. Krongauz and Kh. S. Bagdasarian, Zh. fiz. Khim.
U.S.S.R., 32, 717 (1958).

chloride and benzene was found to polymerize 
faster than in carbon tetrachloride alone. On the 
other hand, the addition of water to methyl meth
acrylate solutions in dioxane increased the poly
merization rate whereas water had no significant 
effect on the rate of polymerization in acetone solu
tions. The higher rates observed in dioxane-water 
mixtures were assumed to arise as a result of the 
tighter coiling of growing chains in the poor sol
vent which would be expected to slow down the ter
mination step.

(c) Vinyl Acetate Solutions.—The radiation 
polymerization of vinyl acetate was found to be 
strongly inhibited by the addition of small amounts 
of benzene. 16 It is difficult to draw any conclu
sion on the existence of energy transfer from this 
result since benzene is known to inhibit polymeri
zation of vinyl acetate when initiated by conven
tional means, presumably by a deactivating copoly
merization mechanism. 36 A few experiments were 
conducted with diphenylpicrylhydrazyl in mix
tures of vinyl acetate and benzene. 16 The rate of 
disappearance of DPPH indicated that sensitiza
tion takes place in a similar manner as in mixtures 
of benzene with methyl methacrylate and methyl 
acetate. On the other hand, carbon tetrachloride, 
which strongly sensitizes radiation polymerization 
of both styrene and methyl methacrylate, does not 
produce any measurable increase in the polymeri
zation rate of vinyl acetate. 16

IV. General Conclusions
The various data presented herein show how ra

diation polymerization can be applied to the study 
of the radiolysis of binary mixtures. The advan
tages of this method are primarily that conventional 
analytical techniques can be used for determining 
primary yields and that no foreign compound is 
added to the system since one of the two compo
nents acts as a scavenger. On the other hand, the 
method is necessarily limited to mixtures in which 
the polymerization kinetics are not complicated by 
secondary effects such as polymer precipitation, 
inhibition, etc. Furthermore, the rate constants 
of chain propagation and termination must be 
accurately known for the monomer used. Finally 
it should be stressed that since the reaction rate 
measured experimentally is proportional to the 
square root of free radical yield, this method is 
generally less sensitive than the direct determina
tion of free radicals by other scavenger methods.

(35) W. PI. Stock may er and L. H. Peebles, J. Am. Chem. Soc., 75, 
2279 (1953).



808 N ath aniel  F. B arr  and R obert H. Schuler Yol. 63

THE DEPENDENCE OE RADICAL AND MOLECULAR YIELDS ON LINEAR 
ENERGY TRANSFER IN THE RADIATION DECOMPOSITION OF 0.8 A7

SULFURIC ACID SOLUTIONS1

B y  N a t h a n i e l  F. B a r r  a n d  R o b e r t  H. S c h u l e r 2

Contribution from the Department of Chemistry, Brookhaven National Laboratory, Upton, N. Y.
Received November 19, 1958

Absolute radiation yields for oxidation of ferrous ion in deaerated solution and for the reduction of ceric ion in aerated and 
deaerated 0.8 N  sulfuric acid solutions have been determined for a number of different radiations having energy loss pa
rameters from 0.02 to 25 e.v./A. These data have been combined with the results of previous measurements on the oxidation 
of ferrous ion in aerated solution to obtain values for the individual radical and molecular yields characteristic of the various 
radiations. A quantitative description of the dependence of these radical and molecular yields on linear energy transfer is 
given.

In a continuation of studies3“ 8 on the effect of 
linear energy transfer (LET) 6 on radiation chemical 
reactions in aqueous systems, further measure
ments have been made on the oxidation of ferrous 
ion and the reduction of ceric ion in 0.8 N  sulfuric 
acid solution for a variety of different radiations. 
This work was undertaken in order to determine the 
quantitative details of the variation of the yields of 
primary chemical products with increase in the 
density of energy release by the ionizing particle. 
Various early studies concerning this subject have 
been reviewed in the summary papers by Allen7 
and Hart.8 More recent studies of hydrogen pro
duction from aerated ferrous sulfate solutions4 and 
of oxidation of ferrous ion in the presence of cupric 
ion9’10 have provided additional preliminary in
formation for radiations of high LET. In the 
present work the determination of the primary 
yields is based on knowledge of the mechanisms for 
the radiation induced oxidation of ferrous ion and 
reduction of ceric ion in both aerated and deaerated 
0.8 N  sulfuric acid solution. These systems have 
been investigated to a very considerable extent with 
■y-radiation and appear to be reasonably well un
derstood at the present time. It is possible to ex
press the yields for each of these reactions in terms 
of the absolute yields for the formation of radical 
and molecular products arising from the primary 
decomposition of water (Gh , Goh , Gh2o2 and Gh2, 
expressed here as molecules per 1 0 0  e.v. of absorbed 
energy).

Recent studies of the oxidation of ferrous sulfate 
in the absence of dissolved oxygen11 have shown

(1) Research performed under the auspices of the U. S. Atomie 
Energy Commission.

(2) Radiation Research Laboratories, Mellon Institute, Pittsburgh, 
Pennsylvania.

(3) R. H. Schuler and A. O. Allen, J. Am. Chem. Soc., 77, 507
(1955) .

(4) R. H. Schuler and A. O. Allen, ibid., 79, 1565 (1957).
(5) R. II! Schuler and N. F. Barr, ibid., 78, 5756 (1956).
(6) LET = — dE/dx, the energy transferred per unit length of track 

of the ionizing particle; cf. R. E. Zirkle, “ Radiation Biology,”  A. 
Hollaender, ed., McGraw-Hill Book Co., New York, N. Y., 1954, p. 
315.

(7) A. O. Allen, Radiation Research, 1, 85 (1954).
(8) E. J. Hart, ibid., 1, 53 (1954); Ann. Rev. Phys. Chem., 5, 139 

(1954).
(9) E. J. Hart, W. J. Ramler and R. S. Rocklin, Radiation Research, 

4, 378 (1956).
(10) D. M. Donaldson and N. Miller, Trans. Faraday Soc., 52, G52

(1956) .
(11) N F Barr and C. G. King, J. Am. Chem. Soc., 76, 5565 (1954); 

78, 303 (1956),

that the measured yield is consistent with the ob
served molecular hydrogen yield if the hydrogen 
atoms are assumed to oxidize a single ferrous ion. 
This stoichiometry is further confirmed by the 
extensive work of Rothschild and Allen12 and by 
the present study. Thus the yield of ferric ion 
from deaerated ferrous sulfate solution is given as

(x(Fe + + +)dcacrated =  GoH +  2Gh202 +  <?H (1)
In aqueous solutions containing dissolved oxygen, 
a fraction of the hydrogen atoms which would 
otherwise combine to form molecular hydrogen13 is 
scavenged by the oxygen. This leads to a different 
and somewhat enhanced hydrogen atom yield from 
aerated solutions which is designated in the present 
work by the symbol G ' h .

G' h =  Gh +  ^ (2)
Since in the presence of oxygen the hydrogen atoms 
react to form H02- radicals, each of which ulti
mately oxidizes three ferrous ions, the yield is given 
by

G(Fe + + +)aorated =  2(?n202 +  Goh +  3 G 'h (3 ) 

The term A is of small importance in the case of y -  

irradiations since the molecular products represent 
only a minor fraction of the over-all decomposition. 
Scavenging effects such as represented by this dif
ference do, however, increase very markedly in 
heavy particle irradiations and must be considered 
in combining the results obtained from different 
systems.

The magnitude of A may be estimated by a com
parison of the yield for reduction of ceric ion in 
aerated and deaerated solution. In this system hy
drogen atoms and hydrogen peroxide both reduce 
ceric ion while hydroxyl radicals oxidize cerous ion 
present. The yield for reduction of ceric ion is 
therefore given by

G(Ce + +Ml,.aerated = 2Gh20: +  Gh — G()H (4) 
in the absence of dissolved oxygen. In the pres
ence of dissolved oxygen the hydrogen atoms first 
react, to form H02- radicals each of which subse
quently reduces a ceric ion. The yield is therefore 
given by

G (C c + + + )„emted — 2Gh.os V  G 'h — Goh (5 ) 

The difference between observations in the aerated
(12) W. Rothschild and A. O. Allen, Radiation Research, 8, 101

(1958).
(13) In the following we neglect the small perturbation this produces 

in the yields of other primary products.
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and deaerated systems provides us directly with a 
measure of A. The value of this quantity can then 
be combined with measurements on the oxidation 
of iron in aerated and deaerated solutions to give 
the hydrogen atom and net water decomposition 
yields. The hydroxyl radical yields can be simi
larly calculated from equations 1 and 4 and the 
molecular hydrogen and hydrogen peroxide yields 
can be obtained from equations of material bal
ance.

G h 2o  =  <?h +  2 (?h ! =  G o r  +  2 (?h !02 (6 )

Experimental
Solutions.— Iron solutions contained 10 mM  ferrous am

monium sulfate, 1 mM  sodium chloride and 0.8 N  sulfuric 
acid and were initially free of any significant concentration 
of ferric ion. Ceric ion solutions of approximately 100 nM 
concentration were prepared by diluting a stock 0.1 M  ceric 
sulfate solution with 0.8 N  sulfuric acid. Since the presence 
of organic impurities in the water may result in abnormally 
high radiation yields, particularly in studies of the reduction 
of ceric ion, only water prepared by redistillation from acid 
dichromate and basic permanganate was used. Deaerated 
samples were prepared in a manner similar to that, described 
by Johnson and Allen.14 15

Sample Irradiation.— Gamma irradiations were carried 
out in a 100 curie cylindrical Co60 7-ray source at a dose rate 
of approximately 3 X 1016 e.v. cc. -1 min.-1. Yields were 
obtained by comparison of the observed rates of reaction to 
the rate of oxidation of ferrous sulfate in the Fricke dosimeter 
under the same irradiation conditions. The yield of oxida
tion was taken as 15.45.16

Fast-electron irradiations were carried out using the fo
cused electron beam from the Brookhaven 2 Mev. Van de 
Graaff generator. Beam currents were approximately 10~8 
amp. All glass, thin window irradiation cells with stirrers 
similar to those employed in earlier studies were used here. 
The absolute dose delivered to the sample was determined 
by the charge-input method with corrections applied in a 
manner similar to that described in the previous work on the 
Fricke dosimeter.16

Heavv-particle irradiations were conducted at the Brook- 
haven 60-inch cyclotron with both helium ion and deuteron 
beams. These experiments were in general similar to the 
previous work on aerated ferrous sulfate solutions.4 The 
radiation doses were calculated from the measured particle 
energy and the integrated current, with corrections made for 
the window' displacement current as previously described.16 
Current densities were 0.05 to 2 X 1 0 ampere/om.5. 
Experiments at lower energies than the maximum available 
at the cyclotron (20 Mev. for deuterons and 40 Mev. for 
helium ions) were carried out by degrading the energies of 
the particles with aluminum absorbers of known thickness.

Studies of the effect of the recoil radiations from the nu
clear reaction B 10 (n,a)Li7 on ceric sulfate solutions were car
ried out in the thermal neutron facility of the Brookhaven 
reactor used for previous studies of ferrous sulfate oxidation.5 
Both ceric sulfate and ferrous sulfate solutions containing 
added boric acid were irradiated for 6 to 8 hours at the neu
tron flux of approximately 6.5 X 108 n./c.m.2. The absolute 
yield for ceric sulfate reduction was determined relative to 
the previously measured value of the oxidation of ferrous 
ion, (j(Fe + 'l" ,j  =  4.22.5 Solutions of ceric ion and ferrous 
sulfate which did not contain boric acid were simultaneously 
irradiated in order that the 7-ray background in the neutron 
facility might be corrected for.

Sample Analysis.—The irradiation cells used in the elec
tron and cyclotron beam experiments had one centimeter 
Pyrex optical absorption cells attached and permitted 
transmission measurements to be made during the course of 
the irradiations without exposing the solutions to air. Fer
ric ion was determined at 325 m where the transparency of the 
cells was greater than at the 305 /1 wave length normally 
used for this measurement. The extinction coefficient in
0.8 N  sulfuric acid at 23.7° was found to be 1624 at 325 ¡i

(14) E. R. Johnson and A. O. Allen, J. Am. Chem. S o c ., 74, 4147 
(1952).

(15) R. H. Schuler and A. O. Allen. .7. Chem. Phys., 24, 56 (1956).
(16) R. H. Schuler and A. O. Allen, Rev. Sci. Instr., 26, 1128 (1955).

Fig. 1.—Number of ferric ions produced per deuteron (G 0E 0) 
as a function of deuteron energy.

compared to a value of 2174 at 305 n- Ceric ion concentra
tion was also determined at 325 ¡i where the extinction co
efficient was measured to be 5585 relative to a value of 2174 
for ferric ion at 305 ¡i. This measurement was made by add
ing an excess of ferrous sulfate to a ceric sulfate solution and 
takes into account the significant absorption of cerous ion at 
305 /i (B305 = 21). The wave length used here is slightly 
longer than that of the maximum in the ceric ion absorption 
spectrum (320 p ) where the extinction coefficient was found 
to be 5650. Analysis of solutions irradiated in the Co60 
facility and in the thermal neutron column were made using 
conventional spectrophotometric techniques.

Results
Oxidation of Ferrous Ion in Deaerated Solution.

—In the 7 -ray irradiation of ferrous sulfate solu
tions in the absence of oxygen it is known that a 
competition for the hydrogen atoms produced by 
the radiation exists between ferrous ion and any 
ferric ion present. 12 Ten millimolar ferrous sulfate 
solutions were used in the present measurements in 
order to permit observations to be made at low 
fractional conversions of the ferrous ion ana thus re
duce the effects of this competition. For all radia
tions used in this work the production of ferric ion 
in deaerated solution was found to be proportional 
to the dose. Five series of determinations of fer
rous ion oxidation in deaerated solution were made 
with 2 Mev. electrons and gave an absolute yield 
of 8.22 ±  0.12. This observation can be compared 
to the value of 8.07 calculated from equations 1, 2, 3 
and 6  using the yields observed for the oxidation of 
iron and for molecular hydrogen production in the 
aerated system, i.e.

G {  Fe ^")<ieaerated  ̂I ‘2. G ( Fe "^")aerated +  (h i t  ~  V 2 A

(7)
where G(Fe+++)aerated = 15.45, Gn, = 0.40 (for sul
furic acid solutions) 17' 18 and A = 0.04. It will be

(17) H. A. Schwarz, J. P. Losee, Jr., and A. O. Allen, ./. Am. Chem.
Soc., 76, 4693 (1954).
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T a b l e  I
Ox id a t io n  of Fe11 in  D e a e r a t e d  So lu tio n  b y  V a r io u s  R a d ia t io n s

Ferrous sulfate 
concn., G (Fe + + +) aerated

Radiation M  X 103 Gr (F e + + +) deaerated G ( Fe + + +) deaerated Ref.

Co60 7-rays 10 8.17" 1.89 11
Co60 7-rays 10 8 .22“ 1.88 12
Coeo 7-rays 1 7.97“ 1.94 12
Co60 7-rays F 8.05'* 1.92 12
2 Mev. electrons 10

•M00 1.88 Present work
18 Mev. deuterons 10 6.21 1.84 Present work
32 Mev. helium ions 10 4.93 1.65 Present work
Tritium recoils from Li6(n ,«)T 3 10 4.52 1.51 5
Recoil radiations from B I0(n,a)Li7 10 3.91 1.12 5

Relative to 15.45 for aerated ferrous sulfate; all others are absolute determinations. 6 No added chloride; all other
suits for samples containing 1 mM  NaCl.

noted that the term A raises the ratio of the yield in 
the aerated system to that in the deaerated system 
by a slight amount (0.02) over the value of 1.90 ex
pected when only the molecular hydrogen is taken 
into account. 11-16 Various recently observed val
ues for this ratio are given in Table I.

The yield for reduction of ceric ion in the presence 
of thallous ion is, from the work of Sworski, 19 also 
equal to 2 G h ,o 2 +  G h  +  GW (c/. equation 1) and 
has been found to be 7.92. Thus it is seen that in 
the case of y-irradiations the measurements appear 
to be generally consistent with a common set of 
primary products which interact with the solutes 
according to the stoichiometry indicated in the 
above equations.

The results obtained with deuteron beams are 
summarized in Fig. 1 where the number of ferric 
ions produced per deuteron (GoEo/100) is plotted as 
a function of the deuteron energy. The radiation 
yield which is the ratio of the ordinate to the ab
scissa of the points in Fig. 1 decreases from a value 
of 6.25 at 20 Mev. to a value of about 5 at 5 Mev. 
Due to the relative constancy of the yields for the 
deaerated solutions the dependence illustrated in 
this figure has much less curvature than the similar 
curve previously given for aerated solutions. The 
thin target or differential yield, G; = d(GoE0)/dE0, 
is 6.9 at 15 Mev. The ratio of this thin target 
yield to that for aerated solutions (Gi =  13.0 for 
15 Mev. deuterons) is 1 .8 8 . One determination of 
hydrogen production by 18.9 Mev. deuterons 
showed a yield equal to one-half that of ferrous ion 
oxidation and no detectable oxygen in agreement 
with the expected stoichiometric relation.

A total of 15 experiments were performed with 
helium ions at initial energies between 30.2 and
33.5 Mev. Determinations of the absolute yield for 
ferrous sulfate oxidation gave values which varied 
from 4.81 to 5.05 with a mean value of 4.93 at 32.0 
Mev.

We have previously reported a value of 3.91 for 
the oxidation of 1 0  mM  ferrous ion in deaerated 
solution by the recoil radiation from the (n,a) reac
tion in boron.6

Reduction of Ceric Ion.—The results of the ceric 
reduction experiments with beams of both cyclotron 
deuterons and helium ions and also Van de Graaff 
electrons were highly reproducible. The reduction

(18) J. A. Ghormley and C. J. Hochanadel, Radiation Research, 3, 
227 (1955).

(19) T, J. Sworski, ibid., 4, 483 (1956).

of ceric ion by y-radiation was, however, much less 
reproducible. Satisfactory results could be obtained 
in the case of y-irradiations only by using large 
( ~ 1 0 0  cc.) containers which had been carefully 
cleaned and preirradiated and by using solutions 
initially containing a small amount of cerous ion 
W100 ¡iM Ce+++). When this was done, it was 
found that the amount of reduction was propor
tional to dose with a high degree of precision. Un
der other experimental conditions the observed 
yields scattered to a much greater extent and were 
always higher. From the relative rates of ceric re
duction and ferrous oxidation in the Co60 source, 
G(Ce+++) is found to be 2.33 ±  0.03 for Co60 y- 
radiation. Except for the recent work of Sworski16 
where a yield of 2.39 was obtained, other determi
nations have given considerably higher values and 
probably reflect some of the difficulties mentioned 
above in the y-ray radiolysis of cerium solutions. 
It will be noted that twice the yield for hydrogen 
peroxide production from air-saturated sulfuric acid 
is also given by 2G h 2o2 +  Gh ' — G oh  and has been 
measured to be 2(1.17) = 2.34. 20

The results of six experiments with 2 Mev. elec
trons gave an absolute yield for ceric reduction of
2.32 ±  0.02. A single irradiation also was carried 
out on a deaerated solution which was broken open 
immediately after the irradiation and the experi
ment rerun with fresh aerated solution. This di
rect comparison of the yield in aerated and deaer
ated solution gave a difference of 2 %, in agreement 
with the effect expected from the results of Ghorm
ley and Hochanadel on the effect of dissolved air on 
molecular hydrogen production. 18

An over-all summary of the results of 20 experi
ments with deuterons and 21 experiments with he
lium ions is given in Table II. Since only a slight 
variation of yield with energy is observed here it 
did not seem warranted to undertake a more ex
tensive investigation of the functional dependence 
of the yield without a significant increase in the ac
curacy of the determinations. It will be noted that 
the difference in yields for aerated and deaerated 
systems is quite large, being 0.14 for 18 Mev. deu
terons and 0.19 for 33 Mev. helium ions.

In a typical experiment with the recoil radiations 
from the boron (n,a) reaction, seven samples of 90 
IiM  ceric ion containing 0.120 M  boric acid, two 
samples of 1 mM  ferric ion containing 1.050 M  boric

(20) T. J. Sworski, J. Am. Chem. Soc., 76, 4687 (1954).
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acid and two samples each of ceric ion and ferrous 
ion containing no added boric acid were radiated 
for six hours in the neutron facility. The absorb
ance changes in the ceric solutions ranged from 
0.400 to 0.420 with a mean of 0.411. The radia
tion yield calculated by comparison to the amount 
of ferrous sulfate oxidation observed (absorbance 
change = 0.302) after correcting for the 7 -ray back
ground and for the difference in boric acid concen
tration was found to be 2.92. In these experiments 
the reduction of ceric ion by the 7 -radiation was 
always slightly greater than that estimated from 
the ferrous sulfate solutions and again appears to 
reflect the difficulties mentioned above with respect 
to the use of small irradiation cells. Fortunately 
because the yields for light and heavy particles 
are about the same, the correction applied here for 
the 7 -ray background represents a much smaller 
fraction of the effect than in the case of observations 
on ferrous sulfate solutions so that this difference 
does not affect the results significantly. A total of 18 
determinations of the yield of ceric reduction were 
made in four sets and gave an over-all absolute yield 
of 2.94 with standard deviation of ±0.12.

T a b l e  II
R e d u c tio n  o f  Ceiv b y  V a r io u s  R a d ia t io n s

Radiation ß(Ce + + * ) « „ „
G(Ce+ ■*■+)«„„«
(7(Ce + + +) deaerated

Co60 7-rays 2.33 ±  0 .03
2 Mev. electrons 2.32 ± .02 1.02
18 Mev. deuterons 2.84 ± .05 1.052
10 Mev. deuterons 2.80 ± .04 1.075
33 Mev. helium ions 2.92 ± .04 1.070
11 Mev. helium ions 2.90 ± .06
Recoil radiations from 

B 1(1 (n, a) Li7 2.94 ±  ,.12

The constancy of the ceric ion reduction yield 
over the range of heavy-particle energies studied 
suggests that this system might be useful in the es
timation of the energy deposited in an aqueous sys
tem from a mixed 7 -ray-neutron field especially 
where there exists at least some approximate knowl
edge of the relative energy contribution due to 
7 -radiation and recoil protons.

Discussion
The various yields for the reduction of ceric ion 

and for the oxidation of ferrous ion in both aerated 
and deaerated solutions are given in Fig. 2 as a 
function of the reciprocal of the initial energy loss 
parameter, (— dE / d.r)0, characteristic of the radia
tion. It is seen that, as expected from previous 
qualitative considerations of the molecular and radi
cal products,6’21 the yield for oxidation of ferrous 
ion decreases and for reduction of ceric ion increases 
as the LET of the particle increases. Kinetic 
consideration of these data should be based on the 
instantaneous or differential yields, i.e., Gi =  d((?o- 
Et)/dE<j. Since the observed yields change only 
slowly with LET the instantaneous values for the 
particular radiation will be similar to the integrated 
yields given in Fig. 2.

The hydrogen atom and net water decomposition 
yield can be calculated from equations 1, 2, 3 and 6  
to be

(21) T. J. Hardwick, Disc. Faraday Soc., 12. 203 (1952).

'0  02 0  ̂ 06 08 1C 12 :4 16 if 20
(-dx/d£)0, 5/e v

Fig. 2.— Yields (Go) for oxidation of ferrous ion and reduc
tion of ceric ion as a function of the reciprocal of the energy 
loss parameter ( — cLE/dx); O, deuterons; A, helium ions; 
A, B(n,a)Li recoil radiations; •, tritium component of 
Li(n,a)T recoil radiations. Curve for aerated ferrous sulfate 
taken from ref. 4. Limiting values of 15.45 for aerated fer
rous sulfate, 8.22 for deaerated ferrous sulfate and 2.32 for 
aerated ceric sulfate were obtained with fast electrons.

Fig. 3.— Dependence of yields for hydrogen aoom and 
hydroxyl radical production and net water decomposition on 
LET for deaerated 0.8 N sulfuric acid solutions. Curves and 
closed symbols are taken from Fig. 2, open symbols represent 
values calculated from measurements of the molecular 
hydrogen yield from air-saturated ferrous sulfate solutions 
(cf. ref. 4).

Gn =  1A[G(Fe + + +)aer,.ed -  (?(Fc ++ +)de.er.ted] -  !M
(8)

G ( - H aO ) =  G'(Fe + + +)de»er.ted ~  (?H (9 )

Since A is always small, the hydrogen atom yield is 
approximately equal to one-half the difference be
tween the yields observed for ferrous sulfate oxida
tion in the aerated and deaerat ed systems. In Fig. 2 
the curves representing these yields appear to be 
approaching a common value of 3.6 for particles of 
very high LET. This indicates that the hydrogen 
atom yield goes to zero. Similarly the net water 
decomposition yield calculated from equations 8  
and 9 appears to be constant at a value of 3.6 for 
radiations of energy loss parameters above 1 e.v./ 
A. The molecular hydrogen yield for fission re
coils has been found to have a value in agreement 
with this limit. 22 For all LET’s less than the rather 
considerable value of 1 0 0  e.v./A. there should be a 
detectable atom yield.

(22) J. W. Boyle, C. J. Hochanadel, T. J. Sworski, J. A. Ghormley 
and W. F. Kieffer, Proc. Int. Conf. Peaceful Uses Atomic Ene-gy, 7, 576 
(1955).
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As indicated above, the term A has a significant 
value for particles of intermediate LET and must be 
included in any precise calculation of the hydrogen 
atom and net water decomposition yields. As an 
example, we may consider the data for the 33 Mev. 
helium ions where A is estimated from the effect of 
oxygen on the cerium reduction yields to be 0.19. 
The inclusion of this term in the calculations on the 
net water decomposition yield increases the derived 
value from 3.3 to 3.6. Taking this into account 
the net water decomposition yields calculated from 
the curves of Jig. 2 are given in Fig. 3. The hydro
gen atom yields which are indicated in Fig. 3 for 
deaerated solutions are 0.2 to 0.3 unit higher in air ■ 
saturated solutions. The molecular hydrogen yield 
is, of course, one half the difference between 
G( — H20) and the hydrogen atom yield. Values of 
0.63 for 18 Mev. deuterons and 1.01 for 35 Mev. he
lium ions determined in this way may be compared 
with experimental molecular hydrogen yields of 
0.75 and 1.01 from air-saturated ferrous sulfate 
solutions.4 Hart, Ramler and Rocklin9 have simi
larly combined measurements on the ferrous sul
fate and ferrous sulfate-cupric sulfate systems to ob
tain an estimate of the molecular hydrogen and net 
water decomposition yields for protons and deu
terons having LET’s between 0.5 and 5 e.v./A. 
Their values for these quantities are in general 10- 
30% lower than those given by the present studies 
but are, however, for solutions 1 0  mM  in cupric 
sulfate at which concentration the molecular hydro
gen yield is expected to be appreciably depressed23 
due to the scavenging of hydrogen atoms by cupric 
ion. For heavy-particle irradiations the con
centrations of radicals along the track are very high 
and scavenger effects become in general consider
ably more pronounced than in the case of electron 
irradiations. This is illustrated by observations on 
the effect of oxygen and ferrous ion concentration 
on ferrous sulfate oxidation, 4'6'24 by the present 
studies on the effect of oxygen on ceric ion reduction 
and by other recent studies of heavy particle bom
bardments of the ferrous sulfate-cupric sulfate25 
and potassium nitrite26 systems.

From equations 1 and 4 the hydroxyl radical 
yield is given by

(?OH =  1A[Gr(Fe + + +)d,..aerated ~  (? (  Ct! + +  Hdeaerated] (10)

It would seem from analogy with the results on hy
drogen atom production that this yield might well 
also be expected to go to zero. If this is so then

(23) H. A. Schwarz, J. Am. Chem. Soc., 77, 4960 (1955).
(24) R. H. Schuler, Radiation Research, 8, 388 (1958).
(25) N. Miller, private communication.
(26) H. A. Schwarz, private communication.

the yields for ceric sulfate reduction and for ferrous 
sulfate oxidation should approach a common value 
for radiations of infinite LET. Results from the 
boron (n, a) experiments indicate that a significant 
difference exists for particles of ion density 25 e.v./ 
A. What appears to be a yield of hydroxyl radi
cals may, however, actually be due, as suggested by 
Donaldson and Miller, 10 to the diffusion of H02- 
radicals out of the track as a result of intratrack re
actions between hydroxyl radicals and the molecular 
peroxide.

[•OH +  H20 2 — >  H.O +  H O .-W  (I) 
Inspection will show that such a reaction will not 
directly affect the stoichiometry involved in the 
net effects on ferrous sulfate and ceric sulfate. The 
occurrence of reaction I however interferes with 
the recombination of hydroxyl radicals thus low
ering the observed yield for ceric ion reduction. We 
estimate from the difference between 3.6 and the 
measured value of 2.9 for boron (n, a) radiations 
that the yield for reaction I must be between 0.25 
and 0.35. This value of course depends on an un
measured correction which must be applied for the 
yield of free hydroxyl radicals which actually es
cape from the track. This estimate is in excellent 
agreement with the value of 0.25 for polonium «-ra
diation determined by Donaldson and Miller from 
measurements of oxygen production in the ferrous 
sulfate-copper sulfate system. 10 It would seem 
from the trend of the curves in Fig. 3 that this 
reaction must become important for ail radiations of 
LET greater than 1 e.v./A. The interpretation of 
other systems in terms of the primary jdelds given 
in this paper must be slightly modified taking into 
account the occurrence of such reactions within the 
track, e.g., reaction I would materially affect the 
stoichiometry involved in the ferrous sulfate-copper 
sulfate system since the H02- radical reduces a sin
gle ferric ion whereas the initial reactants oxidize 
three ferrous ions.

It will be noted in Fig. 3 that the yield of vrater 
decomposition appears to be independent of LET 
for particles having energy loss parameters greater 
than 1 e.v./A. In this region the molecular yields 
continue to increase and radical yields to decrease to 
a rather considerable extent. It would seem that 
the reformation of water by the combination of hy
drogen atoms and hydroxyl radicals does not in
crease in a manner analogous to that of the other 
molecular products.
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The major products formed in the 800 kvp, electron radiolysis of cyclohexane are hydrogen, cyclohexene and dicyclohexyl. 
Minor amounts of products result from fragmentation and isomerization of the ring system. The initial yields are, G(C6H10) 
= 2.5 and G{dicyclohexyl) =  2.0 and were unchanged by irradiation either in 10 atmospheres of hydrogen or at liquid 
nitrogen temperature. In the presence of solutes, oxygen, iodine and benzene, the cyclohexene yield decreased to a limiting 
value of G =  0.7. The results are discussed in terms of a mechanism which involves the decomposition of excited cyclo
hexane molecules. The results show that of the excited molecules that decompose approximately 15% give products 
directly by an unspecified molecular process.

The gaseous products from the radiolysis of 
cyclohexane liquid are mainly hydrogen and small 
amounts of C2 hydrocarbons. 12 Recently it has 
been shown that the liquid products are cyclo
hexene, dicyclohexyl and small amounts of prod
ucts which result from ring fragmentation. 3 
Because of the relative simplicity of product for
mation, cyclohexane is a particularly interesting 
molecule for radiation chemical investigation. 
Previous studies with cyclohexane have been 
concerned mainly with the gaseous products. 
For example, the hydrogen yield has been shown to 
be independent of linear energy transfer4 and 
temperature.5 However, in the presence of solutes, 
notably benzene2 and iodine,6'7 the hydrogen yield 
decreased. The formation of liquid products under 
these conditions has not been investigated and is 
essential for a complete understanding of the 
radiation chemistry. The present report is pri
marily concerned with the effect, of solutes and 
temperature on liquid product formation.

Experimental
Materials.—The following samples of cyclohexane were 

used as received: (a) Eastman Kodak, spectro grade; (b) 
Phillips, research grade; and (c) API grade, which con
tained 0.010 ±  0.006 mole %  impurity. Gas chromato
grams of the spectro grade material showed a large impurity 
peak (~ 0 .8  mole % ) which was probably methylcyclopen- 
tane. Chromatograms of the Phillips and API material 
did not show any impurity peaks. The same product 
yields were obtained with all three samples of cyclohexane.

The following solutes were used: cyclohexene (Phillips 
pure grade); benzene (Phillips research grade); I2 (Mal- 
linckrodt); 0 2 (Matheson); and hydrogen (Matheson elec
trolytic grade).

Irradiation.—The samples contained in a 2 "  diameter 
aluminum dish wTere irradiated at room temperature with 
the 800 kvp. electron beam from a resonant transformer unit.8 
Unless otherwise specified all samples were prepared for ir
radiation in a N2 dry box. The electron beam dose rate 
determined by ionization chamber measurements and based 
on 93 ergs/g./r. W'as 8.7 X  1020 e.v ./g ./m in . This value 
was in agreement with energy absorption calculations based 
on the hydrogen yield from cyclohexane liquid utilizing 
G(H2) =  5.5.

(1) C. S. Schoepfle and C. H. Fellows, Ind. Eng. Chem., 2 3 , 1396 
(1931).

(2) J. P. Manion and M. Burton, T his J ournal, 56, 500 (1952).
(3) H. A. Dewhurst, J. Chem. Phys., 24, 1254 (1956).
(4) R. H. Schuler and A. O. Allen, J. Am. Chem. Soc., 77, 507 

(1955).
(5) M. Hamashima, M. P. Reddy and M. Burton, T his Journal, 

62, 246 (1958).
(6) R. H. Schuler, ibid., 61, 1472 (1957).
(7) M. Burton, J. Chang, S. Lipsky and M. P. Reddy, Rad. Re

search, 8, 203 (1958).
(8) H. A. Dewhurst, T his Journal, 61, 1466 (1957).

A specially designed high-pressure cell9 was used for ir
radiations in high pressure (i.0 atmospheres) of oxygen and 
hydrogen.

Product Analysis.— Conventional high-vacuum tech
niques were used for the preparation and analysis of samples.8 
Infrared spectra were obtained with a Perkin-Elmer (model 
21) spectrometer. The cyclohexene concentration was de
termined at 718 cm Y 1 using a molar extinction coefficient of
45.4 determined in separate experiments. The concen
tration of cyclohexanone w a s  determined at 1717 cm .“ 1 
using the molar extinction coefficient of 304 reported by 
Cross and Rolfe.10 A Perkin-Elmer vapor fractometer was 
used for the gas-liquid partition chromatography. Most 
of the analyses were performed with either a 1- or 2-meter 
didecyl phthalate column. The fractometer was calibrated 
with known solutions of cyclohexene and dicyclohexy] 
in cyclohexane. In most cases the cyclohexene concentra
tion was determined by both IR  spectrophotometry and 
gas chromatography, and the agreement was always good.

Results and Discussion
Gas Products.—The gaseous products volatile at 

—120° consisted largely of H2 with small amounts 
of methane and C2 hydrocarbons, mainly ethylene. 
The volatile gas had the following composition: 
H2 = 96%, CH4 < 0.4%, C2H6 < 0.3% and C2H4 
= 3.1% in fair agreement with the data of Manion 
and Burton. 2

Liquid Products.—The gas chromatograms 
showed this product distribution

linear C6 hydrocarbon (hexene) 
methylcyclopentane
cyclohexene
intermediate cvclohexanes 
dicyclohexyl
cyelohexylcyelohexene (?)

The cyclohexene and dicyclohexy] accounted for 
approximately 90% of the liquid products.

The formation of cyclohexene as a function of the 
energy absorbed is shown in Fig. 1. Each point 
represents the average of at least two separate 
determinations. The initial slope of the curve was 
used to calculate the initial yield of cyclohexene, 
<7(C6Hio)i = 2.5. The cyclohexene yield gradually 
decreased with increase in energy absorbed toward 
a limiting concentration.

The formation of dicyclohexyl as a function of 
the energy absorbed is shown in Fig. 2, where each 
point represents the average of at least two sepa
rate determinations. From the initial slope the 
initial yield was calculated, (J(dicyclohexyl)i =
2.0. The reproducibility of the cyclohexene and

(9) E. J. Lawton and J. S. Balwit, private communication.
(10) L. H. Cross and A. C. Rolfe, Trans. Faraday Soc., 47, 354 

(1951).
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cyclohexene = 5.2 X 10 4 mole/g.

ENERGY ABSORBED ev/g xIO“ 21.
Fig. 2.— Formation of dicyclohexyl at room temperature (O) 

and liquid nitrogen temperature (X ).

dicyclohexyl results is indicated by the vertical 
lines in Figs. 1 and 2.

It is of considerable interest to note that the

initial yield ratio (7 (C6Hio)/tf(Ci2H22) =
1.25 is more than double the ratio of rate 
constants for disproportionation and com
bination of cyclohexyl radicals (kdiap/kcomb 
= 0.5) measured by Gunning, et a i,11 in the 
gas phase. This discrepancy suggests that 
if Gunning’s ratio can be accepted for the 
liquid phase, then a simple interpretation of 
product formation based entirely on dispro
portionation and combination of cyclohexyl 
radicals is not valid.

The formation of the other product groups 
(Fig. 3) was found to be a linear function 
of the energy absorbed. For the purpose of 
estimating G-values it was assumed that area 
per cent, of the peaks on the chromatogram 
was directly proportional to mole per cent. 
On this basis the yield of hexene product was 
G (hexene) =  0 .2 , (r(methylcyclopentane) 
=  0.3 and (̂intermediate cyclohexanes) 
=  0.3. The latter products were not well 
characterized but had retention times similar 
to the w-alkyl (ethyl to hexyl) substituted 
cyclohexanes.

Infrared examination of the irradiated 
liquid showed, in addition to a strong cy
clohexene band at 718 cm.“ 1, weak absorp
tion bands at 972 and 1379 cm. “-1 char
acteristic of ¿raws-vinylene unsaturation and 
methyl groups, respectively. The trans- 
vinylene band has been assigned to the hex
ene product and the methyl band to the me- 
thylcyclopentane product.

To determine whether any significant 
amount of products higher than dimer were 
formed a residue determination was done. 

The irradiated sample (2.9 X 1021 e.v./g.), evapo
rated to constant weight in a vacuum desiccator, 
did not contain any measurable amount of product 
higher than dimer. The infrared spectrum (0.025 
mm. micro cell) of the residue, essentially dimer, 
was found to contain a negligible amount of unsatu
ration.

The above results are at variance with the 
product yields reported by Nixon and Thorpe. 12 
The differences have been attributed to the effect 
of dose rate. Similar differences, attributed to 
dose rate dependent reactions, have been found 
with cobalt-60 7 -rays. 13

Effects of Products.—The effect of adding 5.2 X 
i( ) ~ 4 mole/g. cyclohexene is shown in Fig. 1 
(filled circles). The cyclohexene concentration 
decreased rapidly toward the limiting concentra
tion. Under these conditions the initial yield for 
cyclohexene disappearance was G( — C6Hi0) =
2.3, the hydrogen yield was G(H2) = 2.9 and the 
dicyclohexyl yield was unchanged. The decrease 
in the hydrogen yield, AG(H2) = 2.4, is in good 
agreement with the yield for cyclohexene disap
pearance and suggests that cyclohexene is reacting 
either with H-atoms or their precursor. These 
results are consistent with the reactions.

(11) P. W. Beck, D. V. Kniebes and H. E. Gunning, J. Chem. Phys., 
22, 072 (1954).

(12) À. C. Nixon and R. E. Thorpe, ibid., 28, 1004 (1958).
(13) H. A. Dewhurst and R. H. Schuler, J. Am. Chem. Soc., 81, 

in press (1959),



June, 1959 R ad iatio n  C hem istry  of C yclohexane 815

C6H12 -------- -CeH,, +  H (1)
CßHi2 "f* H — -C6H u -j- H2 (2)

CoHu +  H ----^ -CeHu (3)

2 C 6Hu—
^  Celilo H“ C6Hx2 (4)

— ^ c 12h 22 (5)
This reaction sequence predicts no change in the 
number of cyclohexyl radicals formed and, there
fore, no change in dimer yield in agreement with 
experiment.

The irradiation of cyclohexane at room tempera
ture in the presence of 1 0  atmospheres of added 
hydrogen (concentration approximately 1 0 “ 4 mole/ 
g.) did not change the yield of any of the reaction 
products measured by infrared and gas chromatog
raphy. Under these conditions, therefore, hy
drogen does not enter into any significant back 
reaction at room temperature.

Effect of Solutes.—In the presence of 10 _ 4  mole/ 
g. of benzene, both the cyclohexene and dicyclo- 
hexyl yields were markedly decreased. The meth- 
ylcyclopentane and C6 hydrocarbon products were 
apparently unchanged. For a total dose of 5.8 X 
1 0 21 e.v./g. the benzene disappearance corre
sponded to a yield of G( — C6H6) = 1 .2  as measured 
by gas chromatography and by the change in 
infrared absorption at 672 cm.-1. Under these con
ditions the cyclohexene yield was fr(C6Hio) = 1 .2 , 
and the dicyclohexyl yield was (/(C^UU) = 0 .8 . 
The infrared absorption spectrum showed a new 
band at 724 cm. - 1  which is in the region for mono- 
substituted benzene absorption. These results 
show that the disappearance of one benzene mole
cule results in a corresponding decrease in the yields 
of cyclohexene and dicyclohexyl. If these products 
are formed by disproportionation and combination 
of cyclohexyl radicals (reactions 4 and 5), then each 
benzene must remove either two cyclohexyl radi
cals or their precursor.

Oxygen was found to have a profound effect on 
the radiolysis of cyclohexane. The effects observed 
were essentially independent of oxygen pressure 
between one and 1 0  atmospheres (1 0 - 4  mole/g.) 
and directly proportional to the total energy ab
sorbed up to 5.8 X 10'21 e.v./g. The gas chroma
tograms showed the formation of two major oxi
dation products in approximately equal amounts 
which were identified as cyclohexanol and cyclo
hexanone. Infrared examination of radio-oxidized 
cyclohexane showed the presence of both hydroxyl 
and carbonyl groups and served to confirm the 
gas chromatography assignments.

The cyclohexene yield in the presence of oxygen 
was G = 0.7, less than one-third the value in the 
absence of oxygen. Under the same conditions the 
yield of dicyclohexyl product was negligible (G< 
0.1). The combined yield of oxidation product 
determined by gas chromatography was (/(cyclo
hexanol +  cyclohexanone) = 7.2. The carbonyl 
yield determined by infrared absorption was G- 
(eyclohexanone) = 3.5 and by difference the cyclo
hexanol yield was G(cyclohexanol) = 3.7.

The carbonyl yield determined by infrared and 
the total yield of cyclohexanone and cyclohexanol 
determined by gas chromatography was found to 
be independent of dose rate; over a 1 0 -fold range.

ENERGY ABSORBED, ev /J  x IO"2l_
Fig. 3.— Formation of linear C6 hydrocarbons (hexene) and 

alkyl cyclohexanes at room temperature.

Treatment of the irradiated solution with sodium 
sulfite did not change the amount of cyclohexanol 
formed. 14 This suggested that cyclohexyl hydro
peroxide, known to be stable above room tem
perature, 16 was not a major product. Bakh16 
has reported that hydroperoxide is the major 
oxidation product ((? = 1 .2 ) along with carbonyl 
(G = 0.6) and a small amount of acid (G =  0.2). 
The total yield of oxidized product reported by 
Bakh is considerably smaller (factor of three) 
than the present results.

The oxygen results show that the residual cyclo
hexene yield is independent of the oxygen concen
tration which suggests that it may be formed by a 
molecular process

C:gH i2 — OJUj  -f- H2 (1-a)
The major oxidation products can be accounted 
for by the sequence which was proposed recently

CeHu -f- O2 C6H11O2 (6)
2C6Hn0 2 — >  CcH10O +  C6H „OH +  0 2 (7)

by Russell. 17 In the absence of any complicating 
chain reactions the product yields lead to (/(cyclo
hexyl radicals) = 7.2. In the absence of oxygen a 
similar calculation based on product yields gave 
G(cyclohexyl radicals) = 7.6. Oxygen appears, 
therefore, to be a useful solute for radical counting. 
In view of the good agreement for the yield of cyclo
hexyl radicals obtained in the presence and absence 
of oxygen, it is proposed that the H-atoms formed 
in reaction 1 either abstract as in reaction 2  or, 
more likely in the presence of oxygen, they form 
H02 radicals which react as

H 0 2 +  C6H12 — ^ H2O2 +  C6H u (8)
Cyclohexane samples saturated with iodine 

(~0.04 M) were irradiated in a special water-cooled 
cell equipped with a magnetic stirrer to ensure that

(14) The author is indebted to G. A. Russell for this suggestion.
(15) A. Farkas and E. Passaglia, J. Am. Chem. Soc., 72, 3333 

(1950).
(10) N. Bakh, Inter. Conf. Peace. Use At. Energy, 7 , 538 (1956),

United Nations, N. Y.
(17) CJ. A. Russell, / .  Am. Chem. Soc., 79, 3871 (1957).
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saturation with iodine was maintained. The 
chromatograms showed the presence of the fol
lowing products: cyclohexene, hexyl iodide, cy
clohexyl iodide and a small amount of dicyclohexyl. 
The cyclohexene yield under these conditions was 
( ? ( C 6H io)  = 0.8. The yield of hexyl iodide was 
G = 0.3, while the cyclohexyl iodide yield was G =
4.0 and the dicyclohexyl yield G = 0.3. Fessenden 
and Schuler18 have reported that at low-iodine 
concentrations the yield for formation of alkyl 
iodide was G = 5.6 which increased to about G =
7.5 in saturated iodine solutions. In the present 
work the yield of observable alkyl iodide was G =
4.3, which is much lower than the value reported 
by Fessenden and Schuler. However, since the 
latter authors did not specify the nature of the alkyl 
iodides formed, a rigorous comparison is not pos
sible at present.

The yield of cyclohexyl radicals deduced from the 
iodine experiments would be (7(cyclohexyl radicals) 
= 4.0, a value appreciably smaller than that de
duced from the oxygen and vacuum experiments. 
These results are consistent with the above mech
anism, if it is assumed that the H-atoms react with 
iodine, thereby eliminating reaction 2  and ef
fectively decreasing the yield of cyclohexyl radi
cals by one-half. Schuler19 has cautioned against 
the use of iodine as a radical counter at concentra
tions greater than 10~ 3 M. In the liquid butane 
system, however, the yields of Ci to C4 radicals 
were independent of iodine concentrations from 
10- 3  M  to above 10~ 2. 20 It is concluded there
fore that the yield of cyclohexyl iodide is a measure 
of the cyclohexyl radical yield from reaction 1 . 
Since it is postulated that reaction 2  is eliminated 
by iodine, then the total yield of cyclohexyl radi
cals would be 8  (in absence of iodine) in approxi
mate agreement with the results obtained in the 
presence and absence of oxygen.

The residual yield of cyclohexcne in the presence 
of iodine is consistent with the suggested molecular 
reaction (la). This conclusion is contrary to that 
of Burton, et al.,7 who have suggested that iodine

(18) R. W. Fessenden and R. H. Sehuler, T h i s  J o u r n a l , 79, 273 
(1957).

(19) R. H. Schuler, T h i s  J o u r n a l , 62, 37 (1958).
(20) C. E. McCauley and R. H. Schuler, J. Am. Chem. Soc., 79, 

4008 (1957).

acts to suppress the molecular formation of cyclo
hexene.

Effect of Temperature.—The effect of tempera
ture on the radiolysis of cyclohexane was examined 
at room temperature and at liquid nitrogen tem
perature. There was little effect of temperature 
on the cyclohexene formation (Fig. 1, crosses) and 
only a small effect, if any, on the formation of 
dicyclohexyl (Fig. 2, crosses). The formation of 
methylcyclopentane and the C6 hydrocarbon prod
uct also appeared to be independent of tempera
ture. These results are consistent with the recent 
results of Burton, et al.,0 showing that the hydrogen 
yield is independent of temperature.

Conclusion
The major products formed in the radiolysis of 

liquid cyclohexane result from C-H bond cleavage 
without rupture of the ring. A minor amount of 
product results from fragmentation and isomeriza
tion of the ring system. These results are quali
tatively consistent with mass spectrometric studies 
of cyclohexane which show high stability for the 
parent molecule-ion. The role of molecule- 
ion reactions in the condensed phase is, at the 
present time, largely a matter of speculation. The 
present results are consistent with a mechanism 
which involves the formation and decomposition 
of excited cyclohexane molecules. Reaction lb is 
included to represent the small amounts of products 
which result from ring fragmentation and isomeriza
tion reactions. The present results show that of the 
excited molecules that decompose approximately 
15% give products directly (molecular process).

c-C6H12 — ^

c-C6H„ -  H

c-C6H,„ +  H.. 

Ri -|- Ita (RH)

(1)

(la)
(lb)
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STUDIES ON FORMATION AND AGING OF PRECIPITATES. XLVI. 
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Lead sulfate crystals were precipitated by rapid mixing of solutions of lead perchlorate and alkali sulfates or sulfuric acid 
of varying concentrations in polyethylene beakers. Except with potassium sulfate sharp maxima in particle size were found 
at intermediate supersaturations. In equimolar lead perchlorate-sulfate suspensions the maximum occurred at the following 
concentrations of lead sulfate: 6.4 X  10~3 M  with sodium, 6.2 X  10“ 3 M  with lithium, 6.6 X 10- 3 .1/ with ammonium sul
fate, 7.0 X  10-3 M  with sodium bisulfate, and 6.9 X  10-3 M  with sulfuric acid. At lead sulfate concentrations greater than 
those at the maximum the particle size and the relative degree of perfection decreased rapidly, while the specific surface de
termined by the radioactive method increased sharply. Specific surfaces of highly imperfect crystals were determined by 
the radioactive method in a medium of 60-90% ethanol. The same results in exchange experiments were found using radio
active sulfate (S350 4) and lead (Pb210). A plot of the log of the induction period t versus the log of the molar concentration 
c, of lead sulfate was found to be composed of three straight lines, indicating that the usual relation: log t — constant xcC, 
does not hold for lead sulfate. At the high supersaturations used in the present study the nucleation reaction rate increases 
greatly toward the end of the induction period, a result which is in contrast to a homogeneous nucleation reaction as the only 
source of formation of nuclei.

In recent years many studies have been made of 
the kinetics of precipitation of slightly soluble salts 
at relatively low supersaturations. O’Rourke and 
Johnson3 reviewed the theories of nucleation and 
crystal growth under these conditions. Their con
clusion is that nucleation occurs as a homogeneous 
reaction in relatively weakly supersaturated solu
tions. Systematic studies on solutions of very high 
degree of supersaturation are lacking in the litera
ture. Christiansen and Nielsen4 determined in
duction periods in highly supersaturated solutions 
of barium sulfate and of silver chromate, but their 
interpretation assuming homogeneous nucleation is 
not supported by other experimental evidence, as 
was shown in a recent study by Nielsen.5 Results 
on the precipitation of lead sulfate described in the 
present paper are also contrary to homogeneous nu
cleation at relatively large supersaturations.

The solubility of lead sulfate is more than ten 
times greater than that of barium sulfate and a wide 
range of supersaturations can be studied in the pre
cipitation of lead sulfate. In our study supersatu
rated solutions of lead sulfate were prepared by 
rapid mixing under conditions of rapid stirring of 
equimolar solutions of sulfates and lead perchlo
rate. Under standardized and reproducible condi
tions of precipitation the effect of concentration 
and of the specific nature of the reactants on the 
characteristics of the precipitates was studied. 
The habit of crystalline fresh precipitates was ob
served microscopically and the approximate size 
estimated from these observations. Specific sur
faces were determined by a modification of the 
method of Paneth6 using exchange with the radio
active isotopes Pb210 and S®Oi. Also, the appar
ent degree of perfection was determined by measur
ing the apparent rate of exchange of aqueous sus-

(1) From a Doctor’s Thesis, submitted by Bartholomeus van’ t 
Riet to the Graduate School of the University of Minnesota, 1957. 
Presented before the 134tli A.C.S. Meeting, September, 1958, Chicago, 
111.

(2) This investigation was supported by a grant from the Office of 
Ordnance Research.

(3) J. D. O’Rourke and R. A. Johnson, Anal. Chem., 27, 1699 (1955).
(4) J. A. Christiansen and A. E. Nielsen, Acta Chim. Scand., 5, 673 

(1951).
(5) A. E. Nielsen, J. Colloid Sci., 10, 576 (1955).
(6) F. Paneth, Z. Elektrochem., 28, H3 (1922).

pensions of the precipitates with solutions con
taining radioactive lead or sulfate.

Induction periods were determined in two differ
ent ways. In one method the time elapsec before 
appearance of a precipitate was determined. The 
other method is novel and based on the fact that 
the dye wool violet is strongly coprecipitated with 
lead sulfate. Wool violet was added to the super
saturated solutions of lead sulfate at various periods 
of time after mixing of the reactants. When the 
dye was added during the induction period a maxi
mum amount of dye was found in the crystals. This 
amount decreased when the dye was added after 
the induction period. Only surface adsorption 
was observed when the dye was added after com
plete formation of the crystalline precipitate. Thus 
the curve giving the amount of wool violet in a 
given weight of lead sulfate plotted vs. time of addi
tion after mixing gives a measure of the induction 
period and of the time of completion of crystalliza
tion.

Experimental
Chemicals.— Merck Analytical Reagent grade potas

sium, sodium and ammonium sulfates were used to prepare 
0.05 M  stock solutions in twice distilled water. These were 
filtered through fine glass filters before use in precipitation 
experiments. “ Chemically pure”  lithium sulfate of Riedel 
de Haen and anhydrous sodium perchlorate of G. F. Smith 
Co. were used to make stock solutions 0.10 and 2.00 M, 
respectively, in these reagents.

Lead perchlorate was prepared according to the directions 
of Hershenson, et aU  Reagent grade yellow lead oxide of 
General Chem. Co. was used to neutralize 70% Baker 
Analytical Reagent, grade perchloric acid. After filtration 
through a fine glass filter the solution appeared to be strongly 
buffered at pH ca. 5.0. Perchloric acid was added to lower 
the pH to 3.0 and then the solution was diluted to a concen
tration of 1 M  in lead. Unless otherwise stated all reactant 
solutions were acidified to a pH of 3.0 with perchloric acid.

Radioactive Materials.— Pb210 (Ra-D) was separated 
from deposits in old radon bulbs in which this lead isotope 
accumulates. The deposits were dissolved in a mixture of 
dilute nitric and hydrofluoric acid. After adjusting the 
pH to 2 with dilute sodium hydroxide, Ra-E and Ra-F were 
removed by extracting twice with 0.005% dithizons in car
bon tetrachloride. Extraction of lead is insignificant at this 
pH. The aqueous layer containing Ra-D was adjusted 
to pH 10.5 with 1 .V ammonia. After addition of cithizone 
the lead dithizonate was extracted at this pH ir. carbon

(7) H. M. Hershenson, M. E. Smith and D. N. Hume, J. Am. Chem. 
Soc., 75, 507 (1955).
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Fig. 1.— Size distribution of lead sulfate crystals.

Initial molarity of lead and sulfate in mixture.
Fig. 2.— Relation between particle size and concentration 

in mixtures of solutions of lead perchlorate and of various 
sulfate: I, H2S04; II, Na2S04; III, NaHS04; IV, K 2SO<.

tetrachloride, from which the lead was extracted again with 
aqueous 0.1 N  perchloric acid. The extractions were done 
a short time before each experiment.

Pb210 has a half-life of 22 years; it decays to Bi210. The 0- 
particles given off are too soft to be measured with an or
dinary Geiger counter. The daughter element Bi210 decays 
with a half-life of 5 days to Po210; /3-particles of high energy 
are emitted which can be measured with a Geiger counter. 
In exchange experiments using Pb210 the quantity of this 
isotope can be measured by determination of the equilib
rium concentration of Bi111 in the sample. This build-up 
requires a waiting period of 15 days at least. Correction 
was made for non-attainment of equilibrium.

Radioactive S35 was obtained from Oak Ridge in the form 
of II2S®0, in 0.4 ml. of 0.89 N hydrochloric acid (no inactive 
sulfur). The half-life of S35 is 87.1 days ((¡-decay). The 
energy of the (¡-particles is 0.167 M ev., and sufficiently 
high to be measured with the Geiger counter. The activity 
of the solution was 10 meuries on arrival. The solution was 
diluted 10,000-fold with twice distilled water. The low 
concentration of sulfuric acid in the stock solution elimi
nated the possibility of precipitation of lead sulfate on addi
tion of the radioactive solution to saturated solutions of lead 
sulfate, even if they contained a large excess of lead ions.

Microscopic and Radioactive Measurements.— Precipi
tates were observed under a Spencer microscope and photo
graphs were made using a Bausch and Lomb eyepiece camera. 
Length measurements on crystals were made, using a Leitz 
micrometer eyepiece which was calibrated with a grating 
on a slide.

Radioactivity of solutions was measured after evaporation 
by exposure to infrared radiation of a neutralized aliquot 
portion. Counting was done using a thin mica window 
Geiger counter TCG2-1B-84 connected to a conventional 
scaler unit.

Method of Precipitation.— In order to get reproducible 
precipitates the reactant solutions must be mixed rapidly. 
Generally 50 ml. of each solution (pH 3.0) was used to give 
the reported concentrations in the mixtures. Either the 
sulfate or the lead solution was poured wi'hin one second 
into the other reactant solution from graduates of 50 ml. 
content. Rapid mixing was carried out in a 450-mL poly
ethylene beaker in which a perpendicularly bent silicone 
coated glass rod was stirred at a rate of 500 r.p.m. In 
experiments in which the concentrations of lead and sulfate 
exceeded 0.05 M  in the mixture the sulfate solution was 
poured within one-half of a second into the lead solution 
from a 50-ml. beaker, or vice versa. With rapid mixing no 
difference in the properties of the crystals was observed be
tween “ direct”  and “ reverse”  precipitation.

Generally the experiments were carried out at 25 ±  0.1°. 
Crystal growth was allowed to proceed in stirred mixtures of 
the reactants. When the concentration of the reactants 
was greater than 2.5 X 10“ 3 M  the precipitation was virtu
ally complete within 5 minutes and the precipitate then was 
examined under the microscope.

Under the specified experimental conditions deviations 
from mean particle length wrere found to be small. As an 
example, a size distribution curve is illustrated in Fig. 1. 
The precipitate was formed from a mixture 5 X  10 “ 3 M  in 
sodium sulfate and 5 X 10 ~3 M  in lead perchlorate under 
the specified conditions.

Appreciable deviations from mean size were observed if 
precipitation occurred in non-stirred solutions, or when 
glass beakers, or even silicone coated glass beakers were 
used. Precipitates in glass beakers contained agglomerates 
of very small crystals, which prohibited a precise count.

Change of Supersaturation During Crystal Growth.— The 
following methods were used.

(a) At a given time after mixing the supersaturation was 
suddenly decreased to saturation conditions by addition of a 
eomplexing agent, e.g., E .D .T .A ., acetate or by dilution 
with 0.001 N  perchloric acid solution.

(b) At a given time after mixing the supersaturation was 
suddenly increased to a value at which a different crystal 
habit is observed upon direct mixing.

Effect of pH.—-Because appreciable hydrolysis to basic 
lead salt occurs in unacidified lead perchlorate solutions, the 
effect of pH on particle size was studied in mixtures of solu
tions of lead perchlorate and sodium sulfate. Pronounced 
variations in size were observed with mixtures of pH higher 
than 3.2. Unless stated otherwise the pH of the mixtures 
was 3.0.

Results
Particle Length as a Function of the Concentra

tion of the Reactants.—Mixtures of solutions of 
lead perchlorate and of sulfuric acid or alkali 
sulfate were made in concentrations varying from 
0.001 to 0.1 M  lead and sulfate in the mixtures. Af
ter precipitation from stirred solutions the length 
of the crystals was measured. Some of the results 
are presented graphically in Fig. 2.

Under the same conditions the curves in Fig. 2 
obtained with lithium and ammonium sulfate, so
dium bisulfate and sulfuric acid were very similar to 
those found with sodium sulfate. Az a concentra
tion of 1.25 X 10' 3 M  rhombohedra were observed 
(Fig. 3A). Increasing the concentration to 2.5 X 
10~3l f  (Fig. 3B) and 5 X 10~3 M  (Fig. 3C) resulted 
in a deformation of the rhombohedra to rectan
gular crosses with preferred growth in one direction, 
while an increase to 6  X 10_3 M  with sodium sul
fate as a precipitant produced crystals composed of 
obtuse angle crosses which reacted a maximum 
length at a concentration of 6.4 X 10~3ilf (Fig. 3D). 
The length decreased sharply with increasing con-



June, 1959 P recipitatio n  of Lead  Sulfate  at  R oom T em peratu re 819

Fig. 3.— Photographs of lead sulfate crystals, 530 X ; the concentration and kind of reactants are given in text.
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Hr. of contact with radioactive soin.
Fig. 4.— Exchange between 205 mg. of lead sulfate and 

50 ml. of 5.0 X  10-5 M  sulfuric acid: I, solution 80%
ethanol; II, solution 90% ethanol.

Molarity of lead and sulfate in mixture ( X  1000).
Fig. 5.— Surface exchange of lead sulfate as a function 

of the concentration in the precipitation mixtures: I,
Na,S04; II, Iv2S04.

6 12 18 24 30 36 42 48
Hr. of contact with radioactive soin.

Fig. 6.— Apparent rate of exchange between load sulfate 
and aqueous solutions of sodium sulfate. Precipitates from 
mixtures of solutions of sodium sulfate and lead perchlorate 
of the following concentrations in the mixture: I, 0.01;
II, 0.0075; III, 0.0063 M. Mixtures of potassium sulfate 
and lead perchlorate solutions were used of the following 
concentrations in the mixture: IV, 0.01; V, 0.005; VI, 
0.003 M.

centration (Fig. 3E: 7 X 10_3 df; F: 0.01 M  lead 
sulfate).

With potassium sulfate as a precipitant no sharp 
maximum in particle length was found (curve IV, 
Fig. 2). Also, the crystal habit was different from 
those observed at the same lead sulfate con
centration with the other sulfates. Figure 3G and 
H show crystals from solutions 5 X 10- 3  M  and 
0.01 M  in lead sulfate, respectively, with potassium 
sulfate as the precipitant. Crystals from solutions 
of the same lead sulfate concentrations, but with 
sodium sulfate as the precipitant, are reproduced in 
Fig. 3C and F, respectively.

Specific Surface of Fresh Precipitates.—The 
radioactive method of determining the specific 
surface of lead sulfate in equilibrium with its satu
rated solution originates with Paneth.6 Extensive 
studies by Kolthoff and Rosenblum8 on the ex
change of radioactive lead between lead solutions 
and solid lead sulfate showed that as a result of re
crystallizations the extent of exchange becomes 
greater than that which corresponds to the original 
surface and it increases with time of shaking. In 
order to minimize the effect of recrystallization the 
exchange experiments were carried out in media 
which were 60-90% in ethanol.

The apparent exchange was calculated from the 
following relationship

apparent %  exchange =  f f ao1 X X  100prec 211

(Msoi = mmoles of tagged lead or sulfate in solu
tion which contains all the initial radioactivity; 
ilfprec = mmoles of solid lead sulfate; A q =  initial 
activity of an aliquot portion of solution; At =  ac
tivity of a same aliquot of solution after time t). 
As an example, the variation with time of the extent 
of exchange between 205 mg. of a 20 minutes old 
precipitate separated from a mixture which was 1 2  
X 10~ 3 M  in lead sulfate (with sodium sulfate as 
precipitant) and 50 ml. of 5.00 X 10~ 6 M  radioac
tive sulfuric acid in 80 and 90% ethanol, respec
tively, is given in Fig. 4. Because of rupture of 
crystals upon continuous shaking of the suspen
sions during exchange experiments the vessels con
taining crystals and radioactive solution were 
swirled repeatedly by hand for a few seconds before 
centrifugation and sampling of the supernatant 
liquid for activity measurements. The exchange 
extrapolated to time zero (Fig. 4) yielded a surface 
corresponding to 0.66 and 0.63 mole % of sulfate 
in 80 and 90% alcohol, respectively.

It is of interest to mention that the same values 
were found when radioactive lead instead of sulfate 
was used in the same alcoholic media containing 
radioactive lead as lead perchlorate. This result 
has been found with all precipitates tested and 
agrees with results obtained by Stow and Spinks9 
with lead sulfate.

Specific surfaces of 20 minutes old precipitates 
obtained with sodium and potassium sulfate respec
tively as précipitants from mixtures containing

(8) I. M. Kolthoff a n d  C .  Rosenblum, J. Am. Chem. Soc., 5 5 , 2656 
(1933); 56,1264,1658 (1934); 5 7 , 597,607,2573,2577 (1935); 58, 
116, 171 (1936).

(9) R. M. Stow and J. W. T. Spinks, Canadian J. of Chem., 33, 938 
0955).
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varying amounts of lead sulfate are given in Fig. 5. 
The differences between sodium and potassium sul
fate are given in Fig. 5. The difference between so
dium and potassium sulfate is strikingly noticeable. 
Varying the initial concentration of lead sulfate 
from 0.005 to 0.01 M  gave a surface exchange of 
0.030 and 0.59 mole % of the solid, respectively, 
with sodium sulfate and of 0.19 and 0.22% with 
potassium sulfate as precipitant. This large dif
ference in specific surface of crystals obtained with 
either sodium or potassium sulfate as precipitant is 
in qualitative agreement with the results presented 
in Figs. 2 and 3.

Degree of Perfection of Precipitates.—Debye- 
Scherrer X-ray photographs of crystals formed at 
all concentrations of reactants gave the normal 
pattern of orthorhombic lead sulfate. In order to 
distinguish between different degrees of perfection 
of crystals obtained at different supersaturations 
the rate of exchange between radioactive sulfate or 
lead in solution and solid lead sulfate was deter
mined. After establishment of surface equilibrium 
the rate of additional exchange is a measure of the 
rate of recrystallization which indicates the rela
tive degree of perfection of the crystals.

In comparing rates of exchange of various pre
cipitates the weight of precipitate, volume and con
centration of the radioactive solutions and method 
of treatment were kept the same. Under these 
conditions the surface areas exposed to the solution 
by the precipitates are different because the specific 
surface of the various precipitates is different.

Rates of exchange were determined using 0.65 
mmole of lead sulfate and 50 ml. of an aqueous 
solution 10- 3  M  in tagged sodium sulfate and 10~ 8 
M  in perchloric acid. After completion of precipi
tation the crystals were separated by centrifuga
tion, washed twice with 10~ 3 M  perchloric acid and 
once with inactive 10- 3  M  sodium sulfate solution. 
The centrifuged precipitates were 20 minutes old 
before being in contact with the radioactive solu
tion. The mixtures were shaken in 1 0 0 -ml. bottles 
in a horizontal shaker with a stroke of 4 cm. The 
exchange as a function of time is given in Fig. 6  for 
a variety of precipitates. Exchange with precipi
tates from solutions 0.005 M  in lead perchlorate 
and in sodium sulfate was only 0.5 mole % sulfate 
after 3 days.

Rates of exchange also were determined between 
lead sulfate and 10- 3  M  tagged lead perchlorate in 
aqueous 10- 3  M  perchloric acid. In these experi
ments the final washing of the crystals was made 
with inactive 0.001 M  lead perchlorate instead of 
sodium sulfate solution. Rates of exchange were 
approximately the same as those found in sodium 
sulfate solutions containing radioactive sulfur.

Precipitates from mixtures 0.01 M  in lead per
chlorate and 0.01 M  in sodium sulfate gave 100% 
exchange after 24 hours of contact between crystals 
and solution. Portions of this precipitate were 
aged for four hours in various media and the rate 
of exchange determined. The results, plotted in 
Fig. 7, show that aging is promoted by increasing 
concentration of sulfate in the aging medium while 
an excess of 0.01 M  lead inhibits the aging.

The influence of adsorbed wool violet on the rate

Hr. of contact witn radioactive soln.
Fig. 7.— Effect of aging on -he.rate of exchange: I, fresh 

precipitate (20 minutes old); II, III, IV and V, exchange 
after 4 hours of aging in the following media, respectively; 
II, 0.01 M  lead perchlorate; III, saturated lead sulfate in 
0.001 M  perchloric acid; IV, 0.011 M ; V, 0.10 M  sodium 
sulfate.

Hr. of contact with radioactive soln.
Fig. 8.— Exchange in the presence of the dye wool violet: 

I, no wool violet; II, 6 mg. W. V./liter (adsorption 17% of 
saturation value); III, 30 mg. W. V./liter (adsorption 45% 
of saturation value); IV, 9C mg. W. V./liter (adsorption 
78% of saturation value); V, 200 mg. W. V./liter (adsorp
tion 100% surface saturation, the adsorption was 4.55 mg. 
W. V ./g. lead sulfate).

of exchange was determined by addition of varying 
amounts of the dye to the suspension before adding 
radioactive sulfate. These experiments were done 
in aqueous solutions and the measurements of small 
rates of exchange in sulfate exchange experiments 
could be done accurately only in solutions with low 
concentrations of sulfate. The precipitates were pre
pared by mixing 33.5 ml. of 0 .0 2 2  M  lead perchlo
rate with 33.5 ml. of 0.02 M  sodium sulfate (pH
3.0). Two minutes after mixing and stirring wool 
violet solution (4 g. of W. V./liter) was added in 
varying amounts. Five minutes after W. V. addi
tion and stirring the solution was made radioactive 
by addition of 0 .6  ml. of H2S*04 stock solution and 
the exchange was determined after various periods 
of time. From the results in Fig. 8  it is clear that
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Log molarity of lead sulfate in mixture ( +  3.0).
Fig. 9.— Induction periods in precipitation of lead sulfate 

with sodium sulfate as precipitant.

even very small amounts of W. V. inhibit exchange. 
However, in agreement with previous results10 
complete coverage of the surface with dye is nec
essary to prevent exchange as a result of recrystal
lization.

Induction Periods (I.P.).—In determinations of 
the I.P. at relatively high concentrations the wool 
violet method was found to give practically the 
same results as observations of the first appearance 
of turbidity. The W. V. method was very useful in 
determination of I. P. in solutions of relatively low 
supersaturations. In those cases it was difficult to 
observe the exact time of turbidity in the opaque 
polyethylene beaker.

In Fig. 9 the log of I.P. in seconds is plotted vs. 
the log of concentration of PbSCh in the original 
mixtures of lead perchlorate and sodium sulfate. 
The reproducibility of the determinations was 
±0.5 second up to I.P.’s of 10 seconds; longer I. 
P.’s were measured with a precision of ±5.0%. 
The supersaturated mixtures were prepared from 
the same stock solutions of reactants which had a 
pH of 2.8. At concentration A in Fig. 9 the 
shape of the crystals changes from rectangular to 
obtuse angle crosses. At concentration B the 
maximum particle length is attained.

The following empirical relations are derived 
from Fig. 9: rectangular crosses are formed (ci var
ies between 3 and 5 X 10~ 3 M)

I.P. = A-1 X e r " 1; Wi =  1.7 ±  0.07

Obtuse angle crosses are formed (c, between 5 and
6 .8  X 10- 3M)

I.P. =  A-. X n —*; n,_ =  2.8 ±  0.15
Rapid decrease of particle length with increase of 
c, (c; greater than 6 .8  X 10” 3 M)

I.P. =  As X  ci“ “1; n-a =  approximately 8.0
The molar concentration of lead sulfate in the 
original mixture is denoted by c,\.

(10) I. M. Kolthoff and C. Rosenblum, J. Am. Chcm. Soc., 57, 007
(1905).

Sudden Changes of Supersaturation during Pre
cipitation.—Supersaturated solutions of lead sulfate 
were diluted rapidly during and after the induction. 
A mixture which was 0.0075 M  in both lead per
chlorate and sodium sulfate had an I. P. of 4.5 sec
onds. The resulting crystals had a length of about 
10 ¿i. When the mixture was diluted rapidly 2 to 3 
seconds after preparation to a concentration of 
0.005 M  lead sulfate the length of the crystals was 
55 n after complete precipitation, the same length 
as of crystals precipitated from a mixture which 
was originally 0.005 M  in lead sulfate. When the 
0.0075 M  mixture was diluted to 0.05 M  4 seconds 
after its preparation the crystal length was 30 /j, 
and when diluted after 4.5 or more seconds ap
proximately 10 m in length. Therefore, dilution 
after termination of the induction period did not 
affect the size of the crystals.

The effect of sudden increase or decrease of su
persaturation on crystal habit was studied by mak
ing solutions more or less supersaturated after the 
induction period. The crystals present at the end of 
the induction period formed the center of crystals 
on which additional growth took place in directions 
found at original supersaturations identical with the 
supersaturation after the sudden change. For de
tails on these experiments and photographs the 
reader is referred to the thesis of the junior author. 1

Discussion
The interesting observation can be made that the 

center of all the crystals has the habit of a rhombo- 
hedron. At low supersaturations the final crystals 
are composed of more or less perfect rhombohe- 
dra (Fig. 3A). With increasing supersaturation 
the rate of crystal growth increases and rectangular 
crosses are observed (Fig. 3B and C). When the 
supersaturation is further increased, using sodium 
sulfate as precipitant, another preferred growth is 
observed, resulting in the formation of obtuse 
angle crosses which reach a maximum length at an 
original concentration of 6.4 X 10“ 3 M  in lead sul
fate (Fig. 3D) in the original mixture. This con
centration for maximum length is sharply de
fined and is equal to 6.2 X 10“ 3 M  -with lithium 
sulfate, 6 .6  X 10“ 3 M  with ammonium sulfate,
7.0 X 10~ 3 M  with sodium bisulfate, and 6.9 X 
1 0 ~ 3 M  with sulfuric acid. Above this concentra
tion the rate of formation of nuclei becomes so great 
that the size of the crystals decreases sharply, but 
they are obtuse angle crosses, or mixtures of these 
with needles.

Dilution of a precipitating mixture before the 
end of the induction period affects the crystal size. 
The size corresponds closely to that observed when 
the original mixture was at the same concentration 
as the diluted mixture. This is no longer true when 
dilution occurs just before, or at, or after the end of 
the induction period. These results indicate that 
the majority of nuclei are formed in the later stages 
of the i. P. and that under our experimental condi
tions of high supersaturation the homogeneous nu- 
cleation cannot be the only source of formation of 
nuclei. Apparently, nuclei formed during the I. P. 
promote the formation of new nuclei.

From Fig. 9 it is evident that the usually valid 
relation between induction period t and the ooncen-
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tration c-, of lead sulfate in the original mixture: t =  
constant X cff does not hold. In the concentration 
range between 3 and 5 X 10- 3  M  n is 1.7, it in
creases to 2.8 in the region between 5 and 6 .8  X 
10~ 3 M  (maximum particle length in Fig. 2) and it 
becomes about 8  at higher concentrations. Nielsen5 
plotted all the known data for the relation between 
log t and log concentration in the precipitation of 
barium sulfate. It is of interest to note that this 
plot was also composed of three straight lines, al
though the slopes varied in a different way from 
those in Fig. 9. This complicated relationship is 
probably accounted for by the fact that the induc
tion period involves both a rate of nucleation and a 
rate of growth and that the order of growth reac
tion varies with the concentration of lead sulfate in 
the supersaturated solution.

With potassium sulfate as a precipitant the ob

servations are quite different from those with the 
other sulfates studied. Potassium sulfate can form a 
double salt with lead sulfate11 and at higher con
centrations double salt formation may account for 
the different behavior found with potassium sulfate 
as a precipitant. While not reported in the experi
mental part it may be mentioned that the effect 
of potassium also is observed when part of the so
dium sulfate is replaced with potassium sulfate. If 
lead perchlorate is replaced with lead nitrate, simi
lar particle length curves are obtained as described 
in the present paper with deviating behavior of po
tassium sulfate from the other sulfates studied.

Acknowledgment is made to Dr. P. R. O’Connor 
for help in the performance of radioactive measure
ments, and to Dr. K. R. Lawless for help in making 
the photographs.

(11) M. Randall and D. L. Shaw, ibid., 57, 427 (1935).

REDUCTION OF DICHROMATE ION BY THALLOUS ION 
INDUCED BY t-RADIATION

B y  T h o m a s  J. S w o r s k i 1

Chemistry Division, Oak Ridge National Laboratory,2 Oak Ridge, Tennessee 
Received December 27, 1958

Reduction of dichromate ion in air-saturated 0.4 M  sulfuric acid is induced by 7-radiation with G(Cr+ + +) =  y 3[2GH,o, +  
Gh — Goh]. G(Cr +++) is increased to V jPîGhiOi +  Gh +  Goh] by addition of thallous ion. Thallous ion is oxidized by 
OH radical yielding thallium(II) ion which reduces dichromate ion with concomitant production of thallic ion. Neither di
chromate ion nor the intermediate chromium(V) and chromium(IV) ions oxidize thallous ion to thallium(II) ion. Chromic 
ion at concentrations as high as 10~2 M  has no measurable effect on G(Cr +++) either in the presence or absence of thallous 
ion at concentrations as low as 10 _4 M. The specific reaction rate frcr++EoH is so low that (a) chromic ion at concentrations 
as high as 10-2 M  does not measurably decrease Gn,o, and (b) fc'n+.0H/7îCr++',',0H cannot be evaluated even with values as 
high as 100 for (Cr +++)/(T l+ ).

Introduction
G(Ce+ + + ) 3 for the reduction of ceric ion in sul

furic acid solutions has been postulated4 to be equal 
to 2(?h ,o 2 +  G h  — G o h  according to a mechanism 
in which H atom reduces ceric ion and OH radical 
oxidizes cerous ion

Ce4+ +  H — ^ C e +++ +  H+ (1)
Ce+++ +  O H — >  Ce4+ +  OH -  (2)

This mechanism was evidenced5 by concomitant 
oxidation of radioactive cerous ion during reduction 
of ceric ion. G(Ce+++) is increased6'7 to 2Gh2Oj +  
Gh +  G o h  by addition of thallous ion according to 
the sequence of reactions

T1 + +  OH — ^  Tl + + +  O H - (3)
Cc4+ +  T1 + + — s- Ce + + + +  T1+++ (4)

The oxidation of radioactive chromic ion during
(1) Union Carbide Nuclear Company, P. O. Box 324, Tuxedo, 

New York.
(2) Operated for the United States Atomic Energy Commission by 

Union Carbide Nuclear Company.
(3) The 100 e.v. yields of the intermediates H, OH, H2 and H2O2 

are denoted by Gn, Goh, Gm and G112O2. The 100 e.v. yield of prod
ucts of irradiation is denoted by C(product).

(4) A. O. Allen, Radiation Research, 1, 85 (1054).
(5) G. E. Challenger and B. J. Masters, ./. Am. Chem. Sor.., 77, 1063 

(1955).
(6) T. J. Sworski, ibid., 77, 4689 (1955).
(7) T. J. Sworski, Radiation Research, 4, 483 (1950).

reduction of dichromate ion has been presented8 as 
evidence that the mechanisms for reduction of di
chromate ion and ceric ion are identical. To fur
ther elucidate the mechanism for reduction of di
chromate ion, the radiation chemistry of thallous di
chromate solutions was investigated.

Experimental Procedure
Water was purified by a procedure previously established9 

in this Laboratory. The purest chemicals available were 
used without further purification. Solutions were irradi
ated with cobalt 7-radiation of homogeneous intensity dis
tribution provided by a cylindrical source.10 A 2-cm. cylin
drical cell could be placed inside of the source positioner of 
the cobalt source.10 The rate of energy absorption in solu
tion was determined by use of the ferrous sulfate dosimeter 
in the same irradiation cell. G(Fe+ ++) of 15.6 was deter
mined11 for the dosimeter by a calorimetric calibration in this 
Laboratory.

Dichromate ion reduction as a function of energy absorbed 
was followed in each solution through use of intermittent 
exposures. The optical density of the dichromate ion solu
tion in the irradiated cylindrical cell was measured after 
each period of irradiation with a Cary model 11 recording 
spectrophotometer. Cylindrical cells were obtained from

(8) M. Lefort and M. Lederer, Compt. rend., 242, 2458 (1956).
(9) C .  .T. Hochanadel, T his J o u r n a l , 56, 587 (1952).
(10) J. A. Ghormley and C. J. Hochanadel, Rev. Sei. Instr., 22, 473 

(1951).
(11) C. J. Hochanadel and J, A. Ghormley, J, Chem, Phys,, 21, 880 

(1953).
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Fig. 1.—Effect of Cr + + + and T l+ concentrations on the 
reduction of chromium(VI) ions in air-saturated 0.4 M  sul
furic acid. Initial Cr+++ concentrations were: •, 10~2ilf; 
©, 10_3A/; ©, 10“ 4ili; and O, none. Initial T l+ concentra
tions were: A, none; B, 1 0 C,  10~3ilf. Initial
K 2Cr207 concentration in all solutions was 2 X 10—4 AT. 
Fricke dosimeter: 34.9 micromoles/liter of Fe + + oxidized 
per minute.

the Pyrocell Manufacturing Company with special fused 
silica windows for high transparency in the short ultraviolet. 
Xo detectable change in optical density of the special fused 
silica windows was observed either at 305 or 350 m/j.

Changes in concentration of dichromate ion were deter
mined by use of a molar extinction coefficient of 2630 at 350 
mfi in 0.4 M  sulfuric acid determined relative to a molar ex
tinction7 for ferric ion of 2210 at 305 m,u in 0.4 M  sulfuric 
25°. This evaluation of relative molar extinction coeffi
cients by oxidation of ferrous ion by dichromate ion made 
an absolute determination of either one unnecessary. 
Thallous sulfate or chromic sulfate at concentrations up to 
10 ~s M  has no measurable effect on the molar extinction co- 
fficient of dichromate ion.

Results and Discussion
Cobalt y-radiation induces reduction of dichro

mate ion in air-saturat-ed 0.4 M  sulfuric acid as shown 
in Fig. 1 . The experimental points for a solution 
initially containing no chromic ion fall on a straight 
line which does not pass through the origin but 
has a positive intercept attributed to trace impuri
ties. The addition of chromic ion at concentrations 
up to 10~ 2 M  does not remove the effect of trace 
impurities. This is surprising since the effect of 
trace impurities on the reduction of ceric ion is re
moved7 by addition of cerous ion at concentrations 
as low as 1 0 ~ 3 M.

The measured value of 0.78 for G(Cr+++) is equal 
to V s^G h.o, +  GH — Goh] using the previously 
reported12 values of Gh2o2 = 0.78, Gh = 3.70 and 
Goh = 2.92. This value for G(Cr+++) indicates 
the reaction mechanism for reduction of dichromate 
ion is identical to the postulated4 reaction mecha
nism for reduction of ceric ion.

Effect of Thallous Ion.—G(Cr +++) in thallous 
dichromate solutions is increased to 1/z[2G-R ôi +  
Gh +  Goh] according to the sequence of reactions

(12) T . J. Sworski, J. Am. Chem. Soc., 76, 4687 (1954).

T1+ +  OH — >  Tl + + +  OH“  (3)
T l ++ +  Cr(VI) — >  T l +++ +  Cr(V) (5)

G(Cr+++) in thallous dichromate solutions is inde
pendent of total energy absorbed or variations in 
concentration of either dichromate ion or thallous 
ion as illustrated in Fig. 1. An extremely sharp 
change in G(Cr+++) from 2.59 to 0.78 occurs upon 
depletion of thallous ion in solution. The meas
ured value of 2.59 for G(Cr+++) is 5% less than 
the value of 2.75 for V 3[2G h 2o, +  G h  +  G o h ] using 
the previously reported12 values for G h 2o2, G h  and 
G o h .

The effect of thallous ion is identical in the re
duction of dichromate ion and ceric ion. Thallous 
ion increases G(Cr+++) by 232% and increases7 
G(Ce+++) by 231%. Goh measured by the in
creased reduction in the presence of thallous ion is 
equal to 2.72 for solutions of dichromate ion and
2.77 for solutions of ceric ion. These values for 
Goh are markedly lower than the previously re
ported12 value of 2.92. This discrepancy remains 
unexplained.

Goh can be determined by the time necessary to 
deplete thallous ion in solution with the assumption 
that G(T1+++) is equal to Goh according to the se
quence of reactions 3 and 5. Goh increases7 with 
increasing thallous ion concentration since reac
tion 3 is in competition with reaction 6

OH +  OH — >- H20 2 (6)
in regions of high ionization density. G o h  deter
mined by measurement of G(T1+++) will be higher 
than G o h  for the pure solvent. Thallous ion in 
10~ 4 M  concentration is depleted in 16.5 minutes as 
evidenced by the sharp change in G(Cr+++) shown 
in Fig. 1 . G o h  calculated from the data is equal to
2.71 and is evidence that the discrepancy is not at
tributable to errors in molar extinction coefficients 
for dichromate ion or ceric ion.

Effect of Chromic Ion.—Chromic ion at concen
trations as high as 10~ 2 M  has no measurable ef
fect on G(Cr+++) either in the presence or absence 
of thallous ion. This could be interpreted as evi
dence that OH radical does not oxidize chromic ion. 
It is more reasonable to conclude that the specific 
reaction rate fccr + + +,oH is less than A’ce + + +,oH or 
&T1+.OH. The oxidation of cerous ion by OH radi
cal and the oxidation of chromic ion by ceric ion 
support this viewpoint. It was not possible to eval
uate ATi+,OHAcr + + +,OH even with (Cr+++)/(Tl+) 
ratios as large as 1 0 0 .

G(Ce+++) in ceric solutions is decreased7 10% by 
cerous ion at a concentration of 10- 2  M  due to re
action 2  in competition with reaction 6  in regions of 
high ionization density. The absence of a measur
able effect on G(Cr++) by chromic ion in solutions 
free of thallous ion is evidence that chromic ion at a 
concentration of 10- 2  M  does not measurably de
crease G h 2o2-

This study of thallous dichromate solutions en
ables some conclusions to be reached concerning re
actions of the intermediate ionic species. Chro- 
mium(IV) and chromium (V) ions do not oxidize thal
lous ions since this would induce a chain reaction. 
Thallium(II) ion does not oxidize chromic ion since 
G(Cr+++) is independent of variations in chromic 
ion concentrations. The failure to observe these
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reactions to any measurable extent may be attrib
uted to unfavorable oxidation-reduction poten
tials. To explain why (a) thallous ion is not oxi
dized by chromium (IV) ion and (b) thallium (II) ion 
does not oxidize chromic ion, it can be assumed

that chromium(IV) ions produced during the reduc
tion of dichromate ion are oxyanions while oxida
tion of chromic ion by a one electron transfer proc
ess would yield a positively charged chromium (IV) 
ion.

ION-MOLECULE REACTIONS OF 1,3-BUTADIENE, OF ACETYLENE AND 
OF ACETYLENE-METHANE MIXTURES1
By R. Barker, W. H. H amill2 and R. R. W illiams, Jr .

Department of Chemistry, University of Notre Dame, Notre Dame, Indiana 
Received January 9, 1969

The reactions with molecules of positive ions formed in the electron bombardment of 1,3-butadiene, of acetylene and of 
acetylene-methane mixtures in the ionization chamber of the mass spectrometer have been investigated. Appearance 
potentials of the more important primary ions of 1,3-butadiene have been measured as well as the appearance potentials of 
all secondary ions. The heats and cross-sections of ion-molecule reactions have been calculated.

Introduction
Several studies of the reactions of hydrocarbons 

involving gaseous positive ions and neutral mole
cules in the ionization chamber of a mass spectrom
eter have been reported recently.3-6 These reac
tions, in order to be observed, necessarily have 
large cross-sections and negligible activation ener
gies. Such reactions are certainly of the greatest 
importance in radiation chemistry. They have 
been postulated as mechanistic steps in the gas 
phase radiolysis of methane,7 methane-argon mix
tures6 and ethane.8 It must be considered, how
ever, that quite different gas kinetic conditions 
prevail in the mass spectrometer at ca. 10-6 mm. 
and in conventional reaction vessels used for chemi
cal studies. Extrapolation to the liquid state in
volves still greater uncertainty since it appears that 
the ejected electron is recaptured by the parent ion 
within 10-13 sec.9 This recapture may preclude 
the possibility of an ion-molecule reaction in liquids 
except under favorable circumstances.10

The large cross-sections which characterize ion- 
molecule reactions arise from the long-range ion- 
induced dipole interactions.5 Lind originally pro
posed that these forces led to the formation of ion- 
molecule clusters to which he attributed the large 
ionic yields found for irradiated acetylene.11 The

(1) Contribution from  the R adiation  Project operated b y  the 
U niversity of N otre D am e and supported in part under Atom ic 
Energy Comm ission C on tract A T -(1  l-l)-3 8 . Presented in part at the 
132nd M eeting of the Am erican Chem ical Society, N ew  Y ork, N . Y ., 
Septem ber, 1957.

(2) T o  whom correspondence and requests for reprints should be 
sent.

(3) V. L. T a l’roze and A . K . L yb im ova, D oklady A kad. N auk  
S .S .S .R ., 86, 909 (1952).

(4) (a) F . H. Field, J. L . Franklin  and F . W . Lam pe, J . A m . Chem. 
Soc., 7 9 ,  2419 (1957); (b) 7 9 ,  2665 (1957).

(5) D . P . Stevenson, T his J o u r n a l , 6 1 , 1453 (1957).
(6) G . G . Meisels, W . H. H am ill and R . R . W illiam s, Jr., ibid., 6 1 , 

1456 (1957).
(7) F. W . Lam pe, J . A m . Chem. S oc., 7 9 ,  1055 (1957).
18) L . F. Dorfman, T h is J o u r n a l , 62, 29 (1958).
(9) A. H. Samuel and J. L. M agee, J. Chem. P h ys., 2 1 , 1080 (1953).
(10) In the event of electron capture in irradiated liquids, e.g ., 

organic halides, the positive ion would survive long enough to react 
with neighboring molecules, if reaction were possible.

(11) S. C. Lind, D . C . Bardw ell and J. H. Perry, J. A m . Chem. Soc., 
4 8 ,  1556 (1926).

present work suggests that the observed high ef
ficiency for acetylene may arise from an exothermic 
ion-molecule chain reaction.

Unlike the higher alkanes, which exhibit few ion- 
molecule reactions, the unsaturated hydrocarbons 
have proven to be rather prolific.45

Experimental
The measurements have been made w-ith a Consolidated 

Electrodynamics Corporation Model 21-103A mass spec
trometer. Slight modifications permitted magnetic scan
ning of ion peaks, adjustable repeller voltage and an ionizing 
voltage from 9-100 v. which w-as measured potentiometri- 
cally. Distances from the center of the electron beam to the 
repeller plate and to the exit slit, as supplied by the manu
facturer, are 0.124 and 0.135 cm., respectively. The ioniza
tion chamber was held at 250°. The ionizing (electron) 
current was 10.5 /¿amp. throughout. Magnetic scanning 
was performed mostly at an accelerating voltage of 2260 v.

The concentration of gas within the ionization chamber 
ŵ as found to be 1.68 X  1010 molecules cc .-I for each micron of 
inlet pressure. It was based upon the cross sections re
ported for the argon-hydrogen reaction and the methanol 
self reaction.12’13

Three types of measurement have been made: (a) the 
dependence of the ratio of secondary (daughter) ion current 
to primary (parent) ion current as a function of inlet gas 
pressure; (b) the dependence of this ratio on ion repeller 
potential; (c) the appearance potentials of all secondary 
ions and of the major primary ions of 1,3-butadiene, using 
the vanishing current method.

The appearance potential of the C3H3+ ion from 1,3-buta- 
diene was determined by direct comparison with a’-gon in a 
suitable mixture. A small contribution from C3H4 + to the 
m/e =  40 peak ŵ as corrected from the measured 40/39 
ion abundance ratios in 1,3-butadiene alone at the same pres
sure and over the same range of ionizing voltage. The value 
11.99v. for C3H3 +  so  obtained was used as a standard for the 
other ions from 1,3-butadiene.

Materials—Phillips Research Grade 1,3-butadiene was 
distilled repeatedly from trap to trap, retaining the middle 
fraction. Argon from Air Reduction Company was used as 
received. Commercial acetylene w-as passed through a trap 
at —120° to remove acetone and distilled repeatedly from 
trap to trap. Phillips Research Grade methane and meth- 
ane-dt from Trac.erlab, Incorporated, were used as received.

Results and Discussion
Appearance Potentials.— In order to character

ize the ion-molecule reactions in 1,3-butadiene it
(12) D. P. Stevenson and D . O. Schissler, J . Chem. P h ys., 2 3 , 1353 

(1955); D . O. Schissler and D . P. Stevenson, ibid., 2 4 , 926 (1956).
(13) This value has since been verified using the method described 

b y  D . P. Stevenson and D . O. Schissler, ibid., 2 9 , 282 (1958).
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R el.a A Hr obsd., A H ft  lit,..
Sourcem /e intens. Products AP or IP. v. kcal. m ole-1 kcal. m o le '1

54 79.0 c 4h 6+ 9 .13 237 23816 C 4H 6

53 58.8 C 4H5+ +  H 12 .1 252 264 c h 3c = c c h 3

52 9.9 c 4h 4+ +  h 2 13.0 326 329 c 8h 3

51 22.0 C 4H s+ +  Ho +  II 15.9 341 337 c 6h 3

50 26.5 C 4H2+ +  2H2 17.8 436 420 c h 3c = c c h 3
C 4H2+ +  H2 +  2H 332 351 h c = c c ^ c h

39 100.0 C Ä +  +  C H 3 11,99 272 26416 c 4h 3

38 8.7 c 3h 2+ +  c h 4 14.8 385 373 CH 2= C = (  :H2
37 8.0 C 3H + +  CH 3 +  l b 282«'' c 4h 8

C 3H+ +  CH 3 +  2H 20.7 3284Î> c 4h 8

28 4 1.7 c 2h 4+ +  C 2H2 13.4 281 255 C oH4
27 65.0 c 2h 3+ +  C ,H 3 16.2 317 30716 c 4h 6

C2H5+ +  C 2H o +  H 294 285 C 2HU
26 26.9 C 0H 0 + +  C oH 4 16.3 389

CoH,+ +  C 2H 3 +  H 267
Collo +  +  C 2H2 +  I l2 348 317 c 2h 2

“ These values, measured at 70 v., are in good agreement with those reported in the A.P.I. Project 44, National Bureau of 
Standards Catalog of Mass Spectral Data. 6 Unless otherwise identified the values are taken from ref. 17 for ions de
rived from molecules in the last column.

T a b l e  I I

I o n - M o l e c u l e  R e a c t i o n s

.— Secondary ion------ ✓— Primary ion----- «
m/e AP m /e AP Reaction — A-ffr,c kcal.

Acetylene“
37 21.2 13 21.7 CH+ +  CoH, =  CJ1+ +  H2 105
38 20.3 13 21.7 CH+ +  C2I12 =  C3Ho+ +  H 2
49 20.5 24 20.2 C2 + +  Collo =  C,H+ +  H 210^
50 11.7 26 11.4 C2H2+ +  CoH2 =  C4H2+ +  Ho 20
51 11.7 26 11.4 Collo + +  CoH, =  C4H3+ +  H 16'

Acetylene-methane
27 12.1 26 11.4 CoH2+ +  CH4 =  CoH3+ +  CH3 - 1 3 ( + 3 /
39 13.2 16 13.1 CH4+ +  CoH2 =  C Ä +  +  Ho +  H —  b °

40 11.7 26 11.4 C,H2+ +  CH4 =  C.3H4+ +  H2 20(15)*
41 11.6 26 11.4 C2H2+ +  CH4 =  C3H5+ +  11 27(17)*

l,3-Butadiene,J
65 14.9 38 14.7 C3Ho+ +  C4H6 =  C 5H5+ +  (CH, 103
66 9.1 54 9.1 OJI6+ +  C4H6 =  C,H6+ +  C,H, 27
67 9.0 54 9.1 C4H6+ +  C4Hs = C,H7+ +  C.,Hä 7
76 19.4 50 17.9 C4H2+ +  C4H6 = C6H4+ +  CHU 77
77 13.3 52 13.0 c .,h 4+ +  c 4h 6 = C6H5+ +  C,HS 26
78 9.4 54 9.1 C.,H,C +  C4H6 = C6H6+ +  C2H6 52
79 9.1 54 9. 1 c 4h 6+ +  C4H6 = c 6h 7+ +  c 2h 5
80 9.2 54 9.1 c 4h 6+ +  c 4h 6 = c 6h 8+ +  c 2h 4
91 12.3 39 12.0 c 3h 3+ +  c 4h 6 = c 7h v+ +  h 2 83

53 12.1 C..H.Ó+ +  C4H6 = C-H,+ +  CH4 81
92 11.8 39 12.0 C3H,+ +  C4H6 = C7H8+ +  H 31

53 12.1 0 4H6+ +  C 4H6 = C,H8+ +  CHa 31
93 9.4 54 9.1 C4He+ +  C4H6 = C7H9+ +  CH,

“ Appearance potentials for secondary ions in this group at m/e =  49, 50 and 51 were measured relative to that of C2H2 
taken as 11.4 v. Other secondary ions were referred to argon. Appearance potentials of primary ions at m/e =  13 and 2(i 
are from the literature17 while that for ions at m/e =  24 was measured relative to C2H2. 6 Appearance potentials for second
ary ions in this group were referred to that of C213C212H ,+ which was of a convenient intensity. e Heats of reaction AHr 
have been calculated from the observed values of AHf for the primary ions in Table 1. Values of AH f for secondary ions are 
from ref. 17 unless otherwise stated. d Based upon A i/f(C4H +) = 312 kcal. mole-1 ; see ref. 4b. e Based upon A77f(C4H ,+) 
= 303 kcal. mole-1 in ref. 4b. Choosing the value 335 kcal. mole-1 from ref. 17 gives AHr =  16 kcal. 1 Depending upon 
the appearance potential chosen, either 11.4 v. for the primary ion or 12.1 v. for the secondary ion. » Based upon AflV 
(C.iH3+) = 265 kcal. mole-1 from ref. 16. h Depending upon the choice of parent ion appearance potential. See ref. 17.

has been necessary to measure the appearance po
tentials of the more important primary ions. 
Results appear in Table I. The value for C3-H + is 
not reliable because of a long exponential tail. It

was not examined more carefully because a similar 
behavior in a secondary ion could not have been 
detected.

Values of AH{ have been obtained from the fol-
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lowing data14'15 all expressed in kcal./mole 
Afff(H) =  52.1, A fff(CH3) =  32.0, Atf,(CH4) =  -17.89, 
A/7t(C2H2) =  54.19, A fff(C2H3) =  83,17 A fft(C2H4) =  12.50, 

AH[( 1,3-butadiene) =  26.33
The ion-molecule reactions found for 1,3-bu- 

tadiene, acetylene and acetylene-methane mix
tures are listed in Table II. Heats of reaction 
AHr cannot be determined for reactions yielding 
secondary ions of masses 79, 80 and 93 because 
their heats of formation are unknown.

Reaction cross sections Q have been calculated in 
terms of ion currents I, the path length l of the pri
mary ion and n the number of molecules per cc. 
as discussed by Stevenson.6

/ s e c  “  7 prim f l lQ  ( 1 )

It has been observed that reaction cross sections 
vary with the applied repeller voltage E  either as 
Q =  BE~l/2 or as Q =  BE~l/* +  C. Because of 
the complexities arising from penetrating fields, 
space charge and initial kinetic energy we do not 
consider the difference significant. Either rela
tion is sufficient evidence of the theoretical require
ment of an inverse square root dependence of cross 
section upon repeller field strength.13 Calculated 
cross sections are summarized in Table III.

The relative abundances of secondary ions from
T able  III

Cross Sections of I on- M olecule R eactions at  V arious 
I on E nergies

Cross section X  101S, 
cm .2 m o le "1 at ion energy

Acetylene
Reaction 0.1 e.v. 1.0 e.v. 5.0 e.v.

CH + +  C 2H 2 == c 3h + +  h 2 385 104 56
CH + +  C 2H2 == C 3H 2 + +  H 251 63 36
C 2+ +  C 2H2 = C 4H + +  H 340 81 47
c 2h 2+ +  c 2h 2 =  C 4H2+ +  H, 284 45 24
c 2h 2+ +  C 2H2 = C 4H 3+ +  H 284 40 20

Acetylene-methane
C.H .+ +  CH 4 = C 2H 3+ +  CH , 512 138 34
c h 4+ +  C 2H 2 = c 3h 3+ +  h 2 +  h 917 242 50
c 2h ,+ +  c h 4 = C 3H 4+ +  H, 78 13 3.7
c 2h 2+ +  c h 4 = C 3H 5+ +  H 180 37 15

1,3-Butadiene
c 3h 2+ +  C 4H 6 = C 5H 5+ +  C 2H 3 222 103 42
c 4h 6+ +  c 4h 6 = C 5H 6+ +  C 3H 6 32 13 7
c 4h 6+ +  c 4h 6 = C 6H,+ +  C 3H 6 40 14 7
c 4h 2+ +  c 4h 6 = C 6H4+ +  C 2H 4 17 7 2
c 4h 4+ +  c 4h 6 = c 6h 5+ +  c y r s 453 168 61
c 4h 6+ +  c 4h 6 =  Celle+ T  C 2H 6 18 7 3
c 4h 6+ +  c 4h 6 = c 6h 7+ +  c 2h 5 97 32 16
C4H6 -f- C4IÌ6 =  C 6Hg+ +  c 2h 4 52 18 8
c 3h ,+ , ^ TT TT 31 10 4
C4H j+ +  C4H5 = c 7H7 * + 51 18 6
C3H3 _ TT 3 1 0.5
c 4h 5+ +  Cltl6

= c ,h 8+ +  CH i 4 2 1
c 4h 6+ +  c 4h 6 = c 7h 9+ +  c h 3 59 15 5

(14) F. D . Rossini, et a l ., Circular 500, National Bureau of Stand
ards, 1952.

(15) F. D . Rossini, et a l . ,  “ Selected Values of Physical and Ther
modynamic Properties of Hydrocarbons and Related Compounds,”  
Carnegie Press, 1953.

(16) J. Collin and F. P. Lossing, J . A m . C h em . S o c ., 7 9 , 5848 (1957).
(17) F. H. Field and J. L. Franklin, “ Electron Impact Phenomena,” 

Academic Press, Inc., New York, N . Y ., 1957.

the dimer complex of butadiene, C8H12+, corre
spond approximately to those at the same m/e 
from 4-ethenylcyclohexene. This compound is the 
only one of empirical formula C8H i2 whose mass 
spectrum is available.18 The observed agreement 
(Table IV) may be dependent upon the fact that
1,3-butadiene readily reacts with itself by a Diels- 
Alder mechanism to yield 4-ethenylcyclohexene. 
The pattern for the ions from the butadiene com
plex is rather dependent upon the available energy 
(see Table III). The values chosen for Table IV 
correspond to cross sections for 5 e.v. ions. The 
only other ions of any prominence in the mass spec
trum of 4-ethenylcyclohexene above the C4 group 
occur at m/e of 91 and 108. The latter is not to be 
expected in the secondary mass spectrum (“ sticky 
collision” ). The former would have a predicted 
relative abundance of 15 which could easily have 
been detected if present.

T able IV
R elative  A bundances o f  I ons from  the 1,3-Butadiene 

C omplex C8H i2+ and from 4-E thenylcyclohexene

m/e 66 67 78 79 80 93
Butadiene 44 44 18 100 50 31
Ethenyl-cyclohexene 55 42 24 100 53 31

The other ion complexes formed from 1,3-buta- 
diene, together with their daughters, for which there 
are stable counterparts of known mass spectra, are: 
C7H8+(C6H5+); C8H8+(C6H4+); C8H10+(C6H8+). In 
the spectrum of toluene (CtHs), only ions at m/e of 
65 and 91 are significant. The former corresponds 
to C6H5+ observed, the latter also arises from an
other reaction of lower appearance potential and 
so is masked. Styrene (C8H8) has significant peaks 
at m/e of 63, 77, 78 (all masked), at 75 (only 4%, 
not observed) and at 76 (observed). Ethylbenzene 
and the xylenes (C8Hi0) have significant peaks at 
m/e of 78, 79, 91 (all masked). There is a rather 
minor peak at m/e =  77. In contrast, the largest 
cross section for a secondary ion is found at m/c =  
77.

Correlations of this type already have been re
ported for acetylene self reactions.411 For C2H2 +  
CH4 mixtures there are four reactions involving the 
complex C3H6+. The mass spectra of propylene 
and of cyclopropane were examined at several ion
izing voltages over the range 13-70 v. No correla
tion exists between relative abundances in these 
spectra and in the secondary ion spectrum of acet
ylene-methane mixtures at m/e of 27, 39, 40 and 
41.

It was thought that a study of these ion-molecule 
reactions might help to understand the radiation 
chemistry of acetylene.11 The ion-pair yield of 
acetylene consumed is approximately 20. Of this 
amount 21% goes to form benzene,19-20 the rest to 
form cuprene. The invariance of benzene/cuprene 
with pressure has been explained by Dorfman and 
Shipko in terms of different trimer states. Specifi
cally, that leading to benzene is assumed to arise 
from an excited state of acetylene.

(18) A . P . I .  Project 44, National Bureau of Standards, Catalog of 
Mass Spectral Data.

(19) W . Mund and C. Rosenblum, T h is J o u r n a l , 4 1 , 469 (1937).
(20) L. M . Dorfman and F. J. Shipko, J . A m . Chem . S o c ., 7 7 , 4723 

(1955).
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The present work demonstrates the possibility of 
very efficient ionic polymerizations with unsatu
rated hydrocarbons. Other work4’21 extends these 
observations to include ethylene, benzene and 
toluene. There is no indication of high specificity 
and it is plausible that chain reactions of the type

C „H „+ +  C2H, =  C m+2H„+2+ (4)

(21) Unpublished observations by R. Barker.

could readily proceed, where m/n = 1 .  For the 
small molecules examined at very low pressure, 
neutral fragments always formed. For higher pres
sures and for higher molecular weights, addition 
without elimination may occur.22 The possibility 
of reactions of type (4) is supported by the avail
able thermochemical data17 for m =  n =  1, 2, 3, 4, 
5, 6.

(22) M . Burton and J. L. Magee, T h is J o u r n a l , 5 6 , 842 (1952).

CARBON-HALOGEN BOND ENERGIES AND BOND DISTANCES1
B y  G e o r g e  G l o c k l e r

Contribution from the Department of Chemistry, Duke University, Durham, North Carolina
Received January 16, 1959

Bond energy estimates and distances of the cyanogen halides, halomethanes, chloroethanes, carbonyl and acetyl halides 
show a linear relationship. These regularities and earlier information on carbon-carbon, carbon-oxygen and carbon- 
hydrogen bond energies and distances are transferred to study chloroacetic acids, chloroaldehydes and chloroalcohols. 
The method permits estimates to be made of the heats of atomization, formation and combustion of compounds containing 
carbon-halogen and the above mentioned bonds. Internuclear distances and hence moments of inertia can be estimated 
by the inverse calculation.

Introduction
It is believed that the type of calculation pre

sented here will ultimately produce relations of 
bond energy values and internuclear distances 
from which estimates of various thermochemical 
quantities such as heats of atomization, formation 
and combustion can be obtained for compounds 
which have not yet been studied thermochemically 
and others which have not even been synthesized. 
It would be very timesaving and inexpensive if a 
proper basis for making such estimates were avail
able for all kinds of molecules. It will obviously 
be impossible to measure the heats of combustion 
of all compounds of interest now and in the future. 
Studies of the type reported here would relieve 
this situation. For example in another field, 
empirical equations for calculating isomeric varia
tions in the values of physical properties of hydro
carbons and related compounds are very helpful 
to the investigator interested in these quantities in 
cases where they have not yet been determined 
experimentally.2

It is even conceivable that bond lengths obtained 
by physical methods such as microwave spectros
copy and electron diffraction methods may be 
measurable with such high accuracy in the future 
that their use and a well established system of bond 
energies will be a more satisfactory method of 
determining heats of formation and combustion 
than the present day thermochemical experiments. 
The relation between bond energies and distances 
will then have to be represented by more complex 
functions than straight lines. The connection 
between chemical and physical measurements here 
discussed can serve both groups of scientists as a 
check on their own respective experiments. Both

(1) This research is supported by the Office of Ordnance Research,
U. S. Army under Contract No. D A-31-124-O R D -1535. The paper 
was presented at the Southeastern Regional Meeting, Gainesville, 
Florida, 11-13 December 1958.

(2 ) J. B. Greenshields and F. D . Rossini, T h is J o u r n a l , 62, 271 
(1958).

must show that their observations fit the require
ments of the other group. For many practical 
uses it is of great interest to be able to make even 
rough estimates of thermochemical quantities. 
They can be made even without knowledge of 
internuclear distances, if there exist some definite 
ideas as to the bond picture of the molecule under 
consideration. As force constants must be trans
ferred from molecule to molecule, so must bond 
energies be transferred in the present calculations.

Notation.— B(AB, ABC) = AB-bond energy 
(kcal.) in ABC; Z)(Br2) =  53.4; D(C12) =  58; 
D(F2) =  37.6; 71 (H2) = 104.2; Z)(I2) =  51.0; 
D(N2) =  225.2; D (0 )2 = 118.2; L(C) =  171.7 
kcal.; na =  number of A atoms; Qa(ABC) = 
atomic heat of formation (kcal.) of ABC; Qf(ABC) 
= usual heat of formation from the elements 
A, B and C in their standard states; 72 (AB, ABC) 
= AB-bond length (A.) in ABC; temperature = 
25° (ref. 3,4). (Note: In Figs. 1-3, full dots indicate 
that 72 (AB) is known experimentally. Open 
circles show that R (AB) has been estimated.)

As is the case with carbon-carbon, carbon- 
hydrogen and carbon-oxygen bonds,5 it was found 
here also that large bond energies occur with small 
internuclear distances and vice versa. Most 
of these distances were obtained by microwave 
spectroscopy6 and by electron diffraction by 
various authors as given in the text. Most Qf~ 
values come from the work of Rossini3 and for 
fluorocarbons from Margrave.4 R (CH) and B- 
(CH) are related by

(3) Selected Values of Chemical Properties of Hydrocarbons, Cir. 
500, N at. Bur. Standards (U. S. Government Printing Office, Washing
ton 1952).

(4) R. P. Iczkowski, C . A. Neugebauer and J. L. Margrave, Office 
of Ordnance Research Report No. 1428 (Feb. 1957); C. A . Neuge
bauer and J. L . Margrave (M ay 1957) and R. P. Iczkowski and J. L. 
Margrave (Oct. 1958).

(5) G . Glockler, T h is  J o u r n a l , 6 1 , 31 (1957); 62 , 1049 (1958).
(6) W . Gordy, W . V. Smith and R . F. Trambarulo, “ Microwave 

Spectroscopy,”  John W iley and Sons, Inc., New York, N . Y ., 1953.
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fl(CH ) =  -3 6 .4  +  148.4/ jR(CH) (1)
B(CC) and ii(CC) are determined graphically.6

Cyanogen Halides.—The quantities mentioned 
in Table I for CNF were estimated by graphical 
methods from the relations R(CX, CNX), R(CX, 
CX4) and /¿(CN, CNX) with atomic number. 
The result is R(CF, CNF) =  1.19 and R(CN, 
CNF) = 1.167 A.7 From graphs of B (CF vs. 
R(CF), B (CF, CNF) =  133.0 kcal. at 1.19 A. 
From the relation B (CN) vs. /¿(CN), B(CN, CNF) 
== 181.6 kcal. at 1.167 A., whence Qa(CNF) =
314.6 kcal.

Using the /¿(CN) values and the relation B (CN) 
vs. /¿(CN), the Z?(CN)- quantities for the other hal
ides were found and finally B {CX) = Qa(CNX)- 
Z?(CN, CNX) was determined.

The relation of B {CX) vs. R (CX) for CNX is 
shown in Fig. la. These quantities and a similar 
set for the tetrahalomethanes (Fig. lb) are used to 
determine the four general relations B(CX) vs. 
R(CX). It is seen that £(CF) >  B(CC1) >  B- 
(CBr) >  B (Cl) for CNX.

Tetrahalomethanes.—These molecules have only 
been studied by electron diffraction methods since 
their symmetry precludes light absorption. -B(CI) 
was determined from an extrapolation of B(CX) 
vs. R(CX) (Fig. lb). Qa(CI4) was found from the 
relation Qa(CX4) vs. R (CX, (Qa)(C X 4)). In general 
internuclear distances obtained from electron 
diffraction are quoted to be accurate to ±  0.01 
to 0.02 A .  The CF-distance in CF4 has been 
measured lately by two investigators who obtained 
1.317 A . 8  and 1.323 ±  0.005.9 The lower value 
seems to fit much better in a plot of /¿(CF) vs. n(F) 
of theoseries CF4 to CH3F. The CCl-distance at 
1.765 A . 1 0  fits very well into the series CC14(1.765), 
CHC13 (1.767), CH2C12 (1.772) and CH3C1 (1.782) 
A . 6

The CBr-distance in CBr4 has been determined 
by three investigators to be 1.93 ±  0.02,11 1.9212 
and 1.942 ±  0.03 A . 1 3  However, by a simple 
extrapolation /¿(CBr,CBr4) =  1.927 A .  The elec
tron diffraction results on CI4 indicate /¿(Cl, CI4) 

=  2.12 ±  0.02 A . 1 1  The value 2.12 A .  was chosen 
and /¿(Cl, CHI3) =  2.128 and R(Cl, CH2I2) = 
2.133 A .  were interpolated (Table II).

T a b l e  I I
T e t b a h a l o m e t h a n e s

Q v <h. B {  C X ), Æ (CX),
kcal. kcal. kcal. Â.

C F 4 217.2“ 464.1 116.0 1.317"
CCh 25.5i> 313.2 78.3 1.765“
CBr, -1 2 .0 " 266.5 66.6 1.927^
C l, - 6 1 .0 “ 213.1“ 53.4“ 2.12®
Ref. 4. 6 Ref. 3. c Estimated . d Ref. 8; see also

. 9. * Ref. 10. 1 Estimated; \see ref. 11, to CO

® Ref. 11.
(7) W . J. O. Thom as, J. Chem. P h ys.. 2 0 ,  920 (1952).
(8) C . W . W . Hoffman and R . L . Livingston, J. Chem. P h ys., 2 1 ,  

565 (1953).
(9) O. B rockw ay, et al., reported b y  R . L . Livingston, A n n. Rev. 

P h ys. Chem., 5 ,  397 (1954).
(10) L. S. B artell, L . O. B rockw ay and R . H. Schwendem an, J. 

Chem. Phys., 23, 1854 (1955).
(11) Chr. F inbak and O. Hassel, Z. physik. Chem., B 3 6 ,  301 (1937).
(12) L . R. M axw ell, J. Opt. Soc. A m ., 3 0 ,  374 (1940).
(13) Chr. Finbak, O. H assel and O. J. Olaussen, Tids. K jem i  

Bergvesen, Z, 13 (1943).

Fig. 1.— B(C X) estimates vs. i?(R X ) for: a, cyanogen hal
ides; b, tetrahalomethanes; c, acetyl halides.

Fig. 2.— B (CX) estimates as functions of ff(C X ), X  =  F, 
Cl, Br, I; (CNX, C X 4 to CH3X).

Methyl Halides.— The bond energies and dis
tances can be fitted into the straight line deter
mined by the corresponding points from the cyano
gen halides and the tetrahalomethanes (Fig. 2). 
The resulting data are given in Table III. The 
sections CX 4 to CH3X  are shown in Fig. 3.

Two estimates have been made of Qf(CH3F ): 
59 ±  2 and 58.0 kcal.4 The /¿(CX) values (X  = 
F),6 (X  = Cl, Br, I )14 were determined by micro-

(14) S. L. M iller, L . C . A am odt, G . Dousm anis, C . H. Townes and 
J. Kraitchm an, J. Chem. P h ys., 20, 1112  (1952).
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Fig. 3.— B(C X ) estimates as functions of R ( C X ), X  = F, Cl, 
Br, I; (C X 3 to CH 3X).

T a b l e  I I I

M e t h y l  H a lid e s
Qt, Qa, B (  C X ), R (  C X ), B { C H ), Ä (C H ),

k c a l . k c a l . k c a l . Â . k ca l. Â.

c h 3f 57.0“ 403.8 107.0 1.385“ 98.9 1.10“
1.11“’^

C H jC I 19.6s 376.6 76.7 1.782* 99.9 1.09“
1. IO*-'

CH:iBr 8 .5 s 363.2 66.4 1.939* 98.9 1.10“
1,10*.'

CH„I —  4 .9s 348.7 52.6 2.139* 98.7 1.10“
1.10*./

“ Estimate; see ref. 4. 
14. “ Estimate by eq. 1.

6 Ref. 
1 Ref.

3. “ Ref. 6. 
15, 16.

* Ref. 6.

T a b l e  I

C y a n o g e n  H alid e s
Qf, Qa, B( C X ), « (  C X ), B (C N ), iH(CN),

k ca l. k c a l . k ca l. A. k c a l. A.
C N F “ -  8 .7“ 314.6“ 133.0“ 1.190“ 181.6“ 1.167“
C N C 1 - 3 4 .5 s 278.8 89.8 1.629“ 189.0 1.163“
C N B r —43.3s 267.7 70.2 1.790“ 197.5 1.159“
C N I - 5 4 .6 s 255.2 57.7 1.995“ 197.5 1 . 1 5 9 “

“ All values foi C N F  are estimates. s Ref. 3. “ Ref. 6

wave spectroscopy. The B (CX) quantities were 
taken from Fig. 2. The energies H(CH, CH3X) 
were obtained from the difference Qa — B (CX). 
The results are shown in the last column of Table
III. They can be compared with the ones de
termined from microwave spectroscopy work6'15'16 
(Table III, column 7). It is seen that these R (CH) 
quantities check to about 0.01 A. which is the 
variation of measurement by microwave spectros-

(15) D. P. Stevenson and J. A. Ibers, Ann. Rev. Phys. Chem., 9, 
359 (1958).

(16) C . W . N . Cum per, Trans. Faraday Soc., 54, 1261 (1958).

copy on account of the influence of zero point 
vibrations. Internuclear distances determined by 
electron diffraction measurements are subject to 
variations of ±  0 . 0 1  to 0 . 0 2  A .  Of course thermo
chemical experiments also are affected by errors 
of 0 . 1  to 1 . 0 %  and even more with many fluorine 
containing compounds, for example. It is rather 
interesting that such diverse measurements should 
yield as good agreement in the determination of 
molecular distances.

Methylene Halides (Table IV).— A preliminary 
report gave R(CF, CH2F2) as 1.36 and If(CH, 
CHoF2) as 1.09 A .17 An interpolation R(CF, CF4) 
-+j?(CF, CH3F) resulted in R(CF, CH2F2) =  
1.36 A .  and R(CH, CH2F2, calculated) was 1.10 A .  
In the molecule CH2C12 a larger than usual dif
ference in the thermochemical and microwave 
values of the CH-distance was found. The reason 
may lie in a discrepancy in the heat of formation of 
the compound. One value is 21 kcal.4 while 
another is 32 kcal., derived from a heat of com
bustion (106.5 kcal.) due to Berthelot,.18

T a b l e  I V

M e t h y l e n e  H alid e s

Q f, Qa, B{ C X ), R( C X ), B (C H ), fi(C H ),
k ca l. k ca l. k c a l . A. k c a l. A.

C H 2F 2 105.5« 419.0 111.0 1.36“ 98.5 1 .10“ 
1.09“

C H - C h 21.06 354.9 77.6 1.772* 99.9 1.09“
1.07*

C H , B r 2 1.0s 330.3 66.4 1.934“ 98.7 1.10“

C H 2L “ -2 4 .0 “ 303.0 53.0 2.133“ 98.5 1.10“

“ Ref. 4. 
Ref. 17.

6 Ref. 3. “ Estimated by eq.. 1. * Ref. 6.

Haloforms.— The Qf-values (Table V) lead to 
the Qa’s in the usual manner. From Fig. 3 the 
bond energies are derived from the corresponding 
distances (R (CX)). The CH-distances calculated 
are compared with the microwave values (column 
7, Table V). In bromoform, chloroform and 
fluoroform, the CH-distances are progressively 
shorter (1.068, 1.073, 1.098) due presumably to'the 
influence of resonance structures containing double 
bonds.6’19 However, this effect also may be as
cribed to the difference of s- and p-hybridization 
affecting the carbon atom radius.20

Chloroethanes.— The heat of formation of chloro- 
ethane is 25.1 kcal.3 resulting in Qa = 658.5 kcal. 
The assumption that B{CC, C2H 6) = 85.9, H(CH, 
C2H6) =  98.4 and H(CC1, CH3C1) =  76.7 kcal., 
leads to a calculated Qa =  654.6 kcal. (0.6% low).

1,1-Dichloroethane is assumed to have B {CC, 
C-He) -  85.9, B(CH, CH2C12) =  99.9, B(CH, 
C2H6) =  98.4 and B(CC1, CH2C12) =  77.2 kcal. 
Since Q{ =  29.1 kcal.,8 Qa = 639.3 kcal. while the 
value from bond energies is 636.2 kcal. (0.6% low).

(17) D. R. Lide, J .  Am. Chem. Soc.. 7 4 ,  3548 (1952).
(18) P. E . Berthelot and J. Ogier, A n n . chim . ph ys., [5] 2 3 , 197 

(1881).
(19) S. N . Ghosh, R . Tram barulo and W . G ordy, J . Chem. P hys., 

2 0 , 605 (1952).
(20) C . A . Coulson, Com m em orative Volum e fo r V icto r Henri 

“ C ontribution to  M olecular Structure Studies,”  Desoer, L iège, B el
gium , 1948.
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T a b l e  V
H alo f o r m s

Pf, Qa. B(CX), fl(CX), .B(CH), R(Cll),
kcal. kcal. kcal. A. kcal. A.

c h f 3 162.6“ 442.8 114.3 1.332* 99.9 1.09' 
1.10*

CHCh 24.06 334.8 78.0 1.767* 100.8

O
 

O CO

CHBr3 - 3 .0 3« 300.8 66.5 1.930* 101.3 1.08'
1.07*

CHI, -4 2 .3 ' 258.0 53.2 2.128' 98 4 1.10«

“ Ref. 4. 6 Ref. 3. 'Estimated by eq. 1. * Ref. G. 
'  Estimate.

The isomeric 1,2-dichloroethane has Qf = 32.0 
kcal..3 resulting in Qa = 641.8 kcal. With B {CC, 
C2H6) = 85.9, B {CH, 0.5 C2H6 +  0.5 CH*C1S) =
99.2 and B(CC1, CH2C12) = 77.6 kcal., Qa (calcd.) 
= 637.9 kcal. (0.6% low).

Hexahaloethanes.-The heat of formation of hexa- 
fluoroethane is 240 kcal.3 However, a more recent 
measurement indicates a much higher value, 303 ± 
2 kcal.21 From electron diffraction R (CC) = 
1.56 ± 0.03 A. and fl(CF) = 1.32 ± 0.01 A.22 
A study of these quantities leads to the values 
shown in Table VI. The lower Qf = 240 kcal. 
does not fit the electron diffraction results.

T a b l e  VI
H e x a h a l o e t h a n e s

Qt, Q a, •B(CX), ff(C X ), B ( C -C ) , Ä (C -C ),
kcal. kcal. kcal. A. kcal. A.

c 2f 6 303“ 759.2 112.7 1.342' 82.9 1.56'
C2CI6 343 551.4 77.6 1.772' 85.9 1.543*.'
C2Br6 — 16.6 ' 487.0 66.9 1.915' 85.9 1.543«.'
C2I6 -1 0 0 ' 400.0 52 3 2 .1 5 ' 85.9 1,543«.'

0 Ref. 21. 3 Ref. 3. 'R e f . 22:. * Ref,. 23. « Ref. 24
'  Assumed.

The distances for C2C18 as given by electron 
diffraction are R (CC) = 1.57 ± 0.06 and fl(CCl) 
= 1.74 ± 0.01.23 It was assumed however that 
B (CC, C2C16) = B (CC, C2H6) = 85.9 kcal. at 
1.543 A. In C2Brfi (crystal), i?(CBr) = 1.93 A. 
if B(CC) = 1.52 A.24 is assumed. However the 
ethane value for the CC-bond was taken as in C2I6. 
The halogens except fluorine are unlikely to change 
the CC-bond.

Chlorofluoromethanes.— The thermochemistry of 
trichlorofluoromethane has been studied by three 
investigators: Qf = 70.0 ± 4,21 6725 and 66.2.4 
The average value is 67.7 kcal. so that Q a = 345.2 
kcal. Its bond energies and distances have been 
taken as the averages of CF4 and CC12F2 since its 
geometry is not known.

For the dichlorodifluoro compound two values are 
known for Qf, 112 ± 221 and 113 kcal.23 Their 
average leads to Qa = 379.8 kcal. The electron 
diffraction results are B(CF) = 1.335 ± 0.02 and

(21) F. W. Kirkbride and F. G. Davidson, Nature, 1 7 4 ,  79 (1954).
(22) D. A. Swick and I. L. Karle, J. Chem. Phys., 23, 1499 (1955).
(23) D. A. Swick, I. L. Karle and J. Karle, ibid., 22, 1242 (1954).
(24) G. J. Snaauv and E. J. Wiebenga, Rec. trav. chim., 61, 253 

(1942).
(25) H. v. Wartenberg and J. Schiefer, Z. anorg. allgem. C-hem., 278, 

32G (1955).

B(CC1) = 1.775 ± 0 . 0 2  A . 2 6  Bond energies to 
satisfy these data are given in Table VII.

T a b l e  VII
C h lo r o fl u o r o m e th a n e s

Qu Qa. S (C C l) , Ä (C C 1), B (C F ), R(CF),
kcal. kcal. kcal. A. kcal. A.

C C 14 25 .5a 313.2 78.3 1.765*
C C h F 67 .7« 345.2 77.7 1 770« 112.1 1.348«
C C 12F 2 112.53 379.8 77.1 1.777' 112.9 1.340«.'
C C 1F 3 163.23 420.3 76.5" 1.785" 114.6 1.328"
c f 4 217.2C 464.1 116.0 1.3175
“ Ref. 3. 6 Estimate; see also ref. 4, 21, 25. « Ref. 4.

* Ref. 10 . « Estimate. '  Ref. 26. "Assumed; ref. 6,
27, 28. hRef. 8; see also ref. 9.

The heat of formation of trifluorochloromethane 
has been determined twice, Qf = 171 ± l 21 and 
167 kcal.25 The average value of Qa is then 426 
kcal. Microwave spectroscopy in two determina
tions indicates that B(CF) = 1.323 and B(CC1) 
= 1.765 A.27 or if(CF) = 1.328 and fi(CCl) =
1.74 A.6 or B(CF) = 1.328 ±0.002 and tf(CCl) = 
1.751 ± 0.004 A by electron diffraction.28 A(CF) is 
definite and leads to B (CF) = 114.6 kcal. Then 
B(CC1) = 426 — (3 X 114.6) = 82.5 kcal., a very 
striking increase indeed since the other B(CC1) 
values are 78.3, 77.7 and 77.1 kcal. It seems un
likely that the substitution of another fluorine 
for a chlorine atom should produce such a marked 
increase in the B(CC1) value in CC1F3. It is 
possible that the Qf values are not accurate. At 
any rate such a discrepancy should lead to a 
reinvestigation of the pertinent data. Here it is 
assumed that B(CC1,CC1F3) is 76.5 kcal. from the 
trend noted above. Then Qa(CClF3) = 420.3 
and Qf = 163.2 kcal, lower by 3 kcal. than the 
experimental values mentioned above.

Carbonyl Halides.— Two Qf values of COF2 have 
been determined lately, 1434 and 150.35 kcal.29 
(Qf = 146.7 and Qa = 415.6 kcal.). The geometry 
of the molecule was studied by electron diffraction.80 
The latter information leads to the following 
molecular constants: Qa = 417.7 kcal. with B -  
(CF, 1.32 A.) = 115.6 and B (C = 0 , 1.17 A.) =
186.5 kcal.

From the microwave spectrum for phosgene it is 
found that R {C = 0 ) = 1.166 ± 0.002 and S(CC1) 
= 1.746 ± 0.004 A . 3 1  Electron diffraction studies 
give 1.18 ±  0.03 and 1.74 ±  0.02 A . ,  respectively.32 
The microwave lengths correspond to B {C=0) 
= 190.0 and B(CC1) = 79.8 kcal., whence Qa =
349.6 kcal. From thermochemistry Qf = 53.33 (Qa 
= 342.6) and 60.633 (Qa = 349.6) kcal. Hence the 
higher value would appear to be the better choice 
although Qf = 53.3 kcal. has been found by several 
investigators.3

(26) R. L. Livingston and D. II. Lyon, J. Chem. Phys., 2 4 ,  1283 
(1656).

(27) D. K. Coles and R. II. Hughes, Phys. Rev., 7 6 , 858 (1949).
(28) L. S. Bartell and L. O. Brockway, J. Chem. Phys., 2 3 , 1860 

(1955).
(29) H. v. Wartenberg and G. Riteris, Z. anorg. Chem., 2 58 , 356 

(1949).
(30) T .  T .  Brown and R. L. Livingston, J. Am. Chem. Soc., 7 4 ,  

6084 (1952).
(31) G. W. Robinson, Chem. Phys., 2 1 ,  1741 (1953).
(32) V. Schomaker (see P. W. Allen and L. E. Sutton, Acta Cryst., 

3, 46 (1950)).
(33) P. E. Berthelot, A n n . chim. phys., [5] 17 , 129 (1879).
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There is not enough information available for 
C O B t l  and CC'I2 to include these molecules in this 
study.

Acetyl Halides.— Electron diffraction results are 
available for acetyl chloride43: R (C = 0 ) = 1.22 
±  0.04, B(GC) = 1.50 ± 0.04 and jR(CCl) =
1.77 ± 0.02 A. The following distances and bond 
energies fit all four of these compounds: 7?(C=0) 
= 1.20 with B (C = 0 ) 167.0; R (CC) = 1.477 
with B (CC) = 99.1 and R (CH) = 1.094 with 
£(CH) = 99.4 (A. and kcal.). The CF and CC1 
bond energies of the carbonyls fit the acetyl com
pounds. In the case of acetyl bromide and iodide, 
the CBr- and Cl-bond energies vary only very 
little in most of their compounds. The heat of 
formation of acetyl fluoride was obtained from the 
heat of reaction of the liquid with 0.2N  sodium 
hydroxide35 (Table VIII).

T able VIII
A cetyl H alides
Qf, Qa, S(CX), R( CX),

kcal. kcal. kcal. Ä.
CHsCOF 101.7b 680.0 115.0 1.32d
CH3COCI 58.9C 646.8 79.8 1 .746«
CH2C1COO 54.9« 619.7 79.8 1.746«
CHsCOBr 44.6« 630.2 66.6 1 .927/
CHbCOI 30.3» 615.2 53.3 2.124®
» B(CCI in CH2C1-) =  77.6 kcal. as in CH2C12. 5 Ref. 

35. c Ref. 3. 4 As in COF2. «As in OOCL. 1 As in 
CBr4. o As in CI4.

Chloroacetic Acids.— All needed bond energies 
and distances are carried over from acetic acid.5 

B(CC1, CH3CI) for mono-, £(CC1, CH2C12) for di- 
and _B(CC1, CIICI3) for trichloroacetic acid were 
used (Tables III, IV and V). The bond energies 
and distances of acetic acid are: B(CH, 1.098 A.) 
= 98.9, B {CC, 1.508 A . )  = 93.0, B(OH, 0.97 A . )  
= 109.0, B (C -0 , 1.34 A.) = 106.0 and B {C = 0 ,
1 .2 1  A . )  = 170.0 kcal. The heats of formation of 
these acids in the above order have been measured3:
98.0, 106.2 and 108.0 kcal. The corresponding 
thermochemical Qa-values are 745.1, 730.2 and
708.9 kcal. The same quantities calculated from 
bond energies are: 752.5 (1% high), 732.1 (0.3% 
high) and 711.1 (0.4% high) kcal.

Chloraldehydes.— The bond distances and ener
gies of acetaldehyde5 are transferred: (C = 0 ,
1 .2 1 , 170.0), (CH, 1 .1 2 , 96.2) (CH, CH3, 1.098, 
98.7) and (CC, 1.52, 90.5) ( A . ,  kcal.) as needed. 
The Of-values for the monochloro- and the trichloro- 
aldehyde are known3: 47.3 and 43.0 kcal, so that 
Qa = 635.2 and 584.7 kcal. With 5(001, CH3C1) 
and fi(CCl, CHC13) from Tables III and V, re
spectively, the calculated Qa are 0.7% low and 
0.4% high.

2-Chloroethanol.— The heat of formation of the 
gaseous substance is 60.4 kcal. 3 whence the experi-

(34) Y . M orino, K . K uchitsu, M . Iw asaki, K . A rakaw a and A. 
Kutchisu, J . Chem. S oc . J a p a n ,  7 6 , 647 (1954).

(35) H. O. Pritchard and H. A . Skinner, J . Chem. S o c ..  1099 (1950).

mental Qa = 752.5 kcal. The bond energy value is
749.5 kcal. (0.3% low). It is derived by transfer 
of the following bond quantities from other mole
cules: (CC, C,II6, 1.543, 85.9), (CH, C2H6, 1 .1 0 2 ,
98.4) , (CH, CH3OH, 1.098, 98.9), (OH, 0.967,-
109.4) , (CO,CH,OH, 1.420, 82.9) and (CC1,- 
CH3CI, 1.78, 76.7) A .  and k c a l .

Discussion
The simple relations here established between 

bond energies and bond distances of carbon-halogen 
bonds are considered an improvement over earlier 
work36 in the sense that internuclear distances are 
now becoming known to much higher accuracy 
through microwave spectroscopy and new methods 
of carrying out electron diffraction experiments. 
However, even the present day results by the 
microwave technique are afflicted with a possible 
variation of ±  0 . 0 1  A .  in structures of different 
sets of isotopic species, because of the effect of 
zero point vibrations. However, progress is 
being made37 and a more correct definition of co
ordinates permits the calculation of satisfactory 
distances. In the methyl halides no change need 
be made in the internuclear distances as used.6

It is believed that the empirical methods dis
cussed here are of some interest when one considers 
the great difficulty which exists in the quantum 
mechanical calculations of bond energy values in 
order to attain results at all consonant with experi
mental values. 38 For the simple diatomic hydrides 
(CH,NH,OH,FH, CH+) the calculated dissociation 
energy is only about 2 0 %  of the observed one. 
Hence it is believed that the present empirical 
calculations can serve a useful purpose.

Even in this small study it was possible to point 
out certain discrepancies in thermal quantities 
cited in the literature. Hexachloroethane has a 
heat of formation of 303 kcal. 21 since the lower value 
does not fit with the distances obtained by electron 
diffraction. 22 The heat of sublimation of iodoform 
is estimated to be the very likely value of 9 kcal. 3 
The Qf-value of CH2Br2 was estimated to be 0.7 
kcal. It is given in the literature as 1.0 kcal. 3 
The CBr-distance in CH2Br2 is mentioned as being
1.91 A . 3 9  A more likely value is 1.934 A .  as esti
mated here. Most of the cases studied were of 
course used to establish the bond energy-distance 
relations. However in fifteen cases the experimental 
Qa-values derived from heats of formation could be 
compared with the ones obtained from the bond 
energy vs. bond distance system and showed a 
variation of ± 0.3%. Assuming that the constant 
terms L (C), D(H) 2 D(X2), are relatively well known, 
then the total variation would fall onto Qf. Since, 
however, heats of combustion are usually desired, 
the variation in these quantities would also be 
relatively small.

(36) H. A . Skinner, Trans. Faraday Soc., 41, 645 (1945).
(37) C . C . Costain, ./. Chem. F hys., 2 9 , 864 (1958).
(38) M . Krauss, ib id ., 2 8 , 1021 (1958).
(39) J. M . Dow ling and A . G . M eister, ibid., 2 2 , 1042 (1954).
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In order to measure the primary chemical yields of water radiolysis, mixtures of thallous and ceric ions in aqueous 0.8 N  
H2SOi solutions were irradiated by polonium «-particles. Absolute dosimetry measurements were carried out. A G-value 
of 5.5 ±  0.1 was found for ferrous sulfate oxidation. From this value and from results obtained on the ceric system, the fol
lowing values were determined: G o h  =  0.50, G h o 2 =  0.11, G h 2o2 =  1.45, G h  =  0.60, G h 2 =  1-57 and GH2o =  3.62. How
ever these yields depend on the concentration of thallous ions which inhibit the intratrack reaction H20 2 +  OH —» H20  +  
H 02. An explanation also is given for the low yield (3.6) obtained for the oxidation of ferrous sulfate in deaerated solutions.
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Although a large part of the early work in radia
tion chemistry was done on mixtures of radon with 
other gases, studies of radiation1-4 induced reac
tions in water were carried out by a number of pio
neers among them S. C. Lind5 who investigated the 
radiolysis of aqueous potassium iodide solutions by 
a-partieles. He also wrote the first monograph on 
radiation chemistry,6 a book which is of interest 
even today. In the period between the wars, few 
papers appeared on the chemical effects of a-rays7’8 
while much work was reported on reactions induced 
by X-rays, probably because the latter are easier 
and less dangerous to use than the radon techniques. 
More recently, however, interest has been aroused in 
the chemical effects of particles of high linear energy 
transfer (LET) by studies9“ 10 on the formation and 
interaction of radicals in the neighborhood of the 
tracks produced by the particles. Furthermore, 
new sources of such particles have become available.

Attempts have been made to determine the molec
ular and radical yields along tracks of high LET 
particles. It has been shown recently, mainly with 
polonium «-particles that in the radioiysis of water 
the radical H 02 is produced inside each spur in 
nearly the same time as molecular hydrogen and 
hydrogen peroxide; it is believed that the local 
following reactions occur

O H  +  H A — > H 0 2 +  H 20  ( l )

H  +  H 20 2 — O H  +  H , 0  ( 2 )

Reaction 1 which was proposed in 195111 was later 
shown to be an intratrack reaction because of the 
high local concentration of OH radicals and H20 2 
molecules.12 It was assumed to explain the produc-

(1) A . T . Cam eron and W . R am say, J . Chem. Soc., 9 1 , 931 (1907); 
9 2 , 966 (1908).

(2) J. D uane and O. Scheuer, L e Radium, 10 , 33 (1913).
(3) M . Kernbaum , ibid., 6, 225 (1909).
(4) A . Debierne, A n n. P hys., 2 , 115 , 126 (1914).
(5) S. C . Lind, L e Radium, 8, 289 (1911).
(6) S. C . Lind, “ T h e Chem ical Effects of a-P articles and Elec- 

trons,”  Interscience Publishers, N ew  Y o rk , N . Y .,  1921.
(7) F . C . Lanning and S. C . Lind, T his J o u r n a l , 4 2 , 1229 (1938).
(8) C . Nürnberger, ibid., 3 8 , 47 (1934); 4 1 , 431 (1937).
(9) D . E . Lea, Brit. J. R ad., sup. 1 (1947).
(10) L . H. G ray, J. chim. phys., 4 8 , 172 (1951): M . Lefort, ibid., 

4 7 , 624 (1950); L . M onchick, J. L . M agee and A . H. Samuel, J . Chem. 
Phys., 2 6 , 935 (1957); H. Fricke, A n n. N . Y. Acad. S ei., 5 9 , 567 (1955); 
I). A. Flanders and H. Fricke, J . Chem. P hys., 28 , 1126 (1958).

(11) M . Lefort, J. chim. phys., 4 8 , 339 (1951).
(12) M . Lefort, “ A ctions chim iques et biologiques des radiations,”  

série 1, Masson et Cie., Paris, 1955, p. 118.

tion of oxygen from pure water irradiated with a- 
rays, which shows a linear increase with the ab
sorbed dose. Hart13 confirmed the primary forma
tion of H 0 2 with light particles in his study of 7 - 
ray induced reactions in aqueous ferrous sulfate- 
cupric sulfate solutions. With similar solutions 
irradiated by polonium a-rays, Donaldson and 
Miller14 15 16 17 measured the oxygen yield (Go. =  0.23) 
and suggested that H 0 2 is a primary product of wa
ter decomposition. Pucheault18 has assumed that 
the values of primary yields Goh, Gh , Gho2 and 
Gh2o could vary in the presence of a solute which 
might scavenge more or less OH radicals or H at
oms and therefore inhibit the local reaction of 
these species with H20 2 or H2. Intratrack reac
tions are extensively discussed in references 16 and 
17.

The purpose of our research was first to make an 
accurate determination of the oxidation yield of 
ferrous sulfate in aqueous sulfuric acid solutions ir
radiated with polonium a-rays, and second to ob
tain more information on the magnitude of intra
track reactions and on their dependence on different 
solutes.

We have called “ primary products”  all those 
which are formed in dilute solutions from water, 
without direct interaction of the radiation on sol
utes. These products may be formed by many 
mechanisms such as ion neutralization, Stern-Vol- 
mer reactions, ion-molecule reactions or radical 
combinations at a very early stage. For the yield of 
primary products we have used the notation Gh , 
Goh, while the measured yields of stable products 
are written as G(H20 2), G(H2). . . .
A. Oxidation of Ferrous Sulfate in Aerated 

Aqueous Solutions, 0.8 N  H2S04
Experimental

Several drops of carefully purified polonium in 0.3 N  
nitric acid (50 microcuries per drop) was evaporated on a 
steam-bath in a silica crucible which had been irradiated 
with 7-rays. Following Dr. Hart’s advice, we used polo
nium chloride in several runs instead of a nitric acid solu-

(13) E . J. H art, Radiation R es., 2, 33 (1955).
(14) D . M . Donaldson and N . M iller, Trans. Faraday Soc., 52, 652 

(1956).
(15) J. Pucheault, Compt. rend. acad. Sci., 246, 409 (1958).
(16) A . O. A llen and H. A. Schwarz, Proceedings of the second in

ternational conference on the peaceful uses of atom ic energy— G eneva, 
1958.

(17) M . Lefort, A n n. Rev. P h ys. Chem., 9, 123 (1958).
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Fig. 1.— The counting of «-particles for absolute dosim
etry: background measurements. The straight line indi
cates the energy calibration of pulse amplitude.

tion; however, we obtained the same yield in the presence 
or absence of chloride ion.

The 10-3 M  ferrous sulfate solution then was added. 
The solution was stirred and transferred to spectropho
tometer cells. Formation of ferric ions was  ̂followed by 
measurement of the optical density at 3040 A. The cells 
were thermostated at 25 ±  0.02° and the extinction co
efficient was found to be 2205 ±  20 mole-1 cm .-1. The 
usefulness of the Fricke dosimeter has been discussed fre
quently in connection with X - and 7-rays. The polonium 
activity in the irradiated solution was measured with a pulse 
ionization chamber collecting free electrons, and a multi
channel system for pulse height recording and measurement. 
A  very small aliquot of the solution was diluted to serve as 
a-emitter source. The «-ray width was measured and com
pared with that of a pure polonium emitter. When the 
width was larger because of self absorption, the preparation 
was not used for dosimetry (Fig. 1). The pulse ionization 
chamber was filled with a mixture of CO2 and argon and 
worked at 4.500 volts. It had been calibrated with stand
ards and the maximum error of the counting measurements 
was lower than 1% .

The dilution factor was of the order of 2:10,000. We 
made several determinations of activity for the same in
itial solution and checked that the mean square deviation 
was about 2 % .

Schuler and Barr,18 working with 10-1 M  ferrous 
sulfate solutions, report a yield of Fe+++ of 4.22 ±  
0.08 for B(n,a)Li recoils, and 5.69 ±  0.12 for 6Li- 
(n, a) 3He. The first published yields for polo
nium a-rays (5.3 Mev.) ranged from 5.9 to 6.2,19 but 
recently values of 5.620 and 5.221 have been re
ported.

Our results are recorded in Table I from which a 
value of GFe4-++ =  5.5 ± 0 .1  was obtained. The 
ferric ion yield was independent of the polonium 
concentration, i.e., of the dose rate, between 20 and 
1000 microcuries per cc.; (1.4 X  1016 e.v. cc.-1 
hr.-1 to 1 X  1018 e.v. cc.-1 hr.-1), and remained al
most constant throughout the oxidation. (?Fe +++ 
was also independent of the ferrous sulfate concen
tration between 2 X  10-4 and 2 X 10-3 M, but 
with a concentration of 10 “ 2 M, we obtained a yield 
of 5.65 which seems to be definitely higher than 
that of more dilute solutions. This is in agreement 
with Schuler and Barr’s18 23 results on the oxidation 
rate induced by B(n, a) Li recoils.

(18) R . H . Schuler and N . F . B arr, J . A m . Chern. Soc., 7 8, 5756 
(1956).

(19) (a) M . H aissinsky and M . C . A nta, Com pt. rend. acad. sci., 236, 
1161 (1953); (b) N . M iller, Trans. Faraday S oc., 50, 690 (1954); 
(c) R . M cD onell and E . J. H art, J . A m . Chem. Soc., 76 , 2121 (1954).

(20) M . Lefort, Com pt. rend. acad. sci., 245, 1623 (1957).
(21) C . N . Trum bore, J . A m . Chem. S oc., 8 0 ,  1772 (1958).

T a b l e  I

O x i d a t i o n  o f  F e r r o u s  I o n  i n  S o l u t i o n  I r r a d i a t e d  w i t h  

« - P a r t i c l e s

Polonium ,
n c ./ c c .

M easd.
dose

rate X  1017, 
e .v ./cc.

Tim e of 
observation, 

hr.

ÎI

Oxidation 
rate X  10lfi, 

ions c c .-1 h r .-1

M ean 
(7-value 

along the 
straight 
line of 
oxidn.

20 0.11 162 0.60 5.45
50 .30 80 1.55 5.50

100 .65 20 3.59 5.52
100 .76 20 4.25 5.58
200 1.18 12 6.50 5.50
250 1.75 19 9.50 5.40
250 1.82 19 10.20 5.60

1000 6.80 8 37.40 5.50
B. Reduction of Ceric Ion Induced by a-Particles 

Experimental
Several authors22 -24 have studied the reduction of ceric 

ions in dilute aqueous solutions of H2S04 by polonium « -  
particles. We determined this yield in 0.8 N  H2S04 by the 
technique used for ferrous sulfate. Very pure solutions were 
prepared as described previously.24 The disappearance of 
ceric ions was measured directly in spectrophotometer cells 
at 3200 A. for the most dilute solutions. We have taken 
an extinction coefficient of 5580 ±  50 mole-1 cm .-1. For 
irradiation in the absence of oxygen, 20 to 30 cc. of solution 
was degassed under vacuum at the same time as blanks, 
by trapping and warming up several times.

We found that the ion yield was independent of both the 
dose rate and the ceric ion concentration. The G-value was 
constant up to high doses and dropped off slightly when 
nearly all the ceric ions had been reduced. As shown in 
Fig. 2, there.was a difference between the reduction yields 
determined ii'the presence and in the absence of ah'.

^  =  1.05 ±  0.01 (Fig. 2)
«vac.

The ratio Cr(Fe+++)/G (C e+++) also was determined on 
the same solution by the following procedure: the reduction 
of ceric ions was followed for some time, and then 1 cc. of 
2 X  10-3 molar ferrous sulfate solution was added to 2 cc. of 
the initial ceric and polonium mixture. After stirring, all 
the remaining ceric ions were reduced. Ferric ions were 
measured, and the value obtained was used to verify the 
direct determination made with the spectrophotometer at 
320 m¡X. Then the oxidation of the excess ferrous ions in 
the new solution was followed; the dose rate was 2/ 3 of the 
initial rate. The ratio Gr(Fe +++)/(?(Ce +++) could be de
termined with great precision; we had found that cerous ions 
have no effect on the oxidation yield of ferric ions.

In presence of air Gr(F e+++)/Gr(C e+++) =  1.72 ±  0.02 
(Fig. 3).

Gas analysis was carried out with an apparatus built in 
the laboratory several years ago,26 by measuring the total 
pressure with a McLeod gauge and the ionization current 
produced in an alphatron. In this apparatus, the ioniza
tion source is a polonium deposit in equilibrium with RaD 
(Pb210). The ionization current produced through the mix
ture of gases is proportional to energy loss per unit of track 
length of «-particles, AE/Ax. This value is proportional 
to the pressure, and the ionization current is therefore pro
portional to the pressure. AE/Ax is very dependent on the 
nature of gases, particularly on the oxygen and hydrogen 
content of the mixture. After careful calibration we were 
able to analyze in one minute mixtures of hydrogen and 
oxygen with a precision of 1% , when the total amount was 
of the order of 10 mm.3 at atmospheric pressure. Table 
II gives our results.

T a b l e  II
G( aer. <?(Cem  G (Ce™

Fe + + +) aer.) in  vacuo) G’ (H 2> G(Oi)
5 .5  ±  0 .1  3.20  ±  0.06 3 .10  ±  0.06 1 .5 7  ±  0 .0 5 1 .5 7  ± 0 .0 5

(22; M . Lefort and M . H aissinsky, J . chim . phys., 48, 368 (1951).
(23) M . C . A n ta  and M . H aissinsky, ibid ., 51, 33 (1954).
(24) M . Lefort, ib id ., 54, 782 (1957).
(25) M . Lefort, J . phys. ra d iu m , 17A , 164 (1956).
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C. Aqueous Acid Solutions of Ceric and Thallous 
Ions

The previous data are of interest for the following experi
ments from which primary yields of water decomposition 
could be calculated. Sworski26 has shown that the reduc
tion of ceric ions by 7-radiation follows the rate: G(CeIH) 
=  2(?h!0! +  (?h — (?oh; he also found that the addition of 
thallous ions at a concentration high enough to scavenge 
every OH radical increases the reduction yield to 2GH!o2, 
Gh 4- Goh, according to reactions 3 and 4

T l1 +  OH — >- Tl11 +  O H - (3)
T ln +  CelV — T l111 +  Ce111 (4)

If H 02 is locally produced through reaction 1, the yield of 
cerous ions in the absence of thallium is not changed since 
one ceric ion is reduced by one H 02; this is strictly equiva
lent to the reduction of two ions by H20 2 and the reoxida
tion of one cerous ion by OH. This is true also for ferric 
ion formation in the presence of oxygen, since 3Fe + + + ions 
are oxidized by H 0 2 as well as by H20 2 +  OH. Moreover, 
the addition of thallous ions to ceric sulfate solutions permits 
the determination of Gho2, as can be seen from the equations

G(Ce111) =  2Gh2o2 +  Gh +  Gho2 ~  Goh (5) 
G(Fe1H) =  2Gh!Oj +  sGh — Goh +  3Gho2 (6) 

G (Cem )(Tli added) =  2Gh2o2 +  Gh +  Guo, +  Goh (7) 
G(H2) =  Gm =  Gmoi +  V 2G0H — V 2G11 +  3AGho2 (8 )
From Sworski’s experiments,26 equation 7 is obtained with 
initial concentrations of 2 X  10 “4 M  for thallous ions and 
1 0 '4 to 10 “ 3 M  for ceric ions. Such mixtures were irradi
ated with dissolved polonium in the absence and presence of 
air. The disappearance of ceric ions was followed spec- 
trophotometrically until half of the ceric ions had dis
appeared. A 10 “ 3 M  ferrous sulfate solution then was 
added; the ferric ions formed are a measure of the amount 
of ceric and thallic ions remaining in the solution. There
fore G(Tln l) is equal to the difference between GFe+++ and 
Gce+++ determined above. From the above scheme Goh = 
GCti111), but the difference is small and the precision is not 
good.

The results were very reproducible, much more so than 
for solutions containing only ceric ions (Fig. 4). The yield 
was constant as long as the ratio of the concentrations of ceric 
to thallic ions was large. However, the initial concentra
tion of thallous ions has a slight effect on the initial yield of 
ceric ion reduction. Table III gives the values which were 
obtained in evacuated solution for several thallous concen
trations, together with the yields Goh, Gho>, Gh2o2, which 
can be calculated from the equations

(7) -  (6) =  G(Fe) -  G(Ce Tl) =  2(Gh +  Gho.)
(7) -  (5) =  G(Ce +  Tl) -  G(Ce) =  2Goh =  2G(Tlln )

(6) -  2 (8) =  G(Fe) -  2G(H2) =  4Gh
3(7) -  (6) =  3G(Ce +  Tl) -  G(Fe) =  4Gh2o2 +  2G0h

The values given in Table III are in accord with the equa
tion G(o2) =  Gh20! +  Ghoi, a finding which confirms our 
results. Thus, the radiation induced decomposition of 
water may be calculated by —Gh2o =  Gh +2Gh2 — Guo, 
— Goh +2Gho2 +  2Gh2o2-

In presence of air the reduction yields were slightly higher, 
and the ratio GBer/Gvoc is the same as that found for pure 
ceric solutions, 1.05.

Although values for the absolute yields are given within 
2% , differences between yields, corresponding to differences 
in thallous ion concentration, have a much better precision.

Discussion of Table III.— (1) The increase of 
G(Ce+++) with initial thallous' concentration in
volves an increase of G o h  and a decrease of G h o 2- 
Intratrack reaction 1 is therefore inhibited by thal
lous ions. An upper limit of 0.22 ±  0.2 could be 
extrapolated for G h o „  a value which is in  agreement 
with Donaldson and Miller’s results.14

(2) It is therefore believable that when solutions 
containing only ceric ions are irradiated, the initial 
yield of reduction is equal to Gce+++ =  2G h 2o 2 +  
G h o 2 +  G h  — G o h  with G h 2o > =  1-35; G h o 2 =

(20) T . J. Sworski, R adiation Research, 4, 483 (1950).

Time, hours.
Fig. 2.— The rate of reduction of ceric sulfate: CelV, 1.4 

X  104 M ; dose rate 2.2 X  1017e. v. cc .-1 hr.-1; X, reduction 
in evacuated solution; O, reduction in aerated solution.

1018 e.v. c c .-1.
Fig. 3.— The measurement of the reduction of ceric sulfate 

and the oxidation of ferrous sulfate; — , dose rate: 0.26 
1018 e.v. cc.-1 hr.“ 1 in ceric ions solution 10“ 4 M\ 0.175 
1018 e.v. cc.“ 1 hr.-1 in ferrous ions solution; X, the measure
ment of cerous ions; O, measurement of ferric ions. The 
dotted line indicates the addition of ferrous solution to the 
ceric sulfate solution and the first point corresponds to the 
oxidation of ferrous ions by remaining ceric ions.
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Time, hours.
Fig. 4.— The effect of presence of thallous ions in irradia

tion of deaerated solutions of ceric ions: I, Tl 10“ 3, Ce 2 X 
10“ 4M, dose rate 1.81 X 1017 e.v. cc .“ 1 hr.“ 1; II, Ce 2 X 
10“ 4 M , dose rate 1.44 X  1017 e.v. cc .“ 1 hr.“ 1.

0.22, Goh  = 0.40 and G h =  0.60. This is in dis
agreement with Pucheault’s calculations16 in which 
Gho2 was assumed to be negligible for dilute solu
tions of ceric ion.

(3) At concentrations greater than 2 X  10-3 M  
thallous ion, the oxygen yield decreases, G(Ce+++)
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T a b l e  I I I

I r r a d i a t i o n  o f  D e a e r a t e d  S o l u t i o n  C o n t a i n i n g  C e r i c  a n d  T h a l l o u s  I o n s

Initial 
T l1 concn.,

M
G(Cem )

±0.1 ff(Hî)
3  x  1 0 - 5 3 .9 0 1.57 ±  0 .05

1 0 - 4 4 .0 1.57 ±  0 .05
2 X  1 0 - 1 4.05 1.57

10-3 4.1 1.57
2 X IO“ 3 4.18 1.58
7 X I O '3 4.25 1.58

ff(O0
G(Tlm )

±0.2 Goh
1 .5 6  ±  0 .0 5 0.6 0 .4 0
1.55 .5 .43

.45
1.55 .50
1 .5 8  ±  0 .0 5 .6 .54
1 .3 0  ±  0 .1 .8 .8

Gho2 Gh2o2 Gh — G1120
0.20 1 .3 6 0 .5 9 3 .5 2

.16 1.41 .59 3 .5 7

.15 1 .4 2 .59 3 .5 8

.11 1 .4 5 .59 3 .6 2

.08 1 .5 0 .58 3 .7 0

.02 1.25 .58 3 .7 0

is unaffected, and apparently G(T1+++) increases. 
As (t h o , cannot be decreased any further, and since 
<j<o2) =  ( j h o , +  G h j O,, it follows that Gh2o2 de
creases from about 1.48 to 1.25. The concentra
tion of thallous ions is so high that within each 
spur, thallous ions compete for OH radicals with 
the combination of OH radicals and thus inhibit 
the primary formation of H20 2. No change is 
found for G(Ce+++) since ceric ions which are not 
reduced by H20 2 are destroyed by T1[I according 
to reaction 4. This effect seems similar to Miller 
and Donaldson’s observation on the decrease of 
G(H2) when the cupric ion concentration is in
creased to 1 0 - 2  molar.

(4) It is possible to compare the mean concen
tration of hydrogen peroxide when it goes into reac
tion with OH radicals along the a-track with the 
H20 2 concentration in the bulk of a solution irradi
ated by 7 -rays. From our results we can assume 
that a concentration of 2 or 3 X  10~ 3 molar thallous 
ion is necessary to suppress Gho2, while a concentra
tion of 3 X  10~ 5 M  is high enough, from Sworski’s 
experiments, to protect OH radicals against back 
reactions in the bulk of the solution. This means 
that the concentration of hydrogen peroxide is about 
1 0 0  times higher in local cylindrical columns where 
intratrack reactions occur during expansion of the 
track, than in the bulk of the solution.

(5) The slightly larger reduction yield in aerated 
solutions is difficult to understand since H 0 2 re
duces ceric ions as well as H atoms. Positively oxy
gen is acting as a strong scavenger for H atoms or 
free electrons, and therefore the primary yield Gh 
is enhanced while Gh, decreases.

D. Comments on the Yield of Oxidation of Fer
rous Sulfate in Deaerated Solutions

If we use the primary yields obtained above for a 
calculation of ferrous sulfate oxidation in the ab
sence of oxygen, G(Fe + + +> =  4.36.

G (Fe+++) =  2(?H!02 +  Gh +  3GUO2 +  (?OH — 2.7 +
0.60 +  0.66 +  0.40 =  4.36

This is much higher than the value of 3.6 observed 
by several authors14’ 20 together with G(H2) = 1.8. 
There is no reason to reduce Gho2 = 0.23 since 
Donaldson and Miller14 found a yield of 0.23 when 
cupric ion is added to ferrous sulfate, under condi
tions where reaction 1 can occur in the same manner 
as for pure ferrous ions. On the other hand, Gh 
may be calculated from G(H2) — Gh2 since ferric 
ions are formed through reaction 9 
Fe++(H20 )„  +  H — 3- FeOH++ +  H2 +  (H 20 )„_ , (9)
Gaa has been found to be 1 . 6  and G(H2) = 1.8. 
Then with G h =  0 .2 , Gho , =  0.23 and G(Fe + + +) =
3.6

2GH202 +  Goh =  3.6 — 0.2 — 0.69 =  2.71
This value is much lower than in the cupric-ferrous 
solutions (3.12). But cupric ions, as well as oxy
gen molecules in aerated solutions of ferrous ions, 
scavenge atomic hydrogen and therefore inhibit 
intratrack reaction 2. However, when only fer
rous ions are present, reaction 2  occurs and could 
explain a drop in Gh 2o2 from 1.35 to 0.95 because of 
a yield of 0.4 for reaction 2 . Goh would increase 
for the same reason from 0.4 to 0.8 and 2GhjO, +  
Goh would decrease to 2.7.

As it has been suggested several times15■17■20 it 
is difficult to assign the same primary yields for all 
aqueous solutions; for example, aerated and deaer
ated aqueous solutions of ferrous sulfate support the 
yields as in Table IV.

T a b l e  IV
Gh Ghî Goh Gho2 GH2O2 — Gh 2(

Fe + + + +  O. 0 .5 9 1.57 0 .4 0.22 1 .3 5  3 .5 5
F e+ +  + in vacuo 0.2 1.6 0.8 0 .2 3 0 .9 5  3 .2

The yield of decomposition of water itself varies 
according to the inhibition of intratrack reactions 1 
and 2 by solutes. The lower and upper limits seem 
to be 3.2 and 3.8 for 5.3 mev. a-particles.
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IRRADIATION OF POLYETHYLENE. IV. OXIDATION EFFECTS
By  H iroshi M atsuo1 and M alcolm D ole

Contribution from the Chemical Laboratory of Northwestern University, Evanston, Illinois
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The radiolytic oxidation of a linear polyethylene has been studied by measuring changes in total pressure, by observing 
increases in optical density in the infrared due to carbonyl absorbance and by analyzing gaseous products of oxidation when 
polyethylene film of different thicknesses was exposed to 7-radiation in the initial presence of a few cm. pressure of oxygen. 
A. steady rate of oxidation was soon established, making valid the use of a solution of the differential equation combining both 
diffusion and reaction for the steady state. About one fourth of the combined oxygen appeared as carbonyl and one eighth 
as water. Another eighth of the oxygen formed a mixture of carbon monoxide and dioxide. The rest of the oxygen must 
have formed mostly peroxides and alcohols. Product yields were linear with amount of oxygen consumed whether during 
the irradiation or in the dark period subsequent to the irradiation. Hydrogen gas evolution and growth and decay of un
saturation apparently were unaffected by the presence of oxygen, but the dose required to reach the gel point was increased. 
Chemical mechanisms are discussed.

Introduction
The oxidation of polyethylene during pile irra

diation was first observed2'3 by chemical analysis 
and from infrared absorption measurements of ir
radiated film at 5.8 n, the carbonyl absorption band 
and at 3.0 /x, the hydroxyl absorption band. As 
the final percentage of oxygen in films 0.06 mm. 
thick was about four times as great as that in gran
ules of 2.7 mm. diameter, it was concluded that ox
idation depended strongly on the surface area. 
Charlesby4 5 came to the same conclusion by studying 
weight changes during pile irradiation of polyethyl
ene samples of different sizes and shapes.

In the many oxidation studies6“ 14 15 that have 
been carried out since then, there have been no 
measurements of the rate of oxygen uptake during 
the irradiations, no calculations of G( — 0 2) although 
Lawton, Powell and Balw 8 9 10 11 12 13it7 did calculate a related 
G( — 0 2) and (7(H20  +  C 02 +  CO) for post-irradia
tion oxidation. There have been no kinetic equa
tions developed, no calculation of (7-values for the 
individual oxidation products. Such information 
is essential for a complete understanding of oxida
tion mechanisms.

Experimental
Materials.—The linear polyethylene, Marlex-50, free of 

anti-oxidant was kindly supplied by the Phillips Petroleum 
Co. It was used in the form of films of different thicknesses. 
Thick films were made by carefully heating and fusing to
gether stacked layers of film between polished aluminum 
plates.

Radiation Source and Cells.—The radiation source and 
cells were essentially the same as previously described.16

(1) On leave from the E lectrica l Com m unication L aboratory, 
Nippon Telegraph and Telephone Public Corporation, T okyo , Japan.

(2) D . G . Rose, M .S. Thesis, N orthw estern U niversity, 1948.
(3) M . Dole, R eport of Sym posium  IX , “ Chem istry and Physics 

of Radiation D osim etry,”  A rm y Chem ical Center, M d., 1950, p. 120.
(4) A . C harlesby, P roc. R oy . Soc. {London), 2 1 5 A ,  187 (1952).
(5) W . C . Sears and W . W . Parkinson, Jr., J. Polym er S ci., 2 1 ,  325 

(1956).
(6) E . J. Law ton, J. S. B a lw it and R . S. Pow ell, ibid ., 32, 257 (1958)
(7) E . J. Law ton, R . S. Pow ell and J. S. B alw it, ibid., 32, 277 (1958).
(8) K . Schum acher, K olloid  Z ., 1 5 7 ,  16 (1958).
(9) A . Chapiro, J . chim. phys., 5 2 ,  246 (1955).
(10) M . M agat, “ International R adiation  Research Congress,”  

Burlington, V t., A ugust, 1958.
(11) N . Bach, ref. 10.
(12) N . A . Bach and V . V . Baraeva, Z h u r n . F iz . K him ., 3 2 ,  209 

(1958).
(13) L. E . St. Pierre and H. A . D ew hurst, J . Chem. P hys., 29, 241 

(1958).
(14) P. Alexander and D. Tom s, J. Polym er S ci., 22, 343 (1956).
(15) M . Dole, D. C . M ilner and T. F. W illiam s, J. A m . Chem. Soc.,

80, 1580 (1958).

In order to carry out irradiations at about one eighth the 
usual dose rate, a holder for the cells was constructed in 
such a way that the irradiation cell could be supported 
above the stainless steel blocks containing the Co-60 rather 
than between them.

Gas Analysis and Pressure Measurements.— Before the 
irradiations, the cells containing the Marlex-50 were evacu
ated and then filled with pure oxygen at pressures varying 
from one to six cm. By means of a mercury manometer in 
a side arm the total pressure could be read at any desired 
time to ±0 .02 cm. using a cathetometer. The cell was im
mersed in a constant temperature bath at 27° during the 
pressure measurements. The cell contained a second side- 
arm which could be immersed in liquid nitrogen to freeze 
out all gaseous products, leaving Oj, H2 and CO uncondensed. 
The pressure was then read and corrected to 27° to give the 
non-condensable gas pressure at 27°. The sidearm was 
next immersed in a Dry Ice-acetone bath to freeze out or 
condense only water, methyl alcohol, acetone, etc. This 
pressure was read and corrected to 27°. The difference be
tween this pressure and the total was assumed to be water 
vapor pressure. Sometimes a trace of liquid condensed, at 
which time the partial pressure of the water became con
stant. During the time that these pressure measurements 
were being made, the irradiation cell was removed from the 
zone of the radiations. The three measurements required 
about 30 minutes; in this period consumption of oxygen by 
the post-irradiation effect introduced a- negligible error.

Several samples of the gas uncondensable at liquid nitro
gen temperature as well as samples of the condensable gas 
were analyzed in the mass spectrometer either by Dr. D . M. 
Mason of the Department of Chemical Engineering, North
western University or by the Institute of Gas Technology, 
Chicago.

The volume of the uncondensable gas was measured in a 
Toepler pump and could be calculated also after a calibra
tion of the volume of the cell. The volume of condensable 
gases was also measured, when it was possible to do so, in 
the Toepler pump.

Measurement of Gel Content and Infrared Technique.—
Estimates of the sol-gel ratio and of vinyl and vinylene 
group concentrations16 were carried out as previously de
scribed.16 For estimates of the carbonyl group concentra
tion a value17 of 188 1. cm .“ 1 mole-1 was taken for the car
bonyl molar extinction coefficient17 at 5.8 m- Although 
growth in the infrared absorption band due to OH had been 
previously observed during irradiation of polyethylene in 
air,2'3 in this work OH could not be detected due to the 
relatively small doses used and the small pressure of oxygen.

Results
The general trend of the results in the case of the 

thinnest film used, 0.0045 cm. thick, is shown in 
Fig. 1. The top curve represents the total pressure 
as a function of time. The initial drop in pressure 
was due to the excess <;clean-up” or consumption 
of oxygen over the hydrogen evolved; the mini
mum represents the time when most of the oxygen

(16) T . F . W illiam s and M . Dole, paper subm itted for publication.
(17) L . H. Cross, R. B. Richards and II. A . W illis, D isc. Faraday  

Soc., 9 ,  235 (1950).
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Time, hr.
Fig. 1.— Gas pressures in irradiation cell during 7-ray 

irradiation: upper curve, total pressure; middle curve,
pressure corrected to 27° with sidearm in liquid nitrogen 
trap; lower curve, water partial vapor pressure.

Irradiation time, hr.
Fig. 2.— Total gas pressure in cell during irradiation multi

plied by cell volume and divided by total surface area of 
polyethylene film. Film thicknesses are given at the right 
and the numbers over the vertical lines represent the length 
of the dark period (i.e., no irradiation).

had reacted; and the final linear rising portion of 
the curve was due to a constant evolution of 
hydrogen. If this latter curve is extrapolated 
back to zero time, the intercept on the pressure 
axis represents the final total pressure of the gase
ous oxidation products. In the case of the experi
mental data of Fig. 1, the extrapolated pressure 
was about 7.5 mm. while the estimated pressure of 
water vapor and other gases condensable at Dry 
Ice temperature was 5.0 ±  0.5 mm. The difference 
in these pressures, 2.5 mm. can be ascribed to car
bon monoxide and carbon dioxide. The total pres
sure (F hj +  Pco +  Pco, +  P h ,o) at the end of the

experiment, 27.8 mm., less the pressure (P h , +  
P c o )  at liquid nitrogen temperature (corrected to 
room temperature) 19.6 mm., less the pressure 
(chiefly P h ,o) of the products condensable at Dry 
Ice temperature, 5.4 mm., should be the pressure of 
carbon dioxide, or 2.8 mm. This estimate is 
somewhat greater than the previous estimate of 
P c o  +  P c o «  2.5 mm., which suggests that P c o  
could not have been very significant. However, 
in another experiment where the initial oxygen 
pressure, P °o2 was much greater, the data of Table 
I were obtained (estimated for 27°). The pressure 
of hydrogen was obtained by calculation, assuming 
G(H2) to be 3.8. The pressure of CO could then be 
obtained by subtracting P h , from P h , +  P c o -  In 
this experiment the pressure of carbon monoxide 
was seen to be about equal to that of carbon dioxide 
and 8% of the non-condensable gas pressure at 
liquid nitrogen temperature. A mass spectromé
trie analysis of the non-condensable gas yielded 6 
and 4%  carbon monoxide in two different experi
ments.

T a b l e  I
S u m m a r y  o f  P r e s s u r e  E s t i m a t e s  

Anti-oxidant free Marlex-50 film 0.0388 cm. thiek after a 
total dose of 6.47 X  1020 e .v .g .-1 

In itia l O 2  pressure, mm. 64.0
F in al pressure, m m. 9 4 .7 Fraction of O 2 converted to

-Phj 6 6 .7 C = 0  (carbonyl) 0 .2 5

P c o 5 .7 JI2 O .14

P k iO 1 8 .1 C 0 2 .06

P c o i 4.2 CO .05

T o ta l 9 4 .7  mm. T o ta l
Peroxides and alcohols

0.50

b y  difference 0.50

1.0 0

Figure 2 illustrates the effect of film thickness on 
the rate of pressure change as well as the post-irra
diation oxidation effect. The thicker the film the 
greater the rate of evolution of hydrogen per cm.2, 
and the thicker the film, the more pronounced is the 
post-irradiation oxidation effect. In Fig. 2 the 
vertical lines represent the decrease in oxygen pres
sure during resting periods wrhen the film was not 
being irradiated. Note that the post-irradiation 
effect declines as the pressure of the oxygen drops.

It is interesting to plot the initial slopes of the 
curves of Fig. 2 as a function of the film thickness. 
This is done in Fig. 3 where it can be seen that as the 
films become thicker, the initial slopes change from 
negative to positive values, and the curves become 
linear with the thickness 8. This is to be expected 
because per sq. cm. of surface area, the rate of hy
drogen evolution should increase linearly with the 
thickness. At zero thickness there should be no 
hydrogen evolution, the latter being a volume effect. 
Actually, the experimentally determined data fail 
to follow the linear relation because as the film 
thickness is reduced the negative rate of pressure 
increase due to oxygen consumption outweighs the 
positive rate for hydrogen evolution and the ordi
nates of Fig. 3 become negative. However, at zero 
thickness there should also be no oxygen consump
tion.

By extrapolating the straight lines of Fig. 3 to
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Thickness, cm.
Fig. 3.— Initial rate of change of the function P t F /A 

with time plotted as a function of film thickness for dif
ferent initial oxygen pressures. The lowest curve rep
resents results obtained in the low intensity experi
ments, normalized to the same dose rate as the data of 
the other curves.

zero thickness, the intercept on the ordinate can 
be obtained. This gives the maximum rate per cm.2 
of oxygen consumption less the rate of products 
formed for infinitely thick films. The points at 
which the extrapolated lines meet the actual curves 
give the thicknesses at the indicated initial oxygen 
pressures beyond which no further significant oxy
gen consumption can be gained. This last point is 
confirmed by the data of Fig. 4 where the initial 
rate of oxygen uptake at about 5 cm. pressure is 
plotted as a function of film thickness. It is seen 
that the rate approaches a limiting value. The 
upper curve demonstrates that at an eightfold 
lower intensity the uptake of oxygen per cm.2 per 
unit of radiation energy absorbed is about twice as 
great, with the limiting ratio at infinite thickness 
even greater than this. The middle curve represents 
the oxygen uptake including both the oxygen con
sumption during the irradiation and during any 
subsequent dark period.

If the optical density at 5.8 g, the carbonyl ab
sorption band, is plotted as a function of the oxygen 
uptake, the relationship appears to be linear within 
the experimental uncertainties both for low and 
high intensities and demonstrates that the nature 
of the reaction products did not depend on the 
amount of oxygen reacted, at least for the extent 
of reaction involved here. Furthermore, since the 
ratio of oxygen consumed to product gas formed 
during the dark periods (periods of no irradiation) 
seemed to be equal to the ratio for the periods of 
irradiation (± 1 5 % ), the conclusion also could be 
reached that the reactions involving oxygen were 
the same during both irradiation and no irradia
tion.

As far as could be told from the data of this re-

Thickness, cm.
Fig. 4.— Steady-state initial flux of oxygen into film plotted 

as a function of film thickness: open circles, high intensity 
experiments; closed circles low intensity experiments cor
rected to dose rate of high intensity experiments; vertical 
lines growth of oxygen uptake during resting periods 
subsequent to the irradiation. Initial oxygen pressure about 
5 cm. for all points.

search, hydrogen evolution, vinyl group decay and 
vinylene growth and decay were unaffected by the 
presence of the oxygen. One difficulty in testing 
the effect of oxygen on changes in unsaturation or 
hydrogen evolution is that the films must be rather 
thick to give significant sensitivity; on increasing 
the thickness of the films the ratio of oxidized re
gions of the polyethylene to unoxidized decreased. 
Hence, for a really accurate test of the effect of oxy
gen on hydrogen evolution, vinyl or vinylene de
cay and vinylene growth, much greater pressures of 
oxygen should have been used.

In agreement with the observation of many 
others, the dose required to reach the gel point was 
about doubled in the case of films 0.03 cm. thick, 
but hardly affected for films 0.09 cm. thick.

A blank experiment with a mixture of hydrogen 
and oxygen gas in the irradiation cell showed no 
change of pressure with time; i.e., there was no 
perceptible radiolytically induced reaction between 
oxygen and hydrogen gas. The density of the gas 
phase was so low relative to that of the polyethylene 
that no effect would have been expected unless a 
chain reaction ensued.

As will be seen below, (?-values for oxygen con
sumption, G{~0 2), depend very strongly on many 
factors, especially on the film thickness, radiation 
intensity and oxygen pressure. Because of the 
increase in the rate of oxygen consumption with 
film thickness as shown in Fig. 4, G (— 0 2) at first 
increased with film thickness. As the thickness of 
the film was increased beyond about 0.02 cm. in our 
experiments, (?( — 0 2) decreased, because a greater 
fraction of the y-ray energy was absorbed in the in
terior of the film where no or very little oxygen was 
available for reaction. The maximum observed 
G( — 0 2) was 9.9 for a film thickness of 0.021 cm. and 
an initial oxygen gas pressure of 5.5 cm. Not 
enough experiments were done using the low inten-
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sity radiation to estimate the maximum (?( —0 2) at 
the optimum film thickness, but under comparable 
conditions (?( — 0 2) for the low intensity experiments 
was greater by a factor of about 1.2 than (?( — 0 2) 
for the high intensity experiments.

Table II contains estimates of the maximum G- 
values of the oxidation products as well as can be 
calculated from the data.

T a b l e  I I
E s tim a t e d  M a x im u m  G -V a l u e s , M o le c u l e s /JOO E .v .

G ( - 0 2) 10.0
G(carbonyl) 5.0
G(H20 )  " 2.5
G(CO) 1.0
G(C02) 0.6

Kinetic Interpretation of Data
From the foregoing and from previous work of 

others it is obvious that an interpretation combin
ing simultaneous diffusion theory18 and reaction 
must be developed. Let us assume that competi
tive reactions exist for free radicals between oxy
gen and other free radicals, then we can write

òc _  k'c 
òt 1 +  k"c (1)

where c is the oxygen concentration in the film and 
t is the time. Combining (1) with the diffusion 
equation for unidirectional diffusion and assuming 
33, the diffusion coefficient to be independent of 
concentration and irradiation dosage, eq. 2 results

òe k'c _  32c
òt 1 +  k"c ‘ dx2

The boundary conditions adopted are

(2)

c = Co at x =  ±  ̂at all t (3a)

~  =  0 at x =  0 at all t (3b)

c =  Co at all x at t = 0 (3c)
In eq. 2 and 3, x is the distance through the film 
measured from the mid-point, k' and k"  are reac
tion rate constants and c0 the oxygen concentration 
in the surface layer. We assume that the rate of 
attainment of oxygen solubility equilibrium in 
the surface was rapid compared to reaction and 
diffusion. If this were not the case, and if the rate 
of diffusion of oxygen into the film were rate limit
ing, then the oxygen consumption rate would have 
been independent of film thickness.

The oxygen pressure decreased during the irradia
tion, so Co must also have decreased with time. For 
this reason, we shall be chiefly concerned with the 
initial rate of oxygen uptake. The data indicated 
that in the high intensity experiments an initial 
steady-state rate of oxygen uptake was established. 
The solubility of oxygen at room temperature and 
7 cm. pressure (the highest pressure used) was about 
2 X 10-7 mole of oxygen per gram of polyethyl
ene.19 As the maximum observed rate of oxygen 
consumption was of the order 10~6 mole/g. hr. in 
the high intensity experiments, it is reasonable to

(18) For theories com bining b oth  diffusion and reaction see, for 
exam ple, J. C rank, “ T h e  M athem atics of D iffusion,”  Oxford, 1956, 
Sec. 8.3.

(19) Unpublished measurements of M . F allga tter in this Laboratory.

suppose that the oxygen initially dissolved in the 
film must have reacted fairly rapidly, thereby 
making possible the establishment of a steady state 
of oxygen consumption and diffusion, at least within 
an hour or two. However, a steady state could be 
expected, theoretically, only if the ambient oxygen 
pressure remained constant, but if the latter was 
constant, no rate of oxidation could have been ob
served by pressure measurements. One of the sur
prising results of this research was the initially un
changing rate of oxygen consumption despite the 
continually declining ambient oxygen pressure; a 
marked change of the oxygen uptake rate occurred 
usually only after a period of no irradiation. Pre
sumably, a new steady-state concentration gradient 
of oxygen in the polyethylene was established on 
renewing the irradiation. Figure 5 illustrates 
hypothetical curves of the oxygen concentration 
in the film as a function of distance through the film 
at different times. It is seen readily that as the 
oxygen in the film is cleaned up, the concentration 
gradient in the surface layer of the polyethylene in
creases. Thus, if the radiation intensity is not too 
high, an increase with time in the rate of oxygen up
take should have been observable because the flux 
of oxygen into the film depends on the concentra
tion gradient in the surface layer. Figure 6 illus
trates just such an effect in the case of an experi
ment at the lower -y-ray intensity.

If a steady state does exist, eq. 2 can be simplified 
to

ò 2c _  k'c 
33 dx2 ~~ 1 +  k"c

(4)

For high enough concentrations so that k"c »  1,
(4) reduces to an equation for diffusion coupled 
with a zero-order reaction

33 Wc
dx2

(5)

Integrating twice and evaluating the constants of 
integration by means of the boundary conditions

c — cm (6)

where cm is the oxygen concentration in the middle 
of the film at x equals zero. In the boundary 
layer at x equal to 8/2

Thus the difference in concentration, c0 — cm, de
pends on the film thickness. Obviously (7) be
comes invalid when the film thickness is so great 
that a zero-order reaction cannot prevail throughout 
the film. Differentiating (6) with respect to x, and 
multiplying 8c/8x by 33 to obtain the flux, J, one 
can obtain either

J  =  kx (8a)
or

J =  (c — Cm)'A (2M3)‘A (8b)

Equation 8a requires that J0, the flux in the surface 
layer, depend only on the film thickness

(9)

This means that the concentration difference (c0 —
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cm) is independent of concentration at any fixed 
value of 5 but that it increases as the square of 8/2.

If k"c < <  1, eq. 4 reduces to an equation with 
diffusion coupled with a first-order reaction

(10)
A solution20 satisfying the boundary conditions is
C =  t  + - - -.C0( t / s j I - ;  [ e ( k / W H z - > / 2 )  +  e - ( k / £ » ' / H T . - t , / 2 ) }

(11)
giving for the flux in the surface layer

1 _  e—(i/ïw 'A j
Jo =  Co X  (kS))'A

1 +  e - (fc/XJpAs (12)

Jo C „k  ; (14)

R'<

0
1
O-

R 'C R '

RCH +  0 2

OOH 
R - p R -  

R 0 2- +  R- 
H
I

- RCOO------ ;

O— OH 

R 'C R ”  +  OH-
II
O

R  - R  
► R 0 2R

RC------ O
.0

• RC
x o H

(d)

(e)

(f)
(g)

(h)

Equation 12 demonstrates that the flux in the sur
face layer rapidly becomes independent of the film 
thickness as the latter is increased; thus for thick 
films

Jo =  Co(fcD)'A (13)
As 8 approaches zero, (12) is reduced in the case of 
thin films to

Both (13) and (14) predict that either for very 
thick films or for thin films of the same thickness, 
the oxygen uptake should be proportional to the 
oxygen pressure to the first power (assuming the 
validity of Henry’s law). This was not observed. 
On the other hand both (9) and (14) predict that 
the rate of oxygen consumption should be linear 
with film thickness for very thin films. The data 
of Fig. 4 seem to bear out this prediction. Values of 
Jo calculated from (12) can be made to approximate 
the data of Fig. 4, but the theoretical curve rises too 
steeply at low values of 8, and then levels off too 
abruptly at higher values of 5.

We turn now to a consideration of possible reac
tions which could be used to establish a model of 
the reaction kinetics. Bach,11 Bach and Saraeva12 
and Magat10 have studied the radiolytic oxida
tion of paraffinic hydrocarbons and polyethylene. 
They propose the reactions

2RH —  vw->. 2R- +  H2 (a)
R- +  0 2 — >  R 0 2- (b)

R 0 2- +  RH — >- R 0 2H +  R- (c)
H

t ' i — R ”  — R 'C R ”

Fig. 5.— Schematic representation of the variation of the 
concentration of oxygen across the film at different times 
after the start of the irradiation, assuming no change in 
external oxygen pressure.

H
2RCH,- +  0 2----->- ROOR (i)

(20) W e are indebted to one of the referees of this paper for suggest
ing the solutions 11 and 12.

i  juju* ¡3.

Fig. 6.— Total pressure in irradiation cell during a low 
intensity radiation experiment; film 0.0723 cm. thick.

Although reactions (b) and (c) constitute a chain, 
Magat and Bach believe that no chain reaction 
exists. Bach believes that R- is formed initially 
with excess energy which carries over to R 0 2-, but 
which is lost by the time R- is formed in reaction
(c). The free radical R- of (c) can react with 0 2 
to form R 0 2-, but this free radical is not an excited 
radical and does not have enough energy to over
come the activation energy required for reaction
(c).

In the papers of Bach and Magat nothing is said 
of the formation of gaseous products although the 
evolution of CO, C 02 and H20  is mentioned by 
Lawton, Powell and Balwit.7 We have found that 
on the average carbonyl and water are formed in 
the molar ratio of 2 to 1. approximately. If car
bonyl were formed exclusively from the decompo
sition of hydroperoxide
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— CH2CHCH2-------->  — CH2CCH2—  +  H20  (j)

OOH o
the ratio would be one to one. Water could also 
be formed by the OH of reaction (e) abstracting a 
hydrogen atom from a neighboring chain, but the 
ratio of carbonyl to water would still be one to one. 
Evidently carbonyl is also formed by reactions such 
as (h) or by equation (k) suggested by Chapiro9 

H

— CH2i — CH2---------— CH2CH20- +  — CH,CHO (k)

without the concomitant production of water (see 
also reaction (1)).

Another type of reaction for the termination step 
has been found by Russell21 to yield the best ex
planation for the autoxidation of aralkyl hydrocar
bons at 60°. This reaction involves the reaction of 
two peroxy radicals

H

2ROO------ ^  0 2 +  RCR +  RCR (1)

with the liberated oxygen again reacting according 
to (b). In this case the reaction scheme would in
volve reactions (a), (b) and (c) with (1) as the termi
nation step. If the kinetic chain length is unity, 
i.e., one oxygen molecule absorbed per initiating 
free radical, the total number of oxygen atoms ap
pearing as carbonyl oxygen should be one-fourth 
the number of the oxygen atoms absorbed. Refer
ring to Table I it is seen that this requirement is 
fulfilled. Reaction (1) also requires that the num
ber of hydroxyl groups formed should equal the 
number of carbonyl groups. Neither Russell nor we 
were able to analyze the product for its hydroxyl 
content. However, Russell’s scheme cannot be 
completely applicable to the present results, be
cause it does not predict the formation of water. 
If water is formed exclusively by reaction (j), then 
the carbonyl content should be greater than one- 
fourth of the oxygen consumed. This difficulty 
could be partly resolved if the termination reac
tions were not exclusively the one suggested by 
Russell, but included also (f), (g), (i), etc. If wa
ter, CO and C 02 were formed by the reactions

H

— CH2i c H 2--------s- CO +  H20  +  — CH2CH2—  (m)

OOH
H

:2i c H 2---------^ 02

A o .

C 02 +  — CH3 +  —  CH2. (n)

0 2 H------CH2CH20. [from reaction (k)]
—  — CH2. +  C 02 +  H20  (o)

part of the yield of water could be accounted for 
without the necessity of postulating the simultane
ous production of carbonyl, and the presence of CO 
and C 02 in the product gas could be explained. 
Another possibility of water formation without

(21) G . A . Russell, Chemistry and In d u stry , 1483 (1956); J . A m . 
Chem. S oc., 79, 3871 (1957).

carbonyl groups being formed is given by the de
composition of adjacent ROH groups

2ROH +  -— >- H20  +  ROR (p)
Still another possibility would be provided by the 
decomposition of two adjacent hydroperoxides

2ROOH — >  ROOR +  H20  +  *A02 (q)
The next problem is to develop kinetic equations 

corresponding to the different reaction mechanisms. 
Considering only reactions (a), (b), (c) and (1) it is 
easy to show that the rate of oxygen clean-up must 
be zero order. For a kinetic chain length of unity, 
the net rate of oxygen consumption is the rate of 
(b) less one-third the rate of (1). Assuming ho
mogeneous steady-state kinetics

Ô C

Ô2
5
3 tp l  -f- k

'A
(15)

In eq. 15 t is the time, I  the intensity of the radia
tion, >p the quantum yield, fcc and k\ are the reaction 
rate constants of reactions (c) and (1). The con
centration of the polyethylene, [RH], is taken to be 
a constant at the doses used here. The whole right- 
hand side of (15) is equal to k of eq. 5. The fact 
that the flux of oxygen into the film, J, is not lin
ear with the film thickness, d, as required by eq. 9 
demonstrates that oxygen consumption is not zero 
order throughout the film.

Another reaction scheme which describes only 
peroxide formation from two closely situated free 
radicals, but which involves competitive termina
tion reactions is

2RH — ^ RCH CH R' +  H, (r)

o r  — R C H R ' +  H2 ( s )

RC H R'
RCH CH R' +  0 2 — >  RCH CH R' (t)

I I
0 — 0

R C H R ' R C H R '
: +  0 2 — >  |

R C H R ' 0  (u)
I

0
1

RCHR'
RC H CH R' — s- R C H = C H R ' (v)

R C H R ' RC H R'
: ---- >• I (w)

R C H R ' RC H R'

This sequence yields the rate equation for oxygen 
consumption

- ! - * ' » Hd i A n  +  c i r , ]  <•♦>
In the derivation of (16), the configuration 

RC H R'

RCH R'
was considered as a single unit. At high oxygen 
concentrations (16) reduces to a zero-order rate 
law and at low concentrations to a first-order rate 
law.

Turning now to the interpretation of the actual 
data, the variation in flux, J0, with the oxygen pres
sure can be seen in Fig. 3. The intercepts of the 
curves at zero film thickness, corrected for the rate
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of product formation, represent the maximum 
rate of oxygen consumption. The intercepts, given 
in Table III, seem to be proportional to the square 
root of oxygen pressure. The rates also are pro
portional to the function k'P/( 1 +  k"P) within 
the experimental uncertainties. The chief uncer
tainty in determination of the initial rates is the 
magnitude of the correction for the gaseous reaction 
products. There was definite experimental indica
tion of a lag in the build-up of the product pressure, 
possibly due to a slowness of diffusion of water 
vapor out of the film.

The conclusion reached is that competitive reac-
T able III

O, pressure, cm.
Max. rate of con
sumption relative V p

values Rate
1.7 0.020 65
4.0 .030 66
6.2 .0386 65

tions exist, but this rather obvious deduction, un
fortunately, does not permit us to choose any par
ticular reaction scheme as being the most likely one. 
We believe that our results, in fact, cannot be rep
resented by any one reaction sequence.

Finally, it is interesting to point out that the 
zero-order rate law constant k  of eq. 9 can be evalu
ated by estimating the slope of the J-S plot, Fig. 4, 
at 5 equal to zero (infinitely thin film). Multiplying 
by 2 to obtain k  and multiplying the latter by 100 
to obtain a theoretical maximum value of G( — 0 2), 
the result is 15 ±  3. If the kinetic chain length for 
oxygen consumption is unity, then this number rep
resents the maximum number of free radicals pro
duced per 100 e.v. of absorbed 7 -ray energy.

Acknowledgment.—We gratefully acknowledge 
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THE PHOTOLYSIS OF AMMONIA IN THE PRESENCE OF NITRIC OXIDE1
B y  A . S e r e w ic z  a n d  W . A l b e r t  N o y e s , J r .

Department of Chemistry, University of Rochester, Rochester, New York 
Received February 2, 1969

The products of the photolysis of ammonia in the presence of nitric oxide are N,, N20 , H20  and H2. The last is a minor 
product unless the concentration of nitric oxide is very low. A mechanism is proposed.

The photolysis of ammonia has been very ex
tensively studied.2 In spite of this fact several 
steps in the mechanism, and in particular the step 
which leads to production of molecular nitrogen, 
must still be considered to be uncertain. Never
theless it may be stated with considerable certainty 
that the primary process is

NH S +  hv =  NH2 +  H (1)
with a primary quantum yield of unity. The facts 
which support these conclusions are as follows. (1) 
The spectrum of ammonia gas in the region 2000- 
2400 A. consists of diffuse bands2; (2) hydrazine 
becomes a major product in a flow system which 
removes it rapidly from the illuminated zone in 
which atoms and radicals are present.3

Ammonia-nitric oxide mixtures have been pre
viously studied4 but the importance of nitrous oxide 
formation seems not to have beem emphasized.

It was hoped in undertaking this study that rela
tive rate constants for several reactions of the NH2 
radical might be obtained. This hope has not been 
fully realized.

(1) This research was supported in p art b y  contract AF18(600) 
1528 w ith  the U nited States A ir Force through the Air Force Office of 
Scientific Research of the A ir Research and D evelopm ent Com m and. 
Reproduction in w hole or in p art is perm itted for a n y  purpose b y  the 
U nited States G overnm ent. T h e authors wish to express their ap
preciation to D r. P . Ausloos for m any helpful discussions and ideas.

(2) Space does not perm it a com plete bib liography of ammonia 
photolysis to  be given. See W . A . N oyes, J r . ,  and P. A . Leighton, 
“ T h e Photochem istry of G ases,”  Reinhold P ubl. Corp., N ew  Y ork,
N . Y ., 1941, p. 370; C . C . M cD onald and H . E . Gunning, J . Chem. 
P h ys., 23, 532 (1955); II. Gesser, J . A m . Chem. S oc., 77 , 2626 (1955).

(3) C . C . M cD onald, A . K ah n  and H. E . G unning, J . Chem. P h ys., 
22, 908 (1954).

(4) C . H. Bam ford, Trans. Faraday S oc., 3 5 ,  568 (1939). See H. 
Gesser, ref. 2.

Experimental
The main features of the vacuum line were similar to those 

used in other studies in this Laboratory. No stopcocks were 
used except for a few runs with a portable cell, when a 
temperature of 0° was required. In these runs two stop
cocks were present.

Ammonia from the Ohio Chemical Company was passed 
through a series of traps at —78° and then outgassed at 
— 159°. Finally the ammonia for each run was outgassed 
at —196°. Fresh samples of gas were used for each run.

Nitric oxide (Matheson) was passed through several traps 
at —159°, one at —183° and finally outgassed for several 
days at —196°. Mass spectrographic analysis showed a 
purity of 99.6%.

A medium pressure mercury arc (Hanovia S-100) was 
used without filters except that in some runs the radiation 
passed through a tube containing mercury vapor to reduce 
danger of mercury sensitization and in a few runs a path of 
5 cm. of water was interposed to reduce short wave lengths. 
The light was collimated by a quartz lens. Intensities were 
varied, when necessary, by interposing wire screens whose 
transmissions were measured by a Beckman ultraviolet 
photometer.

Most of the runs were made with a cell 5 cm. in diameter 
and 10 cm. long enclosed in an aluminum block furnace. 
Temperatures were read by several thermocouples placed 
on the cell wall. The experiments at 0° were made with a 
portable cell 5 X 8  cm. irradiated in a brass cylinder with 
double quartz windows and filled with ice and water.

It was necessary to avoid local depletion of nitric oxide 
when the pressure of the latter was low. A 6.5 liter bulb 
was inserted in the line and the gases circulated by a mag
netically driven stirrer. Not more than 5%  of the nitric 
oxide and usually not more than 0.2%  of the ammonia re
acted during a given run.

Nitrogen and hydrogen were removed at —215° and the 
hydrogen oxidized by cupric oxide at 315°. Hydrogen was 
determined by difference. Nitric oxide was then removed 
■at —183° (liquid oxygen). Any nitric oxide in the —215° 
fraction would have been recorded as hydrogen but all 
analyses were checked with the mass spectrograph. Nitrous 
oxide was separated at —159° at which temperature am
monia is retained in the trap.
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Water was determined by reaction with calcium carbide. 
The method was checked by formation of water from “ water 
gas.”  The calcium carbide must be renewed frequently 
since reaction with water appears to stop once the surface 
has reacted. Water analyses are less accurate than the 
others.

Results
Many preliminary experiments (data not shown) 

served to show the importance of several variables. 
In the later runs the effects of the following vari
ables were studied: (1) nitric oxide pressure; (2) 
temperature; (3) intensity; (4) time of irradia
tion.

Irradiation of nitric oxide alone produced only 
nitrogen as the product not condensed at — 215°6 
since presumably oxygen reacts with nitric oxide 
either during the experiment or during the analy
sis. When mixed with sufficient propane to 
quench excited mercury atoms (if present) the ni
trogen yield was the same as in pure nitric oxide 
and neither hydrogen nor propene was formed. 
These results indicate that mercury sensitized reac
tions did not occur under the conditions of these ex
periments.

The effects of time of reaction at constant in
tensity and of rate of reaction as a function of in
tensity were investigated. There is no conclu
sive evidence for a change of rate with time and 
hence the products of the reaction do not interfere 5

T a b l e  I
E f f e c t  o f  I n t e n s i t y  o n  R a t e

T =  31 ±  1°; Hnhj =  38 mm.; P no =  5 mm.
In
ten
sity

(rela
tive)

n2,
moles 

Tim e, X  106/ 
min. hr.

M oles X 
N 2

10G/hr. intensity (relative) 
H, N2O ' H2O

0.106 240 0.67 6.3 0.24 2 0 5.8
0.297 85 1.98 6.6 .55 2.8 9.6
1.00 35 6.24 6.2 .58 2.5 (8.7)

T a b l e  II
E f f e c t o f  N i t r i c  O x i d e  P r e s s u r e  o n  R a t e s  ( L o w

P r e s s u r e s )COIISh P nh3 =  38.3 ±  1 mm. (Expansion bulb in line)

Pno,
mm.

N.,
moles X  109/ 

hr.
H2/N 2

(4 )
N2O /N 2

(B) 2 A  + 2 B

0.78“ 2.8
0.86“ 2.8

0.11 1.87 0.38 0.47 1.7
.12 3.54 .34 .35 1.4
.23 3.62 .30 .16 0.92
.29 3.43 .35 .19 1.1
.54 3.51 .26 .25 1.0

1.07 3.71 .19 .31 1.0
1.21 3.67 .16
2.39 3.41 .12 .48 1.2
0.10 1.276 .29
0.22 1.15b .23
0.32 2 .196 .21 .26 0.94
0.14 2.23“ .32 .15 0.94

Av. (except 1st two) 1.0
“ Without water filter. 6 Intensity 0.29 of full intensity. 

c Intensity 0.62 o f  full intensity. N o t e : <i>N2 =  1 at suffi
ciently high NO pressures but this is undoubtedly not true 
for low NO pressures. Hence H20 /N 2 is not 4^,0 in this 
table at low NO pressures.

(5) P . J. F lory a n l  H. L . Johnston, J. Chem. Soc., 57, 2641 (1935).

with the reaction at least at low conversions. Table 
I shows data on the effect of intensity.

Table II shows the effect of nitric oxide pressure 
on rates when the nitric oxide pressure is low.

As the nitric oxide pressure increases the H2/N 2 
ratio decreases and may approach a constant 
asymptotically. The N20 /N 2 ratio is more er
ratic, possibly due to local depletion of nitric oxide. 
Table III shows variations over a wide pressure 
range.

T a b l e  III
E f f e c t  o f  N i t r i c  O x i d e  P r e s s u r e  o n  R a t e s  ( H ig h  

P r e s s u r e s )

Pnm — 37 ±  2 mm.; T = 28 ±  2°

P n o ,
mm.

N2,
moles X 109/ 

hr.
H2/N 2

(4 )
N2O/N 2

(B)

H2O /
N2
(C ) 2 A +  2 B C -4

3.0
1.1
6.6

2.8
0.14 0.32 1.9 0.92 1.6

6.0 8.2 .09 .34 1.2 .86 0.9
6.3 7.6 .11 .34 1.3 .90 1 0
6.4 7.0 .09 .36 1.6 .90 1.2

10.0 8.7 .04 .26 1.1 .60 0.8
20.0 10.2 <  0.1 .14 1.1 <  .30 1.0

0.15
T

3.00
=  0°

1.61 .087 0.02 0.50 1.0
4.2 .073 .05 .38 0.9
7.8 .089 .03 .44 0.9
8.7 .088 .04 .43 1.0

15 5 .087 .02 .50 1.0

5.5 4.6
T

0.05
= 100° 

0.32 0.7
4.7 6.3 0.11 0.36 0.9

Discussion
Interpretation of the data at low pressures of ni

tric oxide is complicated by the fact that steps in 
photolysis of ammonia which lead to nitrogen 
formation are not known with certainty. At suf
ficiently high nitric oxide pressures the following 
steps can be postulated

NH3 +  hv =  NH2 +  H 
NH2 +  NO =  N2H20  

H +  NO = HNO 
HNO =  H +  NO 

2HNO =  N20  +  H20  
H +  HNO =  H2 +  NO

According to this mechanism
1 _  IfNaO

P n2 P n2

i -  2 ( f ®  +  § ^ -° )

In Table II the fifth column shows how well equa
tion 8 is obeyed and in Table III the sixth and sev
enth columns show how well equation 8 and 7 are 
obeyed, respectively. As might be expected there 
is considerable scatter in the results for equation 7 
because water analyses are not accurate. The data 
agree well with equation 8 except for very low and 
quite high pressures of nitric oxide.

At low pressures of nitric oxide reaction 2 evi-

(1)
(2)
(3)

(4)

(5) 6
(6)

(7)

(8)

(6) J. A . G ra y  and D . W . G . Style, Trans. Faraday Soc., 48, 1137 
(1952); see also J. B. L evy, J. A m . Chem. Soc., 78, 1780 (1956).
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dently does not proceed quantitatively and some of 
the reactions which occur in pure ammonia must 
take place. At high nitric oxide pressures the right 
hand side of equation 8 is below unity thus indicat
ing a lack of material balance, probably due to some 
unidentified product. The nature of such a product 
is indicated by the work of Harteck7 to be possibly 
a polymer of HNO.

At high nitric oxide pressures the hydrogen atom 
concentration must be very low and reaction 6 is 
nearly suppressed. Since there is little or no effect 
of intensity on the ratios of products one can say 
that radical-radical reactions do not compete with 
radical-molecule reactions to an appreciable extent.

The mechanism accounts quantitatively for the 
products and for the effects of various variables. 
On the other hand rate expressions may be derived 
from the mechanism which do not agree well with 
trends in the data. This may be due partly to wall 
effects since a change in surface to volume ratio 
does change the ratio of products. It is also due 
undoubtedly to the fact that the mechanism em
bodied in equations 1-6 is not complete since the 
steps in ammonia photolysis have been omitted.

If Aq = 0 the following expression is obtained

( t  ~ ■) * **
______________ (NO) ~  \  W

(7) P. H arteck, B er., 66, 423 (1933).

Table IV shows the application of this equation to 
a series of runs.

T a b l e  IV
A p p l i c a t i o n  o f  E q u a t i o n  9

T = II

L-OCO 0.196 1. (Illuminated V = 0.188 1.)

Pno,
mm.

-KN2,
moles X  105/  72n î/ 

hr. 1. Rm
Rs 20, 

moles X 
10s/h r. 1.

fefcV2 X  10
(concn., 
moles/1., 

tim e in hr.)

5.55 3.58 11.3 1.36 1 3
4.9 3.08 9.7 1.20 1.2
5.1 3.18 10.8 1.27 1.3
3.0 2.95 7.6 1.11 1.4
1.2 2 83 4.4 0.76 1.5
9.9 3.41 18.6 1.44 1.3

A v . 1 .3 ± 0 .1

The assumption that fc4 = 0 is certainly not valid 
at high temperatures but should be approximately 
true at 31°. The heat of reaction may not be es
timated with any certainty. The figures in the fifth 
column of Table IV are not very sensitive to trends 
and hence do not constitute more than supporting 
evidence for the mechanism.

Thus the mechanism embodied in equations 1-6 is 
reasonable but is not complete and fully proved.

THE STRUCTURE OF SILVER CYCLOÔCTATETRAENE NITRATE
By F. S cott  M a t h e w s  a n d  W il l ia m  N. L ipscom b

School of Chemistry, University of Minnesota, Minneapolis 14, Minnesota
R eceived February 5, 1959

The Ag+ ion interacts with two non-adjacent “ ir” -bonds of each cyclooctatetraene molecule at A g+-C  distances of 2.46, 
2.51, 2.78 and 2.84 Â. Slightly longer A g+-C  interactions, 3.17 and 3.29 Â., join these units into infinite chains along the 
c-axis of the crystal. The short A g+- 0  distances of 2.36 and 2.43 Â. suggest some covalency. There are four AgCgH8N 0 3 
in a unit cell of symmetry P2i/a with parameters, a =  16.84, b =  8.94, c =  5.86 Â., and 0 — 91° 7'. Agreement factors 
for the 1136 observed X-ray diffraction maxima are R =  2||Fo| — |E„||/Z |fo| =  0.112 and r =  2io(Fo2 — FfLY '£ ,w F =  
0.056.

Introduction
Complexes between heavy metal ions and x-bond- 

ing systems of unsaturated or conjugated organic 
compounds have received recent experimental1“ 4 
and theoretical5-8 attention. Unfortunately, few 
crystal structure studies have been carried out, but 
Zeise’s salt,9 the palladium chloride complexes of 
ethylene10 and styrene,11 and the silver perchlorate-

(1 )  J . C h a tt and R . G. W ilkins, N ature, 1 6 5 , 859 (1950).
(2) J . C h att, Chem. R evs., 4 8 , 7 (1951).
(3) J . C h a tt and L . M . Vananzi, N ature, 1 7 7 , 852 (1956).
(4) L . J . A ndrew s, Chem. Revs., 5 4 , 713 (1954).
(5) R . S. M ulliken, J . Chem. P h ys., 1 9 ,  514 (1951); J . A m . Chem. 

Soc., 7 2 , 600 (1950); 7 4 , 811 (1952).
(6) J . C h att, J . Chem. Soc., 3340 (1949).
(7) J . C h att and L. A . Dunkanson, ibid ., 2939 (1953).
(8) R. E . Rundle and J. D . C orbett, ./. A m . Chem. S oc., 79, 757 

(1957).
(9) J. A . W underlich and D . P. M ellor, A cta  Cryst., 7 , 130 (1954); 

8, 57 (1955).
(10) J . N . D em psey and N . C . Baenziger, J . A m . Chem. Soc., 7 7 , 

4984 (1955).
(11) J. R . Holden and N . C . Baenziger, ibid., 7 7 , 4987 (1955).

benzene complex12’13 have been elucidated in de
tail. The present study of silver cyclooctatetraene 
nitrate,14 previously reported briefly,15 was under
taken to elucidate the type of interaction between 
silver ion and a more nearly ethylenic double-bond 
system than that existing in benzene.

Experimental
Cyclooctatetraene silver nitrate, AgCsHsNOs, crystallizes 

from a mixture of aqueous silver nitrate and cycloocta
tetraene (hereafter called COT) dissolved in petroleum ether 
in the form of needles which decompose easily to (COT)2 
(A gN 03)3 by loss of COT. Thus it was necessary to mount 
the crystals in an atmosphere of COT. A crystal about 
0.15 mm. in diameter was mounted in a thin-walled glass 
capillary on the X-ray apparatus with the needle axis paral
lel to the rotation axis. Precession photographs using Mo 
Iia  radiation indicated a monoclinic unit cell with parame
ters, a =  16.84 ±  0.045, b =  8.94 ±  0.018, c =  5.86 ±

(12) R . E . R undle and J. Goring, ibid ., 7 2 , 5337 (1950).
(13) H. G . Sm ith and R . E . Rundle. ibid ., 8 0 , 5075 (1958).
(14) A . C . Cope and F . A . Hochstein, ibid., 7 2 , 2515 (1950).
(15) F . S. M athew s and W . N . Lipscom b, ibid., 8 0 , 4745 (1958).



846 F .  S c o t t  M a t h e w s  a n d  W i l l i a m  N .  L i r s c o M n Yol. 63

0.008 A., and 0 =  91° 7' db 15'. Systematic absences ob
served only for hOl reflections when h is odd, and for OkO 
reflections when k is odd, lead unambiguously to the space 
group P2l/a . Assumption of 2, 4 or 6 molecules in the unit 
cell lead to a calculated density of 1.03, 2.06 or 3.09 g ./cc ., 
respectively. A crystal of the compound was observed to 
sink very slowly in haloearbon oil of density 1.93 g ./cc ., 
while a crystal of KBr with density of 2.75 g ./cc . about the 
same size as the COTAgN03 crystal was found to sink rela
tively rapidly. Thus the density of C8H8AgN 03 is sub
stantially less than 2.75 g ./cc . and only a little greater than 
1.93 g ./cc . Hence we assumed four molecules in the unit 
cell. For comparison, the density13 of AgC6H6C104 is 2.4 g ./  
cc. Precession photographs at a precession angle £ =  30° 
of the 0kl; hOl; hhl; 2k,k,l; hll and h2l reciprocal lattice 
nets, and at ^ =  25° of the h3l reciprocal lattice net using 
Mo Ka, radiation, gave 540 independent reflections. Equi- 
inclination Weissenberg photographs of the same crystal 
were taken at the hkO, hkl, hk2, hk3 and hki levels with 
the use of Mo Ka radiation. All intensities were estimated 
by visual comparison with a timed intensity scale prepared 
from single reflections of this same crystal. After the usual 
Lorentz and polarization corrections had been applied, the 
observed structure factors for precession and Weissenberg 
photographs were placed on a common arbitrary scale by 
correlation of reflections common to both sets. No attempt 
was made to correct for absorption of X-rays, since at most 
only approximately 30% of the radiation was absorbed for 
this crystal. Weissenberg photographs were also taken with 
Cu Ka radiation of a second crystal about 0.06 mm. in di
ameter but, owing to the increased absorption problems, 
only about 30 additional reflections of the hk2 level were 
added to the previous list. A final total of 1136 reflections 
(Table V) were obtained for this study.

Structure Determination.— The three-dimensional Pat
terson map was sharpened by multiplying each |F0|2 b y / -2 
exp 0' sin2 0/X2: where /  =  Z f j/2 Z¡ for the j atoms and 0', 
the "adjusted”  temperature factor, was chosen as 2 Á .2. 
This map was calculated at intervals of a/80, 6/40 and e/40 
on the Univac Scientific 1103 using the 1136 observed struc
ture factors. A single silver-silver interaction of height 72 
(arbitrary units) was found at approximately 50/80 a, 
17/40 6, 8/40 c, which located a silver atom at 25/80 a, 
8.5/40 6, 4/40 c in the real centrosymmetric unit cell.

At this point two natural choices presented themselves: 
(1) calculate structure factors from the position of the silver 
atom only, in order to determine the relative signs of a ma
jority of the observed structure factors and calculate an elec
tron density map, or (2) employ the “ vector convergence 
method” 16 using a graphical superposition of the three-di
mensional Patterson map. The latter method was chosen 
in order to economize computer time. The origin of the 
Patterson map was placed on the single silver-silver inter
action to give a map in real space with a silver atom at the 
origin. Although for this centrosymmetric space group only 
one superposition is necessary, a second superposition using a 
double silver-silver interaction in a Harker section was per
formed in the hope of removing spurious peaks. The small
est light atom-heavy atom peaks considered were of height 
8, and any peak which did not satisfy the space group sym
metry was discarded. A scale model of the unit cell was 
built utilizing "he 68 possible atom sites found. Fifty-two 
of these formed a plausible ensemble, while the other 16 
could be rejected as being chemically improbable. The 
peak heights of all nitrogen and oxygen atoms ranged from 
11 to 19, while those of the carbon atoms ranged from 9 to 
14. Of the 16 false atom sites, the peak height of only one 
exceeded 10. The positions of the four false atom sites in 
the asymmetric unit are given, along with their average peak 
heights, in Table I.

The approximate atomic coordinates oand individual iso
tropic temperature factors (initially 4 A .2 for light atoms, 
2 A .2 for silver) were refined by seven least-squares16'17 
cycles, which brought R =  Z||fcFo| — |FC[|/Z|F0| from 
0.371 to 0.158 and r =  2  w[(AF0)2 — Fc2]2/2i<;(i;Fo)4 from 
1.090 to 0.114. At this point, we decided to refine the silver 
atom temperature factor (2.62 Á .2) anisotropically before 
calculating a difference map. After three such cycles, all

(16) M . G . R cssm ann, R . A . Jacobson, F . L . H irshfeld and W . N . 
Lipscom b, Acta Cryst., in press.

(17) R . E . D ickerson, P . J. W h eatly, P . A . H ow ell and W . N. 
Lipscom b, J . Chem. P h ys., 2 7 , 200 (1957).

T a b l e  I
U n e x p l a i n e d  P e a k s

Patterson superposition 
x , a/ 80 y , 6/40 z, c/40

A v . ht.
(arbitrary units)

25.2“ 11.9 11.1 9.5
25.2“ 8.5 15.4 9.5
25.7 4.5 22.2 8
25.3“ 8.4 33.4 8.5

Difference Fourier 
x, a/80 y ,  6/80 z , c/40 li t . ,  e .A -3

Closest
atom

D istance,
A.

24 7 7 3.0 Ag 0.6
26 10 0 2.5 Ag 0.6
27“ 8 . 5 31 2.5 Y'6 1.2
23“ 8.5 17.5 2 0 c s 1.0
25 8.5 23.5 1.8 o 2 0.7

8.5 16 33.5 1.7 c 4 0.7
30 19.5 17.5 1.6 c 3 0.5
30 6.5 22.5 1.4 C< 0.4
36.5 7.5 19 1.4 c , 0.6
25“ 12 8.5 1.3 Ag 1.0
27 23 26 1.3 c 3 2.0
20.5 13 21.5

COH

c 6 1.0
4 8 29 - 3 . 8

26 14 4 - 3 . 2
8 14 0 - 1 . 6

Electron density map 
x ,  a/80 y ,  6/40 z, c/40 ht., e .A . 3

25“ 12 11 3.7
25“ 9 15 3.7
25“ 9 33 4.1
25 12 36.5 3.7

“ Peaks common to the three sets of maps.

atoms except hydrogen were used to obtain a difference map, 
on which the highest positive peak was 3 e .A .-3. There 
were 12 positive peaks whose heights were greater than 1.2 
e .A .-3. The position, height and approximate distance 
from the closest atom are given in Table I for each of these 
12 peaks. As can be seen, 7 of these are within 0.75 A ; of an 
atom. None of the other peaks is a reasonable addition to 
the present structure, and none suggested a reinterpretation 
of the structure. In addition, three negative peaks of depth 
less than —1.5 e ./A .3 were found, and are also given in 
Table I.

Finally, three more cycles of least squares were carried 
out, giving final values for R — r of 0.112-0.056. Final 
agreement factors are R =  0.13 for 0kl, 0.12 for hOl, 0.11 
for hkO, 0.11 for h odd, 0.10 for k odd, 0.11 for l odd, 0.11 
for h +  k odd, 0.11 for k +  l odd, 0.11 for h +  l odd and 0.11 
for h 4- k +  l odd for, in each class, all observed reflections. 
After applying the signs calculated during the last cycle to 
the observed structure factors, a three-dimensional electron 
density map was calculated. Four unexpected peaks^with 
heights comparable to that of carbon (average 4.9 e .A .-3) 
appeared at positions shown, along with peak height, in 
Table I. The first three listed have positions close to peaks 
observed on the difference map (starred) and the false peaks 
obtained from the Patterson superposition (starred). Series 
termination could explain the false peaks in the electron 
density map and possibly also the discrepancies in the dif
ference map. Possibly, also, there are some small system
atic errors in the data, such as those caused by absorption or 
extinction.

In the hopes of minimizing series termination errors, an 
electron density projection, using hkO data only, was calcu
lated and is shown in Fig. 1. The largest false peak lies be
tween the silver and the nitrogen atoms, and rough graphi
cal integration of the electron density indicates that it con
tains approximately 0.16 as many electrons as an oxygen 
atom.

Results and Discussion
Final atomic parameters are given in Table II 

and some important bond distances are given in 
Table III. The average standard deviations of the
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o 0 m

Fig. 1.—Electron density projection along the c-axis with 
the light atom framework superimposed. Light contours are 
at intervals of 1 e ./A .2, while the heavy contours are at 
intervals of 10 e ./A .2. The shaded area is between 1 and — 1 
e ./A .2 and the broken contours represent negative electron 
density.

T a b l e  I I

F in a l  A tom ic  P a r a m e t e r s
Atom X V z B (A.!)

Ox 0 .1 7 3 0 .2 5 0 1 .0 4 7  4 .2 1
o 2 .0 9 5 .4 3 3 0 .9 4 9  6 .0 0
0 3 .221 .4 7 0 .9 9 6  3 .6 8
N .1 6 3 .3 8 5 .9 9 6  2 .2 9
C l .4 5 7 .2 9 8 .1 6 4  4 .4 5
c 2 .4 1 0 .4 2 3 .1 6 2  2 .9 9
c 3 .3 8 5 .5 0 7 .3 6 1  3 .9 2
C l .3 3 9 .4 5 6 .5 4 3  3 .4 4
C 6 .31 1 .3 0 7 .55 1  3 .6 6
Ce .3 5 2 .1 8 0 .5 7 0  4 04
c , .4 3 8 .1 6 3 .5 5 8  4 .4 3
c s .4 8 4 .2 1 9 .3 7 9  4 .2 7
A g .3 1 6 .2 1 8 . 09 7  a

„ / f t  == 0 .0 0 2 7 f t  =  0 .0 0 9 2  f t  =  0 .0 261
1 f t  == - 0 . 0 0 0 3 f t  =  -- 0 .0 1 0 3  f t  =  0 .0 0 3 6

T a b l e  III
C r-C i 1 .3 7  Â . C j - A g  2 .5 1  Ä.
C 2- C 3 1 .4 0 C 2- A g  2 .4 6
c 3- c , 1 .4 0 C s- A g  2 .7 7
C 1- C 5 1 .4 2 Cg—A g  2 .8 4
C 5- C 6 1 .3 3 ( V N  1 .2 5
C a -C - 1 .4 7 O o -N  1 .2 4
c , —C8 1 .4 0 O s- N  1 .2 4
O-Cx 1 .5 1 O i -A g  2 .4 3

0 3' - A g  2 .3 6

<CiC2C3 126° < C x A g C 2 3 2 °
< C 2C 3C 4 129 < C sA g C e 27
< C 3C iC 6 121 < O xN 0 2 120
< C i C 6C 6 129 < 0 2N 0 3 120
< C SC 6C , 127 < 0 3N O x 118
< C 6C 7C 8 124
C C tCsC i 129
< C 8C 1C* 123

T a b l e  I V

A n a l y s i s  o f  A n i s o t r o p i c  T h e r m a l  V i b r a t i o n  o f  S i l v e r

Axis 4 * O) B (A-2) V /ftA .
J> 0.43 0 .66 0 .62 1.89 0.15
Q -  .83 .50 .01 3.06 .20
R .33 .52 -  .79 4.56 .21

Fig. 2.— Projection along the c-axis. 0 3' is in the adjacent 
unit cell. Distances are in A.

“’ 16.81
Fig. 3.— Projection along the 5-axis. Distances are in A.

Fig. 4.— Bonding of silver to COT in infinite chains and to 
the nitrate groups. The axes P and R  of the anisotropic 
thermal vibration are shown on the upper silver atom, the 
lengths being proportional to B. The third axis, Q, is perpen
dicular to the plane of the figure. Distances are in A.

bond distances, calculated from residuals of the 
least-squares treatment,17 neglecting off-diagonal 
terms, are A g-0  =  ±0.019, Ag-C =  ±0.027,
O-N =  ±0.025 and C-C = ±0.037 Â. Projec
tions of the unit cell along the z- and y-axes are 
shown in Figs. 2 and 3, respectively. Figure 4 
shows perhaps the most significant features of the 
structure, the bonding in infinite chains of the silver 
atoms with the cycloôctatetraene double bond sys
tems. The molecule in Fig. 4 is related to the la-
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beled molecule of Fig. 3 by a twofold screw axis par- age distance of 2.81 A. Carbon atoms C5 and C6 
allel to b. The nearest carbon atom neighbors of from the unit cell below complete the chain with 
the silver atom are Ci and C2 at an average dis- an average distance of 3.23 A. The silver atom has 
tance of 2.49 A., followed by C5 and C6 at an aver- two oxygen atom neighbors, Oi and ()■/ at distances

T able V F o b s X 10

00(1 -6): 1 2 0 8 , 1309, a, 171, 295, 200,* 01(1-7): 982, U1 6 3 ,  873, 666, 182, a, 221; 
0 2 ( 0 - 6 ) :  1 3 U2 ,  819, 502, 1*3 0 , 581, 1*1*1, 3 Ü ; 03(1-1): 819, 8 9 6 , 9 6 1 , 526; 0 l(0 -5 ) : 
1 2 0 3 , 7 6 0 , 501, 8 3 , 359, 285; 05 (l-ii): U3 6 , 2*77, 1*86, 232; 0 6 (0 - 3 ) : 3 8 0  , 6 0 I ,  235, 
ll*2, 07(3): 21*7; 08(3): 261*; 0 .1 0 (0 -1 ): 207, a, a, a, 237; 11(0-1): 212, 5 l8 , 61*1*, 
3 9 8 , 197; 12(0-5): H*7, 397, H 8 , 279, 199, 213; 13(0-5): 782, 311, 772, 1*72, a,
187; ll*(0 -l*): 1263, 590, a , 1*1*6, 1*70; 15(0-3): 315, 573, 7ll*, l 0 8 ; 16(0-1): 6 1 6 ,
1*55, a, 3 8 6 ,  527; 17(0-3): 3 0 7 ,  551, 172, 538; 18(0-1*): 507, 3 2 0 , a, 262, 2 9 0 ; 
19(0-1*): 163, 3 6 2 , 351, 268, 230; 1 .1 0 (0 -3 ): 2 3 6 , a, a, 1 9 6 ; 1 .11(0 -3 ): 172, 1 1*6, 
a, 226; 2 0 (0 - 7 ) : 1081*, 3 0 8 ,  505, 55l, 61*0, 1 7 l ,  2 l*8 , 159; 21(0-4): 1516, 571, ll5 0 , 
a, a, 285, 312; 22(0-5): 833, 527, 590, 6 7 8 , 6 2 6 , 372; 2 3 ( 0 - 6 ) :  953, 1039, 9 9 k ,

586, a, i l l ,  223; 21(0-1): 781*, 278, ll*9, 502, 392; 26(0-1*): 262. 3 8 0 ,  372, 201,
161*; 26(0-3): 233, a, a, 165; 27(0-3): 199, 166, a, 233; 28(1-2): 176, 276;
2 9 ( 0 - 1 ) : 221*, 2 0 8 ; 2 .10(3): 165; 2 . 1 1 (0 - 1 ) : 1 6 6 , l l 6 ;  31(0-1*): 379, IO8 9 , 179,
231, 11*8; 32(0-1): 308, 259, 617, 533, 21*2; 33(0-6): 9 8 3 ,  813, 152, a, 396, 176,
2 0 9 ; 3 l ( l - l ) :  1 9 6 , 816, 5o5, 1*09; 35(0-1*): 652, 921, 297, a, 361; 36(0-1*): 275,
21*2, 621*, 619, 366; 37(0-1*): 565, 635, 3 7 k ,  123, 30l*; 38(0-1*): 318, a, 338, 385,
291*; 3 9 (0 - 2 ) : 383, 1*2 2 , 303; 3 . 1 0 (2 - 3 ) : 1 5 8 , 2 l*6 ; 3 . 1 1 ( 0 - 1 ) :  1 8 9 , 179; l*0 (0 - 8 ) :
690, 1*98, 1093, 701*, 531, a, 1 6 2 , 213, 167; *a(0 - 6 ) : 1171, 9ll*, 170, 3ia, 700, 628, 
312; 12(0-6): 3 6 0 , 1 0 6 l ,  1 0 3 I*, 826, 620, a, 221; l*3(0-4): 976, 81*6, 208, 30l*, 1*69,
367, 168; 1*1*( 1—U) : 2 7 6 , 6 3 2 , 1*63, 283; 1*6(0-!*): 1*1*6, 28l, 206, 109, 176; 1*6(1-!*):
262, 231*, 169, 262; 1*8(3): 132; i*9(0-2): 211, a, 321; 1*.11(0): 181; 6 l(0 -2 ) : 680, 
2 3 1 , 2 1 6 ; 62(0-1*): 2 7 0 , 761*, lai*, 333, 1 9 0 ;  63(0-6): 1*61*, 3 3 2 , 333, 1*32, i*0 6 ,  2 1 8 ; 
6i*(0-3): 1*62, 628, 1*1*3, 373; 56(0-6): 827, 1*60, 269, 323, 513, 3 2 2 ; 56(0-3): 1*86,
828, 591, 528; 57(0-1*): 1*93, 21*3, 239, 397, 1*22; 58(0-3): 25U, 1*09, 377, 217;
59(0-1*): 399, a, a, a, 300; 5 .10(1 -3 ): 252, 1 7 2 ,  205; 5 .11(0): 1 8 2 ; 60(0-7): 1389, 
1 1 0 8 , 1195, lai*, a, 3 2 6  , 332, 151*; 61(0-5): 1183, 139, 61*9, 1007, 828, 307; 62 (0 -5): 
11*22, 1536, 938, 51*8, 187, 31*6; 63(0-5): 821, a, 1*67, 750, 1*81*, 2 2 l*; 61*(0-1*) : 6 8 7 , 
6 3 1 *, 588, 187, 165; 65(0-1*): 21*5, a, 2 7 8 , 352, 525; 66(0-1*): 307, 327, 279, 3l*0,
179; 68(1*): 221*; 69(0): 158; 6 .10(0): 183; 6 .11(0): 167; 71(0-3): 293, 193, 202, 
129; 72(0-5): 572, 132, 175, 152, 213, 156; 73(0-5): 2l*5, 209, 662, 553, 315, 166; 
7l*(0—1*.): 501*, 521, 368, a, 335; 75(0-1*): 275, 197 , 372 , 56l, 299; 76(0-1*): 61*0, 627, 
370, a, 270; 77(2-1*): 381, 1*25, 260; 78(0-!*): 1*02, 332, 205, a, 268; 79(1-1): 20U, 
a, 309, 286; 7 .10(0-2 ): 191, 2i*2, 171; 80(0-6): 1333, 1113, 173, 383, 151, 368, 269; 
8 1 (0 - 1 ) : 36 6 , 6 6 7, 1 0 6 ! ,  6 I 0 , 358; 8 2 (0 - 6 ) : 1 2 2 2 , 6 7 8 , 3 2 2 ,  3 6 9 , 3 8 1 , 3 0 2 , 187; 
83(1-1): 186, 6 3 6 , 532, 2 6 2 ;  81(0-5): 6 0 0 , 613, 267, 1 6 8 , 217, 255; 85(0-1): 2 2 1 ,
317, 150, 131, 289; 86(0-3): 273, 287, 263, 135; 87(0): 225; 88(3): llO ; 8 .10(0-3): 
200, a, a, 170; 91(3): 197; 92(0-1): 232, 218, 251, 221, 237; 93(0-1): 172, 617,
708, 317, 161; 91(0-1): 199, 5 U , 255, 318, 178; 95(0-1): 268, 501, 117, 286, 181; 
96(0-1): 371, 256, 267, 112. 388; 97(0-3): 1 6 6 , 155, 107, 231; 98(0-1): 29l, 213,
251, 225, 267; 99(0-3): 231, 355, 382, 257; 9 .10(0-3 ): 218, a, a, 172; 10.0(0-5)
623, 3 2 1 , 7 1 0 , 179, 6 3 8 , 2 6 2 ; 1 0 . 1 ( 0 - 6 ): 6 9 6 , 8 0 1 ,  5 9 6 , 171, 1 9 0 , 2 9 2 , 3H ;
10 .2 (0 -5 ): 313, 112, 392, 535, I l9 , 251; 10 .3 (0 -5 ): 380, 625, 15l, 252, a, 219;
10 .1 (0 -1 ): 351, 203, 255, 188, 292; 10 .5 (0 -3 ): 3 l l ,  Ü 7 , 321, H*9; 10 .6 (0 -3 ): 192,
a, a, 190; 11 .1(1): 2 0 6 ; 11 .2 (0 -3 ): 121, l l 7 ,  236, 219; 11 .3 (0 -5 ): 162, 6 3 2 , a , a, 
297, 156; 11 .1 (1 -1 ): 252, 158, 3 9 8 , 206; 11 .5 (0 -1 ): U 5 , 159, a, 127, 328;
11 .6 (1 -1 ): 383, 3 9 6 ,  1*28, 288; 11 .7 (0 -1 ): 379, 115, 2 1 2 ,  a, 2 b l }  11 .8 (0 -1 ): l50 , a, 
211, 21*2, 21*6; 1 1 . 9 (0 - 2 ) : 3 0 0 ,  257, 136; 11 .10(0 -3): 175, a, a, 1 6 6 ; 12 .0 (0 -7 ):
3 7 2 , 8 1 9 , 750, 651, 268, a, 201, 109; 12 .1 (0 -6 ): 736, 529, a, 2 6 6 , 173, 328, 175; 
12 .2 (0 -1 ): 175, 539, 603, 563, 207; 12 .3 (0 -5 ): 517, 361, 176, 282, H I , 323;
12 .1 (1 -1 ): 273, 319, 2 7 9 ,  221; 12 .5 (0 -1 ): 293, 187, a, 126, 2l6; 1 2 .6 (0 -1 ): 221,
211, 312, 192, 210; 12 .9 (0): 152: 13 .1 (3 ): 270; 13 .2 (1 -3 ): 260, a, 195; 13 .3 (0 -1 ):
213, 122, 115, 216, 237; 13.1*(0-1): 302, 1 5 !, 277, 21*6, 2 l l ;  13 .5 (0 -1 ): 238, 187, 
a, 261, 238; 13 .6 (0 -3 ): 21*2, 366, 353, 255; 13 .7 (0 -1 ): 263, a, a, 226, 26l;
13 .8 (0 -3 ): 211, 221, 239, 167; 13 .9 (0 ): 176; 13 .10(0): 182; l l .0 ( 0 -4 ) :  632, 6H ,
113, a, 193, 289, 222; l ! . l ( 0 - 5 ) :  396, 158, 308, 152, 311, 207; 11 .2 (0 -2 ): 535,
617, 550: 11 .3 (0 -1 ): 227, 179, 355, 158, 321; H .l ( 0 -3 ) :  320, 358, 2 9 6 , 139; 
11 .5 (3 -1 ): l l 2 ,  230; 11 .6 (0 -2 ): 187, 205, 182; 15 .1 (1 -3 ): 198, 208, 182;
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Table V (Continued,)
15 .2 (0 -2 ): 218, 287, 207; 15 .3 (1 -3 ): 1 35, 225, 265; 15 .5 (0 -5 ): 157, 292, a, a, 230; 
15.5(3-1:): 226, 229; 15 .6 (0 -2 ): 256, 315, 165; 15 .7 (2 -3 ): 250, 221; 15 .8 (0 -1 ): 197, 
221; 15 .9 (3): 171; 16 .0 (0 -5 ): 357, 189, a, 266, 389, 273; 16 .1 (1 -5 ): 357, 397, 303, 
235; 16 .2 (0 -3 ): 167, 352, a, 180; 16 .3 (0 -3 ): 159, 322, 327, 190; 1 6 .5 (0 -5 ): 251:, 
221, a, a, 220; 16 .5 (0 -3 ): 157, a, a, 182; 17 .2 (0): 209; 17 .3 (0 -3 ): 163, 251:, 219, 
11:5; 17 .5 (0 -5 ): 156, a, a, 1 8 9 , 279; 17 .5 (0 -3 ): 161, 289, 2 3 6 , l59; 17 .6 (0 -!:): 2 1 9 ,
a, a, 187, 271; 17 .7 (0 -1 ): 1 6 3 , 251:; 18 .0 (2 -5 ): 260, 388, 320, 156; 18 .1 (0 -2 ): 2 9 8 ,
31U, 282; 18 .2 (0 -3 ): 195, a, 209, 2 3 2 ; 1 8 . 3 (0 - 2 ) : 233, 2 0 0 , 153; l8 .U (3): 2 0 2 ; 
18 .5 (0 -1 ): 159, 211; 19 .3 (0 -1 ): 163, 155; 19 .1 (2 -3 ): 175, 183; 19.5(0-1:): 233, 235, 
a, a, 263; 19 .6 (3 ): 171; 1 9 . 7 ( 0 ) : 193; 20 .0 (0 -3 ): 197, 260, 3 2 k ,  262; 20 .1 (0 -1 ): 
21:7, 176; 2 0 . 2 (1 - 2 ) : 2 2 2 , 225; 20 .3(0): 178; 20.U(3): 152; 2 2 . 0 ( 0 - 2 ) : 209, 273, 
159; 2 2 . 2 (0 - 1 ) : 178, 2 2 6 ; 22 .3(1): 252; 1 1 (1 - 2 ) : 358, 113; Ï 2 ( l -5 ) :  11:8, 185, 1 7 8 , 
187, 199; 13(1-1:): 5 8 0 , 3 9 2 , 523, 3 9 8 ; 35 (1 -3 ): 9 7 2 , 7 5 6 , 1 0 2 ; 15(1-1:): 329, 6 3 0 ,
6U8, laO; 16(1-5): 69h , 318, 176, 291; 17(1-1:): 217, 393, 1:39, lO l; 18(1-3): 1:98,
365, 176; 19(2—1+): 316, 277, 281; 1 .10 (1 -3 ): 301:, a, 155; 1 .1 1 (3 ): 176; ? 0 ( l -7 ) :  
1325, 1556, 577, 379, 1:99, a , 185; ¿1 (1 -5 ): 205, 725, 1012, 829, 1:30, 155; ¿2 (1 -7 ):

1:78, 222, 253; 35(1-3): 795, 758, 529; 35(1-4:): 552, a, 559, 5l5 ; 36(1-3): 612,
625, 379; 37(1-1:): 379, a, 257, 323; 38 (1 -3): 1*27, 502, 291*; 39(1-1*): 272, a, 162,
227; 3 .10(2-3 ): 239, l 6 0 ; 3 .11(1): 11*6: 1*0(1-7): 260, 8 6 9 , 695, 583, a, a, 215;
TÜ-( 1 —6 ) : 607, 659, 1*0 2 , 1*62, 1:76, 330; 5 2 (1 - 1; ) :  315, 813, 6 8 6 , 287; ÏÏ3 ( l - 6 ) : 6 9 8 ,
556, a, 2 2 7 ,  202, 193; 55 (1 -5 ): 5l3 , 65 l, 1*1*1, 319, 179; 55 (1 -5 ): 2 6 0 , 350. a, 185; 
56(1-5): 211, a, 197, 171; 57(3): 122; 51(1-5): 555, 256, 195, 180; 52(1-5): 250, 
605, 568, 201; 33 (1 -5): 759, 529, a, 188, 260; 35 (1 -5 ): 195, 319, 6 7 8 , 308; 35(1-5):
731, 570, 162, 227, 195; 36 (2 -5 ): 372, 1*13, 266; 57(1-5): 528, 377, a, 259; 38(1-5):
185, 315, 502, 278; 59(1-2): 317, 361; 3 .1 0 (2 -5 ): 179, 168, 2$1; 60(1-6): 2l5 , 226,
5 0 6 , 535, 2 9 0 , 1 6 6 ; 3 i ( l -5 ) :  1127, 1058, 595, 1 8 2 ; 32 (1 -5): 58l, 265, 528, 559;
33(1 -3): 915, 7 6 3 , 512; 35 (1 -5): 1 6 1 , 2 7 7 , 5 3 0 , 385; 35 (1 -5): 365, 357, 323, 183; 
36(2): 258; 37 (3 -5 ): 197, 191; 38 (1 -3 ): 255, a, ll*8; 71(1-3): 352, 292, 287;
72(1-5): 558, a, 182, 257, 172; 73(1-3): 330, 336, 262; 75 (1 -5 ): 171, a, 289, 237; 
75(1-5):'570 , 569, 581, 2 0 6 ;_  76(1-4;): 583, a, 110, 256; 77(1-5): 557, 529, 338, 195; 
78(1-5): 252, a, 175, 266; 79(1-3): 219, 253, 223; $0(1-5): 916, 6 l5 . 380, 237, 379; 
31(1 -5): 775, 1 0 6 8 , 703, 565; 32 (1 -5 ): 1 0 2 9 , 56l. a, 262, 257; 33 (1 -5 ): 513, 8o5,
577, 356; 35 (1 -5): 66l, 323, a, 217, 255; 35 (1 -5 ): 152, a, 235, 187; 36 (1): 220; 
37 (3 -5 ): 155, 199; 38 (3): 152; 91(1-5): 195, 2 5 1 , 156, 172; 9 2 (1 - 2 ) : 391, 2 9 6 ;
93(1-3): 139, a, 277; 95(1-2): 591, 265; 95(1-5): 230, 382, 397, 253; 96(1-2): 552,
357; 97(1-5): 167, 309, 317, 252; 98(1-3): 358, 3 2 2 , 139; 99(3): 156; 10 .0 (1 -5 ): 
830, 851, 325, a, 191; 10 .1 (1 -5 ): 210^ 119, 567, 368. 2735 10 .2 (1 -3 ): 512, 6 0 2 , 310; 
10 .3 (1 -5 ): 237, 109, 287, 337, 202; 10 .5 (1 -3 ): 331, 570, 282; 10 .5 (1 -3 ): 207, a, 129; 
10 .6 (1 -5 ): 197, 280, a, 187; 10 .8 (1 ): J .87; 11 .1 (1 -2 ): 165 , 3 6 7 ;_ 1 1 .2 ( l -3 ) : 321,
2 3 7 , 272; 11 .3 (1 -3 ): 339, 130, 191; 11 .5 (1 -3 ): 588, 373, 365; 11 .5 (1 -5 ): 295, a,
2 5 2 , 252; 11 .6 (1 -3 ): 255, 323, 250; 11 .7 (1 -5 ): 256, a, 129, 235; 11 .8 (1 -3 ): 211.
315, 202; 11 .9 (3 ): 157; 11 .10(3): 171; 1 ? .0 ( 1 -5 ) 0 2 6 ,  338, 555, 232; 1 2 .1 (1 -5 ): 
586, 355, a, 185; 1 2 .2 (1 -5 ): 1 9 0 , 352, 2 3 2 , 253; 12 .3 (1 -3 ): 356, 258^ 109;
1 2 .5 (1 -5 ): 210, 286, 260, 250; 3 2 .5 (1 -2 ): 229, 293; 3 5 .6 (3 ^  131; 13 .1 (5): 179; 
13 .2(2 -5 ): 1 6 3 , 189, 197; 13 .3 (1 -5 ): 3 9 6 , 2 3 0 , 2 0 1 , l5 9 i 13 .5 (1 -5 ): 167, 2 6 1 , 287, 
2 1 1 ; 13 .5 (1 -3 ): 381, 2 8 2 , 152; 13.6(3-4*): 191, 230; 13 .7 (1 -3 ): 290, 2 3 6 , 159; 
13.8(3)1 183; 13 .9(1): 125; 15 .0 (1 -5 ): 3 2 2 , a, 221, 292; 31.1(1-1*): 575, 555, 252, 
175; 15 .2 (1 -5 ): 289, 156, 155, " l 8 l ;  S * .3 (1 -3): 355, 350, 135; 1 5 .5 (1 -3 ): 185, a,
135; 15 .5 (1 -3 ): 226, 295, 159; 35.2(1-10* 195, a, a, 1 5 8 ; 1 5 .3 (1 -3 ): 203, 2 0 2 , 178; 
1 5 .5 (1 ) : 195; $> .5 (1 -3 ): 199, 3 0 8 , 195; $ 5 .6 (1 ) : 198; l 5 .7 ( W ) :  2 1 6 , a, 153; 
16 .0 (1 -5 ): 277, 192, a, 2 0 6 , 158; 35.1(2-1*): 370, 25l, 213; 16 .2 (1 -2 ): 336, 325; 
3 5 .3 (2 -3 ): 279, 1 8 6 ; l 5 .5 (1 -5 ): 2 0 6 , a, a, 217; 3 5 .5 (3 ) : 167; 17 .2 (1 -2 ): 217, 279; 
37 .3 (3 ): 1 3 8 ; 17 .5(1): 205; 17 .5 (3): 157; 3 7 .6 (1 ) : 207; 3 7 .7 (3 ) : l 5 l ;  15 .0 (1 ):
2 2 6 ; 15 .2 (1 -3 ): 2 3 8 , 3 0 5 , 158; 3 8 .5 (3 ) : 1 5 2 ; Ï 9 .3 U ) : 1 8 8 ; ¿ 0 . 0 ( 2 ) : 1 9 5 ; 2 0 . 1 (1 ): 
252; 2 2 .0 (1 ) : 179.

of 2.43 and 2.36 A .  (overlooked in our earlier re- complex,13 and shorter than the sum of ionic r u -  
port16), significantly shorter than the shortest A g-0  dii,18 2.46 A .  These distances possibly indicate 
distance of 2.68 A .  in the silver benzene perchlorate as) l . iieimhoiz and r . Levine, j .  Am. chem. Soc., 64, 3 5 4  (1 9 4 2 ).
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some covalent bonding between silver and oxy
gen, 19’ 20 in agreement with the cream color of the 
complex. The usual values21 for the ionic and co
valent sums of radii are 2 . 6 6  and 2.19 A . ,  respec
tively. The shortest silver-carbon bonds and the 
silver-oxygen bonds he roughly in a plane. The 
COT molecule is tub-shaped with D2d symmetry, in 
agreement with previous X-ray22’ 23 and electron 
diffraction studies, 24 with an average C = C  dis
tance of 1.37 A .  and C-C distance of 1.46 A .  The 
variations among the double bond distances and 
the single bond distances (0.09 A .  at most) are well 
within three times the C -C  standard deviation and 
are probably not to be considered as significant. 
The COT bond angles have a standard deviation of 
approximately ± 5 °.

The anisotropic thermal parameters were ana
lyzed by methods described elsewhere26 to deter
mine the directions of the three principal axes P, Q 
and R  of the assumed ellipsoid of vibration. The

(19) J. Donohue and L . Helmholz, ibid ., 66, 295 (1944).
(20) J. Donohue and W . Shand, ibid ., 69, 222 (1947).
(21) L . Pauling, “ N ature of the Chem ical B ond,”  C ornell U niversity 

Press, Ith aca, N . Y ., Second Edition, 1948, pp. 164, 179, 346.
(22) H . S. K aufm an. H . M ark and I . Fankuchen, N ature, 16 1 , 165

(1948).
(23) J. Bregm an, p rivate com m unication.
(24) O. Bastiansen, L . Hedberg and K . H edberg, J . Chem. P h ys., 27, 

1311 (1957).
(25) M . G . Rossmann and W . N . Lipscom b, Tetrahedron, 4, 275 

(1958).

direction cosines <t>, iP and w, corresponding to the 
cell edges a, b and c, which were assumed to be or
thogonal, are given in Table IV for each principal 
axis, along with the jsotropic temperature factor 
equivalent B =  8ir2 p2, and the mean square dis
placement, V h 2- The two sets of atoms C1C2O1O3' 
and CiCîCbC« are each approximately coplanar, 
with the silver atom lying in the plane of the first 
set and somewhat below the plane of the second. 
The direction of greatest vibrational motion, R, is 
roughly 2 0 ° from the normal to the plane defined 
by C1 C2O1O3 ' and approximately parallel to the 
other plane. This motion bends all bonds to the 
silver atom except the relatively long bonds from Ag 
to the COT in the adjacent cell. The motion with 
smallest amplitude has a direction, P, roughly 20° 
from normal to the plane of C1C2C5C6 and approxi
mates a stretching of the bonds to the silver atom. 
Two of these three directions of motion, shown in 
Fig. 4, are approximately in the plane of this pro
jection, while the third direction is approximately 
perpendicular to this plane.
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THE OXIDATION OF FERROUS IONS IN AQUEOUS SOLUTION BY
ATOMIC HYDROGEN
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Atomic hydrogen-produced in an electrodeless high frequency discharge— oxidizes ferrous ions in aqueous solution. This 
reaction and the reverse process of reduction of ferric ions were investigated in the presence of H2S04 in the pH range of 0.4- 
3.0, and the equilibrium ratios established. From the dependence of the rate of oxidation on the concentration 
of Fe2+ the limiting values of the rate constant of the reaction between Fe2+ and H atoms in the presence of H + ions are 
calculated. The possible mechanisms are discussed.

By virtue of the high energy of formation (~104 
kcal./mole) of the H -H  bond, hydrogen atoms are 
capable of acting as dehydrogenating, and thus 
oxidizing, agents. They dehydrogenate many or
ganic substances, where the C-H bond energy is 
only of the order of 80-90 kcal./mole. In aqueous 
solutions containing ferrous ions, and irradiated 
with ionizing radiations experimental results were 
obtained1 which were interpreted as indicating that 
H atoms are formed in these systems and that these 
are capable in acid solution of oxidizing ferrous to 
ferric ions. These results were confirmed. 2 ’ 3 
Similar results also were obtained when such solu
tions were irradiated with ultraviolet light. 4 To

(1) T . R igg, G . Stein  and J. W eiss, P roc. R oy. Soc. {London), A 2 11 , 
375 (1952).

(2) N . F . B arr and C. G . K ing, J . A m . Chem. Soc., 76, 5565 (1954).
(3) A . O. A llen  and W . G . R othschild, Radiation R es., 7 , 591 (1957); 

8, 101 (1958).
(4) T . R igg and J. W eiss, J . Chem. P h ys., 20, 1194, (1952); cf. also, 

J. Chem. S oc., 4198 (1952).

account for these results, the formation of H2+aq 
ions from H atoms and H+ ions was postulated, 
as the species responsible for the oxidation of 
Fe24" .1,6 It appeared desirable to investigate these 
processes under conditions where H atoms as such 
are formed first and then introduced into the sys
tem. We produced H atoms in an electrodeless 
high frequency discharge and observed the oxida
tion of Fe2+ ions by the H atoms which were intro
duced into the aqueous solution.5 6 At the same time 
Davis, Gordon and Hart7 presented similar, more 
detailed, results. The present paper contains our 
detailed results.

Experimental
The Production of Atomic Hydrogen.— We have selected 

the method of electrodeless high frequency discharge. The
(5) J. W eiss, N ature, 165, 728 (1950).
(6) G . C zapski and G . Stein, ibid., 182, 598 (1958).
(7) T . W . D avis, S. Gordon and E. J. H art, J. A m . Chem. S oc., 80, 

4487 (1958).
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elimination of inner electrodes enables one to avoid the dif
ficulties arising from atomic recombination and hence bad 
reproducibility, caused by the metal evaporated from the 
electrodes. We could thus also dispense with the coating 
of the walls with, e.g., phosphoric acid, and the cleaning 
of the entire system after every run.7’8 Our reproducibility 
was acceptable compared with the results of others.7’8 The 
frequency chosen for the discharge was 27-30 Me. We found 
as did Jennings and Linnett9 that operating at lower fre
quencies good yields of H atoms were obtained. The total 
possible power input was 2000 watt d.c., with an R.F. 
power of 1400 watt max. in the R .F. discharge. We usually 
utilized only 600-700 watts R .F. The discharge tube was 
made of quartz. It was cleaned with Cr03-H 2S0 4, followed 
by HNO3 and then 10% HF and finally several rinses in 
triple distilled water. Tens of experiments could then be 
run without dismantling and cleaning, reproducibility be
ing at best ± 1 0 %  and usually ± 2 0 % . Our results are 
given with the appropriate standard deviations.

The hydrogen used was Matheson electrolytic prepuri
fied and was passed through a furnace containing palladized 
asbestos at 400° and followed by a trap cooled with liquid 
air. The gas was stored in a large reservoir. This main
tained a constant pressure of gas which was supplied to the 
discharge tube through a reducing valve. The gas was not 
recirculated but pumped through at a velocity of 50 l./m in. 
at 20-30 mm. The experiments reported here were carried 
out at this pressure of pure H2. Other experiments included 
the use of H2 or H2— He mixtures at total pressures of up to 
80 mm., up to which the discharge could be efficient!}’’ main
tained.

The discharge tube was cooled with an air blower and the 
HF coil was a 7 mm. o.d. copper tube through which cool
ing water was circulated. The temperature of the tube dur
ing discharge exceeded the softening point of Pyrex, but 
not of the quartz which was used. In view of the high tem
perature metaphosphoric acid coating was not used, as it 
reacted and gave PH3 and phosphorus under these con
ditions. Between the reaction vessel and the discharge tube 
there was a 90° bend in the vacuum line and light shields 
prevented ultraviolet light from the discharge reaching the 
reaction vessel. The reaction vessel was fitted with a de
tachable side arm, in which the solution was placed. The 
system including the solution was fully evacuated, the solu
tion (25 ml.) tipped into the reaction vessel, H2 passed for 
another 15 minutes and only then was the discharge switched 
on. Evaporation during this procedure was allowed for. 
Blank experiments with H2 passing, but without discharge 
were run with Fe2+ and Fe3+ solutions. The temperature 
in the reaction vessel was maintained at about 5° through
out.

Control experiments were run with AgN 03 solutions to 
determine the amount of H atoms available.

Materials.—The ferrous ammonium sulfate and sulfuric 
acid used were “ Analar,”  the ferric sulfate C.p. Triple 
distilled water was prepared by redistilling glass distilled 
water from alkaline permanganate, then from phosphoric 
acid.

Analysis.— Using a Hilger Uvispek Spectrophotometer and 
1 cm. cells ferric ion was determined as the sulfate at 305 m/i 
using e 2180 at 25° in 0.8 N  H2S04. The extinction coef
ficient depends on pH and total sulfate concentration and 
care was taken of this when reactions were carried out at 
other pH values.10 All AD305 values reported in this paper 
refer to solutions in which [H2S04] was brought to 0.8 N. 
Ferrous ion was determined as the 1,10-phenanthroline com
plex at 510 m/x using acetate buffer to maintain pH 3.6, and 
adding NaF, at least 150 times more than the ferric ion 
concentration, to eliminate the ferric phenanthroline com
plex.

Results
Dependence of A[Fe3+] on AH.—The depend

ence of the quantity of ferric ions produced on the 
quantity of hydrogen passing through the solution 
was investigated using a discharge in H 2 at 27 ram.

(8) F . E . L ittm an, E . M . C arr and A . P . B rad y, Radiation R es., 7, 
107 (1957).

(9) K . R. Jennings and J. W . Linnett, N ature, 182, 597 (1958).
(10) Y . G ilat and G . Stein, Proc. 2nd In t. Conf. Peaceful Uses A t. 

E n ergy, Geneva, 1958.

Fig. 1.— Dependence of the oxidation yield on initial Fe2 + 
concentration. [H2S04] =  0.8 N. O and • represent 
results obtained in two separate series of experiments. 
The curve is the theoretical one, calculated using the data of 
Fig. 2.

and 0.01 M  Fe2+ in 0.8 N  H2SO4. The pumping rate 
was measured by the time elapsed and also by the 
pressure decrease in the reservoir. The results 
shown in Table I represent a separate run for every 
experimental point.

T a b l e  I
D e p e n d e n c e  o f  A[Fe3+] o n  AH

t, sec. — Ap, cm. AD l05
130 6 0.237
330 15 .370
585 26.5 .625
815 38 .960

Thus the yield is a linear function of time and 
thus of quantity of gas passing the solution at the 
same pressure. It indicates the degree of constancy 
of conditions in a series of consecutive runs. It 
also shows that in investigating the initial yield 
at this pH the back reaction is not of importance.

The Oxidation Yield as a Function of Initial 
Fe2+ Concentration.— In 0.8 N  H2S04 solution the 
amount of Fe2+ oxidized was measured as a func
tion of the initial Fe2+ concentration, keeping H2 
pressure, flow rate and discharge conditions con
stant. The yield increases with increasing Fe2+ 
concentration, reaching a maximum at higher Fe2+ 
concentrations as shown in Fig. 1.

Hydrogen atoms are generated in the discharge 
and I  mole l . “ 1 sec. - 1  enter the solution. Without 
deciding what the actual mechanism or the species 
participating is, H atoms can be considered to dis
appear by reaction with Fe2+, recombination or 
reaction with Fe3+

Fe2+ +  H +  H+ — ->  Fe3+ +  H2 ki 0 )
2 H — - >  IT fe (2)

Fe3+ +  H Fe2+ +  H + k. (3)
In our system at the relatively low H atom con

centrations and under continuous flow, steady state 
conditions regarding H will prevail, compared 
with changes in Fe2+, so that, assuming homogene
ous kinetics
d[H ]/d i -  0 =  /  -  [H] [Fe2+] -  fe[H ]2 -  fe[H][Fe3+]

(I)
where fci is the velocity constant of reaction 1 ., at a 
constant H+. Thus

(&,[Fe+2] + fe [F e 3+]) ,
[H1 -----------------------2fe-------------- +

V (fc,[F e2 + ] +  fe[Fe3 + ])2 +  4kJ 
2 fa
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The rate of formation of Fe3+ is given by 
d[Fe3+]/di =  —d[Fe2+]/d i =  fcJFe2+] [H] -  fe[Fe3+][H]

(H I)
Denoting k$/k\ by y, and defining /3 =  1 +  y 
(where y  and ¡3 are pH dependent, as is the ratio 
of the rate constants) we get, putting [Fe2+]o = 
Co and [Fe3+] =  Z
dX/dt =  h [H](Co -  X ) -  faX[H ] =  fc[H ] (C0 -  pX)

dX/di =  fcl̂ C°—2ih 2 ( _1 + ^ 1 + 4k j  \
h 2(C0 -  p x y j  

(V)
At high initial [Fe2+], where dk^I/ki < < (C 0 — 
(¡X)2, expanding into a series we get

dX/dt = I  or A[Fe3 + ]/i =  I (VI)

Thus at high initial [Fe2+], when all H atoms reach
ing the solution are utilized to oxidize Fe2+ to 
Fe3+, the yield is independent of [Fe3+] and 7, the 
rate of H atoms entering the solution can be ob
tained. The calculation gave 7 = 1.1 X 10 ~ 6 
mole l . - 1  sec.-1. This value agreed with 7 as deter
mined by the reduction of AgN 03. At low initial 
[Fe2+], where (Co — /3 Z )2 < < 4 /c27 /7 i2 expanding 
V into a series, we obtain

dX/dt =  (Co -  pX) -

% r (Co -  p x y  +  y  ■ Wo a p x y  ( v i i )
2fc2 8/fc23b V 7

At concentrations of Fe2+ up to 10- 4  M  we shall 
retain the first term only on the right, so that after 
integration

In Co
(Co -  p X )

Pkis/l
V k 2

(V III)

In Fig. 2, log Co versus log (C0 — fiX) is plotted 
giving as intercept t/yjk2. Introducing
the value of 7 obtained at high [Fe2+], we obtain in 
0.8 N  H2S0 4 the value of k\/y/ki =  0.6. Using this

value we calculated the theoretical curve according 
to equation V. As seen in Fig. 1, the experimental 
results fit the curve well. This relationship be
tween ki and fc2 will be true whatever the actual 
mechanism. However the pH dependence of kx 
and fc2 and their exact meaning will depend on the 
species participating in the reaction steps.

The Dependence of the Oxidation Yield on pH.— 
The dependence of the oxidation yield on the pH 
was investigated in 0.01 M  Fe2+ solutions, con
taining varying amounts of added H2S04. Thus 
ionic strength and sulfate ion concentration also 
varied at the same time. The yield was deter
mined at constant discharge and flow conditions, 
for a fixed time of reactions and thus for a constant 
amount of H atoms passed. The total amount 
oxidized in all cases was considerably less than the 
final equilibrium value of [Fe3+] at that pH. Table 
II shows the results.

T a b l e  II
D e p e n d e n c e  o f  A[Fe3+] o n  t h e  pH

pH AD305

3 .8 0 .4 0 .2 5 8  ±  0 .0 7 3
.0 8 1 .3 .2 2 6  ±  .0 3 9
.0 4 1 .7 5 . 140 ±  .0 3 6
.0 0 8 2 .3 .1 0 0  ±  .0 3 9
.0 0 4 2 .6 5 . 04 4  ±  .0 1 2
.0 0 0 8 3 .3 .0 2 2  ±  .0 1 0

Compared with our preliminary results,6 where 
pH dependence was established with certainty 
only as pH — > 3, the more detailed results pre
sented in Table II prove a definite pH dependence 
as the pH is increased to 1.75 and higher.

In this series the pH was varied together with a 
varying sulfate concentration. In reactions be
tween ions of similar charge, the concentration of 
ions of opposite charge, which do not themselves 
react, increases the reaction velocity . 11 Recently 
it was shown10 that in the radiation induced oxida
tion of Fe2+ (in the presence of 0 2), sulfate ions 
added as Na2S04 at a constant pH, influenced the 
oxidation yield. In the present case we found that 
for 0.01 M  Fe2+ solutions in 0.004 N  I i2S0 4 (pH 
2.65) A7) 3o5 was 0.044 ±  0.012, whilst in 0.004 N 
H2SO4 containing 0.4 M  Na2Sd4 (pH 2.75) A7 );o5 
was 0.094 ±  0.016. This significant increase is em
phasized by the fact that the slight increase in pH 
by itself would have decreased the yield.

The Influence of pH on the Steady State Ratio of 
[Fe3+]/[Fe2+].— a, the final ratio of [Fe3+]/ 
[Fe2+] established under steady-state conditions, 
at a constant rate of H atoms being passed through 
the solution was established at several pH values. 
The steady state is due to the reactions 1 and 3, 
and as shown in Table III depends sharply on pH. 
At all pH values the steady state was approached in 
different experiments from either side. The stand
ard deviations indicated include both types of 
experiment.

Discussion
In previous papers6’7 and in the present work the 

oxidation of ferrous ions in aqueous solution by
(11) Cf. B . Perlm utter-H aym an and G . Stein, This Journal, 63, 

734 (1959).
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T a b l e  III
D e p e n d e n c e  o r  t h e  S t e a d y  S t a t e  V a l u e  o f  [ F e 3 + j /  

[ F e 2 + ] o n  t h e  p H
H 2SO 4 , N pH ([Fe»+]/ [Fe! +)s  =  a

0 .8 0 . 4 7 .4  ±  0 .8

.08 1 . 3 1.05 ± .05

.008 2 . 3 0.21 ± .02

.001 3 . 0 0.020 ± .001

hydrogen atoms was proved. There is however
still uncertainty regarding the mechanism of this 
process. The evidence derived from the radiation 
chemistry of Fe2+ in aqueous solution showed that 
H atoms in the irradiated system oxidize Fe2+ to 
Fe8+ in acid solution.1'2 This could be due to 
either of the following two pH dependent processes 

Fe2+ +  H +  H+ — > Fe3+ +  H, (la)
or

Fe2+ +  HA — Fe3+ +  H, klb (lb)
where the H2+ ion is present according to the 
equilibrium

H +  H + ^ H A  (lc)
On the basis of the quantitative results, both Rigg, 
Stein and Weiss1 and Rothschild and Allen3 came 
to the conclusion that reaction lb  involving the 
species H A  is likely to be the one occurring in the 
radiation induced oxidation of Fe2+. This conclu
sion is also supported by the work of Schwarz and 
Hritz.12 In the photochemical oxidation of Fe2+, 
Rigg and Weiss4 found a similar quantitative de
pendence on pH and concluded that here too a 
mechanism involving H A  operates. However 
Lefort and Douzou13 failed to find any pH depend
ence and suggested thar the pH independent 
process

Fe2+ HOH +  H — ^ FeOH2 + +  H, (Id)
is the one occurring. In view of this contradiction 
we have recently reinvestigated this reaction14 and 
found it to depend on pH. Ha-yon and Weiss15 
have also reinvestigated the photochemical oxida
tion of Fe2+ and again found it to be pH dependent. 
The results reported in the present paper, regard
ing the pH dependence of the oxidation of Fe2+ by 
H atoms (under conditions where the back reac
tion of reduction by H atoms of Fe3+ may be 
neglected) show a quantitative behavior which is 
best explained by assuming that H A  is involved. 
Theoretically, Coulson16 considered the evidence in 
favor of the formation of HAaq- However weighty 
evidence was obtained through investigation of 
isotope effects in aqueous solutions irradiated with 
ionizing radiations, which was interpreted as 
showing that H2+ ions cannot be involved. Of these 
the results of Baxendale and Hughes17 serve to

(12) H . A . Schwarz and J. M . H ritz, J. A m . Chem. Soc., 80, 5636 
(1958).

(13) M . L efort and P. D ouzou, J . chim. phys., 53, 536 (1956).
(14) J. Jortner and G . Stein, to  be published.
(15) J. W eiss, personal com m unication.
(16) C . A . Coulson, J . Chem. Soc., 778 (1956).
(17) J. H. Baxendale and G . Z. Hughes, Z . physih. Chem., N .F .,  14, 

323 (1958).

eliminate reaction la, already considered unlikely 
by Rothschild and Allen3, but are not against reac
tion lb. The other results18.19 can be reconciled 
with the occurrence of II2+ only if chain reactions 
carried by H atoms do not occur.

Some results of Friedman and Zeltmann19 may be 
interpreted in terms of the intermediate formation 
of H2+. Namely investigating the recombination 
reaction 2, between FI atoms, Friedman and Zelt
mann found, instead of the expected rate constant 
of 1010 l./mole sec., or higher, a rate constant of only 
1 X 10* l./mole sec. In acid solutions, in addition 
to the recombination reaction 2, the likely reaction

H +  H A — > H 2 +  H + fc4 (4)

will occur. This would be the case in the experi
ments of Friedman and Zeltmann at pH 2. fc4 will 
be smaller than fc2 and the constant obtained by 
them would be a composite one, showing the rela
tive weights of the two recombination processes.

Taking this into consideration, we shall consider 
our experimental results which gave the relation
ship A* = 0.6 \/k2. The recombination velocity 
constant fc2 would thus have as its highest value 
~ 1 0 10 l./mole sec., and would yield an upper limit 
of 6 X 104 l./mole sec. for the velocity constant, kh 
of the oxidation of Fe2~ by H atoms, if the recom
bination process involves only H atoms, as in 
reaction 2, and H A  is not involved. If however 
we take into account the formation of H2+, “ k ”  
will have a lower value composed of /c4 and fc2 as 
indicated by Friedman’s results. We obtain then 
for reaction lb, a lower velocity constant of the 
order of 103 l./mole sec.

The values of a = ([Fe3+]/[Fe2+])s, obtained 
by us agree with those obtained by Rothschild and 
Allen.3.12 The quantitative pH dependence indi
cates that the reduction process proceeds by a 
mechanism involving

FeOH2+ +  H — >  F e2+ +  HOH (3a)

rather than, e.g., F e :l~aq- However to establish 
this point, experiments at constant anion concen
tration, in different acids, will have to be carried 
out, to prove that indeed group transfer of this 
type is involved. The experiments in which at an 
approximately constant pH the anion concentra
tion was increased, resulting in increased oxidation 
rate, are consistent with the assumption that the 
oxidation mechanism is indeed lb, involving two 
positive ions.

To sum up, the evidence based on the process of 
oxidation of Fe2+ by H atoms produced by dif
ferent methods is decidedly in favor of a pH de
pendent mechanism. However in view of the 
weighty indirect arguments against it, based on 
studies of isotope effects, there is no certainty yet 
that it is actually the species HAaq. that is in
volved.

We thank Mr. J. Jortner for valuable comments.
(18) S. Gordon and E. J. H art, J. A m . Chem. Soc., 77 , 3981 (1955).
(19) H . L , Friedm an and A. H. Zeltm ann, J. Chem. P h ys., 28, 878 

(1958).
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The hydrogen and methane yields from the 7-irradiation of ethanol, isopropyl alcohol, f-butyl alcohol, cyclohexanol, 
cyclohexane, diethyl ether, acetic acid and ethyl acetate have been measured. These yields are decreased by the presence 
of benzoquinone, which is interpreted in terms of its scavenging effect for H atoms and CH3 radicals. Kinetic analysis of 
the results gives values of primary yields of H, CH3, H2 and CH4. Benzoquinone and ferric chloride have also been used 
to determine total radical yields.

We have recently shown that the individual 
radical yields for liquid methanol can be determined 
using p-benzoquinone and ferric salts as free radical 
and atom scavengers.1 The present work is an 
extension of the method to other organic liquids. 
The yields of all the different radicals produced 
from more complex molecules are obviously very 
difficult to obtain, and we have limited ourselves 
to H and CH3, which, in the absence of scavengers, 
give H2 and CH4 by hydrogen abstraction from the 
compounds irradiated in this work.

With methanol, the total radical yield G(R) was 
obtained1 by measuring the extent of the reduction 
of hydrated ferric chloride or p-benzoquinone by 
the radicals. Both scavengers gave the same value 
of (?(R). However, we find that p-benzoquinone 
cannot be used in this way for all the liquids we have 
examined. In some cases quinhydrone is pre
cipitated and makes the spectroscopic determi
nation of the quinone impossible. In others, 
instead of the decrease in optical absorption in the 
ultraviolet expected as the quinone is reduced, an 
increase is observed. This clearly indicates that 
the simple reduction to hydroquinone does not 
occur, and possibly substitution followed by 
dimerization of the semiquinone, accounts for the 
increased density. In such cases we have used 
hydrated ferric chloride where its solubility allowed. 
Where benzoquinone has been used we have en
sured that no complications are present by estab
lishing that the optical density after prolonged ir
radiation falls to that of hydroquinone in the same 
solvent.

Experimental
Materials.— Ethanol and isopropyl alcohol were purified 

by methods similar to that used for methanol.1 Acetic 
acid and i-butyl Alcohol of analytical grade were further 
purified by triple fractional crystallization. Cyclohexanol 
of commercial grade was subjected to multiple fractional 
distillation. _ Diethyl ether of anesthetic purity was frac
tionally distilled after treatment with acidified ferrous sul
fate. Spectroscopic grade cyclohexane, and analytical 
grade ethyl acetate and ferric chloride hexahydrate were 
used without further purification. p-Benzoquinone was 
purified by low temperature vacuum sublimation.

Analyses.— The gases from the radiolysis were collected 
as described previously1 and analyzed both qualitatively and 
quantitatively by the mass spectrometer. Benzoquinone 
and ferric chloride in organic solvents were determined by 
ultraviolet absorption.

Irradiations.— In all cases 50 ml. of liquid was irradiated 
in Pyrex vessels, deaerated by pumping and shaking. 
Where measurement of the rate of consumption of scavenger 
was required a vessel fitted with a side-arm terminated by a

1 cm. quartz cell was used. This allowed successive spectro
scopic measurements on the same deaerated sample.

Dose rates between 3 X  1016 and 7 X  1015 e .v ./g ./m in . 
were obtained from a 10 curie Co60 source. Total doses 
were usually about 2 X  1020 e.v. and total gas yields from 
the 50-cc. samples about 5 X  10~5 mole. Irradiations were 
done at 18° except for ¿-butyl alcohol which was held at 30° 
to keep it liquid.

Dosimetry.— Dose rates were measured with 10 ~3 M  fer
rous sulfate in 0.8 A  sulfuric acid using G(Fe3+) =  15.6. 
The absorptions of the various liquids were calculated from 
the mass absorption coefficients of Davisson and Evans.2

Results
For each compound we have measured G(H2) 

and G(CH4) for the pure liquid. We find that these 
yields are decreased when benzoquinone (Q) is 
present and we have assumed that, as for methanol, 
the following reactions of H atoms occur 

RH II -f- H2 - { - . . .  
h

H +  R H  -— R +  H2 

H +  Q — >  QII — >■  V 2 Q H- V 2 QH 2

From these it follows that
(7(H2) =  Gm(H 2) +  fciCRHjGiHj/feCRH) +  fa(Q)]

where Gm(H2) and CRH) are molecular and atom 
yields. When (Q) =  0

G(H2) =  G{ H2)max =  Gm(H 2) +  G{ H)

Hence
l/[G (H 2)mBI -  G(H2)] =

1/G(H ) +  fckRHVfcCQjGOS) (1)
Thus the plot l/[G (H 2)max— G?(H2)] vs. 1/(Q) 
should be linear and give (?(H) and ki/ki.

Analogous equations for CH3 and CH4 may be 
written from the reactions

RH — ^  CH3 +  CH4 +  . . .
h

CH2 +  RH — CH4 +  R
h

CH3 +  Q — >■ QCH3 — >- products

The analogous plot should give (?(CH3), (?m(CII4) 
and kjki.

Reasonable agreement with this analysis is 
found for all the liquids although in some cases the 
yields of H2 and CH4 are too low to allow of ac
curate determinations of the above quantities.

Total radical yields have been determined for 
ethanol, cyclohexanol and acetic acid by measuring 
the consumption of benzoquinone, and for iso
propyl alcohol, f-butyl alcohol and ethyl acetate

(1) G . E . Adam s and J. H. Baxendale, J . A m . Chem. Soc., 8 0 , 4215 (2) C . M . D avisson and R . A . E van s, Rev. M od. P h ys., 2 4 , 79
(1958). (1952).
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DOSE, eV.

Fig. 1.— Radical yields using benzoquinone. Initial concen
trations of benzoquinone are indicated by the limits.

Fig. 2.— Radical yields using ferric chloride. Initial concen
trations of FeCls-GIRO are indicated by the limits.

DOSE, eV (CH4).
0.5 x I020 1.0 « ICI20 1.5 x 102°

Fig. 5.— Yields of H2 and CH4 from isopropyl alcohol.

QUINONE ' mol,s '
Fig. 6.— Plot of equation 1 for H2 and CH4 yields from iso

propyl alcohol containing benzoquinone.

Fig. 3.— Yields of H2 and CH4 from ethanol.

Fig. 4.— Plot of equation 1 for H2 and CH4 yields from eth
anol containing benzoquinone.

DOSE, eV.

Fig. 7.— Yields of H2 and CH4 from i-butyl alcohol.

from the consumption of ferric chloride. It is 
assumed in each case that a radical reacts to reduce 
one equivalent of the scavenger and that all 
radicals are scavenged. The latter was established 
by showing that the consumption of scavenger is 
linear with dose for at least a fivefold change in 
scavenger concentration. The consumption curves 

| are given in Figs. 1 and 2, and the values of (?(R) 
are collected in Table I.

Ethanol.—Small amounts of ethane, ethylene and 
carbon monoxide were observed in addition to the 
main gaseous products hydrogen and methane. 
The productions of the latter with dose are given 
in Fig. 3. They give G(CH4) =  0.60 and (/(IF) = 
4.35. Burr3 has reported (r(H2) = 3.66 for ethanol

(3) J. G. B urr, T his J o u h n a l , 61, 1477 (1957).
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T able I
Solvent G(H) Gm(H9 S(CH.) Gm(CH.) kz/ki kt/ks G(R)

Methanol" 2.40 1.70 1 00 0.20 6,000 76,000 6.1
Ethanol 2.70 1.65 0.44 .16 1,450 4,500 6.9
Isopropyl ale. 3.64 1.27 1.06 .39 620 3,500 6.7
i-Butyl ale. 0.43 0.57 1.70 .90 3,700 100,000 4 .5
Cyclohexanol .68 2.17 840 6.7
Cyclohexane 3.17 2.10 680
Ethyl ether 1.32 2.01 0.22 .09 680 1,360
Acetic acid 0.21 0.30 2.82 .60 16,000 39,000 3.7
Ethyl acetate .35 .55 3,700 3.1

“ From reference 1.

Q U I N O N E  ' m ° ' e S ~ ' i , e '  t C H 4 ) - 

1000 2000 3000 4000

Fig. 8.— Plot equation 1 for H2 and CH4 yields from 1-butyl 
alcohol containing benzoquinone.

D O S E ,  e V  x 1 0 ^ ®  ( C y c l o h e x o n o l  ).
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Fig. 9.— Yields of H2 from cyclohexanol and from cyclo
hexane.

using higher doses than ours. The competition 
plots for (?(H2) and Cr(CH4) in the presence of 
benzoquinone are given in Fig. 4, and the primary- 
yields calculated using equations 1 above are given 
in Table I.

Isopropyl Alcohol.— Yields of hydrogen and 
methane with dose for pure isopropyl alcohol are 
given in Fig. 5. These give (?(H2) =  4.91 and 
G(CH4) = 1.45. The plots according to equation 
I are given in Fig. 6 and the primary yields calcu
lated from these collected in Table I.

i-Butyl Alcohol.— Figure 7 shows the production 
of hydrogen and methane with dose from which 
(t(H2) =  1.00 and G(CH4) =  2.60 are obtained. 
The plots of equation 1 are given in Fig. 8. The 
variations of G(H2) and Cr(CH4) with added benzo-

quinone are rather small and the resulting primary 
yields (Table I) are consequently not very accurate.

Cyclohexanol.—Hydrogen was the only gas pres
ent in an appreciable quantity. (7(H2) =  2.85 is 
given by the results in Fig. 9. Equation 1 is 
plotted in Fig. 10 and the primary yields given in 
Table I.

Cyclohexane.—Again only hydrogen was meas
ured and (7(H2) =  5.27 obtained from Fig. 9. This 
compares with 5.4 obtained by Schuler,4 5.9 by 
Burton, et al.,6 and 4.85 by Swallow. Burton also 
found that G(H2) is decreased to 3.8 by 10~2Af 
iodine. We observed (7(H2) =  3.93 in the presence 
of 10~2 M  benzoquinone, and 2.85 with 4.35 X 
10 ~2M. The plot of the effect of benzoquinone 
according to equation 1 is given in Fig. 10. This 
gives G(H) =  3.17 and G(H,) =  2.1. The latter is 
about the same as G(cyclohexene) =  2.3 obtained 
by Dewhurst6 and suggests that adjacent atoms are 
abstracted to form molecular hydrogen.

Diethyl Ether.— Productions of hydrogen and 
methane with dose are given in Fig. 11. These 
give (?(H2) = 3.43 and G(CH4) =  0.31. Both are 
reduced by the presence of benzoquinone and the 
plots of equation 1 are given in Fig. 12. Primary 
yields are collected in Table I.

Acetic Acid.— Carbon dioxide is the main gaseous 
product with C?(C02) = 4.25. G(H2) =  0.51 and 
G(CH4) =  3.42 are given by the lines in Fig. 13. 
G(C O ) — 0.29 and (7(C2H6) = 0.45 were also ob
tained. Burr3 has reported (?(H2) =  0.45 and 
C?(CH4) =  3.13. G(CO,), G(CO) and G(C2H6) 
were unchanged in the presence of benzoquinone 
which indicates that they are either produced 
primarily as molecules or that the radicals from 
which they are formed react with benzoquinone to 
produce them, or that the radicals react to produce 
them more quickly than they react with benzo
quinone. In the sense used here we would call 
these “ molecular”  products. (7(H)2 and G(CH4) 
however are both decreased in these conditions and 
the plots of equation 1 are given in Fig. 14.

Ethyl Acetate.—The main gaseous products are 
hydrogen., methane and carbon monoxide although 
smaller amounts of ethane, ethylene and carbon 
dioxide were observed. (?(H2) = 0.90, G(CH4) =
1.58 and G(CO) = 1.13 are obtained from Fig. 15. 
These yields are reduced by benzoquinone but 
plotting the yields according to equation 1 gives a 
sti’aight line for hydrogen only (Fig. 16). The re-

(4) R . H. Schuler, T h i s  J o u r n a l , 6 2 , 1472 (1958).
(5) M . B urton, J. Chang, S. L ip sk y  and M . P . R ed d y, J. Chem. 

P h y s . ,  2 6 , 1337 (1957).
(6) H. A . D ew hurst, ib id .,  2 4 , 1254 (1956).
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4 .0

l.O

Fig. 10.— Plots of equation 1 for Hi yields from cyclohexanol 
and from cyclohexane containing benzoquinone.

Fig. 11.— Yields of Hi and CH4 from diethyl ether.

QUINONE ' " , e '-

Fig. 12.— Plot of equation 1 for H2 and CH4 yields from ether 
in the presence of benzoquinone.

duction in G ( CO) suggests that carbon monoxide 
originates in part from CH3CO decomposition. 
If this were the case and the decomposition com-

Fig. 14.—Plot of equation 1 for H2 and CH4 yields from acetic 
acid containing benzoquinone.

Fig. 15.— Yields from ethyl acetate.

Fig. 16.— Plot of equation 1 for H2 yields from ethyl acetate 
in the presence of benzoquinone.

peted with the reaction with benzoquinone, then 
an equation of the form of 1  would not necessarily 
apply to (?(CH4) and (?(CO). However, from the 
values of (7(CH4) at the highest quinone concentra
tions we can say £rm(CH4) <  0.4.

Discussion
The total radical and the individual radical and 

molecular yields obtained are given in Table I. 
The rate constant ratios fc2/&i (H +  Q compared 
with H +  RH) and /c^Z/c./CIL +  Q compared with 
CH3 +  RH) are also collected in Table I.

Rate Constants.— If it may be assumed that the 
rates of the H +  Q and CH3 +  Q reactions will 
be only little dependent on the solvent (which 
seems reasonable except perhaps for cyclohexane 
which is much less polar and acetic acid on account 
of its acidity) then the ratios are a measure of the 
relative rates of abstraction of hydrogen from the
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different molecules. In the alcohol series the rates 
are in the order expected for abstraction of the 
carbon hydrogen from methanol and ¿-butyl 
alcohol, the secondary hydrogen from ethanol and 
the tertiary hydrogen from isopropyl alcohol. 
The rates suggest that in ether the secondary 
hydrogen is removed whilst in ethyl acetate the 
primary hydrogen of the ethyl group is involved. 
Probable solvent effects on the quinone reactions 
prevent any conclusions being drawn from the 
reaction rates in cyclohexane and acetic acid.

Primary Yields.—The results in Table I indicate 
a tendency for total radical yields to be higher 
when 6 (H) is high. Thus the compounds fall into 
two groups, the primary and secondary alcohols 
for which 6 (H) >  2 and 6 (R) >  6 , and the others 
for which 6 (H) <  0.5 and 6 (R) is 4.5 to 3.1. 
This tendency may result from the greater ease 
with which hydrogen atoms escape solvent cage 
reactions. It seems odd that 6 (H) for cyclohex- 
anol is so small. One would expect a value similar 
to the 6 (H) for either cyclohexane or isopropyl 
alcohol as is the case for 6 m(H2) and 6 (R). It is 
possible that traces of unsaturated materials are 
responsible for the anomaly, but further fractional 
distillation left 6 (H2) unchanged (Fig. 9).

For the other alcohols 6 (H) increases in the 
order MeOH, EtOH, iso-PrOH. This variation is 
in the opposite sense to that expected from the mass

spectra of the vapors. Here the relative abundance 
of the ion corresponding to the production of H 
atoms ( i . e . ,  parent ion less one) decreases appreci
ably along the series. This suggests that ioniza
tion processes are not a predominant primary 
source of H atoms and that possibly dissociative 
electron capture of the type

ROH +  e — >  R O - +  H

or charge neutralization are more important. How
ever, it is not immediately obvious how these 
mechanisms account for the much lower 6 (H) for 
butanol. One possibility is that the slightly higher
O-H bond energy compared with the other al
cohols7 makes the electron capture process less 
efficient.

The values of G(CH3) for the alcohols (except 
methanol which may involve a special mechanism 
for CH3 production1) fall in line with the abundance 
of the corresponding ion ( i . e . , parent ion less 15) 
in the mass spectra. This would be consistent 
with CH3 as a primary product of the ionization 
processes.

We gratefully acknowledge the financial support 
of the U.K. Atomic Energy Authority (Research 
Group Harwell) and the Department of Scientific 
and Industrial Research.

(7) P. Gray, Trans. Faraday Soc., §2, 344 (1956).
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In order to determine the absolute rate constant of the reaction H +  Fe111 =  Fe11 +  H +, we have measured the relative 
rate constant ratio ft(H+Fem)/)c(H+D2) and then calculated Fe111) by assuming that &(h+d2), known from gas phase studies, 
remains unchanged in solution. The initial HD yields from the 7-irradiation of water containing dissolved deuterium gas, 
ferric sulfate and ferrous sulfate have been measured at various Fem /D 2 ratios. From these studies we have calculated 
the rate constant ratio &(H+Fem)/ft(H+D,) =  120 ±  30 in 0.01 N  H2S04. Since the rate constant of the gas reaction, H 
+  D 2 =  HD +  D, equals 0.4 X  106 i. mole-1 sec.-1, it follows that the rate constant of the reaction H -j- Fe111 =  Fe11 
+  H + in 0.01 N  H2S04 is (0.48 ±  0.1) X  1071. mole-1 sec. -1 at 25°. Using this result, we have calculated a number of 
absolute rate constants for H atom reactions.

Introduction
For a better understanding of aqueous radiation 

chemistry, a knowledge of the absolute rate con
stants of H atom reactions with a variety of in
organic and organic substances is desirable. 
Such rate constants are of theoretical interest in 
the development of the radical diffusion model3 ' 4 

and in testing its ability to predict the effect of 
solutes on the molecular H2 yield.

In order to calculate absolute rate constants from 
the large number of published relative rate con
stants for H atom reactions, 6 - 8  one requires the

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) Radiation Branch, National Cancer Institute, N. I. H., Bethesda 
14, Md.

(3) D. A. Flanders and H. Fricke, J. Chem. Phys., 28, 1126 (1958).
(4) H. A. Schwarz, J. Am. Chem. Soc., 77» 4960 (1955).

absolute value of the rate constant for a single 
suitable reaction. Since the rate constant for the 
reaction H +  D2 =  HD +  D is known from gas 
phase studies, 9 our procedure was to measure 
the relative rate constant ratio, L h + Fem)/&(H + d,), 
and then to calculate L h + Fe111) by assuming 
that fc(H + d2> is the same in solution as in the gas 
phase. When this work was started, it was hoped 
that the competition of ferric ions and deuterium 
molecules for hydrogen atoms could be studied by 
measuring the initial HD yield from 7 -irradiated

(5) J. Ho Baxendale and D. H. Smithies, Z. physik. Chem., 6, 242 
(1956).

(6) J. H. Baxendale and G. Hughes, ibid., 14, 306 (1958).
(7) J. H. Baxendale and G. Hughes, ibid., 14, 323 (1958).
(8) W. G. Rothchild and A. O. Allen, Rad. Res., 8, 101 (1958).
(9) G. Boato, G. Careri, A. Cimino, E. Molinari and G. G. Volpi, 

J. Chem. Phys., 24, 783 (1956).
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solutions containing dissolved deuterium gas at 
various Fem/D 2 ratios.

Experimental
Triply distilled water10 was used in all experiments. 

Stock solutions with known Fen/T eUI ratios were prepared 
by addition of standardized hydrogen- peroxide to ferrous 
sulfate solutions in 0.10 N  H .S04. The total iron content 
of the ferrous sulfate solutions was determined by oxidation 
to ferric sulfate with excess H20 2. Ferric ion concentrations 
were determined by absorption spectroscopy at 3020 A.

Solutions used in irradiation experiments were made up 
from the stock solutions just prior to irradiation and were 
0.010 N  in H2SO4. The pH ’s of these solutions were meas
ured on a Beckman pH meter and found to be 2.12 ±  0.02.

Deuterium gas supplied by the Stuart Oxygen Co. and 
assaying >99.5%  in deuterium atom content was used with
out further purification except to pass it through a liquid 
nitrogen trap. The procedures to degas the solutions, dis
solve the deuterium gas and fill the 100-ml. syringes have 
been described previously.10

All solutions prepared by the above procedure contained 
no gas phase and were irradiated with Co60 7-rays in a speci
ally designed chamber.11 The dosage rates for each syringe 
used in these experiments were measured for the volumes 
employed by use of the ferrous sulfate dosimeter, and a 
value of 15.6 Fein /100 e.v. was used to convert chemical 
yield to e.v./I.

For each experiment two or three syringes were used. 
After irradiation 10 ml. of solution was added to 10 ml. of
1.6 A  H2SO( and the optical density at 3020 A. determined 
in cells of 5- or 1-cm. path length. Approximately 15-20 
ml. of solution was introduced into a Van Slyke apparatus, 
the gas extracted and its volume and pressure measured. 
Two such gas samples at each dosage were combined for 
mass spectrometric determination of H2, HD and D 2. N2 
and 0 2 were determined as a check on the absence of dis
solved air. The initial concentration of deuterium was 
measured in each syringe by extracting the gas from an 
aliquot of the solution removed prior to irradiation. Mass 
spectrometric analyses were carried out on a Type 21-620 
Consolidated Electrodynamics machine. Precision is esti
mated as ± 3 %  for points other than blank determinations 
of HD present initially in D 2 where it is ± 6% . The per
centage compositions of H2, HD and D 2 obtained by the 
mass-spectrometer, together with the micromoles of total 
gas measured by the Van Slyke, were used to calculate the 
micromoles of HD and H2 produced and of D 2 consumed.

Results and Discussion
In some preliminary experiments solutions of 

either ferric sulfate or ferrous sulfate (205 jum./l.) 
in 0 . 0 1  N  H2SO4 containing about 670 n m./l. 
of dissolved deuterium gas were irradiated. A 
steady-state Fera/Fen ratio is rapidly approached 
in both cases. The results for ferrous sulfate are 
shown in Fig. 1. It is evident from these experi
ments that precise initial HD yields (±  3% for a 
given dose) cannot be determined for solutions 
containing only ferric ions without a substantial 
concentration of ferrous ions or vice versa. Hence 
subsequent experiments were carried out at steady- 
state Feni/Fen ratios.

The initial G  (HD) and G(H2) values of experi
ments carried out at approximately steady-state 
Feni/Fen ratios in 0.01 AT H2SO4  containing about 
600/im./l. of dissolved D 2 for various Fein/D 2 

ratios are shown in Table I. In every experi
ment reported here the formation of FlD and D 2 

is a linear function of dose for low conversion. 
Some typical results (experiment 3 of Table I) 
are shown in Fig. 2. For experiments in which

(10) E. J. Hart, S. Gordon and D. A. Hutchinson, J. Am. Chem. 
Soc., 75, 6165 (1953).

(11) H. A. Blomgren, E. J. Hart and L. S. Markheim, Rev. Set. 
Instr., 24, 298 (1953).

c v / l X  I O ' Z 0 .

Fig. 1.— Fenl and HD yields from 7-irradiate 1 FeS04 solu
tions containing dissolved Da.

e v / L  x  i o ~ 2 0

Fig. 2.— Initial HD and H2 yields from 7-irradiated solutions 
containing dissolved D 2 at the steady state FeIII/F e 11 ratio.

the initial F e Iir/ F e 11 ratio is not exactly equal 
to the steady-state ratio, the HD yield does not 
extrapolate to the HD content of the D2 gas at 
zero dose. Curvature becomes noticeable on such 
plots when the concentration of the products, 
hydrogen and hydrogen deuteride, is about 10% 
of the total dissolved gas.

In all experiments the total amount of gas was 
found to be constant; that is, the amount of deuter
ium consumed was always equal to the hydrogen 
and hydrogen deuteride produced. This observa
tion can be understood by a consideration of the
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T a b l e  I
G(HD) and £r(H2) for Aqueous Solutions Containing D2, Fem  AND Fe11 IN 0.01 N  H2SO4

(Fem ) +  
D,

Expt.
D2 av., 
fiM/1.

FeITI av., 
yM/L

Fe11 av., 
nM/\. G(HD) G(Hs) ß

ff( Hj) t 
<?(HD) —ß

(Fen)
7.2(D2)

6 .7 (H ü0 2) ss
d 2 X

l 610 11.6 22.4 1.38 0.90 0.46 4.04 0.0241 0.015 0.039
2 460 31.5 36.2 0.54 .76 .18 10.1 .079 .012 .091
3 675 26.7 41.0 0.72 .89 .31 8.18 .048 .007 .055
4 630 11.5 22.1 1.33 .85 .46 4.27 .0232 .014 .038
5 610 101 101 0.218 .72 .086 28.0 .189 .003 .192
6 620 64.5 70.2 0.380 .80 .13 14.6 .120 .005 .125
7 600 11.1 22.5 1.47 .95 .51 3.76 .0237 .004 .028

Fig. 3.— Initial HD yields plotted for determination of 
fc(H + Fem )A(H + Ds>. The line is drawn with an intercept 
of one.

oxidation-reduction balance, since there is no 
production of oxygen or hydrogen peroxide and no 
change in the Fein/Fen ratio.

The following reactions take place when aqueous 
solutions containing D2, Fem and Fe1 1  are irradiated

H20  = H», H20 2j H, OH
Fe11 + H20 2 = Fe111 +  OH +  O H - h

Fe11 +  OH = Fem  +  O H - k%
Fen OH2 +  H FelnOH “  +  H2 h
Fen OH2 +  D = Feln OH “  +  HD ki

Fe111 +  H = Fe11 +  H + k̂
Fe111 +  D = Fe11 +  D + h
H20 2 +  H = OH +  H20 h
h 2o 2 +  D = OH +  HDO k&

d 2 +  H = HD +  D k$
D 2 +  OH = HOD +  D kia

The secondary reactions H +  HD =  H2 +  D 
and D +  H2 =  HD +  H can be neglected at low 
conversion. Reactions involving two atoms or 
radicals have been excluded, since the product of 
their stationary state concentrations is negligible.

Let a , b and c be the rates of production (moles 
l. - 1  sec.“ 1) of H, OH and H20 2, respectively. Then 
by applying the stationary state method to the 
intermediates H, D, OH and H20 2 the following 
results are obtained

(H20 2)ss Ai(Feii) +  +  ¿S(D ) W

(H)SS =  fe(Fen ) +  &(Fem ) +  ¿,(H 20 2)ss +  fc„(D2)
(2)

(OH)ss -  fe(FeII) +  il((D î)

_  t ,(D ,)(H ) + L q(D 2)(OH)
1 'ISS "  fc4(Fen ) +  fc6(Fen l) +  fc8(H20 2)ss 

Cr( HD) =
________________g J M h ________________  . ,

h  r(F eIH) h  (Fe11) h  (H2Q2)ss1 ^  ' 
+  k, L (D 2) +  h  (D 2) +  h  (D 2) J

where

(3)

(4)

(5)

„ _  ________________ ff(OH) +  g(H2Q2)_______________
P r .  , h  ( F e ^ n r .  M F e 111) h  (H2Q2)ssq 

L +  ho (D 2) J L 1 +  h  (Fe11) +  h  (Fe11) J

and

P, a . (FeIH) 4- h  (H^ ) ssl
L +  h  (Fe11) +  h  (Fe11) J

¡7 (H), ¡ 7  (OH) and gf(H2 0 2) are the primary 
radical and molecular yields and G(HD) is the 
observed HD yield (molecules/100 e.v.). From 
equation 5 it follows that a plot of 0 (H )y/[6 r(HD) 
-  0\

against x  = (Fem )
(D ,)

h  ( FeI1) , b  ( H ^ ° 0 SS
ko (D 2) ko (D 2)

should be a straight line with a slope equal to 
b / k g  and an intercept equal to one.

Fortunately, several of the important rate con
stant ratios which appear in equation 5 have been 
determined in the course of previous investigations. 
The ratio b / b  has been measured by Allen and 
Rothchild8 in 0.01 N  H2SCh and is equal to 7.2 
±  0.7.

From the work of Baxendale and Hughes, 7 

we can infer that b / b  =  b / b -  These authors 
find no isotope effect in the reaction of H or D 
atoms with Fe111. Since reactions 4 and 3 both 
involve the rupture of an O-H bond in the tran
sition state, there should be little change in rate 
when the reactant is changed from H to D.

The ratio 7c(oh + Fen)/7c(OH + h s) has been de
termined by Dainton and Hardwick, 1 2 Hardwick, 13  

and by Rothchild and Allen, 8 and was found to lie
6.7, 8 . 6  (for 0 . 1  N  HCIO4) and 5.7 (for 0 . 0 1  N  
H2SO4), respectively. A value of 3.5 has been 
reported1 4 ’ 16 for the ratio fc(on + h2)A(oh + ds).

(12) F, S. Dainton and T. J. Hardwick, Trans. Faraday Soc., 53, 
333 (1957).

(13) T. J. Hardwick, Can. J. Chem., 35, 437 (1957).
(14) Atomic Energy of Canada, Ltd., Chalk River, Ontario, PR- 

CM-6-C.
(15) H. L. Friedman and A. H. Zeltmann, J. Chem. Phys., 28, 878 

(1958).
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Combining the isotope effect of 3.5 with the inter
mediate value of 6.7 we find

f e  _  l ( O H  +  F e 1 1 ) _  2 ' j

feo feoH + Dl)

However, it is interesting to note that even if we 
choose f a / k 10 =  30, this produces only a 15% 
decrease in the final result for f a / f a .

The ratio f a / f a  was calculated from experiments 
4 and 7, in which the 7 -ray intensity was varied by 
a factor of 6 . 8  keeping the ferrous, ferric and D 2 

concentrations approximately constant. The sta
tionary state H20 2 concentrations at the higher 
intensity (expt. 4, I  =  2 X 101 9 e.v.l. - 1  min.-1) 
was measured by following the post-irradiation 
increase in the ferric ion concentration and was 
found to be 1.4 ±  0.1|Um./l. by extrapolation.

If we assume no reaction between H20 2 and H or 
D atoms, we find from equation 1, (H20 2)ss =  
c/fci(FeT11) = 2.5 /un./l.(&i = 71 1. moles- 1  sec. - 1 ) . 12 

This indicates that about one-half of the hydrogen 
peroxide formed in experiment 4 is removed by re
action with H and D atoms. Since the steady- 
state concentrations of H and D atoms are ap
proximately proportional to the y-ray intensity, 
we find (H20 2)expt. 4/(H 20 2)expt. 7 = 3.9. From 
the observed (7(HD) values of experiments 4 and 7 
we find by substitution into equation 5 that f a / f a  
=  6.7 and f a / f a  =  65. The contribution of the 
term, (A:7/A:5) [(H20 2)3S/(D 2)], to the value of x  

is appreciable only at low total ferrous plus ferric 
concentrations and is shown in Table I.

The ratio f a / f a  will not differ by more than a 
factor of 2 or 3 from f a / f a ,  which is equal to ( f a /  
f a ) - ( f a / f a ) .  Hence we find that the term ( f a /  
fa ) [(H20 2)Ss/(Fen)] is negligible compared to 
( f a / f a )  [(Fe1 1 1)/(Fe11) ].

From the experimental data of Table I and the 
rate constant ratios in the literature, the quantities 
g ( H)7 /(G(HD) — /3) and x  were calculated and are 
given in Table I. The primary radical and 
molecular yields at pH 2.1 are 17(H) = 3.3, 8 ff(OH) 
= 2.6 (by material balance), i/(H2) = 0.45 and 
p(H20 2) =  0.80. A plot of g(H)y/(G(HD) -  0 ) 
v s . x  was found to be linear (Fig. 3). The straight 
line, drawn by inspection and with an intercept 
of one, has a slope equal to A(h + Fein)/fc(H + iw 
= 120 ±  30.

The rate constant for the reaction, H +  D2 =  
HD +  D, in the gas phase9 - 1 6 ' 16 at 25° is 0.4 X 105 

1. moles- 1  sec.-1. Assuming that the rate constant, 
k m  +  d 2), remains unchanged in solution, we find

(16) J. Hirschfelder, H. Eyring and B. Topley, J . Chem. Phys., 4, 
170 (1936).

f a n  + Fe111) = (48±12) X 106 1. moles- 1  sec. - 1  at 
25° for 0.01 N  H2S0 4 . Although it is possible 
that the ratio fcsoln/fcgas for the reaction H +  D2 = 
HD +  D at ordinary temperatures might be as 
large as two to three, 17 the assumption which we 
have made seems reasonable, since it has been 
found18 that the conversion of para to orthohydro
gen takes place 1 . 2  times as fast in aqueous solution 
as in the gas phase when catalyzed by oxygen. The 
corresponding figure for nitric oxide, a polar mole
cule which is probably more strongly solvated, is
2 .2 . This provides evidence that the collision 
numbers in the two phases are in the same ratio.

T able II
Approximate R ate Constants for R, +  H at 25°

R
k X 10 “ 6, 
1. molss 1 

sec.“ 1 pH
d 2 1 4 Gas
Fe111 48 2.1 (H2S04)
Fe11 3.7 2.1 (H 2S04)
o 2 10003
HCOOH 13 3 and 1
CH3COOH 1.9 ' 1 (H2S04)
CH,COCHs 3.5= 1 (H2S04)
c h 3o h 29' 1 (H2S04)
HCHO 93' 1 (H2S04)
D C 02H« 133' 1 (H2SO„)
EtOH 27 3' 1 (H2S04)
CuJ+i 1063' 1 (H2S04)
Benzoquinone 57009' 1 (HoSOj)
For D abstraction. b For +  H = Cu+ +  II

' From the data of Baxendale and Smithies, reference 5.

A list of approximate rate constants for the re
actions of some inorganic and organic compounds 
with H atoms is given in Table II. Rothchild 
and Allen8 have found that the ratio A<h + o n /  
fc(h  +  Fe111) in 0.01 N  H2S04 is equal to 208 ±  40. 
Therefore, it follows that the rate constant fc(h + o2) 
=  (10 ±  3) X 10s 1. moles- 1  sec.-1. From Hart’s19 

value for the ratio fc(h + o2:/A (H  + h c o o h ) =  540 ±  
80, we find Ah + h c o o h  = i 19 ±  6 ) X 105 1. moles- 1  

sec. - 1  at pH 3 and 25°.
This value of k {h  + h c o c -hj was used to calculate 

several of the rate constants of Table II from the 
data of Baxendale and Smithies, 6 who have 
measured the rates of a number of H atom re
actions relative to the rate of the reaction H +  
HCOOH = H2 +  COOH at pH 1.

(17) R. P. Bell, Ann. Bep. Chem. Soc., 36, 82 (1939).
(18) L. Farkas and U. Garbatski, Trans. Faraday Sor., 35, 263 

(1939).
(19) E. J. Hart, J. Am. Chem. So.-.., 76, 4312 (1954).
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THE ACTION OF «Co 7 -RADIATION ON 
AQUEOUS SOEUTIONS OF ACETYLENE

B y  P. G. C l a y , G. R. A. J ohnson and  J. W eiss

Department of Chemistry, King’s College, University of Durham, Newcastle on Tyne, England
Received February 9, 1959

“ Co 7-irradiation of water saturated with acetylene (1 atm.) in the absence of oxygen, yielded Ci, C2 and C4-aldehydes 
and a white solid polymer. The irradiated solution showed a very strong, broad absorption band with a maximum at 
about 200 mu. Aqueous solutions of acetylene-oxygen mixtures, on irradiation, yielded glyoxal and hydrogen peroxide, 
with small amounts of an organic hydroperoxide ((? ~  0.3). The formation of the radiation products has been studied at 
different ratios of oxygen/acetylene, as a function of pH and in the presence of added ferrous sulfate. Under certain condi
tions, glyoxal is apparently formed by a chain reaction.

Introduction
Much work has been done on the radiation 

chemistry of acetylene, in the gas phase, notably 
by Lind and his co-workers. 1 In the absence of 
oxygen, using various radiations, a yellow solid 
polymer was formed and some aromatic compounds 
also were produced. In the case of acetylene 
irradiated with «-particles, benzene accounted for 
about 15% of the products. 2 In the presence of 
oxygen, gas phase irradiation of acetylene resulted 
in the formation of carbon dioxide, carbon monoxide 
and a liquid polymer. 3

We have studied the action of 60Co 7 -rays on 
acetylene in aqueous solutions as part of a program 
investigating the radiation chemistry of aqueous 
solutions of simple unsaturated compounds.

Experimental
Preparation of Solutions.— Ordinary distilled w'ater was 

redistilled from alkaline potassium permanganate and then 
from dilute sulfuric acid. The pH of this water was about
5.5, solutions of lower pH were obtained by adding sulfuric 
acid and higher values by the addition of sodium hydroxide.

Acetylene was used from a cylinder (British Oxygen Co. 
Ltd.), after washing with 10% sodium bisulfite solution 
followed by 20%  sodium hydroxide solution. After this 
treatment no acetone could be detected in the solutions pre
pared for radiation. Oxygen (British Oxygen Co. Ltd., 
medical grade) was used directly from the cylinder.

The solutions were prepared and irradiated in cylindrical 
Pyrex vessels equipped with a side arm and tap. The 
vessels were deaerated by repeated pumping with a two 
stage oil pump and shaking. The appropriate gas mixtures 
were prepared in a gas buret of conventional design and were 
admitted to the vessel by the side arm. The vessel and 
its contents was shaken in contact with the gas to bring 
about saturation of the solution. For the experiments in 
the absence of oxygen the acetylene was condensed out in a 
trap cooled by liquid nitrogen and freed from any non-con
densable gases by repeated melting and pumping. The 
vessel and side arm, previously evacuated, were opened to 
the container holding the solid acetylene and the latter 
allowed to warm up. The vessel was agitated during the 
time when the acetylene pressure was building up in the 
apparatus and for some time after atmospheric pressure was 
reached.

Irradiation Arrangements.— The samples were irradiated 
with 60Co 7-rays from a 500 Curie source of the type de
scribed by Hochanadel and Ghormley.4 * The dose rate, 
measured by the ferrous sulfate dosimeter (10-3 M  ferrous 
sulfate in 0.1 N  sulfuric acid) was 0.86 X 10~7 (e.v./N ) 
ml.-1 based on frFe3+ =  15.5.

(1) Cf. S. C. Lind, “ The Chemical Effects of Alpha Particles and 
Electrons,”  2nd edition, The Chemical Catalog Co., New York, N. Y., 
1928.

(2) C. Kosenblum, T h is  J o u r n a l , 52, 474 (1948).
(3) S. C. Lind, D. C. Bardwell and J. H. Perry, J. Am. Chem. Soc., 

48, 1556 (1926).
(4) C. J. Hochanadel and J. A. Ghormley, Rev. Sei. Instr., 22, 273

(1951).

Identification and Determination of Products.— (i) Hy
drogen peroxide was identified and determined^ by the_ ti
tanium sulfate reagent.6 Since the products of irradiation, 
in the absence of oxygen, absorbed strongly at 405 m^, 
hydrogen peroxide formed under these conditions was meas
ured by the ferrous thiocyanate method, (ii) Organic hy
droperoxides, under normal conditions, do not react 
with the titanium sulfate reagent but oxidize iodide6 and re
act with ferrous thiocyanate.7 Determination of the total 
peroxide in the irradiated solutions showed the presence of 
an organic hydroperoxide. As its yield was rather low (G 
~  0.3) the identity of this hydroperoxide has not yet been 
established, (iii) Formaldehyde and acetaldehyde^ were 
identified by paper chromatography of their 2,4-dinitro- 
phenylhydrazones according to the method of Gasparic and 
Vecera.8 Crotonaldehyde was identified on the chromato
gram by its 2,4-dinitrophenylhydrazone. Further evidence 
was provided by elution of the 2,4-dinitrophenylhydrazone 
spot with alcohol and the spectra of the eluted spot in the 
neutral and alkaline alcoholic solution were compared with 
those of an authentic sample of crotonaldehyde 2,4-dinitro
phenylhydrazone and shown to be identical. The alde
hydes were determined by the method of Johnson and 
Scholes.9 (iv) Glyoxal and glycolaldehyde were identified 
by the purple-blue color of their 2,4-dinitrophenylhydrazones 
in strongly alkaline solution. The irradiated solution was 
treated with the dinitrophenylhydrazine reagent and the 
resulting red ppt. filtered off, dried and dissolved in benzene, 
addition of ethanolie sodium hydroxide produced the char
acteristic purple-blue color indicating the presence of either 
glyoxal or glycolaldehyde. The method of Dechary, et al.,10 
was used to distinguish between these two compounds and 
to estimate them. The method depends on the formation 
of a blue colored derivative when solutions of glyoxal or 
glycolaldehyde are treated with the 2,3-diaminophenazine 
reagent. Glyoxal reacts with the reagent in acetic acid 
solution; glycolaldehyde reacts only under conditions 
where conversion into glyoxal can occur, i.e., in 10 N  sul
furic acid, (v ) Oxygen was determined by the Winkler 
method11 in the following way: solutions of acetylene and 
oxygen were made up exactly as for irradiation, the side arm 
was removed and 15 ml. of petroleum ether placed on the 
top of the solution. One ml. of saturated MnCh solution 
was added below the surface of the pet. ether and the flask 
gently shaken until the solutions were mixed. One ml. 
of solution of 33% NaOH and 10% K I was added and shaken 
in a similar fashion and the ppt. formed was allowed to 
settle for 2 minutes when 5 ml. of coned. HC1 was added. 
The liberated iodine was titrated against thiosulfate.

Results
Irradiations in the Absence of Oxygen.— Irradi

ation of water saturated with acetylene ( 1  atm.)
(5) G. M. Eisenberg, Ind. Eng. Chem., Anal. Ed., 15, 327 (1943).
( 6 )  C. J. Hochanadel, T h i s  J o u r n a l , 56, 597 (1952).
(7) A. C. Egerton, A. J. Everett, G. J. Minkoff, S. Rudrakanchana 

and K. C. Salooja, Anal. Chim. Acta, 10, 422 (1954),
(8) J. Gasparic and M. Vecera, Coll. Czech. Chem. Commune., 22, 

1426 (1957).
(9) G. R. A. Johnson and G. Scholes, Analyst, 77, 937 (1954).
(10) J. M. Dechary, E. Kun and H. C. Pitot, A.nal. Chem., 26, 449 

(1954).
(11) Cf. W. W. Scott, “ Standard Methods of Chemical Analysis,”  

London, 1926, p._1436.
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at pH 1.2 yielded a yellow-white solid polymer and 
several different aldehydes. The irradiated solu
tion exhibited a broad absorption band with a 
maximum at 200 my. Chromatography of the
2,4-dinitrophenylhydrazones of the aldehydes pro
duced in the irradiation, showed the presence of 
some formaldehyde and larger quantities of acet
aldehyde and crotonaldehyde. Examination of 
the absorption spectrum of aqueous crotonaldehyde 
(10- 4  M )  showed a sharp absorption maximum at 

2 1 0  my, indicating that crotonaldehyde was not 
entirely responsible for the absorption of the ir
radiated solution. An additional dinitrophenyl- 
hydrazone derivative of a higher R f  was present on 
the chromatogram but this has not yet been identi
fied. Glycolaldehyde also was formed as an 
irradiation product, but the observed yields were 
rather irreproducible. Quantitative studies showed 
the yields of the measured products, other than 
that of glycolaldehyde, to be linear with dose up to 
the highest doses used, v i z . , 4.9 X 10- 6  (e.v./iV) 
ml.-1. The yields were (G  =  molecules/100 e.v.): 
G(acetaldehyde) =  0.2; G  (crotonaldehyde) =  
0.2; (Rhydrogen peroxide) =  0.5. The Gr(glycol
aldehyde) was of the same order as those of the 
other two aldehydes although somewhat irrepro
ducible.

Irradiations in the Presence of Oxygen.— Gly- 
oxal and hydrogen peroxide were the main 
products formed in the irradiation of aqueous solu
tions saturated with acetylene-oxygen mixtures ( 1  

atm.). Small amounts of an unidentified hydro
peroxide were also formed. No aldehydes other 
than glyoxal could be detected.

Preliminary quantitative experiments using a 
gas mixture of acetylene/oxygen (1 :1 , total press. 
1  atm.) showed that the formation of glyoxal was 
markedly dependent on the pH of the solution; 
for the range of pH 1.2 to 9, the yields of the 
products were also determined as a function of the 
radiation dose. Figures 1 and 2 show typical 
dose-yield plots, for pH 1.2 and 5.5, respectively. 
At all the pH values studied the yield-dose curves 
were initially linear, but eventually showed a 
marked diminution in the yield per unit dose, 
presumably attributable to the consumption of 
molecular oxygen in the radiation-induced reac
tions. In the case of solutions irradiated at pH 1.2, 
it was noted that the change of slope of the dose- 
yield curve occurred at a lower total dose for the 
glyoxal than for the hydrogen peroxide. At pH 
5.5, however, the changes in slope of the glyoxal 
and hydrogen peroxide dose-yield plots occurred 
at about the same total dose.

A plot of the initial G-values of the products 
against pH is shown in Fig. 3: G (glyoxal) decreased 
smoothly from G  =  14 at pH 1.2 to G  =  7 at pH 9. 
Between pH 1.2 and pH 9, the (?(H2 0 2 ) was found 
to be independent of pH. Above pH 9, the results 
were somewhat irreproducible, with mean values of

(glyoxal) 1, G(formaldehyde) ~  1.5.
The shape of the dose-yield plot in acid solution 

suggested that G(glyoxal) was dependent upon the 
ratio of acetylene/oxygen in the solution. To 
investigate this point further, solutions of gas 
mixtures containing different proportions of oxygen

o

Fig. 1 .— Irradiation of aqueous solutions of acetylene- 
oxygen mixtures (1:1) with 60Co 7 -rays at pH 1.2; dose rate 
=  0.86 X  10-7 (e.v./iV) ml. - 1  min. - 1  Yield dose depend
ence for the formation of glyoxal and hydrogen peroxide: 
O, glyoxal; □, hydrogen peroxide.

Fig. 2.— Irradiation of aqueous solutions of acetylene- 
oxygen mixtures (1 :1) with 60Co 7 -rays at pH 5.5; dose 
rate =  0.86 X  10- 7  (e.v./iV) ml. ” 1 min. - 1  Yield dose de
pendence for the formation of glyoxal and hydrogen peroxide 
at pH 5.5: O, glyoxal; □, hydrogen peroxide.

and acetylene were irradiated at pH 1.2. The 
total pressure in the vessels was kept constant at 
1  atm., by the addition of the appropriate amounts 
of nitrogen. Figure 4 shows the dependence of the 
initial G-values (each obtained from an appropriate
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1 2 3 4 5  6 7 8 9
pH.

Fig. 3.— Irradiation of aqueous solutions of acetylene- 
oxygen mixtures (1:1) with 60Co -y-rays; dose rate =  0.86 X 
10- 7  (e.v./ÏV) ml. - 1  min. - 1  pH dependence of the initial 
yields: O, glyoxal; □, hydrogen peroxide.

0.1 0.2 0.3 0.4 0.5
Pressure (atm.).

Fig. 4.— Irradiation of aqueous solutions of acetylene- 
oxygen mixtures (1 :1) with 60Co Y-rays at pH 1.2; dose rate 
= 0.86 X 10- 7  (e.v./iV) ml. - 1  min. - 1  Dependence of the 
initial yields on the total pressure of acetylene and oxygen: 
O, glyoxal; □, hydrogen peroxide.

dose-yield plot) on the to ta l pressure of acetylene/ 
oxygen mixtures, when the partial pressures of 
both gases were the same. It is seen that G -  
(glyoxal) is dependent upon the solute concentra
tion. On the other hand, (7(H20 2) was found to 
change very little in the range of solute concentra
tions studied.

In a further series of experiments, the partial 
pressure of the acetylene was kept constant at 
0.25 atm. the pressure of oxygen being varied from 
0.25 to 0.75 atm. In each case the total pressure 
of the gas mixture was adjusted to 1  atm. by the 
addition of nitrogen. The variation of the initial 
G -values is shown in Fig. 5. Hydrogen peroxide 
formation appeared to be independent of the oxy- 
gen/acetylene ratio. On the other hand, the 
glyoxal formation showed a marked dependence on 
the partial pressure of the oxygen.

Figure 6  shows the variation of the initial 
(j(glyoxal) and (7(H20 2) when, at a partial pressure 
of oxygen of 0.25 atm., the pressure of acetylene 
was changed from 0.25 to 0.75 atm. As before, the 
total pressure was always adjusted to 1  atm. with

nitrogen. G(H20 2) was found to be independent 
of the partial pressure of acetylene between 0.25 
and about 0 . 6  atm., beyond which it dropped off 
somewhat. G(glyoxal) depended markedly on the 
partial pressure of the acetylene in the gas mixture. 
At low pressures, G(glyoxal) = 6 , but when the 
partial pressure of acetylene exceeded 0.5 atm., 
the yield of glyoxal increased rapidly. At higher 
acetylene pressures G(glyoxal) decreased corre
sponding to the decrease of hydrogen peroxide.

Some experiments were carried out in the pres
ence of added ferrous sulfate; the results are shown 
in Table I, which gives the initial (7-values for toe 
products and for the oxidation of ferrous to ferric, 
at two different acetylene-oxygen concentrations. 
These concentrations were chosen to correspond 
to conditions where, in the absence of ferrous salt, 
in the one case, the yield of glyoxal was high 
((7 =  14.2) and in the other case it was low ( G  =  6 ).

T a b l e  I
E ff e c t  o f  A dded  F e rro u s  S u lfa te  o n  th e  I n it ia l  
Y ie l d s  in  t h e  I r r a d ia t io n  of A q u eo u s  So lu tio n s  of 

A c e t y l e n e - O x y g e n  M ix t u r e s  w it h  60C o y - R ays  
(dose rate =  0.75 X 10- 7  ( e .v . /A 7) ml. - 1  m in.-1) at pH i .2 

[Fe2+], (z(for:mal- (j?(glycol-
moles/1. (?(glyoxal) dehyde) aldehyde) (?(Fe34")

Saturating gas mixture: oxygen:acetylene =  1 : 1  (total 
pressure 1 atm.)

0 14.2 0 0

1 0  - 3 50 2 . 0 2 . 0 50
1 0 - 2 12.5 1.7 3.0 2 2

Saturating gas mixture: oxygen: acetylene-.nitrogen = 
2.5:3.5:5.4 (total pressure 1 atm.)

0 6 0 0

1 0 - 3 11 3.3 0 30
1Ü- 2 8 3.3 0 30

Irradiation of solutions of acetylene/oxygen 
(i :1) in the presence of ferric sulfate (4 X 10- 4  M )  
gave G(glyoxal) =  13.0, a value close to that [G  
= 14) found in the absence of ferric ion. This in
dicates that the ferric ions formed in the irradiation 
in the presence of ferrous sulfate, do not play an 
important part in this reaction.

Discussion
With a solute of relatively simple structure such 

as acetylene, it might be expected that its chemi
cal behavior would be comparatively straight
forward and amenable to interpretation on the basis 
of present concepts in the radiation chemistry of 
aqueous solutions. In actual fact, however, this 
study has revealed a rather complex picture and it is 
not possible as yet to give a complete mechanism 
capable of explaining all the experimental results.

An interesting feature of the acetylene-oxygen 
system is the finding that only one major oxida
tion product is formed. A qualitative investiga
tion failed to reveal the presence of other possible 
oxidation products. This finding is further con
firmed by the observation that after taking into 
account any oxygen derived from the water, the 
oxygen consumed is that expected from the stoichio
metric relationship

A(Os) = A(CHOCHO) +  a (H 20 2) (1;
For instance, in a particular experiment, the
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measured concentration of oxygen in solutions 
saturated with acetylene/oxygen (1 :1 , 1  atm.) at 
pH 1.2 was 5.2 X 10~ 7 mole/ml., whereas the up
take of molecular oxygen calculated from the yields 
of glyoxal and hydrogen peroxide at the break point 
was found to be 4.96 X 10~ 7 mole/ml.

No previous studies of the radiation-induced 
oxidation of acetylenic compounds in aqueous 
solution have been made but, in the cases of other 
unsaturated solutes, (e . g ., ethylene, 1 2 benzene13) 
a number of different oxidation products were 
found.

The acetylene-oxygen system is somewhat un
usual also, in that the yield of the oxidation product 
is relatively high showing (7-values of 6  to 15. The 
yield is very much influenced by both the acetylene 
and the oxygen concentrations in the concentration 
range which was studied; acetylene was varied 
from 0.8 X 10- 2  to 2.4 X 10- 2  M ;  oxygen from
2.6 X 10~ 4 to 7.8 X 10~ 4 M ,  a very sharp increase 
resulting as the concentrations are increased (Fig.
4)-

The (r-values for the formation of free radical 
and molecular products from the radiolysis of water 
according to 1 4 ' 16

H,o H, OH, H2, H20 2 (2)
may be taken as
Ghw =  3.65, (tohw — 2.85, Gh2O2w==0.80, (?h 2w — 0.40, where Gw

refers to the yield in molecules per 1 0 0  e.v. of 
radiation energy absorbed by the water. 16

The relatively high Cr-values found for the for
mation of glyoxal show, therefore, that more than 
one molecule of glyoxal is formed for each radical 
produced by the radiation. The occurrence of a 
short chain-reaction leading to glyoxal formation is 
suggested also by the marked dependence of yield 
on the solute concentrations.

The most likely initiation reaction involves addi
tion of an OH radical to acetylene according to

OH +  CH;CH — > HO CH.-CH (3) 

the alternative, dehydrogenation, reaction
OH +  CHiCH — CHIC +  H20  (4)

is less probable on energetic grounds and would 
not explain the observed formation of glyoxal. 
Addition of hydrogen atoms to acetylene according 
to

H + C H iC H — ^C H 2:CH (5)

may also occur, but, in the presence of oxygen, will 
be in competition with the reaction

H +  0 2 — >- HOz (6)
Subsequent reactions of the free-radicals formed in 
reactions 3 and 5 with acetylene and with oxygen 
must be considered, v iz .

HO CH:CH +  CHiCH — > HO CH:CH-CH:CH (7) 
CH,:CH +  CHiCH — >- CH2:CHCH:CH (8)

(12) P. G. Clay, G. R. A. Johnson and J. Weiss, J. Chem. Soc., 2175 
(1958).

(13) M. Daniels, G. Scholes and J. Weiss, ibid., 832 (1956).
(14) J. Weiss, Nature, 153, 748 (1944).
(15) A. O. Allen, C. J. Hochanadel, J. A. Ghormley and T. W. Davis, 

T h is  J o u r n a l , 56, 575 (1952).
(16) Cf. G. R. A. Johnson and J. Weiss, Proc. Roy. Soc. (London), 

A240, 189 (1957).

0.2 0.4 0.6 0.8
Oxygsn (atm.).

Fig. 5.— Irradiation of aqueous solutions of acetylene- 
oxygen mixtures with “ Co y-rays at pH 1.2; dose rate = 
0.86 X  10“ 7 (e.v./IV) m l.-1 min.-1 Dependence of the 
initial yields on the partial pressure of oxygen; acetylene 
pressure =  0.25 atm.: O, glyoxal; □, hydrogen peroxide.

0.2 0.4 0.6 0.8
Acetylene (atm.).

Fig. 6.— Irradiation of aqueous solutions of acetylene- 
oxygen mixtures with “ Co y-rays at pH 1.2; dose rate = 
0.86 X 10-7 (e.v./.V) ml. 1 min.-1 Dependence of the 
initial yields on the partial pressure of acetylene; oxygen 
pressure =  0.25 atm.: O, glyoxal; □, hydrogen peroxide.

HO CH :CH  +  0 2 — H O C H :C H O O - (9) 
CH2:CH +  0 2 — > CH2:CH OO- (10)

In the case of irradiations carried out in the 
absence of dissolved oxygen, the polymeric product 
and the product which absorbs in the region of 
200 m¡x (probably a conjugated polyenic compound) 
may be the end result of reactions 7 and 8. The 
apparent absence of such products in the presence 
of oxygen suggests that reactions of the radicals 
with oxygen, viz., reactions 9 and 10 are more 
rapid than the reactions with acetylene.

It is not easy to find a chain propagation reaction 
which would account adequately for all the results 
obtained, particularly since nothing is known about 
the reactions of radicals such as the peroxy radical 
formed in reaction 9. A simple propagation step 
which would lead to glyoxal is

HO CH :CH  OO------ >- CHO-CHO +  OH (11)
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This type of OH elimination reaction has been shown 
to occur in the mercury photo-sensitized chain- 
oxidation of certain hydrocarbons in the gas 
phase. 17 In these reactions the pre-exponential 
factor is usually low, because of the molecular 
rearrangement which must occur prior to OH elimi
nation and it is difficult to predict whether the type 
of rearrangement, v iz .

HO CH :CH  OO------ > -CHO-CH-OOH (12)

would occur w ith any facility in the case of the per- 
oxy radical formed in solution. Reaction 11 to
gether with the termination reactions involving 
interaction of the OH radicals with themselves 
and with HO2 radicals could account for the depen
dence of (? (glyoxal) on acetylene concentration and, 
together with the reaction

2HO2 -— H2O2 -j- O2 (13)

would be consistent with the observed G(H20 2). 
The results obtained in the presence of added 
ferrous salt, however, suggest that acetylene is at 
least as reactive as Fe2+ toward OH radicals, 
which means that radical-radical termination 
reactions involving OH radicals are unlikely in the 
presence of acetylene, so that the chains would 
probably be much longer than those observed if 
reaction 1 1  were the propagation step. Chain 
termination could, of course, also occur by the 
interaction of two R0 2 radicals.

The dependence on oxygen concentration im
plies that reactions such as (9) and (10) are in 
competition with the propagation reactions. As 
pointed out above, however, a search for possible 
specific end-products of these reactions has so- 
far been unsuccessful.

An alternative mode of glyoxal formation might 
involve addition of the peroxy radical formed in 
reactions 9 or 10, to acetylene, leading to a 
polyperoxide radical, in some respects similar to 
the polymeric organic peroxide observed by 
Staudinger18 (c/. also Mayo1 9  and Hargrave and 
Morris20)
H O C H : CHOO- +  CH ;CH  — >

H O C H : C H O O C H : CH (14)

(17) R. H. Burgess and J. C. Robb, Trans. Faraday Soc., 54, 1015 
(1958).

(18) H. Staudinger, Ber., 58, 1075 (1925).
(19) F. R. Mayo, J. Am. Chem. Soc., 80, 2465 (1958).
(20) F. R. Hargrave and A. L. Morris, Trans. Faraday Soc., 54,

1015 (1958).

Glyoxal formation could then result from a break
ing up of the polymeric peroxide, with chain break
ing between two R02-type radicals. However, 
such a scheme must be merely speculative at 
present, since little is known about the reactions 
of such intermediates.

The experiments in the presence of ferrous salt 
were carried out in an endeavor to obtain more 
information about the oxidation reaction. Reac
tion of the ferrous ion with the peroxy-radical 
formed in reaction 9 might be expected to lead to 
glyeolaldehyde 
H O-CH :CH OO- +  Fe2 + — 5-

H O .CH :CH .O O - +  Fe3 + (15)
H O C H :C H O O H  +  Fe2 +  ^

H O C H .C H O  +  O H - +  Fe3+ (16) 
(H+)

H OCH rCH O +  Fe2 + •— CH2OH-CHO +  Fe3 + (17)
In fact, glyeolaldehyde was formed under these 
conditions (Table I). Aloreover, the yields of 
glyoxal were markedly influenced by the presence 
of Fe2+, at sufficiently high oxygen-acetylene con
centrations values as high as G  (glyoxal) =  50 were 
observed when the ferrous concentration was 1 0  ~ 3 

M .  At higher Fe2+ concentrations lower yields 
were found, possibly due to the competition of

OH +  Fe2+ — ^ O H - +  Fe3+ (18) 
with reaction 3.

The results with added Fe2+ do not help greatly 
to elucidate the mechanism of glyoxal formation 
but do suggest that reaction 1 1  is not the propa
gation step; this reaction, together with the re
actions

(H+)
H 0 2 +  Fe2+-------->• Fe3+ +  H20 2 (19)

H2O2 +  Fe2i — Fe3+ +  OH “  +  OH (20)
leading to further OH production could ac
count for relatively high yields of glyoxal being 
produced in the presence of Fe2+, but would not 
explain the very high yield of the simultaneously 
produced ferric, which amounts to G(Fe3+) =  50, 
since, on the basis of reactions 11, 19 and 20, the 
ferric yield could not exceed ((?oh +  3Gho2 +  
2 G W )  =  15.5.
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G(Fe+++) has been measured as a function of dissolved oxygen concentration in ferrous sulfate solutions in 0.4 M  sulfuric 
acid irradiated by the 5.3 Mev. «-particles of dissolved polonium-210. Studies on product yields with identical solutions 
containing no dissolved ferrous sulfate have been obtained and are used to explain the ferric ion yields. Both G(H20 2) and 
G(Fe + + +) increase with increasing oxygen concentration, reaching yields of 1.9 and 9.8, respectively, at an oxygen concentra
tion of 0.4 M . These results have been treated by diffusion theory. On the assumption that the radical-radical rate con
stant is 1.0 X 10 11 cc. molecule-1 sec.-1, a rate constant is derived for h + o2) of 2.5 X 10-12 cc. molecule-1 sec.-1. In
formation is deduced regarding the relative rate constants for the reactions: H +  0 2 = H 02, fa ; H +  H = H2, fa  and H 02
4- H02 = H20 2 -{- 0 2, fa fa  fa  fa .

Theoretical studies on the radiation chemistry of 
water indicate that the molecular products, hydro
gen and hydrogen peroxide, are formed by the re
combination of hydrogen atoms and hydroxyl radi
cals in the track. Flanders and Fricke3 have 
treated the general cases of spherical and cylindrical 
diffusion and radical recombination for a one radi
cal model. Our present work on (?(Fe+++) and 
(r(H2 0 2 ) for polonium «-particles was designed to 
provide a test of cylindrical diffusion theory.

Molecular oxygen is an efficient hydrogen atom 
scavenger in aqueous solutions and it is particu
larly effective in promoting oxidation in the Fricke 
dosimeter (ferrous sulfate in 0.4 M  sulfuric acid). 
For this reason, the increase in (7(Fe+++) provides 
a measure of the effectiveness of oxygen in scaveng
ing hydrogen atoms.

G(Fe+++) increases with increasing dissolved 
oxygen concentrations from zero up to the highest 
oxygen concentrations obtainable in this investiga
tion, about 0.4 M  (680 atm. 0 2). In addition, a 
study of the hydrogen, hydrogen peroxide and oxy
gen yields was made on several 0.4 M  H2S04 solu
tions with and without ferrous sulfate added. Hy
drogen peroxide measurements also were made on 
ferrous-free solutions at high oxygen concentra
tions.

The correlation of experimental results with cy
lindrical diffusion theory of a one radical model is 
remarkably good considering the crude nature of 
the model.

Experimental
Materials.—Baker and Adamson special reagent grade 

ferrous sulfate, Mallinckrodt analytical reagent grade so
dium chloride and du Pont reagent grade concentrated sul
furic acid were used without further purification for ferrous 
sulfate solutions. Triply distilled water whose purification 
has been described elsewhere was used for all solutions.4 
Oxygen gas designated “ 99.5% pure and dry, U.S.P.”  was 
obtained from Liquid Carbonic Corporation and was used 
without further treatment. About 60 millicuries of po
lonium-210 was obtained from Mound Laboratory as a 
solid chloride deposit in a 5-ml. volumetric flask. The stock 
solution of polonium was prepared and stored in this flask. 
Deuterium gas was obtained from Stuart Oxygen Company 
and was greater than 99.5% isotopic purity.

(1) Based on work performed under the auspices of the XL S. 
Atomic Energy Commission. Support for part of this research was ob
tained from Atomic Energy Commission contract AT(30-l)-2263, 
granted to the University of Rochester.

(2) Department of Chemistry, University of Rochester.
(3) D. A. Flanders and H. Fricke, J. Chem. Fhys., 28, 1120 (1058).
(4) H. Fricke, E. J. Hart and H. P. Smith, ibid., 6, 229 (1938).

Preparation of Solutions.—One ml. of concentrated sul
furic acid was added to the dry polonium chloride deposit 
and refluxed for 10-15 hours at 130-150° to provide a stock 
solution. Less drastic treatment than this extended di
gestion resulted in a colloidal suspension. Solution of the 
polonium was checked by assaying for polonium «-activity, 
then centrifuging an aliquot of this solution in a Vaseline 
coated tube and reassaying.

For irradiation runs, an aliquot of the stock solution was 
diluted with water and ferrous sulfate in such a manner that 
the resulting solution contained 0.003 M  ferrous sulfate, 
0.001 M  sodium chloride and 0.4 M  sulfuric acid. The 
diluted solution was then bubbled with filtered air for about 
30 minutes to remove all gaseous decomposition products 
of the self-irradiation of the concentrated polonium-sulfuric 
acid solutions.

G(Fe+++) Determinations.—G(Fe+++) was obtained by 
the following procedure for aerated solutions: a 3-ml. por
tion of the above reaction solution was transferred to a 
stoppered 1 cm. silica absorption cell and the optical density 
of the contents was read as a function of time in a Beckman 
DU spectrophotometer. At 3020 A. and at 25°, the molar 
extinction coefficient, «(Fe + ++), is 2220. In all cases the 
increase in optical density was linear with dose up to 50% 
ferrous ion oxidation. These dosage curves were made 
during each run in order to check the reproducibility of ex
perimental conditions from run to run and to provide a 
standard deviation for G(Fe+3) for air saturated solutions.

For oxygen concentrations less than 2.2 X 10-4 M  (air 
saturated solutions), a calibrated hemispherical Pyrex cell 
was equipped with a 1 cm. silica absorption cell, a stopcock 
and ground glass joint, a detachable calibrated bulb and a 
magnetic stirring device. Polonium solution was introduced 
into the cell which was then sealed and evacuated. A 
known pressure of oxygen was added to the system by ex
panding oxygen of known pressure from the small bulb into 
the reaction cell. It was possible to invert the cell so that 
the optical density of the soliraon could be followed spec- 
trophotometrically as a function of time. The ratio of gas 
to liquid volume in the cell was high to avoid serious de
pletion of oxygen and the solutions were stirred frequently 
to assure equilibrium with the oxygen in the gas phase.

For oxygen concentrations greater than atmospheric 
pressure saturated solutions (1.1 X 10-3 M  0 2), a stainless 
steel high pressure bomb was used. The bomb, obtained 
from the American Instrument Company had an i.d. of 
15/ i6" , an o.d. of 29/i6"  and a depth of 8V4" . An aluminum 
holder supported 6 cells in the bomb. The cells were hemi
spherical with a flat bottom (diameter 1") and had narrow 
necks with calibration marks for 3-ml. ceil volume. After 
0.50 ml. of reaction solution was pipetted into the cell, a 
loose fitting cap was placed on the neck of the cell and the cel Is 
were lowered into the bomb which was then sealed and con
nected to a high pressure oxygen tank. The bomb was 
fitted with a capillary leak of 0.004" diameter and a stain
less steel filter so as to prevent any sudden change in pres
sure, possible frothing of the solution and spreading of in
activity. The bomb was charged with high oxygen pres
sure initially and then vented to exhaust most of the air 
present originally in the bomb cavity. It then was filled 
with oxygen to the desired pressure and sealed. Because of 
a surface to volume ratio of 10 to 1, a 5 minute gentle agita-
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Fig. 1.— Dose dependence of ferrici on yields in a typ
ical run: O, 3 mM (Fe ++), 1 mM  NaCl, 0.4 M  H2S04, 2.2 
X  10“ 4M  0 2 (air-satd.), 0.32 me./ml. Po210; A, same as O, 
contains no Po210 and (0 2) =  9.7 X  10“ 2M ; □, same as O, 
(0 2) =  9.7 X  10-2 M ;  •, Beckman control, same as O, only 
in 1 cm. silica Beckman cell during high pressure oxidation.

tion of the bomb and contents at high oxygen pressure as
sured saturation of the solution with oxygen. After a pre
determined time interval, the cells were removed from the 
bomb and the solutions were diluted to 3.0 ml. with 0.4 M  
H2SO4, mixed thoroughly and transferred to 1 cm. spectro
photometer cells for measurement. The ferric ion concen
tration of these solutions and blanks (identical reaction 
solutions which had not been exposed to high oxygen pres
sures) were obtained.

Since ferrous ion is oxidized by oxygen in the absence of 
«-particle radiation, it was necessary to correct all results 
for the “ dark”  oxidation. Controls, identical in composi
tion with the active solutions but containing no polonium 
were exposed to oxygen at the same time as the irradiated 
solutions. In general this thermal oxidation accounted for 
less than 10% of the total ferrous oxidation. In calculations 
of (?(Fe +++) the dark oxidation was subtracted directly 
from the total oxidation and corrections were made for 
radiation induced oxidation before and after exposure to the 
high oxygen pressures. Since the dark oxidation increased 
as the square of the initial ferrous ion concentration, thermal 
oxidation corrections were high in runs where the ferrous 
concentration was above 3 mM. In one experiment at 
25 mM  ferrous ion the non-radiation induced oxidation ac
counted for about 60% of the total oxidation. Experiments 
on the extent of the dark oxidation carried out with dif
ferent volumes of blank solutions confirmed our conclusion 
that the dissolved oxygen was in equilibrium with the gas 
phase for the 0.50 cc. solutions in the cells as described 
above.

After subtraction of the thermal reaction, the net radia
tion induced oxidation of ferrous ion was obtained. Several 
experiments showed that this net oxidation was linear with 
dose (see Fig. 1). Subsequent experimental ferric ion 
yields were calculated on the basis of two experimental 
points, one at the beginning of the oxygen exposure and one 
at the completion, the difference being the net oxidation of 
ferrous ion. By knowing the energy input over this period 
of time (obtained by a radiochemical assay technique to be 
described) it is possible to calculate (7(Fe+++), the number 
of ferric ions formed per 100 e.v. absorbed from the 5.3 Mev. 
a-partieles.

Several experiments were performed at oxygen pressures 
of 340 and 680 atm. A special compression apparatus built 
by the American Instrument Company and modified for 
high oxygen pressure use was employed for these runs. 
The compression fluid and lubricant for the pump was water 
and the entire pumping system was free from organic matter.

Oxygen Concentration.—The solubility of oxygen in 0.4 
Jlf H2SO4 solutions was measured in the Van Slyke gas 
analysis apparatus for oxygen solutions saturated at atmos
pheric pressure and oxygen is 90% as soluble in 0.4 M  sulfuric 
acid as in water at 25°. Following the suggestion of Smith and

Katz,6 we assume that the ratio of solubility of oxygen in a 
salt solution to that in pure water is independent of pressure. 
The data of Zoss, Suciu and Sibbitt6 on the solubilities of 
oxygen in water at various pressures (up to 140 atm.) were 
used to estimate the solubility of the oxygen in reaction 
solutions. Huffman and Davidson7 studied the kinetics 
of the thermal oxidation of ferrous sulfate in sulfuric acid 
solutions and measured a termolecular rate constant for 
room temperature oxidation. Wo confirm this rate con
stant at very high oxygen concentrations (up to 0.1 M ). 
At these concentrations the dark oxidation is first order in 
oxygen concentration and second order in ferrous ion con
centration. Using these data the oxygen concentrations at 
340 and 680 atm. were estimated by extrapolation of rates 
of ferrous oxidation vs. oxygen concentration to those found 
in dark oxidation at these very high pressures. The effects 
of pressure alone on constitution of water may, however, 
become serious at these pressures so the data on solubility 
at these pressures must be somewhat uncertain.

Assaying of Po210 Activity.—Aliquots of the irradiated 
solutions were taken and diluted by at least a factor of 105 
with 3 M  HC1. An aliquot of the diluted solution, usually 
0.025 ml., was deposited on a 0.003" Pt plate by micropipet 
techniques. The solution on the plate was slowly evapo
rated with an infrared lamp and a hotplate below 20C°. 
With 0.4 M  sulfuric acid solutions, the original dilution must 
be at least by a factor of 105 or trouble is encountered in 
evaporating the sulfuric acid completely at 200°. After 
the plates were cooled they were counted for «-activity in a 
calibrated pulse ionization chamber. The energy absorbed 
by the solution from «-particle decay was then calculated 
from the number of counts/sec., the geometry, the dilution 
factor and the «-particle energy. There was no indication 
that adsorption of the polonium on glass surfaces of the re
action cell occurred. In all cases the solutions maintained 
their original polonium assay for at least a week and activity 
was not lost by adsorption when solutions were transferred 
from one vessel to another. All plates which were counted 
decayed with the 138 day half-life of Po210.

Glassware which was used repeatedly with polonium ac
tivity was cleaned by soaking in 3 M  HC1 overnight and >y 
rinsing at least 5 times with triply distilled water. While 
some activity remained on the glass surface it was negligible 
compared to the activities used during irradiation. (Solu
tions were normally about 0.4 m c./cc.)

Measurements on Ferrous Free Solutions.— The yields 
of hydrogen and oxygen from 0.4 M  H2S04 solutions irra
diated at atmospheric pressure were obtained by our syringe 
and Van Slyke techniques.8 Total gas concentrations were 
determined by the Van Slyke method and per cent, composi
tion of the gas was determined by mass spectrometrie 
analysis. Hydrogen peroxide yields for this solution con tam
ing no ferrous sulfate were determined by oxidation of fer
rous sulfate by an aliquot of the syringe solution. Solutions 
of polonium-free hydrogen peroxide in 0.4 M  H2S04 were 
unchanged in peroxide concentration for at least one week.

Results
The increase in ferric ion concentration with dose 

is linear up to at least 50% oxidation in 3.0 mM 
ferrous solutions. (Corrections for the dark reac
tions have been made for all yields reported.) 
From the slopes of these curves ferric ion yields, 
G(Fe+++), the number of ferric ions formed per 100 
e.v. energy absorbed, were calculated.

The ferric ion yield for air saturated ferrous sul
fate solutions (3 mM FeS04, 1  mM NaCl, 0.4 M  
H2SO4 ) is 5.10 ±  0 .1 0 . As previously reported, 9 

this value is lower than that found by earlier inves
tigators10 and is believed to be more reliable. This

(5) A. Smith and J. Katz, ORNL Report |1009, September 24, 1951.
(6) A. Zoss, S. N. Suciu and W. L. Sibbitt, T r a n s . A m . S o c . M sch .  

Eng., 76, 69 Q954).
(7) R. E. Huffman and N. Davidson, ./. A m . C hern. S o c ., 78, 4836 

(1956).
(8) S. Gordon and E. J. Hart, ib id ., 77, 3981 (1955).
(9) C. N. Trumbore, ibid., 80, 1772 (1958).
(10) (a) N. Miller and J. Wilkinson. T ra n s. F a ra d a y  Soc., 50, 690 

(1954); lb) W. R. McDonell and E. J. Hart, J . A m . C h em . S o c ., 76,
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value derives from twenty-one independent and ab
solute determinations made on solutions used as 
controls in various runs. All yields reported in this 
work were normalized to this average value. Ali
quots from each run were counted independently 
and checked against the ferric ion yield of 5.10 for 
air saturated solutions. The concentration of po
lonium in air saturated ferrous sulfate solutions 
was varied from 0.9 to 0.01 mc./ml. and within ex
perimental error there was no change in G(Fe+++).

Table I gives the dependence of G(Fe++) on 
initial ferrous ion concentration, (F e + + )o, for runs in 
which (Fe+ + ) 0 was different from 3 mtf. Results 
with air saturated solutions show that G(Fe+++) 
increases slightly with increasing ferrous sulfate 
concentrations. At higher oxygen concentrations 
there is no definite effect of ferrous sulfate concen
tration. Here the data are less reliable than the 3 
mM (Fe+ + ) 0 data because of the higher correc
tions necessary for the dark oxidation.

T able I
E ff e c t  of

(Fe+*)0,
F er r o u s I on  C o n c e n tr a t io n  on  G(Fe+3)“

(?(Fe+3) air satd.
mM G(Fe+0O2 (02.), mM (3 mili)
0.22 5.00 0.22 (air satd.) 5.10
0.66 5.00 .22 (air satd.) 5.10
0.5 5.02 .22 (air satd.) 5.10
1.6 5.21 .22 (air satd.) 5.10
4.1 5.19 .22 (air satd.) 5.10
5 5.24 .22 (air satd.) 5.10

10 5.33 .22 (air satd.) 5.10
25 5.38 .22 (air satd.) 5.10

5 7.60 17.0 7.736
5 7.64 61.0
5 3.70 0 .0 3.57
5 6.17 1.1 5.49

10 7.31 41 7.60
10 7.47 25 7.53
25 9.5T 62 8.43
“ Solutions were 0.4 M  H2S04, 1 mM  NaCl containing 

0.2-0.8 m c./m l. Po210. 6 Extrapolated value from Fig. 2. 
c Dark reaction 75% of total oxidation.

Over the oxygen concentration range from 0 to 
0.4/1/, Fig. 2  shows the effect of oxygen concen
tration on G(Fe+++) for solutions which were 0.4 M  
in H2S04, 3 milf in FeS04, 1  miff in NaCl. The 
plot is arbitrarily made on a log-oxygen concentra
tion basis so as to encompass the wide range of 
oxygen concentrations used in this work. The air- 
free ferric ion yield was 3.57.

Figure 3 shows that G(Fe+++) remains un
changed until the ferrous ion is nearly exhausted. 
These solutions contained 0.22 and 0.66 mM FeS04 

( 1  mM  NaCl) in air saturated 0.4 M  HsS04.
Several runs were carried out with 3 mM ferrous 

sulfate in 0.4 M  sulfuric acid (1 mM chloride ion) 
in which the hydrogen and oxygen yields were de
termined for two initial oxygen concentrations. 
One syringe had no oxygen, the other initially had 
0.140 mM oxygen. The results of these experi
ments are reported in Table II where the yields are 
the averages of two measurements per run. The 
estimated drop in G(Fe+++) yield during the run 
due to the observed oxygen depletion was from 4.9
2121 (1951): (c) M. Haissinsky and M. C. Anta, Compt. rend., 236, 
1101 (1953); (d) M. Lefort, ibid.. 245, 1623 (1957).

02 (M).
Fig. 2.— Dependence of (?(Fe+++) and (?(H20 2) on oxygen 

concentration [(G) vs. (0 2) M]\ 0 ,  (7(Fe + + +) for 3 mM 
(F e++), 1 mM  NaCl, 0.4 M  H2S04 solutions containing dis
solved Po210; X, (?(Fe+++) predicted from equation 13; O, 
G (H ,02) for 0.4 M  H-.S04 solutions containing dissolved 
Po210.

Fig. 3.— Effect of ferrous ion depletion [junoles Fe +++/1. 
vs. e.v./l. (X  10-21)]: 9, 0.22 mM  (Fe ++), 1 mM NaCl, 
0.4 M  H2S04 containing 0.4 mc./ml. Po210; X, 0.66 mM 
(F e++), 1 mM NaCl, 0.4 M  H2S04 containing 0.4 mc./ml. 
Po210.

to 4.4 and the calculated G(Fe+++) average for 
this oxygen concentration range was 4.7, in good 
agreement with the data of Fig. 2 at this oxygen 
concentration.

T able II
Y ields in 0.4 M Stilfubic Acid Solutions Irradiated

(Fe + +)0 (NaCl),
WITH Po 210 o- P a r t ic le s  

G- G-
mM mM (O2), ni M (Fe + + +) G(H,) (H 2O2)
3 0 1 .0 0.0 3.54 1.69
3.0 1.0 0.14 - .72 1.28

1.40 1.10
0.22 (air) I 25

17.5 1.45
98.5 1.70

In order to obtain data regarding the hydrogen 
atom yields for a-particles, some runs were made 
with dissolved deuterium. Figure 4 shows the 
yields of hydrogen (Ii2), HD, HAh and 0 2 as a func
tion of dose in an aqueous solution 0.4 M in sulfuric
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D o s e  e .  v . / i .  ( x  10 “ 2 1 ) ^

Fig. 4.— Product yields in deuterium saturated solution, 
[/¿moles product vs. e.v./l. (X  10~21)I  The solution was 
initially 680 nM  in D2, 0.4 M  in H S 0 4 and contained 0.2 
me./ml. dissolved Po210: □, oxygen; •, H D; o , H A ;  A, 
total hydrogen (H2, HD, D2).

acid containing 0.670 mil/ dissolved deuterium gas. 
A G(HD) of 0.19 was found. Table II gives (7(H2), 
(?(02) and (?(H20 2) in 0.4 M  sulfuric acid solution 
for zero initial oxygen concentration. Peroxide 
yields also are reported for air saturated solutions 
and for two high oxygen concentrations. In all 
cases the dosage curves were linear up to 1 0 19 e.v./ 
ml. total absorbed dose.

Discussion
According to present ideas about the mechanism 

of the radiolytic decomposition of water, dissolved 
oxygen reacts with a hydrogen atom to form the 
hydroperoxy radical, as shown in reaction 1

H +  0 2 =  H 02 (1)
Since hydrogen and hydrogen peroxide originate 
from pairwise radical recombination reactions 2  and 
3

H +  H =  H2 (2)
OH +  OH =  H20 2 (3)

in regions of high radical concentration, reaction 4  

also occurs, although it cannot be confirmed ex
perimentally.

H +  OH =  H20  (4)
Reaction 1 will compete with (2) and (4) if the oxy
gen concentration in the a-ray track is sufficiently 
high. From theoretical considerations (see later 
discussion where an initial track radius of 2 0  A .  is 
derived) the calculated concentration of radicals in 
the track is 1  to 2 M .  Therefore the rate constant 
of (1 ) must be within an order of magnitude of the 
rate constants for the recombination reactions 2 , 3  

and 4 in order that hydrogen atoms react to an ap
preciable extent with oxygen in 0.4 M  0 2 solutions. 
The fact that G(Fe+++) in Fig. 3 increases with in
creasing oxygen concentration demonstrates that 
hydrogen atoms still remain in the a-ray track in 
0.4 M  oxygen.

The scavenging action of oxygen is complicated 
by the fact that the hydroperoxy radical formed 
undergoes further chemical reactions. When this 
radical diffuses into the bulk of the ferrous sulfate

solution it reacts according to (5), thus causing a 
net oxidation of three ferrous ions per hydroperoxy 
radical.

H 02 +  3Fe + + +  3H+ =  2H20  +  3Fe+++ (5)

In track regions where free radical concentrations 
are high, other possible reactions with the hydro
peroxy radical are

H 0 2 +  OH =  H20  +  0 2 (6)
H 02 +  H =  B A  (7)

H 02 +  H 02 =  H A  +  0 2 (8)

Each of these reactions lowers the efficiency of oxy
gen as a scavenger since (6 ) gives only water and 
oxygen and (7) and (8 ) give one hydrogen peroxide, 
which is capable of oxidizing only two ferrous ions. 
To complicate matters even further, the following 
secondary reactions may occur1 1 ’ 12

OH +  H A  =  H O  +  H 02 (9)
H +  H A  =  H O  +  OH (10)

If these reactions occur, they probably take place 
only in regions of high radical concentrations at our 
ferrous sulfate concentrations. Reaction 10 com
petes with (1 ) for hydrogen atoms. An increase in 
the concentration of OH radicals in the track may 
tend to increase the rate of reaction 9. Another 
secondary reaction which may be affected indirectly 
by oxygen is13

OH +  H  =  H +  H O  (11)

We propose to correlate the increase in G(Fe+++) 
with an increase in the number of hydrogen atoms 
scavenged by reaction 1 .

Low Oxygen Concentrations.— Increases in G -  
(Fe+++) at very low oxygen concentration (less 
than 10- 6  M )  are due almost entirely to an in
crease in the rate of reaction 1 followed by 5, and a 
corresponding decrease in the rate of reaction 1 2

H +  Fe(H20)z + + =  H2 +  Fe(H20 ),_ i(O H )++ (12)

in the bulk of the solution. Thus increases in oxy
gen concentration in these regions of low oxygen 
concentration contribute no additional scavenging 
action to that afforded by the 3.0 mill" ferrous ions 
present. This conclusion is based on calculations 
using equation 13, which is derived from steady- 
state kinetics. (/(H) v a c ,  the yield of hydrogen radi
cals scavenged v ia  (12) by 3 mil/ ferrous ions

G(Fe+++)oi -  G(Fe+++)vac
2g(H)vac

/c,2(F e++)
W O ,)

(13)

i n  t h e  a b s e n c e  o f  o x y g e n ,  i s  a s s u m e d  c o n s t a n t .  
( ? ( F e + + + ) o ,  i s  t h e  f e r r i c  i o n  y i e l d  i n  t h e  p r e s e n c e  o f  
o x y g e n  a n d  G ( F e + + + ) v a c  i s  t h e  f e r r i c  y i e l d  i n  t h e  
a b s e n c e  o f  o x y g e n .  T h e  h y d r o g e n  a t o m  r a t e  c o n 
s t a n t  r a t i o ,  ki/ku, f o r  r e a c t i o n s  1  a n d  1 2 ,  i s  1 2 0 0 1 4  
a n d  (/(H)vac e q u a l s  0.42. T h e  l a t t e r  v a l u e  i s  c o m 
p u t e d  f r o m  (14)

(11) J. Pucheault and C. Ferradini, Radiation Research, 9, 168 
(1958).

(12) A. O. Allen, “ Proceedings of the Second International Con
ference on Peaceful Uses of Atomic Energy,”  1958.

(13) N. Barr and A. O. Allen, presented at American Chemical 
Society Meeting, San Francisco, April, 1958.

(14) A. O. Allen and W. G. Rothschild, Radiation Research, 7, 591 
(1957).
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(?(H 2)v,c -  (7(H2)o2 =  — -¡P  r ++, (14)

+  '  /C.(02)

which was derived in a manner similar to that de
scribed for equation 1 2 . The data in the first two 
rows of Table II are used to calculate fif(H)vac by 
equation 14. The agreement between the predicted 
values of G(Fe+++)o, from (1 2 ) and the experi
mental values given in Fig. 2 is excellent up to an 
oxygen concentration of 1 0 - 5  M ,  where the experi
mental value increases faster than the predicted 
value (compare circles with x’s of Fig. 2 ). It is 
clear that above 10- 6  M  0 2  the first direct scaveng
ing action of H atoms by oxygen in reaction 2 oc
curs. Here reaction 1  begins to compete with (2 ),
(4) or (10) for hydrogen atoms.

The yields obtained from the above calculation 
are consistent with but slightly lower than those re
ported by other investigators who have studied oxy
gen-free aqueous polonium solutions. 10 A yield of 
H0 2 radicals from the track in the absence of oxy
gen, presumably arising from the occurrence of (9) 
in the dense free radical track, is calculated as the 
difference between (?(H02)va(, and fir(H)vac, or 0.13. 
This value agrees very well with a similar yield pre
dicted from the experimental value of $(0 2), equal 
to 0.07 as found in Table II.

High Oxygen Concentrations.—Above 10- 4  M  
oxygen, the difference between G(Fe+++)o2 and
4.4, the ferric ion yield when all the free hydrogen 
atoms of the g(H)vac yield are scavenged by oxygen, 
represents the increase in ferric ion yield due to 
additional oxidizing species, H 02, OH or H20 2, es
caping from the track. We wish now to speculate 
on the nature of the species emerging from the 
densely populated «-particle track.

The yield, G(Fe+++), increases six times as rap
idly as (7(H20 2) over the oxygen concentration range 
above 10- 3  M  0 2. After correcting for the compe
tition between oxygen and ferrous ions for hydrogen 
atoms (reactions 1  and 14), the ratio, AG(Fe+++) /  
AG(H20 2) (where A is a change caused by a change 
in oxygen concentration), is six over the entire oxy
gen concentration range. From this result we con
clude that hydroperoxy radicals escape recombina
tion as the track expands in ferrous sulfate solu
tions. Each two radicals oxidize six ferrous ions 
by reaction 5. In the absence of ferrous sulfate, 
two hydroperoxy radicals recombine according to 
reaction 1 1  and form but one hydrogen peroxide 
molecule.

The above conclusion that hydroperoxy radicals 
escape recombination reaction 8  and react with 
0.003 M  ferrous ions implies that the rate constant 
of (8 ) is much smaller than that of reaction 2 . 
Cylindrical diffusion theory supports this conclu
sion. Suppose that the rate constant for (8 ), 
kg =  k 2 =  1 0 - 1 1  cc. molecule- 1  sec. - 1  and make the 
extreme assumption that all scavenged hydrogen 
atoms producing H2 v i a  (2) are converted to H 0 2 

radicals in 0.4 M  0 2, then the maximum expected 
number of H0 2 radicals diffusing out of the «-par
ticle track can be calculated by using Fig. lb of the 
Flanders-Fricke (F,F) paper. 3 At an E a of 2.10 
for 0.003 M  ferrous sulfate, only 20% of the H 0 2 

radicals will escape recombination. Since <7 (H2)

equals 1.27, the expected AG(Fe+++) above 10- 4  

M  0 2 is only 1.52. Instead the experimental AG- 
(Fe+++) in the concentration range from 10- 4  to 
0.4 M  0 2 is 5.0 (see Fig. 3).

Rate constant studies on the radiation induced 
decomposition of hydrogen peroxide also show that 
the rate constant of reaction 8  is low. Below 1.0 
M  H20 2, the recombination reaction is termolec- 
ular15 and above 1.0 M  it is bimolecular with a rate 
constant of 0.5 X 10- 1 4  cc. molecule- 1  sec. - 1 . 16

Diffusion theory has not developed to a point 
where one can work out the kinetics for the com
plex reactions occurring in an expanding «-ray 
track. However, we wish to retain the assumption 
that reaction 8  is slow and now discuss briefly two 
limiting cases: each hydroxyl radical liberated in
(4) reacts with: (a) an H0 2 radical and (b) with a 
hydrogen peroxide molecule.

Case (a). Hydroxyl Radicals Released in (4) 
React with Hydroperoxy Radicals.— If the rate con
stant for reaction 4 is twice that for (2), then equal 
numbers of hydrogen atoms are scavenged from 
each of these reactions. (Because reaction 4 in
volves unlike radicals, the statistical factor of two is 
involved.) We assume now that all H02’s escape 
recombination reaction 8  but that all the OH’s from 
reaction 4 react according to (6 ). Then we have for 
the ferric ion yield

(?(Fe+++) =  23(H20 2) +  <?(OH) +  3ff(H 02) (15)
in which g ( X . )  represent the yield of oxidizing spe
cies (X), which has escaped from the track and re
acts with ferrous ions in the bulk of the solution.

A similar equation, eq. (16), holds for G(H20 2) 
in ferrous-free sulfuric acid solutions. 1 7 ' 18

(?(H20 2) =  ff(H20 2) -  ; / 2sf(OH) +  72?(H 02) (16)

The two equations, (15) and (16), represent a pair of 
simultaneous equations if it is assumed that the 
track yield, g ( X . ) ,  is identical in the two chemical 
systems at the same oxygen concentration. This 
is a reasonable approximation since the ferrous ion 
is a relatively weak scavenger compared with oxy
gen. At low oxygen concentrations the approxi
mation will be more in error than at millimolar or 
higher oxygen concentrations. By assuming that 
<7(H20 2) is independent of oxygen concentration, the 
values for g(OH) and g(H02) appearing in columns 
3 and 4 of Table III are calculated. Note that 
p(OH) remains nearly constant whereas gr(H02) 
rises with increasing oxygen concentration. Under 
the conditions assumed above, each observed hy
droperoxy radical corresponds to one hydrogen 
atom not reacting in (2 ). This reduces the molec
ular hydrogen yield by one half molecule. There
fore

a ?(H 0 2) =  (17)

<l(H2)’s calculated from A<7 (H0 2) appear in column
(15) E. J. Hart and M. S. Ma~heson, Disc. Faraday Soc., 12, 169 

(1952).
(16) F. S. Dainton and J. Rowbottom, Trans. Faraday Soc., 49, 

1160 (1953).
(17) C. J. Hocbanadel, Proc. of the Inti. Conf. on the Peaceful Uses of 

Atomic Energy, 7, 521 (1956).
(18) This equation assumes a mechanism of hydrogen peroxide 

formation similar to that postulated in the case of 7 -rays.
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T able III
Fraction of Hydrogen Atoms Recombining in the Po210 «-R ay Track

02, .1/ 02(eff.r »(OH) ff(IIO,)'
------Ai7(TI02)----- -
Case a Case b

.------ Cai
»(II,)

se (a) (*f[.
I mile.

17------ •
f rtlieor.

.-------C:i
»(H=)

so (b) e,|. 18-------
I rtlieor.4

0 2.5 X 10-» 0.55 0.55 1.27 0.91 1.27 0.91
10 “• 3.5 X 10~6 .55 .55 1.27 .91 0.90 1.27 .91 0.90
10 “ 5 1.25 X 10“ 6 .40 . 60 0.05 0.04 1.24 .89 .88 1.26 .90 .89
10~4 1.03 X 10-4 .44 .72 .17 . 15 1.18 .84 .85 1 23 .88 .87
1 0 - 3 IO- 3 .55 .95 .40 .34 1.07 .76 .79 1.18 .84 .85
10- 2 10~2 .63 1.30 .75 .64 0.89 .64 .66 111 .79 .80
10-1& IO“ 1 .56 • 1.70 1.35 1.16 0.59 .42 .42 0.98 .69 .69
4 X 10-‘ 4 X 10“ 1 .60 2.3 1.75 1.50 0.39 .28 .20 0.89 .64 .56

B =  3.3 (0 2; 0.25(02.1
° Effective oxygen concentration based on the scavenging power of ferrous ion being 1/1200 that of molecular oyxgen. 

6 Valuesof/rcaic. and Irtheor. are matched at this oxygen concentration. c Assuming s(H20 2) =  1.1. J E  =  2.1 (a =  10_u 
molecules cc .-1 sec.-1).

7 of Table III. Before applying these results to 
diffusion theory, let us consider the consequences of 
the case (b).

Case (b). Hydroxyl Radicals Released in Reac
tion 4 React with Hydrogen Peroxide.—While this 
second limiting case will never be fully realized in 
practice, oxygen liberation in ferrous sulfate-cupric 
sulfate solutions demonstrates that reaction 9 oc
curs not only in a-tracks but also in 7 -ray spurs. 
Besides the relatively slow growth of hydrogen per
oxide in the ferrous-free Po2 1 0 irradiations supports 
this hypothesis. If all the hydroxyl radicals react 
with hydrogen peroxide v i a  (9), then hydroperoxy 
radicals scavenged from reactions 2 and 4 may re
act with ferrous ions. The OH released in (4) reacts 
with H2O2 to give an II0 2 radical, consequently one 
ferric ion is produced by this OH radical and the in
crease in Fe+++is Agr(H02)/2. The ferric ion yield is

AG(Fe+++) =  3Aff(H 02) + Ag(HOz)
2

If we assume that gi(OH) and <7 (H2 0 2) remain inde
pendent of oxygen concentration then A$(H02) for 
case (b) is derived from column 5 of Table II by 
multiplying A<?(H02) by 3/3.5. This gives the Ag -  
(H02)’s of column 6 . Since we postulate that all 
hydroperoxy radicals escape and that we are scav
enging H atoms from reactions 2 and 4, A<7 (H2) is 
given by

Aff(H2) Ag(H 02)
4 0 8 )

The calculated hydrogen yields appear in column 
10 of Table III. We next compare these Cr(H2)’s 
with diffusion theory and estimate the value of the 
TI +  O2 rate constant compared to the PI -f- H rate 
constant.

Comparison with Diffusion Theory.—Since gen
eral diffusion theory has not been worked out for 
the two radical model, we compare our estimated 
gr(H2)’s of Table III with the simple one radical 
model treated by Flanders and Fricke. 3 At the 
outset, we recognize that the actual track conditions 
and reactions are more complex than assumed in 
this theory. Nevertheless, conclusions can be 
drawn that demonstrate the merits of the (F,F) 
treatment. First we estimate the initial radius of 
the radiation spurs.

To employ diffusion theory we must compute the

(F,F) parameters, b , E  and B .  applicable to cylin
drical diffusion from a 5.3 Mev «-track.

These parameters are defined by the equations
p  _ oI»sphere - (19a)

„ a N s  
cyL 2 t D h

(19b)

b W

4Hh
(19c)

1 0 - 1 1  cc. molecule- 1 sec.-1, rate
constant for reaction 2 19; /3 =  rate constant for the 
H +  0 2 reaction 1 ; Vo = 11.6, total H and OH 
radicals initially formed per spur for the spherical 
case20; if 1 0 0  e.v. is the average energy dissipated/’ 
spur, then N 0 =  g (total radicals) =  #(H) +  
¡/(OH) +  2 g ( R 2) +  2;?(H20 2) +  2.521; D  =  4.5 X 
10- 6  cm. 2 sec.-1, diffusion constant for mixed H 
and OH radicals; D b  =  6.0 X 10- 5  cm. 2 sec.-1, 
diffusion constant for H atoms; b =  2 0  A., radius 
of the initial diffusion sphere in the 7 -ray case or the 
radius of the initial cylinder in the a-ray case (see 
discussion below); N h =  0.79 X 108, no. of hy
drogen atoms/cm. track for 5.3 Mev. a-particles; 
C  =  oxygen concentration in molecules/cc.

From Fig. 2 of the (F,F) paper3 we determine 
7isphere from the fraction of radicals escaping recom
bination for 7 -rays in order to compute b , the initial 
radius of the spur, from E sphere- b is used below to 
calculate 0  from equation 19c. For 7S, fraction 
of escaping radicals in 0.4 M  sulfuric acid irradiated 
by 7 -rays, 2 0 we take 6.6/11.6 =  0.57. Then at an 
7S of 0.57 we find that T^phere equals 2.3, and from, 
equation 19a that b equals 2 0  A .  E c y i is next calcu
lated from equation 19b. We find that E cy\ =  2.1 
for the specific case of hydrogen atom diffusion frorr. 
a 5.3 Mev. «-track. A theoretical scavenger curve 
applicable to 5.3 Mev. «-rays is obtained by the 
following procedure: first construct an 7r (7r =  1  — 
7S) v e r s u s  Bcyi curve from 7S and E  for each B  from 
Table I (F,F); then construct an 7r v e r s u s  B  curve 
at E cy\  =  2 .1 . Finally by matching our 7r calcu
lated results of Table III columns 8  or 1 1  at any one 
oxygen concentration, one obtains the theoretical 
fraction of hydrogen atoms escaping recombination,

(19) H. Fricke, Ann. N. Y. Acad. S c i 59, 456 (1955).
(20) N. F. Barr and R. H. Schuler, Radiation Research, 7, 302 (1957).
(21) 1,25 water molecules are assumed to be reformed via reaction 4.
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•̂ Ttheor (see columns 9 and 1 2  of Table III). We 
used 0.1 M  oxygen as our reference point in these 
calculations because there is greater uncertainty 
in the yields and oxygen concentration at the 0.4 M  
point. Except at 0.4 M  O2 , the agreement between 
calculated / , ’s and theoretical I T’ s  is satisfactory.

From the I r v ersu s B  curve constructed for E cy\ =  

2 . 1 , we compute a value for /3, the H +  0 2 rate con
stant relative to an H +  Ii rate constant of 10-11 
cc. molecule- 1  sec.-1. In 0.1 M  oxygen for case a, 
B  equals 0.33 at an I T of 0.42, and for case b, B  
equals 0.025 at an 7r of 0.69. Solving (19c) for /3, 
one obtains 3.3 X 10- 1 1  and 2.5 X 10- 1 2  cc. mole
cule- 1  sec. - 1  for cases a and b respectively.

The rate constant k (h + os> for reaction 1  has 
been determined as 1.5 X 10- 1 2  cc. molecule- 1  

sec. - 1  from relative rate constants of the reaction: 
H +  D2; H +  Fe+ + . 2 2  The rate constants calcu
lated for the two possible cases treated in this 
paper are both within order-of-magnitude agree
ment with this value, although case b seems to

(22) P. Riesz and E. J. Hart, unpublished results.

provide the best agreement. Since this agreement 
between experiment and theory is better than 
expected for the one radical model, we believe 
that the ¡?(H02) yields in Table II are realistic. 
Thus hydrogen atoms may be scavenged by oxygen 
from a volume originally about 1.0 M  in hydro
gen atoms. The results show further that a more 
efficient scavenger than oxygen is desirable to test 
diffusion theory. More critical still is the need for 
the complete diffusion theory for the actual multi
radical kinetics prevailing during radical diffusion 
out of the a-traek.
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Mixtures of benzophenone with propanol-2 have been irradiated with cobalt-60 7-rays. It has been found that the yield 
of hydrogen from propanol-2 is very sensitive to benzophenone addition; 1% benzophenone lowers (?(H2) from 3.0 to 2.0. 
Addition of benzophenone also lowers the yield of methane from propanol-2. It is concluded that benzophenone probably 
functions principally as a hydrogen atom scavenger. It was also observed that radiolysis of these mixtures produced benz- 
pinacol with a G of 6.60 (as semi-pinaeol units) concurrent with a disappearance of benzophenone with a G of 7.2 and the 
formation of acetone with a G of 9.1. It is concluded that hydrogen transfer between the components of a system composed 
of a ketone molecule solvated with carbinol molecules is an important factor in the formation of the pinacol.

I. Introduction
In a previous paper2 we discussed the possibility 

that ketones could serve as scavengers for radio- 
lytically produced hydrogen atoms and presented 
evidence to show that acetone did indeed scavenge 
the hydrogen atoms produced in the radiolysis of 
propanol-2. The present paper reports an exten
sion of this investigation to the ketone, benzophe
none. We have evaluated the ability of benzophe
none to scavenge the radiolytic hydrogen atoms from 
propanol-2 .

An interesting side issue accompanied study of 
the benzophenone propanol- 2  system— the radia
tion-induced formation of acetone and benzpinacol. 
It is well known in photochemistry that illumina
tion with sunlight or ultraviolet light of solutions of 
benzophenone in propanol- 2  (and other carbinols) 
converts the benzophenone quantitatively into 
benzpinacol (l,l,2 ,2 -tetraphenylethanediol-l,2 ) and 
an equivalent amount of propanol- 2  into acetone. 3

(1) Work performed under AEC Contract AT-(ll-l)-G en-8.
(2) J. D. Strong and J. G. Burr, J. Am. Chem. Soc., 81, 775 (1959).
(3) W. A. Noyes, “ Technique of Organic Chemistry,”  Vol. II, 2nd 

Ed., Tnterscience Publishers, Inc., New York, N. Y., 1956, pp. 315— 
317.

Pinacols can similarly be produced by ultraviolet 
irradiation of numerous other ketone-carbinol 
solutions. 3 More recent work4  * has suggested that 
a complex radical formed by addition of a semi- 
pinacol radical to another ketone molecule is inter
mediate in pinacol formation. It also has been 
shown4 by carbon-14 labeling that the benzpinacol 
formed by reaction between benzophenone and 
benzhydrol arises entirely from the ketone. The 
quantum yield of benzpinacol has been observed to 
be 0.5. 4

The absorption of energy in the photochemical 
reaction is entirely by the benzophenone, since 
this substance possesses absorption maxima6 at 
258 m¿¿ (aromatic ring) and 338m p  (carbonylgroup), 
whereas propanol- 2  like other saturated aliphatic 
carbinols is transparent in the near ultraviolet re
gion. Thus formation of the pinacol must be ini
tiated by excitation of the ketone and proceed by 
interaction of the excited ketone molecule with car
binol molecules. In the radiation-induced proc
ess, on the other hand, the absorption of ionizing ra-

(4) G. O. Schenck, University of Gottingen, personal communica
tion.

(5) R. N. Jones, J. Am. Chem. Soc., 67, 2141 (1945).
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MOLE PERCENT OF BENZOPHENONE IN PROPANOL-2 ,
Fig. 1.— The 100 e.v. yields of hydrogen and methane in 

the radiolysis of solutions of benzophenone in propanol-2; 
the dose was about 1.1 X  1021 e.v./g., at a rate of 1.50 X 
IO18 e.v./ml. water-min.

Fig. 2.—The initial 100 e.v. yield of hydrogen in the 
radiolysis of solutions of benzophenone in propanol-2 with 
corresponding data for solutions of acetone in propanol-2. 
The curve marked A(f(H2) was obtained by subtracting the 
data for benzophenone solutions from the data for acetone 
solutions of equal concentration.

diation by the two components is in proportion to 
the electron fraction of each in the mixture. For 
the concentration of ketones employed here (1-5 
mole %), the absorption of energy is predominantly 
by the carbinol. Thus one must distinguish be
tween pinacolization initiated by excitation (or ioni
zation) of the carbinol and that initiated by excita
tion of the ketone. This distinction will be impor
tant in the later discussion.

Experimental
Materials.—Propanol-2, Mallinckrodt analytical reagent 

grade, was carelully fractionated in a fifty plate column and

the heart fraction dried over Drierite. Very high chemical 
purity was confirmed by examination in the gas chromato
graph . Benzophenone was purchased from Eastman Kodak 
Company, white label grade, which was assumed to be es
sentially free from isomers, homologs and impurities. This 
was then vacuum distilled twice, each time retaining the 
heart fraction. A purity check on the gas chromatograph 
was unsuccessful as the benzophenone decomposed inside 
the column of the instrument. No impurities could be seen 
by infrared spectrophotometer analysis. Mixtures of ben
zophenone in isopropyl alcohol were made up in molar con
centrations of 1, 2, 3 and 5%  benzophenone. These solu
tions were noticeably unstable to the fluorescent light of the 
laboratory so they were either stored in the dark or freshly 
prepared for the radiolyses.

Irradiations.— Ampules for the benzophenone-propanol 
solutions were prepared from sections of 12 mm. Pyrex 
tubing, constricted to capillary diameter at one end and 
sealed at the other end. The internal volumes were about
2.5 ml., and the over-all lengths about 60-70 mm. One-mi. 
samples of the solutions were pipetted into the ampules 
through the constriction, the liquids degassed on a high 
vacuum line by the conventional freeze-melt technique, and 
the ampules then sealed off under vacuum.

The benzophenone-propanol-2 solutions were irradiated 
to a total dose of about 1.1 X 1021 e.v. The intensity of the 
source was 1.50 X  1018 e.v./m l. water-min., and the ambient 
temperature was about 40°.

Benzpinacol Formation.— Essentially 100% conversion of 
benzophenone to benzpinacol could be accomplished by ir
radiating the degassed benzophenone-propanol-2 solutions. 
The pinacol crystallized spontaneously from the solutions. 
Irradiation of solutions open to the air produced a much 
lower yield of pinacol (10-15% ). The pinacol crystals ob
tained from either solution were colored, but since the color 
annealed out upon heating, it was evidently normal F-center 
coloring. The pinacol was identified by melting point, mix
ture melting point with authentic benzpinacol, and iodine- 
catalyzed conversion to benzpinacolone.6

Analyses.—G-values for gaseous products were measured 
by opening the ampules in a high vacuum system containing 
a liquid nitrogen-cooled trap. The non-condensable gases 
were toeplered into a calibrated gas buret2 where the volumes 
and temperatures were measured. Composition of the gas
eous products was determined by mass spectrometry on a 
modified Consolidated 21-620 mass spectrometer.

After removal of the non-condensable gases from the ir
radiated benzophenone-propanol-2 solutions, the volatile 
components of the solution were distilled into the liquid ni
trogen-cooled trap of the vacuum line and then removed. 
This fraction was analyzed for volatile ketone (acetone) by 
measuring the transmission in the infrared at 5.84 Solu
tions of acetone in propanol-2 were used as standards and a 
portion of the unirradiated radiolysis solution used as the 
reference standard for zero ketone content. The non-volatile 
fraction of the radiolysis product was removed from the 
vacuum line, dissolved in chloroform and made up to the 
volume of the original radiolysis sample. Benzophenone 
content was measured by the transmission in the infrared at 
6.02 fx, and non-volatile carbinol by the transmission at 2.80 
it. Reference standards were solutions of benzophenone in 
chloroform and solutions of benzpinacol ir. carbon disulfide 
(the molar transmission of the OH stretching band for 
benzpinacol was shown to be the same in carbon disulfide and 
in chloroform). Although this non-volatile carbinol probably 
includes some glycol from the propanol, no attempt was 
made to distinguish this carbinol from the benzpinacol, and 
the analyses are reported as per cent benzpinacol (since the 
atmospheric boiling point of pinacol is 176°, and the working 
pressure of the vacuum line was about 10~s mm., it was con
sidered probable that most of the glycol distilled away from 
the benzpinacol).

Discussion and Conclusions
Hydrogen Atom Scavenging and Energy Trans

fer.—Evidence was presented in the previous
(6) It was observed that the melting point of the pinacol depends 

markedly upon the rate of heating, and the literature value could be 
approached only if the rate of heating were quite slow as with a capil
lary tube and heating bath. Faster heating as on a hot bench pro
duced a melting point raised by 20-30°.
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paper2 of this series to show that the effect of dis
solved acetone upon the yield of radiolytic hydro
gen from propanol- 2  could be explained by trap
ping of hydrogen atoms (from the propanol-2 ) by 
the carbonyl group of the ketone. This evidence 
consisted principally in the fact that the hydrogen 
and methane originated from the acetone in yields 
which were directly proportional to the absorption 
of energy in the acetone. The yields of hydrogen 
and methane from radiolysis of solutions of benzo- 
phenone in propanol-2 are shown in Fig. 1. It was 
subsequently found that, for reasons discussed be
low, benzophenone disappeared from these solu
tions at a very high rate (in contrast to the acetone 
solutions, 2 where acetone concentration remained 
essentially constant). During the irradiations 
whose results are cited in Fig. 1, approximately 
one-half of the benzophenone was consumed and 
an amount of acetone was formed nearly equiva
lent to the amount of benzophenone consumed. 
Therefore, we studied the yields of hydrogen and 
methane from a 2 %  solution of benzophenone in 
propanol-2 as a function of dose. The yields so ob
tained were linear with dose and could be extrapo
lated to zero dose to obtain initial yields. The data 
of Fig. 1 thus corrected to present the initial yields 
of hydrogen are shown in Fig. 2, together with 
the corresponding data for solutions of acetone in 
propanol-2. Figure 2 also contains curves for the 
difference in hydrogen yield (AG(FI2)) for these two 
types of solution at equal molar concentrations of 
the two ketones.

It is instructive to compare the results obtained 
in this investigation with the corresponding data for 
solutions of acetone in propanol-2. This compari
son is shown in Fig. 2. At low concentrations of ke
tone (0.5%), the slope AG(H2)/A(ketone) for ben
zophenone solutions is about twice that for the ace
tone solutions; thus benzophenone is about twice 
as effective as acetone in reducing the hydrogen 
yield from propanol-2 .

Acetone had no observable effect upon the meth
ane yield from propanol- 2  (this was measured with 
the use of acetone-d6), whereas 2 %  of benzophenone 
reduces the methane yield from 1.8 to 1.4. In the 
case of solute acetone, it was possible to show that 
the carbonyl group of the acetone does not appear 
able to trap methyl radicals.

This difference in effectiveness of two solutes so 
similar in structure (namely, each consisting of two 
hydrocarbon residues attached to a carbonyl group) 
is quite in contrast to the similar effectiveness of 
other solutes in reducing hydrogen yields. For ex
ample, Schuler7 found that iodine, methyl iodide, 
ethyl iodide, methyl bromide, sulfur dioxide, 
methyl iodide plus iodine, and methyl iodide plus 
triphenylmethane were equally effective in reducing 
the hydrogen yield from cyclohexane. Similarly 
Ausloos and Paulson8 found that both iodine and 
DPPH were about equally effective in reducing the 
hydrogen yield and methane yield from irradiated 
liquid acetone.

It appears then that the differences in structure 
between acetone and benzophenone are quite im-

(7) R. H. Schuler, T h i s  J o u k n a l . 61, 1472 (1957).
(8) P. Ausloos and J. P. Paulson, J. Am.Chem. Soc., 80, 5117 (1958).

portant. This fact can be best rationalized on the 
basis that the effect of both ketones upon the hy
drogen yield from propanol-2 is caused by the scav
enging of hydrogen atoms. It is well known that 
aryl rings can trap hydrogen atoms by an addition 
reaction, both in the gas phase9 and in the liquid 
phase.10 It is also known that methyl radicals add 
readily to aromatic rings.11 Benzophenone, for the 
purposes of this discussion, can be regarded as a 
collection of six carbon-carbon double bonds and 
one carbon-oxygen double bond; each double bond 
is capable of scavenging at least the hydrogen 
atoms. Thus a solution of benzophenone, equal in 
molar concentration to a particular acetone solu
tion, contains a concentration of scavenger groups 
seven times that of the acetone solution. This is 
consistent with our observation that benzophenone 
is more effective in reducing hydrogen yield than 
acetone.

We produced evidence in the earlier paper that 
the acetone carbonyl group does not scavenge the 
thermal methyl radicals produced in the radiolysis 
of acetone; presumably the carbonyl group of ben
zophenone would be even less effective as a methyl 
radical scavenger owing to the greater steric demand 
of that carbonyl group. However, the ability of 
dissolved benzophenone to reduce the methane 
yield from propanol-2 can be logically attributed to 
scavenging of the methyl radicals by the aromatic 
rings of the benzophenone.

We have no direct evidence to exclude energy 
transfer as an important factor in the radiolysis of 
the benzophenone-propanol-2 solutions. However, 
it is difficult to reconcile the assumption of ex
tensive energy transfer here with the indicated 
absence of such processes in the acetone-propanol-2 
radiolysis,2 because energy transfer from propanol-2 
to acetone seems at least as energetically favorable 
as that from propanol-2 to benzophenone. The ex
citation energies and ionization potentials of the 
two ketones are quite similar (since in both cases 
the electrons of the carbonyl oxygen unshared pair 
are the ones principally involved in these transi
tions).

Benzpinacol Formation.—The yields of acetone 
and benzpinacol and the yield for benzophenone 
consumption were measured as a function of dose. 
All three yields were found to be linear with dose; 
the data for acetone and benzpinacol formation 
could be extrapolated to indicate zero yield at 
zero dose. We suggest, therefore, that these data 
represent observation of primary chemical reac
tions in the radiolyses.

The yield for acetone formation was found to be
9.1 molecules per 100 e.v. absorbed; the yield of 
benzpinacol (as semi-pinacol units) to be 6.6 units 
per 100 e.v. absorbed; and the yield for con
sumption of benzophenone to be 7.2 molecules per 
100 e.v. absorbed. It may be noted that the yield 
of semi-pinacol units and the yield for consumption 
of benzophenone are nearly equal, i .e . , one-half

(9) H. W. Melville and J. C. Robb, Proc. Roy. Soc. {London), 202, 
181 (1950); P. E. M. Allen, H. W. Melville and J. C. Robb, ibid., 218, 
311 (1953).

(10) W. N. Patrick and M. Burton, T h i s  J o u r n a t -, 58, 424 (1954).
(11) J. Smid and M. Szwarc, J. A m . Chem. S o c ., 78, 3322 (1950) and 

earlier papers.



876 J. G. B urr  and J. D. Strong

molecule of benzpinacol appears for every molecule 
of benzophenone which disappears. On the other 
hand the yield of acetone is distinctly higher. The 
higher yield of acetone than semi-pinacol units may 
be accounted for by postulating that acetone is 
formed v i a  two processes: (1 ) the direct radiolysis 
of propanol-2 , and (2 ) a radiation-induced reaction 
between the ketone and the carbinol.
(CEUkCHOH — ( CH3)2CO +  H2 (1)

C JH  /C H ,
> C = 0 . . . .  H—O—CH< —~

C6H /  XCH:
C6H6v  . /C H ,

)C — OH +  O— CH< (a) (2)
C6H /  x CH3

I II

(C 6H5)2C— OH +  (C 6H5)2CO
OH O-
I !

(C6H )2C----- C(C6H5)2 (h)
III

III +  (C H /O H O H

CH.,V
>CHO -  

C H /

CH,,.
2 >CHO 

C H /

[(C6H,)2C— OH]2 +  (CH.,)2C—OH (c) 
CH3n

> C = 0  +  H (cl)
C H /

CH3x CH:
>CHOH +  

C H /  CH
C = 0  (e)

H +  (C 6H5)2C 0  — > H

(C6H5)2C— OH or (C 6H5) i : — O—  (3)
The radiolysis of propanol-2 is known1 2 to pro

duce acetone with a G -value of about 3; the differ
ence between our G  for acetone, 9.1, and the G  for 
semipinacol formation, 6 .6 , is 2.5. The fact that 
the G -value for benzophenone consumption is higher 
than the (7-value for pinacol production can be at
tributed to consumption of benzophenone through 
hydrogen atom trapping (eq. 3). However, the 
accuracy of these values is insufficient to warrant 
much discussion of processes which are measured by 
the differences among the observed values. We can

(12) W. McDonnell and A. S. Newton, J. Am. Ckem. Soc.,76, 4651 
(1954).

simply say that these differences are in the right 
directions and of reasonable magnitudes.

It is also to be noted that the (7-values reporteu 
above are based upon the energy absorption b y  th e  
e n t i r e  s o l u t i o n . If the consumption of benzophe
none is calculated upon the basis of energy absorp
tion only by benzophenone, the (7-value is about 
350. This very high value suggests (a) a high rate 
of energyt ransfer from propanol- 2  to benzophe
none; or (b) a chain reaction for benzophenone 
consumption; or (c) a reaction which can be ini
tiated by absorption of very small amounts of en
ergy, i . e . ,  of the order of 0.3 e.v., or about 6-7 keal./ 
mole. In the foregoing discussion it was concluded 
that energy transfer from propanol- 2  to the dis
solved benzophenone was not likely in these radioly- 
ses. We have been unable to think of any logical 
or defensible chain reaction involving benzophe
none and propanol-2 , so we think explanation (b) is 
unlikely.

However, it is highly probable that a substantial 
amount of hydrogen bonding exists between the 
ketone and the carbinol hydroxyl hydrogen, as 
shown in equation 2a. It seems quite probable that 
absorption of a relatively small amount of radiant 
energy could effect a reversible shift of the hydro
gen atom from the carbinol oxygen to the ketone 
oxygen. The two radicals I and II thus producec 
could be the source of the two reaction products, 
benzpinacol and acetone.

We have no evidence bearing upon the mecha
nism of pinacol and acetone formation subsequent 
to the presumed formation of the two semi-pinacol 
intermediates. We can say that formation of ace
tone from II by reaction 2d is endothermic and thus 
unlikely; that formation of acetone directly from 
II by the disproportionation, 2e, can be ruled out 
since this would produce only one acetone molecule 
for every two benzophenone molecules consumed. 
We can also say that the sequence of reactions 2a, 
b, c, is in agreement with the stoichiometry ob
served, and seems the most probable sequence 
which can be proposed in the absence cf any specific 
knowledge of the reaction intermediates. We do 
not know what process converts the (CH3)2COH 
radicals into acetone.

Yol. 63
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PERSISTENT ION-MOLECULE COLLISION COMPLEXES 
OF ALKYL HALIDES1
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The first examples of persistent collision complexes between an ion and a molecule have been observed by mass spec
trometry. The processes are of the type R X + 4- R X  —*■ R2X 2+ for ethyl iodide, propyl iodide and ethyl bromide. Methyl 
iodide and methyl bromide gave negative results but C3H8I2+ was observed with a mixture of methyl and ethyl iodides. 
Reaction cross-section falls to zero above a critical ion velocity.

In the course of a study of ion-molecule reactions 
of ethyl iodide in the ionization chamber of a mass 
spectrometer we found evidence for an ionic species 
at, or close to, m /e , =  312. This mass corresponds 
to C4H1 0L+ which suggests its formation in the 
bimolecular process

C2H5I + +  C2H5I — ^ C,H,„I2 + ( 1)

This reaction, if verified, would be of particular in
terest as the first example (to our knowledge) of a 
persistent collision complex, or “sticky collision. ” 3

Although previously unobserved in mass spec
trometry, such collision complexes are not unantici
pated. In conventional gaseous systems the di
meric ion should occur more frequently because it 
is susceptible to collisional stabilization by removal 
of excess energy. Similarly, it can be expected to 
grow by accretion of additional molecules and this 
concept is the basis of Lind’s “cluster theory. ” 4

According to a recent simple treatment5 of ion- 
molecule “sticky collisions” the lifetime r  of the 
complex is given by

r = * - 1 ( 1  -  E J E )*-« (2)

where E  is the total internal energy, E b the energy 
required to dissociate the complex and a  the number 
of effective degrees of vibrational freedom. To be 
detected in a mass spectrometer the complex must 
have a lifetime approximating 1 0 “ 6 sec.

Results
The general experimental procedure for this 

work follows Stevenson and Schissler. 6 Details 
have been described elsewhere. 7

In order to confirm the reaction 1, as indicated 
by preliminary experiments, it was next established 
that peak height tentatively assigned to C4Hi0l 2 + 
varied as the square of the inlet pressure of ethyl 
iodide. Further, its ion intensity varied inversely 
with the repeller field strength at values in excess 
of 10 v. cm. - 1  both for 70 v. and for 10.5 v.

(1) Contribution from the Radiation Project operated by the 
University of Notre Dame and supported in part under Atomic 
Energy Commission Contract AT-(1 l-l)-38.

(2) To whom correspondence and requests for reprints should be 
sent.

(3) Dr. N. A. I. M. Boelrijk, working in these laboratories, has 
examined many systems for evidence of this phenomenon, without 
success. J. L. Franklin, F. H. Field and F W. Lampe, in a preprint 
of a paper presented at the Joint Conference on Mass Spectrometry, 
London, September, 1958, have remarked upon the absence of peaks 
attributable to such species in mass spectra containing evidence of 
other ion—molecular reactions.

(4) S. C. Lind, “ The Chemical Effects of Alpha Particles and Elec
trons,”  2nd ed., Chemical Catalog Co., New York, N. Y., 1929.

(5) M. Burton and J. L. Magee, T h i s  J o u r n a l , 56, 842 (1952).
(6) D. P. Stevenson and D. O. Schissler, J. Chem. Phys., 29, 282 

(1958).
(7) R. F. Pottie, R. Barker and W. H. Hamill, Rad. Res., in press.

electrons. The lower value corresponds to the 
position of the maximum in Fig. 1 . A number of 
ion-molecule reactions are known to exhibit such 
an inverse dependence of ion abundance upon 
repeller field strength, 8 although an inverse square 
root dependence is considered normal.

The resolving power at m / e  =  312 is unfavorable 
and special care was necessary to identify the ion. 
This was accomplished, in part, by using the meta
stable suppressor electrode to improve the resolu
tion. The mass spectrum in this region was 
calibrated at mass-to-charge ratios of 296, 310 and 
338 using propylene diiodide, tetramethylene di
iodide and hexamethylene diiodide, respectively. 
In this manner it was definitely established that an 
ion-molecule reaction product of m/e = 312 had 
been formed from ethyl iodide. Furthermore, it 
follows that reaction (1 ) is occurring.

As a final, confirmatory test we compared the 
ionization efficiency curve for the parent molecule- 
ion C2H5l + with that of the daughter. The vanish
ing current method gave an appearance potential 
at m / e  =  312 which agreed, within experimental 
error, with that at m / e  156. Rather unexpectedly, 
the curves show a striking difference. The ioni
zation efficiency curve for the primary ion (see 
Fig. 1) is normal. In contrast, the curve for 
C4H10I2+ rises sharply from the onset of ionization 
to a well-defined maximum about 1.5 v. higher. 
Then, following a small subsequent decrease, the 
curve behaves normally over an interval of several 
volts and reaches a plateau only 6  v. above its ap
pearance potential, decreasing slightly at 70 v. 
The similarity and difference of the two curves in 
Fig. 1 have been emphasized by choosing an appro
priate scale factor to equalize ion abundances at 
higher ionizing voltages.

A similar reaction has been found yielding 
C4Hi0Br2+ from ethyl bromide, C6H14I2+ from propyl 
iodide and C3H8I2+ from a mixture of methyl and 
ethyl iodides. No reaction was found for methyl 
iodide, methyl bromide or propyl chloride. The 
latter is an unfavorable case for test because of a 
low abundance of C3H7CIL The calculated cross 
sections a  for reactions in one-component systems 
at 70 v. ionizing voltage and 4 v. cm. “ 1 repeller 
field strength appear in Table I.

The ion abundance curves for C2H6Br + and 
C4 Hi0Br2+ strongly resemble the corresponding 
curves in Fig. 1. For C6Hi4I2+ there is slight evi
dence of structure in the ion abundance curve and 
the abundance ratio of primary to secondary ion is 
substantially constant over a 1 0  v. range above

(8) G. Gioumousis and D. P. Stevenson, J. Chem. Phys., 29, 294 
(1958).
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Fig. 1.— Peak height P  vs. ionizing voltage V, for C4HI0l 2 + 
(• ) from C2HsI + (O) at 4 v. cm .-1 ion repeller field strength.

T a b l e  I
C ross- se c tio n s  f o r  P e r s is t e n t  C o llisio n C o m pl e x e s

<7 x 101«
cm.2 at 4 v.

cm .-1
C2H5I + +  C,H5I —  C„H10I2 + 1.5
C2H6Br + +  C2HbB r -*  C4H10Br2 + 3.2
C3H,I+ +  C3H7T — C6HI4I2+ 12

their common appearance potential. The ion 
abundance curve for C3H8 I2+ resembles Fig. 1  in 
having a maximum 1.5 v. above the appearance 
potential. In addition, there is a second maximum 
about 3.5 v. above the appearance potential, fol
lowed by the plateau some 5 v. higher which 
persists to 70 v.

For the three reactions in Table I the difference 
between the ionization potential of the primary ion 
and the appearance potential of the secondary ion 
does not exceed 0.2 v. For C3H8I2+ the primary 
ion cannot be distinguished because the ionization 
potentials of methyl iodide and of ethyl iodide dif
fer by less than 0 . 2  v.

Although no difference could be distinguished 
between appearance potentials of primary and 
secondary ions, the maxima in the ion abundance 
curves suggested contributions to the observed 
reactions from resonance excitations of parent 
molecules. Reactions of the type

A* +  A — ^  A2+ +  e -
are well known for atoms and have been observed 
by mass spectrometry. 9 For comparison with 
the alkyl halides we measured the Ar2+ intensity 
from argon as a function of repeller field strength.

(9) J. A. Hornbeck and J. P. Molnar, Phye. Rev., 84, 621 (1951).

At 2 0  v. ionizing voltage, corresponding to the 
maximum in the ionization efficiency curve, the 
observed ion intensity dependence for m/e =  
80 was characteristic of primary ions, as expected. 
In contrast, for ethyl iodide at 70 v. ionizing volt
age, where the contribution from the low energy 
component should be negligible, the peak heignt 
for the ion at m/e =  312 decreased in a manner 
characteristic of secondary ions with increasing 
repeller field strength. When the ionizing voltage 
was then decreased to a value corresponding to the 
maximum in Fig. 1, the peak height again decreased 
in a similar manner with increasing repeller field 
strength. We conclude that the energy-rich 
precursor for the ion at m / e  =  312 is an ion, and 
not an excited neutral molecule, over the entire 
range of ionizing voltage.

Ions at double the parent mass were not found 
for methyl bromide or methyl iodide at 70 v. ioniz
ing voltage but there is still the possibility of a 
resonance process at some lower electron energy. 
The appropriate mass regions were therefore 
scanned repeatedly, over small voltage intervals, 
from 2  v. below to 1 0  v. above the appearance 
potentials of the parent molecule ions. No col
lision complex ion was detected in either instance.

Discussion
Stevenson and Schissler6 have pointed out that 

parent ion-daughter ion relationship is better 
established by constancy of their abundance 
ratios at low ionizing voltages than by simple 
agreement of their appearance potentials. The 
ions CiHioR"̂  and C4HioBr2+ are exceptional in this 
respect over the lower range of voltage while 
agreeing excellently over the medium and higher 
range. The curves in Fig. 1  strongly suggest two 
processes and, if so, the facts require that C2H5I + 
is involved in each. To account for the results it 
is postulated that there are two isomeric ionic 
species of the empirical formula C2H5I + and of 
unequal reaction cross-sections. If one species 
behaves normally in giving a constant parent ion- 
daughter ion ratio, the contribution of the ab
normal variety can be isolated by subtracting the 
parent curve from the daughter curve. This dif
ference curve is plotted in the panel of Fig. 1 and 
suggests a resonance process.

Before attempting to explain this effect it is 
first necessary to consider the possibility that it is 
merely an artifact. Appearance potentials were 
measured at repeller field strengths of 4 v. cm. - 1  in 
order to maximize secondary ion current, but at 
the risk of instability. The ionization efficiency 
curves for primary ions were all normal, as for the 
one illustrated, while those for collision complex 
ions exhibit the features mentioned. Also, ioni
zation efficiency curves for many secondary ions 
which are not collision complexes have been de
termined with the same instrument and at the 
same repeller field strength but with no evidence 
of the anomalies reported here, not excluding such 
ions resulting from alkyl halides.

There is no necessary inconsistency between 
the structure reported for the secondary ion abun
dance curves and the apparent lack of structure in 
the corresponding primary ion curves. The
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electron energy resolution of the instrument is so 
low that negative evidence is simply inconclusive. 
One is inclined to attempt to correlate the maxima 
in the secondary ion abundance curves with the 
double series of electronic states observed for the 
alkyl halides. 10 These series lead to ionization 
potentials separated by 0.64 and 0.59 v. for methyl 
and ethyl iodides and by 0.33 and 0.33 v. for methyl 
and ethyl bromides. A serious deficiency of this 
proposal is that it cannot account for the break 
in the curve for CALL"1- at an electron energy c a .

3.5 v. above the ionization potential. It would 
also be necessary to assume that formation of one 
of these states was sharply resonant, although the 
probability of ion formation by electron impact is 
normally linear in the excess energy.

Whatever may be the detailed explanation of 
these effects, it is rather likely that the sensitivity 
of the collision complex to small energy differences 
will amplify the effect, particularly so if only a small 
fraction of complexes survive long enough to be 
collected. Referring to equation 2 let 

E  — Eh -f- Ei -f- E v -f- 3kT

E f  is the kinetic energy of the primary ion arising 
from the repeller field. Its maximum value was 
0.5 e.v. and since a  varies as E c ' L  we take E t  =  
0.1 e.v. as representative. E v is the vibrational 
energy of the primary ion resulting from vertical 
ionization. The ionization potential of ethyl 
iodide by electron impact11 is 9.47 e.v. and the 
spectroscopic value10 is 9.34 e.v., giving E v  = 0.12 
e.v. At the temperature of the ionization chamber 
(250°), 3 k T  is 0.14 e.v. The value of Eh is very 
uncertain but 1 e.v. is a plausible value. Letting

(10) W. C. Price, J. Chem. Phys., 4, 539, 547 (1936).
i l l )  J. D. Morrison and A. J. C. Nicholson, ibid., 20, 1021 (1952).

r = 1 0 ~ 6 sec. and v =  1 0 1 3 sec. “ 1 leads to a required 
minimum 13 degrees of vibrational freedom. 
Considering the high internal energy, heavy atoms 
and relatively weak C-C bonds, this is an accept
able value. For these values of the parameters, 
decreasing the internal energy of the collision 
complex by only 0.03 e.v. would more than double 
the value of r. If the very small cross-section for 
C4 H10I2 "1* can be interpreted as inefficient collection 
due to extensive decomposition of the collision 
complex, then doubling the value of r will have a 
large effect upon a .

Considering the sensitivity of the value of t to 
the internal energy of the complex we may consider 
that r changes discontinuously to zero at some 
critical value, E c, of the translational energy of the 
primary ion. There is a corresponding critical 
limit, Zc, of the length of the ion track (measured 
from the electron beam toward the exit slit), 
along which a viable complex can form. This 
distance is shorter, the greater the repeller field 
strength, F .  The yield of complexes is proportional 
to

ric rEc
J  a(E') dl =  J  o-(E)F~1dE

The cross-section for collision, <r(E), is presumed to 
depend upon E ~ 1/2 but it is clear that regardless 
of the functional dependence, the yield of secondary 
ions varies inversely with field strength, provided 
that E c is less than the maximum energy attain
able by the primary ion. 12

Acknowledgment.— It is a pleasure to acknowl
edge helpful conversations with Professor John L. 
Magee.

(12) N. A. I. M. Boelrijk and W. H. Hamill, to be published in 
further detail.
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Product distribution in n-pentane radiolysis is the same for beams of 14 Mev. He + + ions as for 2 Mev. electrons, in marked 
contrast to the behavior of aqueous solutions. The various branched- and straight-chain products heavier than pentane 
contain little or no unsaturation and their relative yields are consistent with their being formed by random combination of 
free radicals produced by breakup of pentane without rearrangement. Hydrocarbon products lighter than pentane must 
be formed by some other mechanism.

Introduction
A good deal of work has recently been reported 

on radiolysis products of liquid paraffinic hydro
carbons, using radiations of lew ionization density, 
such as fast electrons.3-6 The present work was 
undertaken to determine the effects of changing 
radiation quality on the product distribution in the 
radiolysis of n-pentane.

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) Lab. v. Massaspectrografie, Amsterdam, Netherlands.
(3 )  H. A. Dewharst, Tins J o u r n a l , 61, 14CG (1957).
(4) II. A. Dewhurst, ibid., 62, 15 (1958).
(5) J. J. Keenan, R. M. Lincoln, R. L. Rogers and H. Burwasser, 

J. Am. Chem. Soc., 79, 5125 (1957).

Experimental
Matheson’s best pentane was washed with II2SO( and 

KOH, fractionated through a 20-plate column and passed 
through 1.5 m. of silica gel. One-gram samples of thor
oughly deaerated pentane were sealed under vacuum into 
small radiation cells fitted with thin glass windows.

Electron-beam irradiations were performed at 2 Mev. 
and 0.5 ¿¿amp. with a Van de Graaff generator to total doses 
of 1.5 X 1021 or 6 X 1021 e.v. Cyclotron irradiations were 
performed with He + + ions (a-rays) having their energy 
reduced by absorbers to 14 Mev. (their original energy is 
40 M ev.); the current was about 0.06 /xamp. and the total 
dose was about 3 X 1021 e.v., but was determined only ap
proximately because of difficulties in reading the current, 
due to the low electrical conductivity of pentane.

.After irradiation the sample tubes were opened on a 
vacuum line; H2 and CH4 were pumped from the sample at



880 A dolf E. de V ries  and A ugustine  O. A llen Vol. 53

liquid nitrogen temperature and determined by combustion. 
The remaining sample was analyzed by gas chromatography, 
using a Burrell Kromo-Tog. Either the light fraction (C2- 
C5) or the heavy fraction (C b-C io) could be determined on 
a given sample. For determining the light fraction, the 
whole sample was expanded as a vapor into a large bulb (to 
avoid fractionation in sampling) and a convenient sample 
of the vapor introduced into the 1.8-m. column containing 
tricresyl phosphate supported on firebrick. For the heavy 
fraction, the liquid sample was fed into a Dow-Corning 
silicone-oil 710 column at 80-110°. For each component 
appearing as a peak on the recorder trace, the area under the 
peak was measured and converted into actual amount of 
material by calibration factors obtained by running through 
known quantities of known materials. It was found that 
peak areas were proportional neither to the number of moles 
nor to the number of grams of material, but calibration 
factors varied smoothly with molecular weight. The nor
mal paraffins from CeH« to C ioH 22 gave well resolved peaks, 
but their branched isomers were not always well resolved 
from one another, and no attempt was made to determine 
which branched isomers were present. To establish the 
identity of some of the peaks, mass spectrometric patterns 
were obtained of samples trapped out after leaving the 
column. Since the silicone oil did not separate saturated 
and unsaturated compounds, the fractions were trapped 
out separately and unsaturation determined in each by 
bromine titration. The sample was added to a mixture of 
HgCh, HBr, FIC1 dissolved in methanol, and a solution of 
Br2 in CCh was added until a small electrical conductivity 
was observed which did not disappear within one minute.6

Results
Table I shows the 100 e.v. yields (G) for the 

various products produced by electrons. Other 
products were found in traces (G <  0.05): acety
lene, isopentane and butane isomers. The bro
mine titration showed that fractions C6-Cg con
tained no unsaturation, and C10 only a small 
amount: G ( C ioH 20)  <  0 .1 . The low degree of 
unsaturation of the C10 fraction was confirmed by 
infrared spectroscopy. This low unsaturation in

T able I
Products of Electron Beam Irradiation of Normal

Product
G

(obsd.)

P entane
Formula for 
ealed. yield

G
Ccalcd.)

H, 4.20
c h 4 0.22
c2h , .36
c2h 6 .27
C Ä .29
c3h s .33
Butene-1 06
?i-C4H10 .09
Pentenes .71
¿50—CeH44 .03 AE/R 0.05
il-CeHh .14 AF/R +  BD/R +  2 C*/R .11
¿89-C7H16 .41 BE/R .57
?i-C7H16 .45 CD/R +  BF/R .28
¿so-C8H18 .59 CE/R .52
?i-C8ih8 .20 D*/‘2R +  CF/R .23
¿so-CÄo .21 DE/R .15
7I-Cs)H2o '—1) DF/R .07
¿SO-C10H22 2.40 FA/2R +  EF/R 2.42
ra-Ci0H22 0.28 F2/2R 0.25

the large “dimer” fraction agrees with Dewhurst’s 
findings on hexane, 4 but is in sharp contrast to the 
result reported by Keenan, Lincoln, Rogers and 
Burwasser6 on liquid butane. Their highly un-

(6) K. G. Stone, "Determination of Organic Compounds,”  Mc
Graw-Hill Rook Co., New York, N. Y., 1956, p. 19.

saturated products may have resulted from secon
dary reactions brought about in the electron beam 
as a result of the very high current density they 
used. Dewhurst’s G(H2) for pentane agrees exactly 
with ours, but his G(CH4) is higher. We believe 
our absolute G-values for the various condensable 
fractions have a probable error of about 15%, or 
±0.05 (whichever is larger).

Our material balance appears to be very good; 
thus for total H and C atoms appearing in the 
products per 100 e.v. we find, respectively, 118.79 
and 49.57, ratio 2.396, while in pentane the ratio is 
2.40. Another test for material balance is the 
equation G(H2) = G(unsaturation) +  G(Cu))
+  0 . 8  G(C9) +  0 . 6  G(Cg) +  0.4 G(C7) +  0 . 2  

G(C,) -  0 . 2  G(C4) -  0.4 G(C,) -  0 . 6  G(C,) 
— 0.8 G(C i ) .  If we neglect the small amount of 
unsaturation in Cio, we find for the two sides of 
this equation 4.20 and 4.29.

The cyclotron results are less complete. Not 
only was the dosimetry uncertain, but a reliable 
relationship was not obtained between the absolute 
yields of the H2-CH 4 fraction and the heavier 
fractions. We do have reliable ratios between CH4 

and H2 and between the various heavier products. 
Several such product ratios are shown in Table II, 
with the electron-beam values for comparison. 
No significant difference is found in the product 
distribution given by the two radiations.

T able II
Comparison of Product D istributions for 14 M ev. He"1"4' 

and 2 Mev. Electron Beams
Electron Cyclotron

Product ratio value value
c h 4/ h 2 0.052 0.054
C3( total ) /C 2( total ) .99 1.02
C3H6/C.,Hs .88 1.0
C4Hio/C2(total) .14 0.15
C4H8/C 4H10 .67 0.83
C5H,o/C 2( total) 1.13 1.10
C8(t,otal)/C7(total) 0.92 0.92
iso-Cs/n-Cg 2.95 2.43
¿so-C9/C 8(total) 0.27 0.27
iso-Cw/iso-Cs 4.06 4.5

Discussion
Free radicals undoubtedly play a major role in 

the formation of products heavier than pentane, as 
shown by observations of Dewhurst5 and of Da
vison7 that these products are suppressed in dilute 
solutions of radical scavengers such as iodine and 
oxygen. These radicals combine randomly in 
pairs to form the observed products; whether they 
are formed close together in the a-particle track 
or far apart in the tracks of fast electrons makes no 
difference as long as no reaction first order in radicals 
competes with the recombination. Thus the simi
larity of products formed by radiations of different 
quality shows that smaller radicals do not often 
abstract hydrogen from the pentane under the ex
perimental conditions: It- +  C5Hi2 =  R.H +  
CsHn". If this reaction occurred frequently in 
competition with radical recombination, we should 
expect to find relatively less Ci0H22 with «-particles

(7) W. H. T. Davison (a) in "Reactions of Free Radicals in the Gas 
Phase,”  The Chemical Society, London, 1957, p. 151; (6) Chem. end 
Ind., 662 (1957).
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than with electrons. The great effect of radiation 
quality in water, in contrast, is due to the active 
competition in the particle tracks between first- 
and second-order radical reactions.

If the smaller radicals are formed by breakup of 
pentane molecules they should all be “primary” 
radicals with the free valence at the end of the 
chain. The C5H11 could be primary, or either of two 
secondary forms, depending on where the hydrogen 
atom was lost from pentane. A random recombina
tion of such radicals imposes considerable restric
tion on the relative yields of the various products. 
Thus if the 100-e.v. yields of methyl, ethyl, propyl, 
butyl, sec-amyl and n-amyl are denoted, respec
tively, by A ,  B .  C ,  D ,  E  and F ,  and the sum of 
these six (the total radical yield) by R ,  we will have 
for observed yields of heavy products the expres
sions shown in the third column of Table I. We

have ten observations to fit with six parameters- 
A fairly good fit, shown in Table I (not necessarily 
the best fit) has been obtained by assuming A  =  
0.1, B  =  1 .1 , C  =  1.0, D  =  0.3, E  =  5.0, F  =

2,2, so that R  =  9.7. Except for the ratio of 
normal heptane to isoheptane, agreement with ob
servation is within the expected experimental 
error. The radical yields found are entirely 
reasonable; and it is gratifying that the yields of 
ethyl and propyl are practically equal, and of 
methyl and butyl not far different, as expected for 
the breakup of normal pentane.

Acknowledgment.—We are indebted to A. P. 
Irsa for mass spectrometric measurements and to
H. A. Schwarz for valuable advice and for his as
sistance in the cyclotron irradiations. We owe to
C. D. Wagner the suggestion for calculation of 
product yields by random radical combination.

ON THE ADSORPTION OF SOME FISSION PRODUCTS 
ON VARIOUS SURFACES

By  J. Belloni, M. H aissinsky and H alim  N. Salama

Laboraloire Curie, 11, rue Pierre Curie, Paris, France 
Received February 12, 1959

The adsorption of promethium and tagged cerium and ruthenium from aqueous acid solutions has been studied on various 
surfaces. Certain apparently anomalous effects in the kinetics of the adsorption processes have been observed and inter
preted. The quantities adsorbed at equilibrium increased with pH and, in most cases, passed through a maximum. The 
lanthanides obey the Langmuir isotherm, -whereas the adsorption of ruthenium follows Henry’s law. No temperature 
effect was observed on the adsorption of the lanthanides; the adsorption of ruthenium increases with temperature and is 
partly irreversible, whereas the adsorption of cerium and promethium is reversible. Possible mechanisms for these processes 
are discussed in the light of these results and those of other workers.

The advantages of radiochemical methods in the 
study of the adsorption phenomena in aqueous 
solutions are well known and need not be outlined 
here. There is already, therefore, a great number 
of publications on the subject, especially on 
adsorption on the radioactive indicator scale. 
Few authors, however, have carried out systematic 
studies of the principal factors on which the features 
of adsorption depend, v iz . :  nature of the adsorbate 
molecules or ions, nature and state of the adsorb
ent surface, effect of concentration, of pH, of ions 
of opposite charge, of the temperature, etc.

At the Laboratoire Curie, we have undertaken 
such a study on different radioelements, 1 most 
particularly on several fission products, on pro
tactinium2 and on plutonium. 3 - 4 This paper, how
ever, will be limited to the experiments on prome
thium and on trivalent radio-cerium and radio
ruthenium. The choice of these elements has been 
dictated by the following considerations: prome
thium and cerium are typical representatives of the 
lanthanides, which are among the most important 
of the fission products. These elements are strongly 
electropositive and their ions have a noble gas 
electronic structure, in contrast with ruthenium

(1) These studies are related to problems interesting the Com
missariat à l ’Energie Atomique de France, which we thank for financial 
assistance.

(2) C. Rougée, Diplôme d’Etudes Supérieures, Paris, 1958.
(3) M. Haissinsky and Y. Laflamme, J . chim. phys., 55, 510 (1958).
(4) M. Haissinsky and Y. Pa'fss, ibid, (in press).

which is a transition element belonging to the group 
of noble metals. Ruthenium, moreover, because 
of its multiple valency states, offers the possibility 
of studying the influence of valence on the adsorp
tion of the same metal. The radioactive properties 
of some of their isotopes (1 4 7Pm, 144Ce and I06Ru) 
allow the measurement of extremely small quan
tities, such as are generally adsorbed on small 
surface areas.

Experimental
The promethium of mass 147 (TVi =  2.6 years) was sup

plied by the Isotope Service of Oak Ridge, in the form of 
the chloride. In the solutions generally used in our experi
ments, the activity corresponded to a concentration of 2.5 
X 10-6 jumoles/cm.3 (0.44 /¿C ./cm .2). We have verified 
that the sample w-as pure from the radioactive point of view. 
It is therefore very probable that the inactive impurities, 
especially other lanthanides, w-ere also eliminated during 
the purifications, but one cannot exclude the possibility that 
a certain amount of these have accumulated by the end of 
the operations, for instance, by radioactive decay. It is 
difficult to calculate exactly this amount, but we shall as
sume, somewhat arbitrarily, that the concentration of pro
methium and other lanthanides in the product is of the order 
of 5 X  lO^9 M . A knowledge of these concentrations is of 
no importance, however, in all the experiments where only 
the relative changes of concentration need to be known 
(effect of pH, of the anion, of the temperature, reversibility, 
etc.).

The radio-cerium,U4Ce (7 ’i/z =  285 days), was obtained 
also as the chloride, from AERE at Harwell. It is in radio
active equilibrium with its decay product 144Pr (17.3 min.) 
which emits very penetrating (J-rays (~ 3  M ev.). The con
centration of 144Pr, chemically very similar to cerium, is al-
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Fig. 1.— Kinetics of adsorption of ruthenium and of 
promethium: I, Pm, successive foils of platinum; II, Ru, 
successive foils of platinum; III, Ru, the same foil of plat
inum.

ways negligible. The measured activity of the solution 
used corresponded to a concentration of 8 X  10 ~4 /imoles 
Ce/cm .3. The product was stated to contain 2.8 mg. of in
active impurities. We shall see later on from the adsorption 
behavior of these impurities, which is very close to that of 
cerium, that they are all very probably lanthanides, if not 
cerium itself.

The radio-ruthenium, obtained also from Harwell, was in
itially a mixture of 103Ru (39.8 days) and 106Ru (1.00 year). 
Given the age of our sources, we could neglect the presence 
of 103Ru, which had already disappeared by decay. The 
isotope 106Ru is in radioactive equilibrium with its descendant 
106Rh (30 sec.) and can be estimated easily by the penetrating 
jS-rays of the latter. As in the case of promethium, it is 
also difficult to determine the exact concentration of ruthe
nium, in which the stable isotopes of masses 99, 101 and 
102, constitute fission chain ends. Moreover, the stable 
isotope ot rhodium, 103Rh, being formed by the decay of 
103Ru is probably, in its absorption behavior, very similar 
to ruthenium. In the experiments without carrier, there
fore, the real concentration of ruthenium is known to within 
a factor of about 5. We estimate it to be about 10~9 M . 
The activity of our solution was usually 0.076 /¿curie/cm.3.

The ruthenium was delivered in the form of the nitrate 
of the nitroso salt, RuN0 (N 03)3. This is probably the 
form of ruthenium in the solutions of fission products when 
they have been treated by concentrated nitric acid. We 
have studied the adsorption of ruthenium only in its nitroso 
form. The chloride and sulfate of nitrosyl ruthenium 
were obtained by treating the nitrate with the corresponding 
acid after treatment by aqua regia.

Adsorbents.— As adsorbent surfaces, we have used 
platinum, gold, silver, stainless steel (Inox Ugine NS-225), 
“ Thtiringe”  glass and polyvinyl chloride. Some experi
ments of adsorption of ruthenium also were carried out on 
nickel. All the adsorbents had the form of thin foils with 
a surface area of 2 X  10 X 10 mm.2, with the exception of 
the slides of glass which were of 2 X 9 X 18 mm.2.

The platinum and gold were cleaned before use by treat
ment with boiling, concentrated nitric acid and thoroughly 
■washed with twice distilled water. The silver was treated 
with 5 N  HC1, and the glass with a sulfochromic mixture. 
The pH of the solutions was adjusted by the addition of the 
appropriate amount of the corresponding acid to the active 
solutions. All the experiments were carried out in 10 cm .3 
of solution, in which the foil of the adsorbent rotated at a 
speed of 60 turns/min. All experiments were carried out at 
room temperature (20 ±  2°) except when the effect of tem
perature was to be studied, when the solutions wTere placed 
in a “ Hoopler”  thermostat regulated to ±0 .0 5°. At the 
end of each experiment, the foil was either washed rapidly

with twice distilled water and dried, or carefully shaken and 
the last adherent droplet on the edge removed by fine filter 
paper. We have verified that no activity was lost during 
the washing.

Activity measurements were carried out with Geiger- 
Miiller counters. Absorption measurements were used in 
order to correct activity measurements on one face of the 
foil for the radiation penetrating from the other.

Experimental Results
Kinetics. Reproducibility.— It is well known 

that it is difficult to obtain good reproducibility of 
surface phenomena, probably because of the dif
ficulties of obtaining reproducible surfaces. Never
theless, when we have taken into account three 
apparent anomalies, which we are going to point 
out, the reproducibility of our results becomes 
satisfactory enough. In carrying out, for each 
point, a large number of experiments, we can esti
mate that the precision of the mean values was 
generally ±10% . It is less accurate for the solu
tions of high pH, where the equilibria between the 
different ionic and molecular forms in the solutions 
themselves are established slowly. In anjr case, 
these results, as we shall see, show clearly the 
effects of pH, concentration and temperature on 
the adsorption.

The first observed anomaly for promethium, 
cerium and ruthenium, and which has also been 
observed for protactinium2 and plutonium, 4 may 
be described as follows. If we determine ad
sorption as a function of time by using a fresh 
foil of metal or polyvinyl chloride at each immer
sion, the quantities adsorbed increase with time 
of immersion up to a limiting value, indicating 
saturation. This equilibrium is generally attained 
within about 2 or 3 minutes, if not less, with the 
solutions of promethium or cerium, and after about 
30 minutes with ruthenium. The time necessary 
for the attainment of saturation fluctuates con
siderably and varies with the conditions of the 
medium. If, on the contrary, we repeatedly dip 
th e  s a m e  f o i l  in the active solution for increasing 
periods of time (after washing and drying), the 
adsorbed activity continues to increase without 
reaching a limiting value; or, at least, the adsorbed 
amount at the apparent equilibrium is much greater 
than in the first case.

In Fig. 1, curve III illustrates the latter phenom
enon for 10 ~ 9 M  ruthenium in nitric acid solution 
of pH 3. Curve II illustrates the limiting adsorp
tion obtained with successive foils of platinum in 
the same solution, as for curve I. Curve I shows 
the same effect for 5 X 10- 9  M  promethium in 0.5 
N  HN0 3 solution. We shall discuss later a probable 
explanation for this anomalous behavior. All the 
following results correspond to experiments per
formed with the technique of successive foils and tc 
saturation values.

Another anomaly has been observed in the ad
sorption of promethium or cerium on glass in 
nitric acid solutions. In this case, even if we use 
successive slides, the adsorbed quantities pass 
through a maximum, then diminish (after about 
30 minutes) to a constant value. This same con
stant value is obtained without passing through 
a maximum if we first immerse the glass slide for 
10 to 15 hours in a solution of the same pH con-
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taming no lanthanide. The time of the pretreat
ment is shorter for higher acidities. It seems, 
therefore, that the “acidity” of the surface of glass 
is modified during contact with the solution, ar
riving at an equilibrium state after a certain time. 
As long as this equilibrium is not reached, neither 
can the adsorption of promethium or cerium be at 
equilibrium.

Finally, the quantities of ruthenium adsorbed in 
its nitrosyl form are relatively high from freshly 
prepared solutions, but diminish continuously with 
the age of the solution to a reproducible lower limit. 
The time required to reach this lower limit was 
found to be shortened when the solution was in 
contact with any of the metallic adsorbents used. 
It is also shorter for solutions of higher acidity and 
higher concentration of ruthenium. The general 
characteristics of this phenomenon are independent 
of the nature of the anion: N 03~, Cl-  or S042-, but 
appear more clearly with the first. The aging 
anomaly is probably related to the slow evolution 
toward a state of equilibrium between the simple 
and polynuclear forms of Ru(NO)111, which are 
known6 to coexist in aqueous solutions. All the 
results which are given for this radioelement were 
consequently obtained with aged solutions when 
the results have become reproducible.

Effect of pH and the Anion.— The variation of 
adsorption of promethium and ruthenium on dif
ferent surfaces at equilibrium, as a function of the 
pH of nitric acid solutions, is shown in Figs. 2 
and 3. We notice, first, that the amounts adsorbed 
are always extremely small and are but very small 
fractions of the quantities remaining in solution. 
In nitric acid solutions of 1 N ,  or higher normalities, 
the adsorption of promethium is hardly measur
able. At pH 3, only 0.008% of promethium and 
0.026% of ruthenium are adsorbed per cm. 2 of 
platinum (from a volume of 10 cm.3). Taking 
into consideration the previously mentioned ap
proximations for the evaluation of absolute con
centrations, these values correspond to 5 X 10- 1 6  

mole/cm. 2 of promethium and 2.6 X  10~ 16 mole/ 
cm. 2 of ruthenium. If we suppose that the ad
sorbate is fixed on the surface in an ionic form and 
take the ionic radius of Pm3+ to be 0.98 A., and that 
of ruthenium to be about 1 . 0  A . ,  we estimate the 
coverage to be 1 X 10- 6  for promethium and 6  X 
1 0 - 7  of a geometric monoatomic layer, for ruthe
nium. The radius of the ruthenium ion which we 
have taken is almost certainly too small since the 
distance Ru-N is probably of the order of 1  A .  
An exact estimate, in any case, cannot be made, 
since we are ignorant of the form of the adsorbed 
ruthenium (which may even be atomic; see 
Discussion). We shall see that more exact in
formation is unnecessary for the understanding of 
the results.

On the other hand, Figs. 2 and 3 show that the 
adsorption increases with the pH, attains a maxi
mum (at pH 5.6 for Pm and 4.5 for Ru), then de
creases. At the maxima, the adsorbed quantities 
and the atomic coverages on platinum are increased
7 . 7  times for ruthenium and 8  times for prome-

(5) .T. M. Fletcher, 1. L. Jenkins, F. M. Lever, F. S. Martin, A. R.
Powell and R. Todd, J. lnorg. Nuci. Chem., 1, 378 (1955).

pH.
Fig. 2.— Adsorption of Pm as function of pH: •, platinum; 

O, silver; + ,  stainless steel; A , polyvinyl chloride.

Fig. 3.— Adsorption of Ru as function of pH: A, glass; □,
polyvinyl chloride; x , gold; •, platinum; Oj silver.

thium. The variation with pH is qualitatively 
the same for the adsorption of promethium on 
silver, stainless steel and polyvinyl chloride, and 
for the adsorption of ruthenium on silver, gold and 
polyvinyl chloride. We shall see that under 
certain other conditions, the adsorption of ruthe
nium is quite high, but nevertheless remains very 
slight compared with the quantities remaining 
in solution (on an adsorbent surface of 1  or 2  cm. 2 

and 1 0  cm. 3 of solution).
We have found the same pH effects for the ad

sorption of cerium from nitric acid solutions. The 
maximum in this case is at pH 4.5. For cerium
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too, the positions of the maxima are independent 
of the nature of the adsorbent surface (Pt, Au, Ag, 
stainless steel, polyvinyl chloride and glass).

The adsorption of promethium on platinum in 
hydrochloric acid solutions increases with decreasing 
acidity (studied to pH 2), as in nitric acid solutions, 
but the amounts adsorbed are about half as great.

The adsorption of ruthenium from 10 N  HC1 is 
practically zero. Between pH 0 and 5.20, its 
adsorption on gold also passes through a maximum 
at pH 4.5. On platinum and polyvinyl chloride, a 
rapid increase of adsorption is observed up to pH 5, 
where it attains 155 X 10- 1 5  mole/cm. 2 on plati
num and 103 X 10- 1 5  mole/cm. 2 on polyvinyl 
chloride.

The adsorption of ruthenium on platinum or 
gold from sulfuric acid solutions is considerably 
higher than from nitric acid, but after an initial 
increase of adsorption as the pH rises to zero, no 
regular variation with the pH is observed.

The following table indicates the amounts ad
sorbed from H2S0 4 solutions, in units of 1 0 ~ 16 

mole/cm.2, at different pH values.
pH (10 AO 1.3 2 3 4 5.2

Platinum 9.45 90.4 43.05 90.4 64.55 86
Gold 6.5 68.85 77.5 94.7 60.25 64.55

Adsorption-pH data showing maxima have been 
observed already by Starik and co-workers for the 
adsorption of promethium6 and Ru1 1 1 (containing 
no NO group) 7 on glass. They give the maxima for 
adsorption of promethium on this surface at pH
6.2. The same authors have also found maxima 
for the adsorption of La and of RuIV on glass.

Maxima have been observed by other authors 
for thorium, 8 yttrium, cerium and cobalt, 9 while 
the increase of adsorption with pH, has been ob
served for Pa2 and Pu3 and in certain other cases.

Nature of the Adsorbent Surface.— The quanti
tative differences between the observed adsorp
tions on the metallic surfaces a,re generally so small 
that, when varying the experimental conditions, 
inversions in the order of adsorption can take place. 
Thus, e .g . , at the maximum of adsorption of pro
methium from nitric acid solutions, the different 
surfaces which we have examined can be arranged 
in the order of increasing adsorption Pt <  Ag <  
stainless steel <  polyvinyl chloride, while for 
cerium, the order is stainless steel <  Au, Pt, Ag
<  glass <  polyvinyl chloride. For the adsorption 
of ruthenium from nitric acid solutions at pH 3, the 
order is glass <  Ag <  Pt <  Au <  polyvinyl chloride
<  Ni, while at the maximum adsorption (pH 4.5), 
the order becomes glass <  polyvinyl chloride <  
Au <  Pt <  Ag.

Some measurements have been carried out on 
nickel. In spite of the visible dissolution of the 
metal, the adsorbed amounts are much greater 
than those on the noble metals, nearly 1 0 0  times 
at pH 2.

In hydrochloric acid solutions, depending on the
(6) I. E. Starik and M. C. Lambet, J. Inorg. Chem. (Russian), 3, 

136 (1958).
(7) I. E. Starik and A. B. Kossitsyn, ibid., 2, 444 (1957).
(8) J. Rydberg and B. Rydberg, Svensk Kern. Tid., 64, 199 (1952).
(9) J. Siejka and I. G. Campbell, 2nd U. N. Internat. Conf. on Peace

ful Uses of Atom. Energy, P/1589 (1958).

pH, polyvinyl chloride adsorbs more than platinum 
or gold (pH <  3) or less (pH ~  4).

The inversion in the relative adsorption capaci
ties of noble metals and glass has already been 
observed in other cases : thorium is more extensively 
adsorbed on glass than on platinum, 8 while the 
inverse has been observed for the adsorption of 
plutonium from sulfuric acid solutions. 3 In the 
adsorption of protactinium, glass stands between 
platinum (which adsorbs more) and gold. 2

Effect of Concentration and Temperature.— In 
labelling a nitric acid solution (pH 3) of inactive 
Ru(N0)(N0 3 ) 3 with 1 0 6Ru, we were able to examine 
the variation with concentration of adsorption or_ 
platinum, between 10- 9  and 10~ 3 M  at 20 and 60°. 
At both temperatures, the amount adsorbed aad, 
follows Henry’s law, i . e . , it is proportional to the 
quantity remaining in solution, a s

Cad =  kas (1)

The value of the constant k  at 20° is 5.6 X 10~ 6 

cm.-1, and increases to 1 0 ~ 8 cm. - 1  at 60°.
The same law holds for the adsorption of ruthe

nium on platinum from 1  N  hydrochloric acid at 
20°, and from hydrochloric acid of pH 2.5 at 20, 
40 and 60°, where the values of k  are 1.41 X 10~6, 
3.55 X 10- 6  and 7.08 X 10~ 6 cm.-1, respectively.

The application of the Clapeyron-Clausius equa
tion gives the values of the heats of adsorption 
which are, Q  =  1.5 kcal./mole in nitric acid solu
tions and 3.15 kcal./mole in hydrochloric acid 
solutions.

At 20°, a monoatomic layer of ruthenium is ad
sorbed on platinum from a solution of about 
10- 3  M  in nitric acid at pH 3, and about 5 X 10~£ 
M  in hydrochloric acid at pH 2.5, assuming that 
the apparent surface area is the true one. Bala- 
schova estimates the roughness factor of smooth 
platinum to be 1.5. 10 The error introduced by 
neglecting this factor is probably overcompensated 
for by our choice of ionic radius.

On the other hand, we have not found any 
measurable effect of temperature between 2 0  and 
60° on the adsorption of promethium (about 1 0 ^ 7 

M ,  in nitric acid, of pH 2), on platinum or poly
vinyl chloride, nor on the adsorption of cerium 
(about 10 6 M ,  in nitric acid of pH 3), on platinum. 
The isotherms of adsorption of promethium and of 
cerium on platinum at 2 0 ° are also different from 
those of ruthenium. These isotherms were de
termined, as above, in nitric acid solutions, at pH 2 
in the case of promethium, and at pH 3 in that of 
cerium.

In order to study the effect of concentration on 
adsorption of promethium, and given that the 
maximum concentration of our solutions of prome
thium was about 10 M ,  we have measured the 
adsorption of samarium, labelled with promethium, 
from solutions of 10~ 7 to 10~ 3 M .  It is reasonable 
to assume that the adsorbabilities of promethium 
and samarium, near neighbors in the lanthanide 
family and whose radii differ only by 0 . 0 1  Â., 
are identical within the limits of experimental 
error. The concentrated solutions of cerium were 
prepared from the inactive nitrate, labelled with

(10) N. A. Balaschova, Z. physik. Chem., 207, 340 (1957).
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1 4 4Ce. It is to be noted that the concentrations of 
these last solutions (which we shall call “macro
scopic”) were accurately known, while, as we have 
already mentioned, the absolute concentrations of 
the active (microscopic) solutions from Harwell, 
were uncertain. Therefore, we plotted, separately, 
the amounts adsorbed, at equilibrium, as a func
tion of the absolute concentration of the macro
scopic solutions (curve A), and as a function of the 
relative, microscopic, concentrations (curve B). 
We have then adjusted one of the points of curve B in 
such a way that it falls on curve A and calculated 
the corresponding concentration. This permitted 
the calculation of the absolute concentrations of all 
the other points of curve B so that the two curves 
overlap. This result has shown that the ponder
able impurities which accompanied the radio-cerium 
source consisted either of cerium itself or another 
lanthanide having similar properties. The concen
trations employed were from 3.5 X 10- 8  to 3.5 X 
10- 4  M .  This curve was traced hi logarithmic 
cohrdinates to cover the whole range of concentra
tions studied. For the smallest concentrations, 
the curve is approximately linear, but levels off 
for concentrations higher than 10~ 6 M .  The same 
form is shown by the corresponding curve for Pm- 
Sm. The Freundlich isotherm, which corresponds 
to a linear variation of log aaci as a function of log 
a s for all concentrations must therefore be excluded.

The range of concentration examined was too 
extensive to permit the usual graphical tests for 
the applicability of the Langmuir isotherm

by plotting, for example a s/ a d  against a B which 
should give a straight line. We were nevertheless 
able to show by calculation that the experimental 
results agree satisfactorily with this isotherm if the 
following values of the constants are adopted
Pm-Sm
am =  5 X 10_s monoatomic layer; b =  4 X 104 M ~ L

(rpma+ =  0.98 A.) 
Ce
am =  4.8 X 10-3 monoatomic layer; b — 2.8 X  105 M ~ l

(rce!+ =  1.02 A.)
The maximum coverage, therefore, corresponds 

only to a very small fraction of the surface.
Before discussing the significance of this result, 

we have also to consider the possible adsorption of 
the ions H+ and the anions. We have seen that the 
adsorption of Pm3+ and of Ce3+ or partly hydro
lyzed forms diminishes with increasing H+ con
centration. Furthermore, the parts of the pH 
curves between zero and the maximum of adsorp
tion (Fig. 2 for promethium) could be considered 
to be hyperbolic. We can therefore interpret this 
variation as a consequence of the competition 
between the two ionic species (Pm3+ or Ce3+ and 
H+) and assume that the adsorption of H+ also 
follows Langmuir’s law and apply the isotherm of 
binary mixtures11 where the index1 corresponds to a

f   CL mb Cls __ / o \
1 -f- b ’ +  b "da"

(11) E. C. Markham and A. F. Benton, J. Am. Chem. Soc., 53, 497
(1931).

trivalent ion, Pm3+ or Ce3+ and " to H+ ions.
Equation 3 shows that at constant a s ', the varia

tion of adsorption (ad') with as" (H+) is hyperbolic. 
In the usual interpretation of Langmuir’s isotherm, 
am is independent of the nature of the adsorbate 
and corresponds to a monoatomic layer, although 
these assumptions are not always experimentally 
valid. 12 We have however attempted to choose 
values for the constants a m , 6 '(Pm3+ +  Sm3+), 
i/(Ce3+) and 6 "(H+) which would enable us to 
calculate the isotherms and the variations of ad
sorption with pH at a constant adsorbate concen
tration.

The results of these calculations are compared 
below with the experimental results (Table I 
and II) taking
for Pm +  Sm at pH 2

cim = 5 X 1 0 -  monoatomic layer 
?>' =  2 X 105 M ~ l 

6"(H+) =  2.5 X 102 M -'

for Ce at pH 3
am =  4.8 X 10~3 monoatomic layer 

b’ =  4.4 X 105 M ~ l 
b" (H +) =  4 X 102 M ~ l

Given the limits of experimental errors, which are 
relatively high for the phenomena studied, the 
agreement is satisfactory. Satisfactory agreement 
has also been obtained with an adsorption isotherm 
of Pm +  Sm in 0.5 N  HN03, taking

dm =  5 X 10 ~3 monoatomic layer 
b’ =  2.5 X 106 M ~ l 
b "  =  2.5 X 102 M ~ l

In comparing the values of 6 ', which express the 
probability of fixation of the adsorbate on the 
surface, it is found that Ce3 + is slightly more ad- 
sorbable than Pm3+. The H+ ions are about a 
thousand times less adsorbable than the trivalent 
lanthanide ions, and the ratio b'/b" seems to be ap
proximately constant for the three isotherms.

The fact that the maximum adsorption of these 
cations is much less than a monoatomic layer is 
probably related to the mechanism of the adsorption 
process. We notice first that the adsorption 
maxima (am) are of the order of magnitude neces
sary to charge the molecular condenser of Helm
holtz. The maximum charge carried by the ad
sorbed ions q  =  a mz F  (where z  is the valency, and 
F ,  the faraday), is found for Pm +  Sm to be 2.5 X 
10~u X 3 X 965000 ~  7.2 X 10 ~ 6 coulombs/ 
cm.2; for Cc to be about 5.5 X 10- 6  coulombs/ 
cm.2. Furthermore, the capacity of the double 
layer at the surface of platinum is of the order of 
2 0  microfarads/cm. 2 1 3 and we may assume that the 
potential difference of the Helmholtz molecular 
condenser is between 0.1 and 0.2 volt. This gives 
for q  a value of 2 to 4 X 10- 6  coulomb/cm.2, a little 
less than those found experimentally using the geo
metric area, which, as we have seen, is 30% smaller 
than the real one. It must also be taken into ac
count that at the pH of our isotherms, a part of the

(12) S. Brunauer, “ The Adsorption of Gases and Vapors,”  Vol. 1, 
Princeton University Press, Princeton, N. J., 1945.

(13) Th. G. Overbeek, “ Electrochemistry of the Double Layer," in
M. R. Kruyt, “ Colloid Science,”  Vol. 1, Amsterdam, 1952, p. 115.
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lanthanide ions are hydrolyzed and carry a charge 
smaller than 3 (Pm0H2+, Pm0+, etc).

On the other hand, it has been shown by Frumkin 
and co-workers, using electrochemical methods, 14  

that at potentials more negative than that cor
responding to the zero point of charge, the surface 
of a metal adsorbs the cations, while at more 
positive potentials, it is the anions which are 
primarily adsorbed and which, in turn, attract the 
cations electrostatically (outer Helmholtz plane of 
Grahame16). These results have been confirmed 
recently by Balaschova1 0 ’ 16 for the case of plati
num, with the help of radioactive indicators. The 
spontaneous potential of platinum in our solutions, 
was found, depending on the pH, to be from 
+  0.74 to +0.85 v., with respect to the normal 
hydrogen electrode. We suggest, therefore, that 
the adsorption of Ce3+ and of Pm3+ which we 
observe is of this secondary origin. It would not 
be surprising should the amounts adsorbed be a 
little higher than that necessary to charge the 
Helmholtz condenser, since the adsorption of anions 
is due, not only to coulombic forces, but also to 
chemical, or van der Waals, forces ( s p e c i f i c  a d 

s o r p t i o n ) . Experiments on the adsorption of 
anions and tritium will perhaps enable us to verify 
the proposed mechanism.

With regard to the anomalous effect which con
sisted in the continuous increase of adsorption after 
each immersion of the adsorbent, it may now be 
supposed that each time the metallic foil is with
drawn from the solution and dried, the double layer 
is destroyed and surface reactions occur which im
mobilize the adsorbed cations in such a way that 
they cannot participate in the adsorption equi
librium when the foil is replaced in the solution 
(■e . g ., oxide or hydroxide formation). The ionic 
double layer must be rebuilt, increasing the ad
sorption, on a new immersion.

Desorption. Reversibility.— "When foils of plati
num or polyvinyl chloride, which have adsorbed 
promethium or cerium from a slightly acid solu
tion, are placed in strong acid solutions of the same 
radioelement, they are completely deactivated in 
one or two hours. Similarly, when a foil in 
equilibrium with a solution of promethium of a 
given concentration and pH is placed in a solution 
of the same pH but of a smaller concentration of 
promethium, it retains, at the end of the opera
tion, an adsorbed quantity Which is only slightly 
higher than that which would correspond to 
equilibrium with the less concentrated solution.

The adsorption of ruthenium, on the contrary, 
is partially irreversible. For example, having 
obtained at pH 2.4 an activity of Itd-Ru of 319 
counts/min. on a foil of platinum, we have im
mersed it in a solution of the same concentration 
of Rd-Ru but of pH 0. After 3.5 hours, the resid
ual activity was 135 counts/min; and after 8.5 
hours, 131 counts/min. On the other hand, 
the activity obtained by immersing a foil in a 
solution of pH 0 was increased from 63 to 227

(14) A. N. Frumkin, V. S. Bagotsky, Z. A. lofa and B. N. Kabanov, 
“ Kinetics of Electrode Processes,”  Moscow, 1952.

(15) D. C. Grahame, Chem. Revs., 41, 441 (1947).
(16) N. A. Balaschova, B. A. Ivanov and V. E. Kazarinov, C. R. 

Acad. Sci. U.S.S.R., 115, 330 (1957).
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counts/min., by 2 0  minutes immersion in a solution 
of pH 2.4. Similar phenomena occur when we 
replace a solution by another of the same pH, 
but of a higher or lower concentration of ruthenium: 
i . e . ,  very slow and incomplete desorption (from 
1863 to 1493 counts/min. in 18 hours), but rapid 
adsorption (from 329 to 1745 counts/min. in 30 
minutes).

Discussion
Our observations as a whole, illustrate the con

trasting adsorption behavior of promethium (or, 
more generally, of the lanthanides) with that of 
ruthenium, particularly on platinum, which was 
examined more thoroughly than the other adsorb
ents. To summarize, we have observed: (1)
reversible adsorption of promethium and cerium, 
partially irreversible adsorption of ruthenium;
(2 ) no effect of temperature for promethium and 
cerium; an increase of adsorption for ruthenium;
(3) Langmuir’s isotherm is satisfied for promethium 
and cerium; Henry’s law for ruthenium; (4) 
maximum surface coverage of about 5 X 10~ 3 

of a monoatomic layer for promethium and 
cerium; one or more monoatomic layers from 
sufficiently concentrated solutions for ruthenium.

These contrasts in behavior probably correspond 
to different adsorption mechanisms. We have as
sumed for the lanthanides that their adsorption on 
platinum is due to the electrostatic attraction of a 
primary layer of adsorbed anions and have ex
plained the effect of pH by the competitive ad
sorption of H+ ions. The diminution of adsorp
tion after the maximum may then be attributed 
to the formation of colloidal micelles, slightly 
adsorbable or poorly adherent to the surface. 
In the case of cerium, which is less basic than 
promethium, the formation of insoluble basic salts 
or the hydroxide must take place at a lower pH, 
in agreement with our observations.

At pH 3, at which the isotherms were determined, 
ruthenium is mostly hydrolyzed and is positively 
charged. We can therefore assume, for it, the same 
adsorption mechanism as for the lanthanides. 
At higher acidities, the Ru is probably partly in the 
form of anionic complexes, but these may be as
sumed to be sufficiently unstable, in the neighbor
hood of the double layer, to dissociate as a result 
of the electrostatic repulsion between the anionic 
component of the complex and the N 03~ ions ad
sorbed on the surface. The ruthenium being a 
noble metal, its adsorption may then be 
followed by electrochemical displacement of plati
num and concomitant deposition, the extent of 
which would depend on the potential of platinum in 
the given medium. This would explain the partial 
irreversibility of adsorption and, perhaps, the low 
heats of adsorption (0.06.5 v., in nitric acid and 
0.137 v. in hydrochloric acid), since ruthenium and 
platinum have very similar properties. The 
absence of saturation in the isotherm would then

be due to discharge of some of the ions on the sur
face (leaking condenser) and their replacement by 
adsorption ol' more ions of the same kind.

The pH effect could then be explained not only 
by competition with 1 1 + ions but also by the 
diminution of the potential of platinum with 
increasing pH, which favors the discharge of 
cations. We have found in fact that this potential 
with respect to the saturated calomel electrode takes 
the values, +0.66 in 0.5 N  HN03, +0.55 in 10~ 2 

N  HN0 3 and +0.43 in 10~ 3 N  H N 03.
Independently of the above mechanisms, our 

experimental results exclude, for adsorption on 
platinum, the hypotheses of Starik and Kossytsin, 7  

according to which the initial increase of adsorp
tion of Ru111 (without NO group) on glass is due to 
an increased formation of positively charged col
loidal micelles and the diminution, after the maxi
mum, to inversion of the sign of the micellar charge, 
glass being charged negatively. Since the surface 
of platinum, as we have seen, is positively charged, 
the mechanism of Starik and Kossytsin would 
lead to a pH effect which would be the opposite of 
that actually observed.

The mechanism of adsorption may of course 
vary with the nature of the adsorbent as well as 
with the nature of the adsorbate. For instance, 
the effect of acidity on the adsorption of thorium 
on glass is attributed by Rydberg and Rydberg8 

to the increasing ionic dissociation of silicic acid in 
the glass with increasing pH. These various 
interpretations are not necessarily contradictory. 
On the other hand, the attempts to these authors 
and of Starik and co-workers6 '7 to determine, 
even approximately, the solubility products of 
Th(OH) 4 or of Pm(OH) 3 from the adsorption be
havior (the maximum on the adsorption-pH 
curves) of the radioelements on the indicator scale, 
do not seem justified.

It might be remembered, in fact that the whole 
problem of radiocolloids, which has given rise to so 
many controversies, began as a result of the 
incompatibility of their behavior with the solu
bility product values obtained from measurements 
on the macroscopic scale.

It has been shown17 that the radiocolloids are 
systems which are not in the thermodynamic equi
librium, but in a polydispersed state which evolves 
very slowly toward equilibrium, increasing the 
proportion in the colloidal form. Consequently, it 
must be expected that the adsorption, at and after 
the pH corresponding to the maximum (the pH 
range corresponding to colloid formation) will 
diminish with the age of the solutions, in agreement 
with our observations.

The authors wish to thank Dr. A. M. Peers for 
help with the preparation of the English text.

(17) M. Haissinsky, Acta Phys. Chem. U.R.S.S., 3, 517 (1935); 
“ Les Radiocolloides,”  ed. Hermann, Paris, 1935. See also G. Schweit
zer and W. Jackson, J . Chem. Educ., 29, 513 (1952).
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Solutions of ceric sulfate, cerous sulfate and thallous sulfate in 0.8 N  sulfuric acid have been irradiated using a one-curie 
Po210 «-source external to the solutions. The yield of ceric ion reduction was determined and a qualitative explanation of 
the results given. The 6r(Ce3+) without added solute was found to be 2.88 ±  0.02 for 3.4 Mev. «-particles.

Introduction
The mechanism for the reduction of ceric ions by 

7 -radiation has been postulated by Allen2a and 
confirmed by Sworski.2b Sworski also studied the 
effect of added thallous ion on the reduction of 
ceric ion by radiation. The present work was 
undertaken to determine how the reduction of 
ceric ion, with and without added thallous ion, 
would be affected when a-particles are used as the 
source of radiation.

Experimental Procedure
Water distilled from acid permanganate solution and then 

from alkaline permanganate solution and finally through 
silica tubing at 900° was used to make up all solutions. Re
agent grade ceric sulfate and cerious sulfate, C .p. thallous 
sulfate and reagent grade sodium chloride and ferrous am
monium sulfate were used without further purification.

The irradiations were carried out in a facility developed 
by Hart and Terandv3 at the Argonne National Laboratory. 
«-Particles from a source of Po210 on a tantalum backing 
passed through a space 1 cm. across, filled with helium at 
atmospheric pressure, and emerged into the air through a 
window 6 mm. in diameter, covered wdth mica of 1.09 m g./ 
cm.2 mass thickness, which served to contain the polonium 
contamination within the source holder. The irradiation 
cells, which could be placed so closely adjacent to the source 
holder that only a 1 mm. air gap ■was traversed by the « - 
particles in going from one to another, also had a mica win
dow 1.09 m g./cm .2 in mass thickness, somewhat larger in 
diameter than that of the source holder, so that the repro
ducible positioning of the cells w'as not highly critical.

The mean energy of the «-particles on reaching the solu
tion was calculated by using the values for the stopping 
power of mica given by Riezler4 and the range-energy 
relationships of Jesse and Sadauskis.5 The geometry of 
the arrangement was such that the «-particles entered the 
solution at angles up to 31° from the normal. Eighty-five 
per cent, of the total mass thickness of material traversed by 
the «-particles before reaching the solution was represented 
by that of the two mica windows, the helium and air-filled 
gaps accounted for the remainder. A normally incident « -  
particle, entered the solution with an energy of 3.5 Mev., 
and one at 30° from the normal at 3.2 Mev. The mean 
energy could, therefore, be taken at 3.4 ±  0.1 Mev.

The cells were made of Pyrex glass and had an irradiation 
zone in the form of a flat cylinder 3 cm. in diameter and 1 
cm. deep, with a mica window in the center of one face. 
The cell had two side arms of 1 mm. bore capillary tubing 
about 10 cm. long, one of which terminated in a 5/20 cone 
joint. After the cells had been filled, the end of the side 
arm could be sealed with a 5/20 cap, while the other capil
lary side arm was left open to the atmosphere. During ir
radiation, the contents were agitated by a magnetically 
operated stirrer.

No absolute measurements of the energy reaching the 
solutions were attempted. The yields were determined by 
measuring the ferric yield in the standard dosimeter solution 
irradiated in the same apparatus for which a G-value of 4.7

(1) (a) Brookhaven National Laboratory, Upton, N. Y .; (b)
Deceased, May 4, 1958.

(2) (a) A. O. Allen, Rad. Res., 1, 85 (1954); (b) T. J. Sworski,
ibid., 4, 483 (1956).

(3) E. J. Hart and V. Terandy, Rev. Sci. Insi., 29, 962 (1958).
(4) W. Riezler, Ann. Phys., 35, 350 (1939).
(5) W. P. Jesse and J. Sadauskis, Phys. Rev., 78, 1 (1950).

ferric ions per 100 e.v. was used based on previously pub
lished data6 and comparing this to the ceric conversion.

The changes in the ceric ion concentration ivere deter
mined spectrophotometrically at 320 using 5580 for the 
molar extinction coefficient. A molar extinction coefficient 
of 2199 at 24.9° was used for ferric ion at 304 m^.

Experimental Results
The standard Fricke ferrous sulfate dosimetric 

solution was used to calibrate the Po210 source and 
determine the G -value for Ce3+ production. Using 
a value of 4.7 for (7(Fea+), a value of 2.88 ±  0.02 
was obtained for (?(Ce3+)- The reduction of ceric 
ion was independent of initial ceric ion concentra
tion from 1 0 M  to 10-5M (Fig. 1).

When thallous ion is added to the system, the 
effect on the yield of cerous ion is significantly 
different for a-particle and y-ray irradiations. In 
the case of y-rays, Sworski2 found that the yield 
of cerous ion went from 2.39 without thallous ion

TIME (M IN U TE S).

Fig. 1.— Reduction of ceric ion as a function of time. Initial 
ceric concentration was varied from 10“ 3 to 10“ 6 M.

TIME (M IN U TE S).

Fig. 2.— Effect of varying thallous ion concentration on 
the reduction of ceric ion. The rate of reduction with no 
thallous ion coincided with the rate with 10“ 4 and 10-2 M 
T1+.

(6) N. Miller, Rad. Res., 7, 653 (1958).
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to 7.92 when t-hallous ion was added. The effect 
of added thallous ion in the present work is shown 
in Fig. 2 and Fig. 3.

The reduction of ceric ion was also determined 
as a function of the concentration 'of initially added 
cerous ion. The results obtained are shown in 
Fig. 4 and Fig. 5.

Discussion
The reduction of ceric ion by radiation proceeds 

according to the same mechanism whether the 
irradiation source be alpha particles or y-rays.

Ce4+ +  H — >  Ce3+ +  H + ( 1 )
Ce3+ +  OH •— >- Ce4+ +  OH- (2)

2Ce4+ +  H A , — 2Ce3 + +  2H+ +  0 2 (3)
Ce4+ +  H 02 — ^ Ce3+ +  H+ +  0 2 (4)

Reaction 4 is important only in the case of high ion 
density where reactions 5 and 6  play an important 
part.

OH +  OH — > H A  (5)
H A  +  OH — >■ H02 +  H20  (6 )

The effects observed on the addition of thallous 
and cerous ion can be explained qualitatively on 
the basis of reactions 5 and 6 . If one assumes 
that reaction 6  takes place outside the main body 
of the a-particle track, then relatively small con
centrations of thallous or cerous ion can compete

T ( *  C O N C E N T R A T IO N  ( M O L A R ) ,

Fig. 3.—The rate of eerie ion reduction as a function of initial 
thallous ion concentration.

with H20 2 for the OH radicals. If cerous ion 
scavenges an OH radical which would have re
acted according to reaction 6 there will be no net 
effect on the G(Ce3+). If thallous ion does the 
scavenging there will be a net increase in reducing 
equivalents and the G ( C e 3+) will increase. As the 
concentration of scavenger is increased, reaction

TIME (MINUTES)
Fig. 4.—Effect of varying the initial cerous ion concentra

tion on the reduction of ceric ion. The rate of reduction with 
no added cerous ion coincided with the curve for 10~3 M 
initial cerous ion.

Fig. 5.—The rate of ceric ion reduction as a function of 
initial cerous ion concentration.

5 becomes significantly affected and the G(H2Oi) 
as well as the £r(Ce3+) decreases.

It is felt that a clearer picture of the mechanism 
of this reaction would be obtained if the thallic 
ion concentration could be determined and if the 
oxygen yields were also determined.

Acknowledgments.— We would like to record our 
gratitude to Dr. J. Stevenson, Radiochemical Cen
ter, Amersham, for supplying the Po source as well 
as a supply of very thin mica. One of us (J.W.) 
wishes to make acknowledgment to the University 
of Edinburgh for the grant of a Dewar Research 
Fellowship, during the tenure of which this work 
was carried out, and also wishes to thank A. O. 
Allen and H. Schwarz for many helpful suggestions 
and discussions.
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KINETICS OF THE RUTHENIUM-CATALYZED 
ARSENIC (III)-CERIUM(IV) REACTION1

B y  C. S u r a s i t i  a n d  E. B. S a n d e l l

School of Chemistry, University of Minnesota, Minneapolis, Minn.
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The rate of the ruthenium-catalyzed reaction of cerium(IV) with arsenic(III) in sulfuric acid solution is independent of 
arsenic(III), arsenic(V), cerium(III) and hydrogen-ion concentrations. The rate expression (25°) is — d[Ce(IV)]/di = 
{4.0 X  1 0 ‘°[Ru][Ce(IV) ] 2-6) / ( 1  +  2 .1  X  103[Ce(IV)J 1 6 j> in which concentrations are given in moles per liter and time 
in minutes.

The very slow reaction between arsenic(III) 
and cerium(IV) in sulfuric acid solution is strongly 
catalyzed by iodine, osmium and ruthenium. 
The catalysis by iodine and osmium has already 
received attention especially because of its im
portance in the determination of traces of these 
elements. The study summarized here dealt with 
the kinetics but not the mechanism of the ruthen
ium-catalyzed reaction.

Experimental
Reagents. Arsenious Oxide, 0.2000 N  Solution.—Re

agent grade AS2O3 (9.892 g.) was dissolved in 30 ml. of 1 M  
sodium hydroxide and the solution was diluted to 1 liter 
after acidification with sulfuric acid.

Ceric Ammonium Sulfate Solution, 0.2000 N .—A solu
tion obtained by dissolving 126 g. of the dihydrate in 2 M 
sulfuric acid and diluting to 1 liter was allowed to stand for 
two weeks, filtered and standardized against arsenious oxide. 
This solution was diluted with 2 M  sulfuric acid to make the 
ceric concentration 0 .2 0 0 0  N, and the normality was veri
fied by restandardization.

Ruthenium(IV) Sulfate.—A solution of potassium ruthen- 
ate, obtained by fusing metallic ruthenium with a mixture 
of potassium hydroxide and sodium peroxide in a gold 
crucible, was added slowly with vigorous stirring to 1 i f  
sulfuric acid. The resulting solution was treated with 30% 
hydrogen peroxide and evaporated to half its volume. The 
evaporation was repeated several times after addition of 
water and hydrogen peroxide. This treatment served to 
remove any osmium present. Ruthenium tetroxide was 
distilled from the resulting solution after addition of ceric 
ammonium sulfate and absorbed in ice-cooled sulfuric acid 
solution containing hydrogen peroxide. This solution was 
heated overnight to destroy hydrogen peroxide and filtered 
through sintered glass. The ruthenium concentration of 
the solution was obtained by hydrolytic precipitation of 
hydrous ruthenium(IV) oxide (sodium bicarbonate as neu
tralizing agent), followed by ignition of the precipitate to 
ruthenium metal in hydrogen and nitrogen. The metal 
was leached with hot water to remove any soluble salts 
present.

The stock ruthenium sulfate solution was suitably diluted 
to obtain working solutions. Solutions as dilute as 0.01 y 
Ru per ml. (in 2 M  sulfuric acid) showed no change in con
centration in a year’s time.

Ruthenium Tetroxide.—The tetroxide, obtained as de
scribed above, was swept through anhydrous magnesium 
perchlorate in a stream of nitrogen and trapped in a U-tube 
immersed in Dry Ice-acetone. The collected tetroxide was 
distilled into another cooled trap. Solutions of ruthenium 
tetroxide were prepared by dissolving weighed amounts in 
1 M  sulfuric acid.

Water.—Deionized water was doubly distilled, first from 
alkaline permanganate in a tin still, then from alkaline per
manganate in a Pyrex still with a 40 cm. Vigreux column to 
trap spray.

Rate Measurements.—The rate of the catalyzed reaction 
As(III) +  2Ce(IV) 2Ce(III) +  As(V) 

was obtained by determining spectrophotometrically the 
concentration of cerium(IV) in the reaction mixture as a 
function of time. The ceric ammonium sulfate solution, * 1957

(1) From the P h .D . thesis of C. Surasiti, U n iversity  of M innesota,
1957.

to which ruthenium had been added as the sulfate(IV) cr 
tetroxide, was added by means of a hypodermic syringe 
to the magnetically stirred arsenious oxide solution. A 
Beckman DU spectrophotometer was used in conjunction 
with a percentage transmittance-time recorder (Varian 
graphic recorder model G-10) for the photometric measure
ments. All solutions were thermostated at 25 0 ±  0.1° 
before mixing and during the transmittance measurements.

The percentage transmittance-time curve was trans
formed into a concentration-time curve with the aid of 
standard curves prepared from cerium(IV) solutions con
taining appropriate amounts of arsenic(III) and arsenic(V), 
which affect the absorbance of cerium(IV). The concen
tration-time curve was extrapolated to zero time and the 
initial rate was obtained by finding the slope of the curve at 
zero time.

When the initial reaction rate was not needed, the “ re
action time”  was measured, this being the time required 
for a given fraction of cerium(IV) to react. Usually the 
time required for one-half of the original amount of cerium-
(IV) to be reduced was taken as the reaction time.

Results
Effect of Initial Oxidation State of Ruthenium.—

The results obtained will be summarized without 
presenting the data. Provided that ruthenium is 
added to the ceric solution before this is mixed 
with the arsenite solution, the rate of the catalyzed 
reaction is the same whether ruthenium (IV) sul
fate or ruthenium tetroxide is used. Ruthemum-
(IV) is completely oxidized to ruthenium(VIII) by 
ceric sulfate within 10 seconds. However, if 
ruthenium(IV) sulfate is added first to the arsenite 
solution, the reaction rate is markedly lower.

If ruthenium tetroxide solution is added with 
good stirring to excess arsenite solution acidified 
with sulfuric acid, the reaction rate is almost the 
same as when the tetroxide is added to the ceric 
solution and, moreover, does not depend on the time 
elapsing before the arsenite-ruthenium solution 
is mixed with the ceric solution. But if the mixing 
is poor so that there is an appreciable local excess 
of the tetroxide, the reaction rate decreases and is 
irreprodueible.

It was observed that treatment of a ruthenium 
tetroxide solution with arsenious oxide in the 
amount needed to reduce ruthenium(VIII) to 
ruthenium (IV) gave a reddish brown solution (the 
color of Ru (8 6 4 )2), which did not change on 
subsequent addition of more arsenious oxide. On 
the other hand, if a large excess of arsenious oxide 
was added to well-stirred ruthenium tetroxide 
solution, a straw-yellow color characteristic of 
ruthenium(III) was produced. The conclusion 
may be drawn that, once formed, ruthenium(IV) 
is stable, and can be obtained in a form which is not 
very active catalytically. Further, ruthenium- 
(III) in arsenious oxide solution shows a catalytic
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activity much the same as that of ruthenium- 
(YIIJ) originally present in ceric solution.

Effect of Arsenic(III) Concentration.—The initial 
rate of the catalyzed reaction as a function of the 
arsenious oxide concentration was determined at a 
constant cerium concentration of 0.0250 N  and a 
constant ruthenium concentration of 2.46 X 10~ 7 
M  in a 2.0 M  sulfuric acid solution at 25.0°. The 
rate was found to be independent of the arsenie-
(III) concentration. An average value of 0.0286 
mole l.-'m in . - 1  was found for ( —d[As(III)l/di)o 
over the range 0.01 — 0.08 M  As(III), the lowest 
and highest values of eight measurements being 
0.0274 and 0.0296. The ionic strength was main
tained constant in this series with sodium sulfate.

Effect of Arsenic (V) and Cerium (III) Concentra
tions and Other Factors.— The effect of these on 
the rate was tested in a mixture which was 0.030 
N  in As (III), 0.020 N  in Ce(IV) and 2.0 M  in 
sulfuric acid, and which contained 0.02 y  Ru/ml. 
(1.96 X 10- 7  M). Sodium perchlorate was added 
to keep the ionic strength constant. The rate 
remained constant over the range of concentrations 
examined: As(V), 0-0.025 M ; Ce(III), 0-0.04 M.

Variation in ionic strength has but a small ef
fect on the rate of the catalyzed reaction (Table I), 
the rate increasing slightly as the ionic strength is 
raised.

T a b l e  I

R e c i p r o c a l  o f  H a l f - r e a c t i o n  T i m e “ a s  F u n c t i o n  o f  
I o n i c  S t r e n g t h

(0.0075 N  As(III), 0.005 N  Ce(IV), 0.020 7  Ru/ml., 0.5 
M  H2S04)

Ionic strength 0.5 1.1 1.7 2.3 2.9 3.5
l / 0 / 2, min. " 1 8.56 7.80 7.11 7.40 6.67 7.11
“ The half-reaction time, ii/2, is defined as the time re

quired for one-half of the Ce(IV) to be reduced.

Variation in the concentration of sulfuric acid 
from 0.5 to 2.0 M  in a mixture of 0.0050 N  cerium-
(IV) and 0.0075 N  arsenic(III) containing 0.04 y 
Ru/ml., in which the ionic strength was maintained 
constant with sodium bisulfate, produced no 
change in reaction rate.

Chloride reduces the reaction rate markedly. 
Thus, in a mixture which was 0.020 N  in Ce(IV), 
0.025 N  in As(III) and 2.0 M  in sulfuric acid, and 
which contained 0.0060 y  Ru/ml., the half-reaction 
times (minutes) varied as follows with the indi
cated sodium chloride concentrations: 0 . 0 0 0 0  M,
1.05; 0.0005 M, 1.73; 0.0010 M, 3.49; 0.0020 M, 
10.5; 0.0050 M, 22.5. In these experiments the 
sodium chloride was added to the ceric solution 
before mixing with arsenite.

Initial Rate of Catalyzed Reaction as a Function 
of the Ce(IV) and Ruthenium Concentrations.—  
In this series of experiments, the ionic strength was 
maintained constant by the addition of ammonium 
sulfate. The results are given in Table II.

The rate is first order with respect to ruthenium 
over the whole range investigated (to concentra
tions as low as 5 X 10 ~ 8 M  or 5 y Ru/liter).

The rate is not a simple function of the cerium-
(IV) concentration. Analysis of the data in the 
last column of Table II leads to the following 
expression for the rate of the catalyzed reaction

[Ce(iv; y -6 x  1 0 3.
Fig. 1.— Plot of [Ce(IV)o ]z-5/72o vs. [Ce(IV)]1-3. R0 is the 

initial rate of the catalyzed reaction (mole l. _1 min.-1).

Fig. 2 .—Plot of In Ro (initial rate of catalyzed reaction) 
vs. reciprocal of absolute temperature (0.020 N  Ce(IV), 
0.03 N  As(III), 2 M  sulfuric acid, 0.020 y Ru/ml.).

d[Ce(IV)] &i[Ru] [Ce(IV ) ] 2-5
d< 1 +  felCe(IV) ] 1-6

When /c2 [Ce(IV)]1-5> > l ,  this equation reduces to

-  d[Cei.IV -̂ =  r  IRul lCe(IV)]U t K%
and when &2 [Ce(IV)]l-5« l ,  it becomes

-  - ^ V)] =  &i[Ru][Ce(IV) ] 2-5

Above an initial cerium (IV) concentration of
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T a b l e  II
I n i t i a l  R atio o f  R u t h e n i u m - c a t a l y z e d  CeflV)-As(III) 
R e a c t i o n  a s  a  F u n c t i o n  o f  R u t h e n i u m  a n d  I n i t i a l

C e ( I V )  C o n c e n t r a t i o n s

( r As(iii)] o = 0.040 M ,  IIoS04 = 2 M , 25°)
[Ce(rV)lo, mole 1. ! 

X 103
__  . ... f IP 1 1 1 Wi 1 1

ole 1. -J min. " 
-l x 10"___

T

3.49 0.99 1.48 1 .98

1.25 0.0004
2.50 .0019
3.75 .0045
5,00 0 0019 0.0037 0.0051 .0071

10.00 0060 .0120 .0184 .0248
15.00 0136 .0256 .0352 .0448
20.00 0168 .0336 .0488 .0656
25.00 0248 .0420 .0641 .0816
30.00 0280 .0504 .0720 .1024
35.00 0.340 .0600 .0872 .1216

about 0.005 M ,  the initial rate increases linearly
with the ceric concentration.

The constants kj and fc2 are found (Fig. 1) to 
have the values 4.0 X 1010 and 2.1 X 103. The 
rate expression then becomes

d[Ce(IV)] 4.0 X 1010[Ru] [Ce(IV) ] 2-5 ,oco, 
di 1 +  2.1 X 103[Ce(IV)P-5 ( J

where all concentrations are in moles per liter and 
t is in minutes. Since the rate is not altered by 
cerium(III) and arsenic(V), this expression holds 
not only initially but also for the whole course 
of the reaction. The rate of the uncatalyzed re

action has been neglected in equation 1 as being 
insignificant compared to that of the catalyzed 
reaction. This simplification is justified for half
reaction times of less than 20 minutes.

It may be noted that the rate of the osmium- 
catalyzed As(III)-Ce(IV) reaction is determined 
by the arsenious oxide concentration, not the ceric 
concentration.2

The effect of temperature on the initial reaction 
rate at a cerium (IV) concentration of 0.02 N  is 
shown in Fig. 2. At this ceric concentration, the 
initial rate may be expressed by

( ~ d[? f (IV)])o = *[Rul [Ce(IV)1°
and

in ( " diCdf IV)])  = F  k +  In [Ru] [Ce(IV;]„ 

From the Arrhenius law
In k ?L

RT +  const.

JL
RT +  const.

From the slope of the line in Fig. 2 (=  —E / R ),  
E  is found to have the value 9.77 kcal. This may 
be compared with the value 14.35 kcal. for the 
uncatalyzed reaction.3

(2) R . D . Sauerbrunn and E . B . Sandell, M ikrochim . Acta, 22 
(1953).

(3) V . F . Stefanovskii and M . S. G aukham , J . Gen. Chem. U .S .- 
S .R ., 1 1 , 970 (1941).

KINETICS OF THE RADIATION-INDUCED REACTION 
OF IR ON (III) WITH TIN (II)

B y  J. W . B o y l e , S. W e i n e r 2 a n d  C. J. H o c h a n a d e l

Contribution from the Oak Ridge National Laboratory,1 Chemistry Division, Oak Ridge, Tenn.
Received February  14- 1959

Cobalt 7 -rays induce reaction of Fe(III) with Sn(II). For dilute solutions in deaerated 0.4 M  H0SO4, the initial product 
yields per 100 e.v. of energy absorbed are G(Fe(II)) = 6.62, G(Sn(IV)) =  3.75, and G(H2) = 0.45. Assuming the primary 
chemical species in the decomposition of water to be H, OH, H2 and H20 2 produced with yields G h , G o h , Gh2 and G h2o2, 
the initial product yields are related to these quantities as follows: G(Fe(II)) =  G h +  G o h , G(Sn(IV)) = G h 2o2 +  G o h , 
and G(H2) = G h 2- The initial yields indicate a mechanism in which Sn(II) is reduced by H to Sn(T) and oxidized by OH 
to Sn(III), Fe(IIIl is reduced by Sn(I) and Sn(III), and Fe(II) is oxidized by H20 2. The presence of Sn(II) in deaerated 
Fe(II) solutions lowers the yield for oxidation of Fe(II) and, at concentration ratios (Sn(II))/(Fe(II)) >  0.02, oxidation of 
Fe(II) is completely suppressed. Irradiation of deaerated Sn(II) solution produces Sn(IV) and H2 with a yield 0.49 which 
is equivalent to G h 2. On the basis of proposed mechanisms and the dependence of yields on relative concentrations, the 
following ratios of rate constants were evaluated : /,(Fe(ii)+ h > : Vsn(in+ ohj = 1:7.0; /âtauih o h i : Atsn<ii)+H) '.k( sniivi+H) : I'(Fe(iii)+ h> 
= 1: ~  5000:0.16:0.081; fciFefiu+HsOj) A(Sn(ii)+h2o2) = 100:1. The rapid rate of reduction of Sn(II) by H atoms is especially 
noteworthy.

Introduction
Water is decomposed by high energy radiations 

into several reactive intermediates, the character 
and yields of which are usually inferred from the 
nature and extent of reactions produced with 
various solutes. On this basis, the important long- 
lived chemical intermediates are considered to be

(1) W ork performed for the U. S. A tom ic E n ergy Com m ission at 
the O ak R idge N ational L aboratory, O ak R idge, Tennessee, operated 
b y  Union C arbide N uclear Com pany.

(2) G uest scientist, sum mer 1958, from  the U n iversity  of W isconsin, 
W ausau Extension Center, W ausau, W isconsin.

H, OH, H2 and H20 2, produced with yields,3 
3.68, 2.94 ,0.45 and 0.81 in the irradiation of 0.4 M  
H2S04 solution with cobalt y-rays. Studies of the 
effects of concentration, pH, temperature, phase, 
isotopic substitution, etc., on product yields may 
also provide information on the initial spatial 
distribution of these intermediates and, possibly, 
information on the shorter-lived ionic and excited- 
state precursors.

(3) For one of the recent determinations, see IT. A. Mahlman and
J. W . Boyle, J .  A m .  Chem .  S oc . ,  80, 773 (1958).
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This paper describes kinetic studies of 7 -ray- 
induced reactions in deaerated 0.4 M  sulfuric acid 
solutions of Sn(II); Sn(II) and Fe(II); and Sn(II) 
and Fe(III). Results are interpreted on the basis 
of reactions with H, OH, H2 and H20 2. Ratios of 
rate constants for reactions of the various solutes 
with the intermediates are evaluated. The un
stable valence states Sn(I) and Sn(III) play an 
important part in the mechanisms.

Experimental
Preparation of Solutions.— Solutions irradiated were oxy

gen-free and contained initially either Sn(II), Sn(II) +  
Fe(II), or Sn(II) +  Fe(III), all in 0.4 M  H,S04. Beeau.se 
of rapid air oxidation of Sn(II) it was necessary to maintain 
oxygen-free conditions during preparation, irradiation and 
analyses of solutions. The apparatus for carrying out the 
various operations is shown in Fig. 1.

Sn(II) solution was prepared by anodic oxidation of 
mossy tin using a platinum wire as cathode. Approximately 
500 ml. of 0.4 M  H 2 S0 4 was placed in the generator shown 
in the upper left of Fig. la . Purified helium was bubbled 
through the solution until the solution and auxiliary appara
tus were thoroughly purged of air. The tin anode was then 
lowered into the acid, and using a 6  v. storage battery, a 
current of 10 to 30 nia. was passed through solution until 
approximately the desired concentration of Sn(II) was ob
tained. During this process helium escaped around the 
anode lead-in tube thus preventing air from entering the 
system. The tin anode then was removed from solution 
and the anode lead-in tube resealed by the inverted standard 
taper joint A.

By manipulation of stopcocks, the tin solution could be 
forced by helium pressure either directly into the irradiation 
cell attached at B, or into the deaerator-mixer vessel con
taining either deaerated Fe(II) or Fe(III) solution. The 
mixer vessel -was calibrated so that desired mixtures could 
be approximated. The irradiation vessel was first purged 
with helium and then filled to overflowing and stoppered 
(leaving no gas space) while solution was flushing out the 
neck of the cell. Joints and stopcocks were lubricated with 
solution only. A test of the technique by checking the 
known yield4  5 for Fe(II) oxidation in oxygen-free solution 
indicated that oxygen was effectively eliminated.

At the acidity anil concentrations employed (< 1 0 ” 3  M) 
deaerated solutions were stable for several days. Also, 
thermal reaction of Sn(II) with Fe(III) was negligible.

Materials.— Water from a Barnstead still was redistilled 
from acid permanganate then alkaline permanganate solu
tion. A final distillation was made in an all silica sj'stem 
and the water was stored in silica vessels.

The mossy tin and FeS0 4 were Mallinckrodt analytical 
reagent grade. The H 2 S0 4 and Fe2 (S0 4 ) 3  were Baker and 
Adamson reagent grade.

Pure helium was passed over hot copper and then through 
a scrubber containing 0.4 M H 2 S0 4 solution.

Irradiation.— Solutions were irradiated in a completely 
filled and stoppered cylindrical silica optical cell with a 1  
cm. light path and a total volume ~ 3 .5  ml. The cells (ob
tained from Pyrocell Mfg. Co.) were made with special 
silica optical windows which are not colored in the spectral 
region 2 0 0 0  to 6000 A. by 7 -irradiation. Solutions were 
irradiated in the central position of an 800 curie cobalt 
source6  at a dose rate ~ 6  X 101 7  e.v. g . ” 1 min.” 1. Dose 
rate was determined using the ferrous sulfate dosimeter 
taking ff(Fe(III)) as 15.6."

Analyses.—Ferric ion was measured by its absorption at 
3050 A. on a Model 1 1  Cary recording spectrophotometer 
using a molar extinction coefficient of 2206 at 25°. The 
presence of Fe(II), Sn(II) or Sn(IV) did not affect the meas
urement. Ferrous concentration was obtained by subtract
ing the ferric concentration from the total iron concentration. 
Since Fe(III) was measured by direct optical absorption, a

(4) A . O. Allen and W . G. Rothschild, R a d ia tio n  R esea rch , 7 , 591 
(1957).

(5) J. A . Ghormley and C. J. Hochanadel, R ev . S e i . I n s t r ., 2 2 , 473 
(1951).

(6) C. J. Hochanadel and J. A . Ghormley, Chem . P h y s . ,  21, 880 
(1953).

P U R IF I E D  H E

ing solutions.

complete dose vs. concentration curve could be obtained 
using a single sample by intermittent irradiation-measure
ment procedure.

Sn(II) was determined by oxidizing an aliquot with excess 
Ce(IV) in absence of air, and measuring the unreacted Ce 
(IV ) spectrophotometrically at 3200 A. using a molar ex
tinction coefficient of 5608 for solution in 0.4 M  H2 S0 4  at 
25°. The reaction between Sn(II) and Ce(IV) is not in
stantaneous, and it was necessary to allow ~ 1 0  min. to 
ensure essentially complete reaction. The solution taken 
from the Sn(II) generator was assumed to contain no Sn(IV). 
The amount of Sn(IV) produced by radiolysis was assumed 
to be equal to Sn(II) depletion. For solutions containing 
both Sn(II) and Fe(II), the concentration of each was cal
culated from the total reducing power of the solution as 
measured by Ce(IV), the measured Fe(III) concentration, 
and the known total iron concentration. It was necessary 
to use a new sample for each Sn(II) determination.

For transferring and mixing these solutions under air-free 
conditions, the apparatus shown in Fig. lb  was employed. 
This relatively simple inert atmosphere vessel consisted of a 
sintered glass filter funnel covered with a petri dish having 
a 1 cm. opening near the center. Flowing argon or C 0 2  
maintained air-free conditions, and the opening at the top 
allowed insertion of tubes for deaerating and pipetting solu
tions.

Hydrogen was assumed to be the other product of irradia
tion, and the amount was calculated on the basis of stoichi
ometry. Hydrogen measurements are planned, however, 
in view of the interest Sn(II) offers as scavenger for pre
cursors of “ molecular”  hydrogen.

Results and Discussion
For the sake of simplicity and for lack of in

formation on the exact nature of the species pres
ent in solution, the various valence states of the 
ions are indicated by Roman numerals. For
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Fig. 2.— Formation of Sn(IV) in deaerated solution of 
Sn(II) in 0.4 M  H 2 S04. Initial (Sn(II)) =  534 y moles per 
liter; 7 -ray dose rate = 6.1 X  102 0  e.v. I. - 1  min.-1.

Fig. 3.— Formation of Sn(IV), Fe(II) and H 2  in deaerated 
0.4 M H 2 SO4  solution containing Sn(II) and Fe(III). 
Initial concentrations (Sn(II)) =  356, (Fe(III)) =  950 a 
moles per liter. 7 -ray dose rate =  (3.1 X 102 0  e.v. I. - 1  
min.-1. Dotted lines are theoretical initial rates assuming 
no effect of solutes on yields of intermediates. G(Fe(II)) =  
6.62, (?(Sn(IY)) =  3.75, G(H2) =  0.45. Solid curve oa is 
given by equation 24, od by equation 23, and be by equation 
20. The dashed curve for H 2  is calculated from material 
balance.

example, tetravalent tin is represented by Sn(IV) 
even though it may be present as Sn(SC>4)3“  aq., 
or in some other form. It is recognized, however, 
that the structure of the species may determine its 
reactivity with the various intermediates.

Radiation Induced Oxidation of Sn(II) in 
Oxygen-Free 0.4 M  H2S 04 Solution.— Irradiation 
produced a net decrease in reducing power of the 
tin solutions as determined by analysis with 
Ce(IV). Also, addition of Fe(II) solution im
mediately following irradiation gave no Fe(III), 
indicating the absence of peroxide. It was there
fore concluded that the net reaction is oxidation of 
Sn(II) to Sn(IV) with formation of an equivalent 
amount of hydrogen. The rate of oxidation was 
essentially linear with dose over the range studied 
as shown in Fig. 2. The yield (7(Sri(IV)) =  G-

(H2) =  0.49 is equivalent to Gh, =  Oh2Oi — ((?h — 
¿x>h) / 2 and indicates net oxidation by H20 2 and 
OH and reduction by Ii, possibly according to the 
sequence

H20  — H, OH, H2, H20 2 (1)
Sn(II) +  H — >  Sn(I) +  H + (2)

Sn(II) +  OH — s- Sn(III) +  OH-  (3) 
Sn(II) +  H20 2 — >- Sn(III) +  OH-  +  OH (4) 

Sn(I) +  H20 2 — >- Sn(II) +  Oil-  +  OH ( 5 )  

Sn(III) +  H20 2 — >  Sn(IV) +  OH-  +  OH (6) 
Sn(I) +  Sn(III) — >- 2Sn(II) (7)

Sn(III) +  Sn(III) — > Sn(II) +  Sn(IV) (8) 
Sn(I) +  Sn(IV)---- ^ Sn(II) +  Sn(III) (9)

According to this mechanism Sn(II) reacts with 
both H and OH to form the unstable valence states 
Sn(I) and Sn(III), respectively. The unstable 
valence states then react according to 5-9. Re
duction of Sn(IV) by H would give the same stoi
chiometry. However, evidence to be presented later 
from irradiation of solutions containing both tin 
and iron indicates that reduction of Sn(II) by H is 
about 30,000 times faster than reduction of Sn- 
(IV) by H. The results also indicate no oxida
tion of Sn(II) by H as in the case of Fe(II). Re
sults to be presented in the next section also indi
cate that oxidation of Sn(II) by H20 2 is a slow re
action, and therefore reactions 5 and 6  are postu
lated for removing at least part of the peroxide.

The yield 0.49 is somewhat higher than values 
reported for the “ molecular” hydrogen yield at 
solute concentrations approaching zero, Gr, =  
0.45. In view of the high reactivity of Sn(II) with 
H atoms, the “ molecular”  yield should be reduced 
somewhat by scavenging in the particle tracks. 
Accurate hydrogen yields are needed in order to 
clarify this point.

Thermal Reaction of Sn(II) with H20 2.— To
establish mechanisms for reactions in these systems 
it was necessary to determine the fate of the H 20 2. 
Both Sn(II) and Fe(II) react with peroxide. The 
rate constant for reaction of Fe(II) with H 20 2 {kn) 
is known7 to be 71 1. mole- 1  sec. - 1  at 25°. The 
rate constant for reaction of Sn(II) with H20 2 
(ki) was measured by mixing air free solutions 
in the apparatus shown in Fig. lb. The initial 
concentration of Sn(II) was 320 yM  and H20 2 
was 8 5yM. After various reaction times, aliquots 
were mixed with air-free Fe(II) solution and the 
Fe(III) concentration measured as described pre
viously. This gave a measure of H 20 2 remaining 
in solution. Since Sn(II) and Fe(II) compete for 
OH radicals produced by reaction of Fe(II) with 
H20 2 (see reactions 1 2 , 3 and 13), it was necessary 
to ensure a concentration ratio (Fe(II))/(Sn(II))>  
100 in the analysis. The results followed a second- 
order plot from which the rate constant fc(Sn(ii)+H2o2i 
was estimated to be 0.7 1. mole- 1  sec.-1, and the 
ratio of rate constants ¿(FeaD+EMw/AuSnUD+HjO*) 
was taken to be 1 0 0 .

Radiation-induced Reaction of Sn(II) with 
Fe(III) in Oxygen-free 0.4 M  H2S04 Solution.—
With a stoichiometric excess of Fe(III) initially

(7) See e . g G. S. Dainton and T . J. Hardwick, Tran s . Faraday  S oc . ,

53, 333 (1957).
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present in Sn(II) solution, the sequence shown in 
Fig. 3 occurs upon irradiation. Sn(II) is oxidized 
at a rate which diminishes with increased dose 
until it is completely oxidized. The initial yield, 
(?(Sd(IY)) =  3.75. Fe(III) is first reduced to 
Fe(II) at a rate which decreases with increased 
dose; the concentration of Fe(II) reaches a maxi
mum just before the Sn(II) is completely oxidized, 
after which the Fe(II) is reoxidized to Fe(III). 
The initial yield (?(Fe(III)) =  6.62. Presumably, 
H2 is the other reduced species and, from stoichi
ometry, follows the dashed curve in Fig. 3. The 
calculated initial yield (?(H2) =  0.45.

The measured initial yields are interpreted on the 
basis of reaction of Sn(II) with H and OH (re
actions 2 and 3), followed by scavenging of the 
unstable valence states Sn(I) and Sn(III) by Fe-

Sn(I) +  Fe(III) — Sn(II) +  Fe(II) (10) 
Sn(III) +  Fe(III) — >- Sn(IV) +  Fe(II) (11) 

H 2 0 2  +  Fe(II) — ->■ Fe(III) +  O H - +  OH (12)

(III). H20 2 reacts with Fe(II). Accordingly, the 
initial yields are related to yields of intermediates 
by: Gf(Sn(IV)) =  ( ? h 2o, +  ( ? o h  =  3.75; G(Fe-
(II)) =  ( ? H  +  Goh. =  6.62, and (7(H2) =  (?h, =  
0.45. The values are in good agreement with 
yields of intermediates determined using other 
systems.

At the very start of irradiation, with no Fe-
(II) present, if Sn(II) reacted with H20 2 ac
cording to reaction 4 the “ actual”  initial yields 
would be (r(Fe(II)) =  (?h +  Goh +  2(jh2o2 =  
8.24, G(Sn(IV)) =  G0 h +  2(?h2o2 =  4.56, and G- 
(H2) =  G-'h, =  0.45. However, because Fe(II) 
reacts with H20 2 100 times faster than does Sn(II), 
a small concentration of Fe(II) either produced by 
radiation or adventitiously present at the start 
would suffice to eliminate reaction 4. The high 
yield would be observed only during the first frac
tion of a minute irradiation and this could only 
be detected by a small positive intercept at zero 
time. From three experiments of the type shown 
in Fig. 3, it was not possible to determine whether 
or not “ actual”  initial yields were high. In the 
concentration region of interest, reaction 4 is 
assumed to be negligible and the above mecha
nism is assumed to hold. An alternative would be 
oxidation of Sn(II) to Sn(IV) by H20 2 in a one 
step process with no OH radical intermediate. 
This would also give the observed yields. From 
our results we could not determine whether this 
reaction is a one step or two step process.

The dependence of yields on relative concentra
tions of solutes indicates several competing re
actions. These are considered to be: com
petition of Sn(II) and Fe(II) for OH radicals, 
(reactions 3 and 13); Sn(II), Fe(II) Fe(III) and 
Sn(IV) for H atoms (reactions 2, 14, 15 and 16); 
and Fe(II) and Sn(II) for H20 2 (reactions 12 and 4).

Fe(II) +  OH — Fe(III)  +  OH “  (13) 
Fe(II)'HOH +  H — >- F e(III)O H - +  H 2  (14) 

Fe(III) +  H — >■ Fe(II) +  H+ (15) 
Sn(IV) +  H — > S n ( I I I ) +  H+ (16)

The general rate equations based upon reactions
1-4 and 10-16 are

Fig. 4.— Formation of Fe(III) in deaerated 0.4 M H 2 S0 4  
solution containing Fe(II) and Sn(II). Initial concentra
tions of (Sn(II)): (a) ~ 5 0 ; (b) ~250  ̂moles per liter, y- 
ray dose rate =  6.1 X  102 0  e.v. I. - 1  min.-1.

G(Sn(IV)) =  GhsO! (fc4/fc12)(Sn(II)) "I 
.(V*u)(Sn(n)) +  (Fe(II)) J

+  [Goh +  GhsOj] |j 

G(Fe(II)) =

(fe,/fe„)(Sn(II)) 1
(V fc i 3 )(Sn(II)) +  (Fe(II))J ( 1 7 )

-(fc2/fc14)(Sn(II)) +  (*i,/fci4)(Sn(IV)) +  “I
___________________ (Wfc14)(Fe(III)) -  (Fe(II))
(feAi4)(Sn(II)) +  (W*n)(Sn(IV)) +

L (W fe 4)(Fe(III)) +  (Fe(II))_

+  [G o h  +  G m o J  £
(h/kl3)(Sn(lI)) -  (Fe(II)) 
(M W (S n (I I ) )  +  (Fe(II))

I r  f  fe4/fci2(Sn(II)) -  (Fe(II)) 
^  ^  L(*4/fc.)(Sn(II)) +  (Fe(II))

]

] (18)

The kinetics are considerably simplified for the 
regions of the curves labelled be and oa in Fig. 3. 
The portion of the curve be describes the oxida
tion of Fe(II) after Sn(II) has been completely 
oxidized. The solution contains only Fe(II), 
Fe(III) and Sn(IV). Fe(II) reacts with all OH and 
H20 2, and competes with Fe(III) and Sn(IV) for 
H atoms. The rate equation is given by 
G(Fe(III)) =  Goh +  2GH2o 2 -
r  f ( fc»/fci4 )(Fe(IH )) +  (fc1 8 /fc1 4 )(Sn(IV)) -  (F e (II )n  

H L(W*M)(Fe(m)) +  ( W f c 4 )(Sn(IV)) +  (Fe(II))J
(19)

The integrated form (eq. 20) is shown as the solid 
curve be
dose =  67.8(Fe(III)) -  [12.4(Fe°) +  24.8(Sn(IV))] 
log [1 -  (Fe(III))/[1.01(FeJ) +  0.0175(Sn(IV))]] (20)

(dose is given as 1 0 17 e.v. I.-1 ; concentrations as 
micromoles per liter; (Fe°) as total iron concentra
tion). The ratio of rate constants ku/ku =  0.081



896 T. J . H a r d w i c k  a n d  W. S. G u e n t n e r Vol. 63

was taken from the literature4 and the. ratio 
kis/ku was evaluated to be 0.16.

In the region oa the main competition is that of 
Fe(II) and Sn(II) for OH radicals. Fe(II) reacts 
with essentially all H20 2. Sn(II) reacts with 
nearly all FI atoms as is indicated by the fact 
that the chief competitor, Fe(II), which produces 
H2 on reaction with H, does not react appreciably 
with H until the Sn(II) is nearly depleted (region 
ab). The rate equations for region od and oa then 
become
(r(Sn(IV)) =  [GH2o> +  <7oh]

_____ (fa/A-|3 )(Sn(II))_____"I
(Vfc13)(Sn(II)) +  (Fe(II))J 1 ;

G (F e (I I ))  =  O h — 0  H2O2 +  [Ooh +  GH2O2I
r (fo./* 1 ,)(Sn(H )) -  (F e(II))~j 
L(*./fci.)(Sn(II)) + (Fc(II))J ^  ;

The integrated forms (equations 23 and 24) are 
shown as the solid curves od and oa. The ratio of 
rate constants fc3//ci3 was evaluated to be 7.0.
dose =  120(Sn(IV)) —

93.2(Sn«) log [1 -  (Sn(IV ))/(Sn0)] (23)

dose =  65.8(Fe(II)) —
99(Sn°) log [1 -  0.585(Fe(II))/(Snu)j (24)

For the system represented by the portion ab 
of the curve, a small concentration of Sn(II) is 
competing with Fe(II), Fe(III) and Sn(IV) for 
H atoms, and with Fe(II) for OH radicals. The 
only remaining adjustable factor is the reactivity 
of Sn(II) (relative to the other three solutes) for 
H atoms. The ratios of rate constants were ad

justed until yields calculated using the general 
rate equations gave the best agreement with yields 
estimated from slopes taken from portion ab of the 
curve. On this basis the relative rate constants 
were ku '■ k2 : ki6 : %  =  1 : ~5000 : 0.16 : 0.08) . 
Because of the inaccuracy in estimating Sn(II) 
concentrations accurately at concentrations <  
1 0  pM, and, in estimating slopes, ratios of rate 
constants involving /c2 are inaccurate. For ex
ample, an error of 50% in estimating the 10 juM 
Sn(II) concentration will make fe2 /ku in error by 
an order of magnitude. The ratios of rate con
stants not involving k2 are believed to be accurate 
to ±  1 0 %.

Radiolysis of Oxygen-free Solutions Containing 
Sn(II) and Fe(II) in 0.4 M  H2S04.— In degassed 
ferrous sulfate solution Fe(II) is oxidized with a 
yield G(Fe(III)) =  8 . 2  = (?H +  Goh +  2<7H,o:. 
Addition of Sn(II) lowers this yield until, at a con
centration ratio (Sn (II))/(Fe(II)) >  0.02, oxidation 
of Fe(II) is completely suppressed. Sn(IV) and 
H2 then are produced with a yield 0.45 = Gjj,. 
Typical experiments are shown in Fig. 4. The 
small amount of Fe(III) which may be present 
initially is first reduced to Fe(II). After the Sn(II) 
is nearly depleted, Fe(II) is oxidized at a rate which 
depends on relative concentrations of Sn(II), 
Fe(II), Fe(III) and Sn(IV). Inability to analyze 
accurately a- small amount of Sn(II) in presence 
of a large amount of Fe(II) precluded the pos
sibility of accurate kinetic analysis of the data from 
this particular system. However, the results con
firm the fact that Sn(II) is reduced rapidly by H and 
oxidized by OH.

ON THE USE OF AQUEOUS SODIUM FORMATE 
AS A CHEMICAL DOSIMETER

B y  T. J . H a r d w i c k  a n d  W. S. G u e n t n e r

Gulf Research & Development Company, Pittsburgh, Pennsylvania 
Received February 14, 1969

On radiolysis, sodium formate in aqueous solution gives products which may be quantitatively titrated with acid per
manganate. This system is proposed as a chemical dosimeter in the range 1-80 Mrad. ami is particularly convenient for 
use in metal systems. The chemical change is proportional to the energy absorbed, and the yield of reductant (G =  3.40 
mol. equiv./lOO e.v.) is independent of dose rate, formate ion concentration over a wide range and temperature.

Introduction
Until quite recently the irradiation of liquids 

was largely carried out using glass vessels. With 
increasing use of fast electrons as a source of ioniz
ing radiation, it has been found that glass is un
suitable in many applications. When electron 
beams are used, materials for irradiation cells are 
required (a) to be mechanically strong, (b) to be 
available in uniform and reproducible thickness, 
and (c) to conduct heat and electricity. Metals 
are obviously the most suitable materials of con
struction, and among those used, brass and alumi
num have many advantageous characteristics.

Conventional dosimeters cannot be used in many 
metallic systems. Both the ferrous ion and ceric 
ion dosimeters have 0.8 N  sulfuric acid as the sol

vent medium. Air-free formic acid solutions are 
too acidic for use. The application of the contin
uous production of electrolytic gas from potassium 
iodide solutions1 is limited mostly to rate measure
ments, and furthermore has the disadvantage of 
contaminating any metal system with traces of 
iodine. Oxalic acid solutions, 2 like those of formic 
acid, attack many metals.

A need exists, therefore, for a dosimeter which is 
suitable in commonly used metal systems.

Organic compounds immediately suggest them
selves by virtue of their inertness to metals. How
ever, we have been unable to find any common

(1) E . J. H art and S. Gordon, N ucleonics, 12 , No. 4, 40 (1954).
(2) J. Sutton, I. Draganic- and H. Hering, In ti. Conf. P eaceful Uses 

o f A tom ic Energy, 14, 160 (1956).
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organic liquid in which an easily measured chemi
cal change occurs which is proportional to the 
energy absorbed over a wide range. In most 
systems the products are equally, if not more, 
reactive to intermediate ions and radicals than is 
the parent compound. Finally, there is the dif
ficulty in obtaining the necessary purity for radia
tion work. Small quantities of impurities may be 
present, but they must be identified and shown not 
to affect the course of reaction.

The choice appears to be limited therefore to an 
aqueous system, using a neutral solute. We have 
found that the radiation-induced conversion of 
sodium formate to products quantitatively oxidized 
by acid permanganate is suitable for chemical 
dosimetry. The remainder of this paper will be 
devoted to testing the effect of the usual variables 
on the sodium formate dosimeter, and to measuring 
the absolute yield.

Experimental
Materials and Reagents.—All chemicals used were 

Merck Reagent Grade. The water used was either or
dinary distilled water or water redistilled from alkaline per
manganate. No difference in results was observed on inter
changing the two sources of water.

Source of Radiation.—The source of radiation was an 
electron beam from a Van de Graaff accelerator of 3 Mev.,
1 ma. capacity (High Voltage Engineering Corporation, 
Model KS). In our experiments the current was 20-40 
juamp. and was used as a spot beam.

Absolute Measurement of Energy Absorption.— The 
experimental apparatus used in measuring the energy out
put of the electron beam is shown in Fig. 1 . A wide-mouth 
( 6 " )  dewar was filled with 1500 ml. of hydrogen-saturated 
water and centered with the lip one inch below the scanning 
tube of the accelerator. A collecting wire, dipped in the 
water, conducted the spent electrons to the accelerator 
controls. A film of polyethylene (7 m g./cm .2) was placed 
flatly over the dewar to prevent gross admission of air. The 
water was stirred by a small bar magnet actuated by a horse
shoe magnet which rotated beneath the dewar.

The temperature of the water was measured by a Beck
mann thermometer just before and after irradiation. On 
the average, a temperature increase of 3° was observed. 
The energy input into the water was taken as the heat 
capacity of the water and dewar multiplied by the meas
ured temperature difference. The usual time-temperature 
extrapolations were made prior to and after irradiations, 
but in no case did the correction amount to more than 
0.2% . The heat capacity of the dewar was measured by 
conventional mixing techniques and amounted to 160 ±  4 
g. of water equivalent.

In order to compare the calorimetric measurements with 
the radiation-induced reaction in the sodium formate 
system, it was necessary to standardize the operation of 
the accelerator. The collected beam current was passed 
through a current integrator (Eldorado Electronics Com
pany, Model CI-100) and the total charge accurately meas
ured. Although the absolute accuracy of the voltage reg
istered on the accelerator controls was probably no better 
than ± 5 % , preliminary tests showed that a reproducibility 
of ± 1 %  was obtained at 2.5 Mev. This error was prob
ably due to difficulty in setting the machine at exactly the 
same voltage on successive runs.

In a series of experiments, the total energy absorbed in 
the water was measured for irradiations at various voltages 
and total electron charges. This, in effect, monitored the 
output of the Van de Graaff accelerator for various voltage 
and current settings. In the data reported for sodium for
mate irradiations, the energy absorption vras, in all cases, 
based on the calorimetric results.

Irradiation of Sodium Formate Solutions.— The volume 
of liquid used for energy calibration was inconveniently 
large for kinetic experiments. Accordingly, the dewar was 
replaced by an aluminum dish, 3.5 inches in diameter and
2 inches deep. During irradiations this dish -was placed in 
a constant temperature bath and the contents stirred mag
netically as before.

1

I
i

1

Fig. 1.— Experimental arrangement for calorimetric meas
urement of the electron beam.

Fig. 2.— Equivalents of K M n0 4 titer as a function of 
energy absorbed for a 200-g. sample of 0.10 M  sodium 
formate.

A 200-ml. volume of nitrogen-purged sodium formate 
solution was put in the dish, filling it to a depth of about 2  
inches. Polyethylene film of the same thickness as before 
was placed over the dish and the unit centered beneath the 
electron beam at the same distance from the window- as the 
dewar. Minor variations in positioning were shown to 
have no effect on the results. For a given voltage setting 
and total charge, it was assumed that the sodium formate 
solution absorbed the same amount of energy as the water 
in the dewar in calorimetric experiments. A few' experi
ments using sodium formate solutions in the dew'ar confirmed 
this.

Analysis.—As wrill be shown in a subsequent paper, the 
products of irradiation are hydrogen gas and sodium oxalate, 
plus small amounts of formaldehyde and glyoxalic acid. 
Analysis was carried out by making the solution 2  N  in sul
furic acid and titrating with 0.1 N potassium permanganate 
at a temperature above 80°. Under these conditions, a 
reproducible end-point is found. The total equivalent 
titer of permanganate is, for convenience, called the amount, 
of reduotant produced. The radiolysis products are stable, 
for aliquots of the irradiated solution gave identical values 
in determinations made immediately after irradiation and 
one w-eek later.

Results
Effect of Energy Absorbed.—The production of 

reduotant as a function of energy absorbed is 
shown in Fig. 2. The response is linear to at least 
80% of complete reaction. Although some of the
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products are known to react with H and OH 
radicals, they are well protected by formate ion 
under our conditions.

Effect of Sodium Formate Concentration.—Air-
free solutions of sodium formate of various con
centrations were irradiated to varying doses. All 
showed a response proportional to energy absorbed 
to at least 80% formate ion destruction. In Table 
I are found the yield of reducing equivalents for 
various initial formate ion concentrations. No 
effect of formate concentration on the reductant 
yield was found in the range 0.05-0.30 M. Above 
0.5 M  sodium formate, a slight increase in reductant 
yield was apparent. This may be due to direct 
action effects.

T able I
E f f e c t  o f  S o d iu m  F o r m a t e  C o n c e n t r a t io n  

o n  R e d u c t a n t  Y ie l d

Initial concn. of 
sodium formate, 

moles/1.
0.30

. 1 0

.05

Reductant yield 
M ol. equiv. 
per 100 e.v.

3.41
3.40
3.43

From these data it can be estimated that the 
useful range of this system is 1-80 Mrad.

Effect of Temperature.— Irradiations were made 
at various temperatures using 0 . 1  N  sodium formate 
solution in a circulation loop system. 3 In the 
temperature range 0-40° no difference in reductant 
yield due to temperature was observed.

Effect of Oxygen.—When oxygen was bubbled 
continuously through the system during irradiation, 
erratic results were found. This was attributed to 
the hydrogen peroxide formed which may cata- 
lytically decompose and/or scavenge radicals. 
In most practical systems for which the dosimeter 
is to be used, the effect due to oxygen present in

(3) T . J. Hardwick, to  be published.

solution from dissolved air is barely measurable. 
A simple purge with nitrogen or hydrogen removes 
all interferences.

Effect of Dose Rate.—The specific rate of energy 
absorption is difficult to estimate when a spot 
beam of electrons strikes a rapidly-stirred solu
tion. However, with constant geometry and the 
same rate of stirring, an increase in the beam cur
rent by a factor of two did not change the yield 
of reductant.

pH Change.— The pH of sodium formate solu
tions in ordinary distilled water is about 7.5. On 
irradiation, the pH rises rapidly to 10-11 and re
mains steady. At this pH, aluminum is attacked 
slightly at temperatures above 35°. Traces of 
aluminum thus produced in the dosimeter solution 
do not affect the course of irradiation or the anal
ysis. Disodium hydrogen phosphate in 0.1 molar 
concentration prevents any such attack on alumi
num and does not change the reductant yield. 
Sodium bicarbonate is unsuitable as a buffer since, 
on making the initial sodium formate solution 0.1 M  
in sodium bicarbonate, an unexplained increase 
(2 0 % ) in the reductant yield was found.

Conclusion
The conversion of sodium formate in aqueous 

solution is suitable as a chemical dosimeter for 
light particle ionizing radiation. The useful range 
is approximately 1-80 megarad. The advantages 
of this system are: (1 ) linear response with energy 
absorption to at least 80% destruction; (2 ) in the 
range normally used, the effect of oxygen initially 
dissolved in the solution is almost negligible;
(3) the response measured (be., reductant produc
tion) increases from zero; (4) initial materials 
(sodium formate and distilled water) are readily 
available; (5) analysis follows a standard analytical 
procedure; (6 ) The system is non-corrosive to 
normal structural metals at room temperature;
(7) the system is temperature independent.
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EFFECTS OF SOLUTE CONCENTRATION IN RADIOLYSIS OF WATER1
B y  M ilton  B urton  and K. C. K u rien

Department of Chemistry, University of Notre Dame, Noire Dame, Indiana 
R e c e i v e d  F e b r u a r y  1 4 ,  1 9 5 9

June, 1959 E f f e c t  o f  S o l u t e  C o n c e n t r a t i o n  i n  t h e  R a d i o l y s i s  o f  W a t e r

Effects of halide scavenger on G(H20 2) in aerated 0.8 N H2S04 solutions irradiated in separate experiments with average- 
24 Mev. X-rays, Co60 y-rays, 50 kev. X-rays and 3.4 Mev. alphas are in substantial agreement with the expanding-spur 
treatment of the theory of the radiolysis of water, both in the Ganguly-Magee form and in the earlier Magee form. On 
the other hand, G°, the 100 e.v. yield of initial decomposition, seems to vary with velocity of the impingent particle in a 
manner not predicted by any current theory. Furthermore, there appears to be an inconsistency in the application of 
the present, necessarily simplified, theory to the results. The G° values found are significantly larger than those corre
sponding to the Ganguly-Magee model. At the same time, they suggest participation of both ionized and excited mole
cules in the radiolysis but to a degree considerably less than might be expected on the basis of the vapor phase result of 
Firestone. The latter is shown to correspond to the assumption that all primarily ionized and excited molecules contrib
ute to the chemistry of the vapor. Apparently, part of the excitation energy is dissipated in the liquid state prior to de
composition to scavengeable free radicals. The results of experiments with “ 24 Mev.”  X-rays are qualitatively similar to, 
but quantitatively different from, those with Co60 7 -rays. The expanding-spur theory would not in any presently existent 
treatment predict such a result. The specific rates of the scavenger reaction X -  +  OH -*■ X  +  OH“  have been calculated 
on the basis of the Ganguly-Magee model to be 1.6 X  10101. mole-1  sec. “ 1 for Br“  and 4 X  106 7 8 9  10 111. mole“ 1 sec. “ 1 for C l“ .

1. Introduction

A study of fission-fragment-induced decomposi
tion of aqueous thorium nitrate solutions by Boyle 
and Mahlman2 shows, on detailed analysis, that 
G(N2) increases linearly with the first power of the 
nitrate concentration and that G(H2) decreases lin
early with the square-root of the same concentra
tion. Such results suggest that the nitrogen is the 
product of the direct interaction of the radiation 
with the nitrate and that the hydrogen results from 
a simple diffusion-controlled reaction involving free 
radicals, presumably hydrogen atoms. An indica
tion that the true situation is somewhat more com
plicated was given earlier by Sworski3 who pointed 
out that in air-saturated acid solution of KBr, 
(?(H20 2) decreases linearly with the cube-root of 
concentration when the solution is irradiated with 
Co60 y-rays. Shortly thereafter, Magee4 presented 
a quantitative theory of diffusion-controlled reac
tions related essentially to the number of spurs per 
ionization track.

The conclusions of Magee pertinent to the re
sults may be summarized as follows. The cube- 
root relationship is fortuitous and only approxi
mate. No single exponential relationship holds 
over the entire range of solute concentration. 
However, if the approximate value of the exponent 
is considered, it will be found to vary with the en
ergy of the impingent radiation from a low value for 
slow particles like alphas to values approaching 0.5 
when the number of spurs per ionization track ap
proaches infinity (as in fission-recoil tracks). The 
values of the “exponents”  are characteristic of the 
radiation and not of the solute nor indeed of the 
solvent system under investigation.

Following the initial results of Sworski, a signi
ficant number of aqueous systems irradiated with 
Co60 7 -radiation was found to obey the cube-root 
relationship. They are summarized in Table I.3-5-12

(1) Contribution from the Radiation Project operated by the Uni
versity o f Notre Dame and supported in part under U. S. Atomic 
Energy Commission Contract A T (ll - l ) -3 8 . Abstract from a portion 
of a thesis submitted by K . C. Kurien in partial fulfillment of the 
requirements for the degree of D octor of Philosophy.

(2) J. W . Boyle and H. A. Mahlman, N u c .  S c i .  E n g . ,  2, 402 (1057).
(3) T . J. Sworski, J .  A m .  C h e m .  S o c . ,  76, 4087 (1954).
(4) J. L. Magee, J .  c h i m .  p h y s . ,  52, 528 (1955).
(5) T. J. Sworski, R a d i a t i o n  R e s e a r c h ,  2, 2G (1955).

In addition, Sowden13 found a similar relationship 
for H2 production with NO3-  ion scavenger in an 
unbuffered Ca(N0 3)2  solution irradiated in a pile 
with mixed fast neutrons and gammas.

A more elaborate version of the theory by Gan
guly and Magee14 15 considered the distribution of 
spurs along the ionization track and made more de
tailed predictions regarding effect of solute con
centration on the so-called “ radical yield”  in water. 
These predictions are qualitatively supported in a 
limited range by the results of Schuler and Allen16 
and also by those of Donaldson and Miller. 16 
Schwarz17 has studied the effect of Co60 y-rays, 18 
Mev. deuterons and 33 Mev. helium ions on H2 
yield as affected by N 02~ concentration and on 
II20 2 yield as affected by Br-  concentration.

This paper is a report of a study of H 20 2 yield 
in radiolysis of bromide and chloride solutions as a 
function of halide concentration over a broader 
range of incident-particle velocities than has here
tofore been described.

2 . Experimental
2.1. Chemicals, Solutions, Analyses.—All chemicals 

used in this work were Baker’s A. R. grade. Water used 
was twice distilled from alkaline permanganate and finally 
from acid dichromate solution. Special care was exercised 
to avoid contamination by organic vapors. The general 
method employed in this work followed Sworski. 3 * 5  Air- 
saturated solutions of 0.8 N H 2 SO4  containing various con
centrations of KBr and KC1 were employed. Hydrogen 
peroxide yield was determined by ceric reduction. Spec-

(6) A. O. Allen and R . A . H olroyd, J . A m .  C h e m .  S o c . ,  7 7 , 5852
(1955) .

(7) H. A. Schwarz, i b i d . ,  7 7 , 4960 (1955).
(8) H. A. Schwarz and A. O. Allen, i b i d . ,  77, 1324 (1955).
(9) C. J. Hochanadel and J. A. Ghormley, R a d i a t i o n  R e s e a r c h ,  3, 

227 (1955).
(10) H . A. Mahlman and J. W . Boyle, J . C h e m .  P h y s . ,  2 7 , 1434

(1957) .
(11) H. A. Schwarz and J. M . Hritz, J. A m .  C h e m .  S o c . ,  80, 5636

(1958) .
(12) K. C. Kurien, P. V. Phung and M . Burton, R a d i a t i o n  R e s e a r c h ,  

in press.
(13) R . G. Sowden, J . A m .  C h e m .  S o c . ,  7 9 , 1263 (1957).
(14) A . K . Ganguly and J. L. Magee, J . C h e m .  P h y s . ,  25, 129

(1956) .
(15) R. H. Schuler and A. O. Allen, J . A m .  C h e m .  S o c . ,  7 9 , 1565

(1957) .
(16) D . M . Donaldson and N. Miller, R a d i a t i o n  R e s e a r c h ,  9, 487

(1958) .
(17) H. A. Schwarz, J. M . Caffrey and G. Scholes, J .  A m .  C h e m .  

S o c . ,  81, in press (1959).
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T a b l e  I

S u m m a r y  o f  E x p e r i m e n t s  o n  C u b e - R o o t  R e l a t i o n s h i p  i n  C o “ ’ 7 - I r r a d i a t e d  A q u e o u s  S y s t e m s

Scavenger Product measd. Systems studied Investigators

Br“ h a Air-satd. KBr soln. H2S0 4  = 0.8 N  or pH 2 Sworski3
c i - H20 2 Air-satd. KC1 soln. H2S0 4  = 0.8 N or pH 2 Sworski5
Br~ h 2o 2 Air-satd. Br“  soln. without H2S04, pH «  5 Allen and Holroyd6
n o 2- h 2 Unbuffered, degassed KN 02 soln. Schwarz7
Cu + + h 2 Unbuffered, degassed CuS04 soln. Schwarz7
n o 2- h 2o 2 Unbuffered, air or 0 2-satd. KN 02 soln. Schwarz and Allen*
h 2o 2 h 2 H20 2 soln. Hochanadcl and Ghormley9
NOa“ h 2 NaN03 soln. Mahlman and Boyle10
Fe + + + h 2 Deaerated 0.4 N HC1 containing FeCl2, Fe + + + Schwarz and Hritz11
C6H5OH Fe + + + Oxygenated “Fricke soln.”  containing phenol Kurien, Phung and Burton12

trometric measurements were made as quickly as possible in 
order to avoid any effect of the slow oxidation of Br~ ion 
with ceric ion. The extinction coefficient of ceric ion at 320 
niju at 25° was taken as 5580 1. mole“ 1 cm.“ 1.

2 .2 . Y-Ray Studies.—Twenty-five-ec. sample solutions 
were irradiated in a 1 200  curie underground source, according 
to methods customary in our laboratory. Energy absorp
tion was determined with a Fricke dosimeter, G(Fe + ++) = 
15.6.

2.3. 50 kv. X-Ray Studies.— A 50 kv. X-ray beam with 
a maximum intensity at 27 kV . , 18 was obtained from an In- 
dustromatic Industrial X-ray Unit (Standard X-ray Co.). 
For each run two similar cells (1  cm. diameter, 2.5 cm. long) 
were precisely and reproducibly positioned, in front of the 
X-ray window. For check of reproducibility, both cells 
were filled with Fricke dosimeter solution and the ratio of 
ferric yields after irradiations was determined. In several 
such trials, the ratio remained constant. With this ratio 
and the ferric yield in one of the cells known, the energy ab
sorbed in the oilier cell, when used as the unknown, could be 
evaluated. Thus, one of the cells served as a dosimeter for 
the second, sample-containing cell. The value of G(Fe + ++) 
in the Fricke dosimeter for X-rays in this range was taken as 
13.1.19 The dose rate in this work was one-tenth of that in 
the case of y-rays. Employment of smaller dose ensured 
absence of any effect attributable to depletion of 0 2 in the 
system.

2.4. «-Ray Studies.—The samples were irradiated at the 
Argonne National Laboratory using a Po210 «-source ac
cording to a technique described by Hart and Terandy.20 
The collimated «-rays from the source entered the cell 
through a mica window which reduced their energy to 3 .4  
Mcv. The sample solution was stirred vigorously at con
stant speed by means of a magnetic, stirrer. The value of 
G(Fc + + + ) for the Fricke dosimeter in this range was taken 
as 4 . 7 .20

2.5. Betatron X-Rays.—In this series of experiments, 
two cells were arranged in fixed, reproducible position one 
behind the other, in the maximum intensity region of the 24 
Mev. X-rays from the University of Illinois betatron.21 
The dose rate was as 2 X 10' 9 e.v. 1. 1 min.“ 1. In order to 
check reproducibility, a Fricke dosimeter solution was placed 
in both cells and the ratio of ferric yields after irradiation was 
determined. In a. series of experiments, the ratio of front
cell to back-cell yields remained constant, at 1 .11  ±  0 .0 1 . 
In subsequent experiments the solution under investigation 
was placed in the front cell and Fricke solution was placed in 
the back cell. From the known ratio of ferric yields in both 
cells and the measured ferric yield in the back ceil in each 
experiment, the energy absorbed by solution in the front cell 
could be computed provided G(Fe + ++) for radiation of this 
quality were known. In the ensuing presentation, the as

(18) C f .  M . A. Liechti, “ Roentgen Physik,”  Verlag von Julius 
Springer, Wien, 1939, p. 86.

(19) This is an estimated value derived from (?(Fe + + +) = 12.9 ±
0.2 for tritium /3-irradiation, given by W . R. M cDonell and E. J. Hart, 
J .  A m .  C h e m .  S o c . ,  7 6 , 2121 (1954); G {Fe + + +) =  13.1 ±  0.5 for 60 
kvp. X-rays of effective mean energy =  21 kev. given by J. L. 
Haybittle, R . D. Saunders and A. J. Swallow, J .  C h e m .  P h y s . ,  2 5 , 1213 
(1956).

(20) E. J. Hart and J. Terandy, R e v .  S r i .  In s tr . ,  2 9 , 962 (1958).
(21) The X-ray distribution ( i . e . ,  the photon intensity) of this in

strument is said to be fairly homogeneous over the entire energy range
up to 24 Mev.

sumption is made that, just as for Co60 7 -radiation, G 
(Fe+++) = 15.6.22

2 .6 . Test of Effect of Dose on H20 2 Yield, (a) «-Rays. 
—Air saturated 0.8 N H2S04 solutions containing, respec
tively, KBr and KC1 were irradiated for various times at a 
dose rate as 1 X 1018 19 e.v. I. “ 1 min. “ 1 * in the whole volume of 
solution23 and the yield of H20 2 was determined. Over a 
period of 50 minutes, H20» yield was linear with dose.

(b) 50 kv. X-Rays.—Fricke dosimeter solution was placed 
in both cells and irradiated at a dose rate as 1.3 X 102° e.v. 
I. “ 1 min. “ 1 (in the region immediately behind the window); 
because of small fluctuations in current, dose was not ex
actly proportional to duration of irradiation. O.D.30. of 
Fe +++ produced was determined; Fig. 1 shows a linear re
lationship between yield of Fe + + + in one cell and time of ir
radiation over a period of 15 minutes; as related in Section 
2 .3 , the yield in the other cell bore a constant ratio to the 
values given. In the determination of II20 2 yield in KBr and 
KOI solutions, the samples were irradiated for only 5 min
utes each. In these systems, oxygen consumption is about 
one-half that in the case of Fricke solution. As is evident 
from Fig. 1, even in Fricke solution, 5 minute irradiation is 
far below the range where there could be an effect due to 0 2 
depletion.

3. Results
The effect of halide in all cases was to decrease 

G(H20 2). Table II summarizes the results. The 
effect of Cl“  ion in diminution of H20 2 yield is con
sistently less than that of Br“  ion.

4. Discussion
4.1. Plot of the Data.— In the light of present 

knowledge of the radiation chemistry of aqueous 
systems, the theoretically most satisfactory plot 
of the data would accord with the treatment of 
Ganguly and Magee. 14 This is a plot of fraction of 
free radicals unscavenged (1 — S) as a function of a 
quantity q. The latter is itself the product 
kscsf0, where ks is the rate constant for the radical
scavenging reaction

It +  S — >  Product (i)
cs is concentration of scavenger solute, and tu is a 
defined initial time characteristic of the spur. I11 
the single-radical theory water is treated as a sym
metrical two-radical compound R 2 and H2, H20 2 
and H20  are the equivalent products of a recombi
nation reaction

2 E — > It2 (ii)
Figure 2  includes, among other curves, the theo
retical Ganguly-Magee plot for 0.5 Mev. electron 
irradiation which corresponds rather closely to 
what would be expected for Co60 7 -irradiation.

(22) J. Zsula, A. Liuzzi and J. S. Laughlin, R adiation  Research, 6, 
661 (1957).

(23) The actual energy absorbed was ca. 5 X  1016 e.v. m in .-1 in a 
volume (directly behind the window) of ca. 5 X  10-1 cc. of solution.
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T a b l e  I I

G(H 20 2) a n d  GV(H20 2) in  A i r - s a t u r a t e d  0.8 A  H jSO , a s  a  F u n c t i o n  o f  H a l i d e  C o n c e n t r a t i o n  f o r  V a r i o u s  C o n d i 

t i o n s  o f  I r r a d i a t i o n
Radiation 

es, M
----- ■--- -CoW-7G(H202)

a
( j w ( H 20 2)  e

---- <50 kev.
G(H202)

X-ray M’1--- .
( ? w ( H 20 2)  e

3.4 Mev. ac Cr(H20 2)/ /--- “24 Mev.”
(?(H202)/

X-ray d--- -
( ? w ( H 2O s)  e

0 1 .2 1 0.805 1.33 0.99 1.65" 1.18 0.79
KBr

1 0 “ 5 1.57 1.13 .765
2 X 1 0 “ 5 1.23 .94
5 X 1 0 “ 6 1.15 .775 1.52 1.05 .725

1 0 “ 4 1.18 .915
5 X IO“ 4 1.075 .74 1.53 1 .0 0 .70

1 0 “ 3 1.07 .8 6
5 X IO“ 3 0.93 .07 0.99 .82 1.45 0.79 . 595

KC1
IO“ 4 1.14 .77
IO“ 3 1 .1 0 .75 1.145 .90 1.53 1.03 .715
IO“ 2 0.98 .69 0.97 .81 1.49 0.95 . 675

3 X IO“ 2 0 . 8 8 .04 0.855 . 75 1.37
IO“ 1 0.72 .56 0.73 .69 0.62 . 51

° Gt  taken as 0.40. b (?f taken as 0.65 from the value for 10  kev. X-rays. c Measured value of G(H20 2) is taken as
Gw(H20 2) because contribution due to radicals escaping from the spur is negligible. d GF taken as 0.40 by analogy with Co60 
7 -ray value, which pertains to essentially isolated spurs. e Calculated as described in Section 4.2. See also footnote 25. 
/ The reliability of the relative values is good; the reliability of the absolute values is not established. ° Cf. Gkv(H20 2) in 
Table III.

When H20 2 is the product by which a scavenging 
effect is studied, it would appear that G,w(H20 2) +  
Gw(H2) 25 +  G'r, where Gr is the yield of a reverse re
action in the spur (see Section 4.2), is the summed 
yield which is to be related to ( 1  — S). In terms 
of the Ganguly-Magee model, the significant reac
tions of the radicals are

H20 ------- s- H +  OH (1)
H +  OH — ^ H20 (2 )1
OH +  OH — >  H20 2 (3)[sï  ( ¡ 0
H +  H — i- H2 (4)3

Halide scavenger (see Section 4.2) affects only con
centration of OH; thus it has no direct effect 
on reaction 4 and but little on reaction 2 as com
pared with reaction 3. It follows that as a matter 
of theory and convenience Gw(H20 2) is the quantity 
which can be most directly related, in a first, ap
proximation, to ( 1  — S).

We define a factor/so that
/•Gb(H202) -  (1 -  S) ( 1 )

I11 the range of low q, or low Cg, ( 1  — S) for 0.5 
Mev. electrons ~ 0.49 and changes very slowly. 
Examination of the data for both Br~ and Cl-  as 
scavenger shows /  =  0.63.

In order to complete the plot, one notes that
l o g  c, +  l o g  A  = l o g  q (2f)

where
a  =  h i „  ( 3 )

and A is therefore a quantity characteristic of a 
particular scavenger and independent of the qual
ity of the radiation. The quantities 

A(Br“ ) =  2  

A(Cl-) = v*
are thus obtained by simple fitting of the quan
tity /  . Gw(H20 2) for Co60 y-rays to the Ganguly-

(24) M . Lefort, Ann. Rev. Phys. Chem., 9, 123 (l9 5 8 ),
(25) The 100 e.v. yields of H20 2 and H2 , respectively, from water itself 

a t  the earliest detectable stage; we follow the convention of 11. A. 
D ewhurst and M . Burton, ./. A m . Chem. S o c .,  7 7 , 5781 (1955).

Dose, min.
Fig. 1 .—- Dependence of Fe+++ yield on irradiation time in 

Fricke dosimeter exposed to <50 kev. X-rays; dose rate 
~1.3 X 1()20 e.v. l.-i min.“ *.

Alagee plot. According to Ganguly and Magee to 
=  1.25 X  10“ 10 sec. Substitution of the appropri
ate values of A and to in equation 3, yields the 
specific rates of the scavenger reaction X -  +  OH 
—» X  +  OH~ as 1.6 X 1010 liter mole- 1  sec. “ 1 for 
Hr-  and 4 X  109 liter mole“ 1 sec. “ 1 for Cl“ .

Figure 2  shows that the data for the effect of 
Br_ and Cl“  on G(H20 2) in solutions irradiated by 
Co60 7 -rays may be fitted rather smoothly to the 
Ganguly-Magee curve for 0.5 Mev. electrons. It 
also shows that when the same values of /  and A are 
applied to the data obtained with other types of ir
radiation, the resultant curves also approximate 
rather closely to what one might expect on the basis 
of the original Ganguly-Magee calculations.

One feature of Fig. 2  is particularly notable. 
The curve for 24 Mev. X-rays lies below the Co60 
y-curve. This range of irradiation has not yet 
been theoretically examined for possible effect on 
(1 — S). However, Professor A. Kuppermann,
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log q.
Fig. 2.—Plot of data according to model of Ganguly and 

Magee. Theoretical Ganguly-Magee plots: (1)2.0 Me?, a; 
(2 ) 7.68 Mev. « ; (3) 10.0 Mev. « ; (4)0.01 Mev. 0 ; (5)0.05 
Mev. 0 ; (6 ) 0.5 Mev. 0 . Experimental results: □, KBr for 
3.4 Mev. «-irradiation; n, KC1 for 3.4 Mev. «-irradiation; 
A, KBr for <50 Kev. X-rays irradiation; ▲, KC1 for <50 kev. 
X-rays irradiation; O, KBr for Co60 7 -irradiation; •. KC1 
for Co60 -y-irradiation; V, KBr for 24 Mev. X-rays irradia
tion; T , KC1 for 24 Mev. X-rays irradiation.

Fig. 3.—Sworski-type plot of (?(H202) values in air-satu
rated 0.8 N  H2S04 solutions of KC1 and KBr for different 
radiations. The concentration of solute is C„.

■, KC1 for 3.4 Mev. «-irradiation 1 ;
□, KBr for 3.4 Mev. «-irradiation /  8
A, KC1 for <50 kev. X-rays irradiation \ ? _  o or
A, KBr for <50 kev. X-rays irradiation J $
•, KC1 for Co60 y-irradiation 1 t _  n , ,
O, KBr for Co60 7 -irradiation /  1
▼, KOI for 24 Mev. X-rays irradiation 1 .>0
V, KBr for 24 Mev. X-rays irradiation /  ^

who has been doing machine calculations on the 
basis of the Ganguly-Magee model, tells us that 
the inter-spur distance is already so great in the 
case of Co60 7 -irradiation that no further effect is to 
be expected as the result of any possible increase 
in such distance with irradiation of higher average

energy. Resort to some other explanation of 
these results seems necessary.

4.2. Elementary Reactions and Yields.— Ac
cording to the simple free-radical model of the radia
tion chemistry of aqueous solutions, we note that 
the first steps are reactions 1 and 2. The 100 e.v. 
yield of water molecules initially decomposed, rep
resented by reaction 1, is G°. The yield of radicals 
available for scavenging is decreased, according to 
the Ganguly-Magee model by reverse reaction 2 
as well as by reactions 3 and 4, all of which take 
place in the spur and the sum of which is formally 
equivalent to the “ recombination reaction”  it. 
On that model the total number of radicals avail
able for subsequent reaction is

Gn = 2[G° -  Gw(H202) -  Gw(H2) -  G>] (4)
= GW(H) +  <7„(OH) (5)

The quantity (1 — S) of Ganguly and Magee is 
not simply relatable to the actualities of water. A 
convenient “ experimental”  relationship is

( 1  -  5). «  f /2 G* (6)
where £ is a quantity the nature of which remains to 
be established.

The yields of reactions 3 and 4, which are pre
sumed to take place within the spur are given, re
spectively, for Co60 7 -irradiation, as G^IRCh) ~ 
0.78 and G'W(U2) «  0.39. 28 In the absence of scav
enger, products so formed (as well as any products 
produced outside the spur) are destroyed by the 
reactions27

H +  H202 — > H20 +  OH (5)
OH +  H2 — > H20 +  H (6 )

When O2 is present, the free II atoms are inter
cepted

H +  02 —h>-H02 (7)
2H02 ■— ^ H202 +  0 2 (8 )

but the yield of H2O2 so produced is decreased by 
the reactions28

OH +  H20 2 ■— > H20 +  HO2 (9)
OH +  H02 — > H20 +  02 (10)

so that the total 1 0 0  e.v. yield of H20 2 in presence 
of oxygen becomes

G(H202) = (?AH202) + y 2[C?w(H) -  Gw(OH)] (7)
At this stage of the considerations, it is conven

ient to introduce the stoichiometric relationships of 
Allen as they were employed by Sworski. 3

H20 — aw - >  h +  OH (R)
2H20 — w-> H2 +  H202 (F)
2H20 — 2H +  H20 2 (E)

In the terminology employed in this paper
G,v(H20 2) = Gf T  Ge (8)
G( H202) = Gf +  2Ge (0)

When, in addition to oxygen, the solution con
tains halide ion, the reactions

OH +  X - — ^OH - +  X (1 1 )
H +  X-— >H+ +  X - (12)

can replace reactions 5, 6 , 7, 9 and 10 to some ex-
(26) H. A . M ahlm an and J. W . Boyle, Radiation Research, 7 , 436 

(1957).
(27) A . O. Allen, D isc. Faraday Soc., 12, 79 (1952).
(28) A . O. Allen, Radiation Research, 1 , 85 (1954).
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tent. Sworski effectively short-circuited the in
volved considerations of mechanism and consid
ered simply that the reaction sequence 1 1 , 1 2  ef
fectively decreases only G'e. With Of thus taken 
constant, it follows that Ge in any case can be cal
culated from relation 9 and (7 W(H20 2) is then given 
by equation 8. This is the procedure used in cal
culation of the GwCHsOi) values shown in Table II.

4.3. Initial Decomposition.— In order to make 
expression 6 directly applicable in the Ganguly- 
Magee theory we must take into account the fact 
that, in the actual case, unlike the theory, only one 
portion of the radicals (i.e., the OH radicals) can 
be directly affected by halide. Thus, for purposes 
of comparison with the Ganguly-Magee treat
ment, £ is not simply 2GW(H20 2), but is instead 
equal to a term which includes all unscavenged 
radicals, (c/. Section 4.1); i.e.

£ =  2 [ f t ,(H a0 2) +  f t ( H 2) +  f t ]  (1 0 )

The quantity (ft can be very roughly estimated on 
the basis of simple combinations provided we ne
glect consideration of relative specific rates of reac
tions 2, 3 and 4. The two cases, which must be 
considered, are the continuous column of ioniza
tion and the column of separate spurs. In the 
former case (ft =  Gw(H20 2) +  (7W(H2). In the lat
ter case, we may for simplicity (and with some fur
ther introduction of error) consider only the “ aver
age spur,”  which is assumed to contain originally 
3H and 30H radicals. 14 Consideration of the pos
sible combinations indicates that for this case (ft =
1.5 [Gw(H20 2) +  Gw(H,)]. The values of (ft so ob
tained are applied to actual cases to obtain values of 
£ and G° shown in Table III.

T a b l e  I I I

S o m e  C h a r a c t e r i s t i c  P a r a m e t e r s  f o r  V a r i o u s  R a d i a -

Radiation Gw-
(Hj)

TIO NS 
G w  G w -  

(H*Oi) (H) G w -(OH) G • (1 -  
S)e

6 24 a ’ 1.70 1.65 0.55 0.65 13.4 7.3 0.92
<50 kv. X c'24 0.65 1.0 2.90 2 . 2 0 8 . 2 6.7 0.62
Co^-T26 0.39 0.78 3.7 2.92 5.8 6.3 0.47

“ For Co60 7 -radiation this is the value of £ at q =  10~4. 
The other values are simply for “ low concentration”  of 
scavenger. 6 These are the values for 5.3 Mev. a ’s. The 
residual energy of the a’s used in the present work was 3.4 
Mev. c The values of the G’s used in the table are the 
nearest known values; i.e ., those for 10 kv. X-rays.

The values of ( 1  — S)e shown in Table III are in 
reasonably good agreement with the Ganguly- 
Magee values of ( 1  — S) shown in Fig. 2 . Since the 
latter values in turn are fitted very well by experi
mental data adduced in this paper, it is reasonable 
to conclude that the results shown in Table III 
support the method of approximate calculations of 
GT and thus of G°.

Three points regarding the values of G° are 
worthy of comment. First, the value of (7° is 
greater for the slow a-particles. There is nothing in 
the Ganguly-Magee picture which would predict 
such an effect. 29 Second, the values of G° are less

(29) P . J. Dyne and J. M. Kennedy, Can. J .  Chem., 36, 1518 (1958), 
assume 6  ±  1 “radical pairs“ per “average spur.” T h e  approximation 
used here, that Gv = 1 .5 [Crw(H2 0 2-) +  (?w(H2)]  for Co«0 7 -rays and 
24 Mev. X-rays, tends to bring the calculated G° values closer to
gether. I f  the Dyne-Kennedy picture of t h e  average spur is employed,

than the value 11.7 ±  0.6 obtained by Firestone30 in 
a study of water vapor containing T20  and D2. 
Third, the “ average spur.”  presumed to contain 6  
radicals, 14 is presumed also to contain 3 ions. 31 
Noting the value W (H20 ) , the energy per ion pair 
for water vapor, ~  30 e.v . 32 it follows (if one may 
use the same value for liquid water33) that the en
ergy per average spur is 90 e.v. Unless W (H20)iiquid 
is really only about * / 2 TF(H20 )gas and if ionized 
molecules are the sole source of radicals, one might 
expect for both Co60 7  and low-energy X-rays, 
on the basis of the Ganguly-Magee model, a maxi
mum value

The alternative view is that excited water mole
cules contribute significantly to the radiolysis of 
liquid water; under any circumstances, they ap
pear to participate significantly in the radiolysis of 
water vapor. The assumption that all ionized and 
excited molecules contribute to the radiolysis of 
water vapor leads to the maximum value

ro 100 | 100 Ft I I  (u )
maT T (H 20 ) +  E  L IF(H20 )J  1 1

where I  is the lowest ionization potential, 12.56 
e.v . 34 and E  the lowest excitation potential, 6.5 
e.v . 35 of water vapor. Thus, G°max =  12.2, which 
may be compared with the Firestone value G° =
11.7 ± 0 6

4.4. Values of the “ Exponent.” — In the Magee 
treatment, —log (S — S0) is plotted against —log q. 
A series of curves is obtained which depart only 
slightly from straight lines; the average slopes are 
characteristic of the number of spurs per ionization 
track and of the nature of the impingent particle. 
In an equivalent treatment, the log of the decrease 
in G(H20 2), i.e., log [— AG(H20 2)], may be plotted 
as a function of log cs. Any error in the absolute 
value of G(H20 2) is without effect on the slope. 
Thus, this sort of plot permits comparison of ex
periment with theory without introduction of any 
additional calculations or assumptions regarding 
dose measurement or determination of G(H20 2). 
Such plots exaggerate the significance of small ex
perimental errors, particularly at low cs. On the 
other hand, the method does enable establishment 
of the average exponent in the approximate relation

G(H20 2) is ft(H 20 2) -  k c j  (12)

where (ft(H20 2) refers to the yield in absence of hal
ide. Table IV summarizes the values of f.

The fit of the data on the Sworski3 type of plot, 
G(H20 2) vs. car, is shown in Fig. 3. The values of 
f  are in obviously good agreement with the predic
tions of the Magee treatment, except (c/. Section
t h e  fa c t o r  1 .5  is  r e d u c e d  t o  a b o u t  1 .2  a n d  th e  c a lcu la te d  G° v a lu e s  
w o u ld  b e  th u s  th r u s t  e v e n  fa r th e r  a p a rt .

(3 0 )  R .  F .  F ir e s to n e , J .  Am. C h e m . S o c . ,  7 9 , 5 59 3  (1 9 5 7 ) .
(3 1 )  E. K a r a -M ic h a i lo u a  a n d  D. E. L ea , P r o c .  C a m b r id g e  P h i l .  S o c . ,  

3 6 , 101 (1 9 4 0 ) .
(3 2 )  A .  K . A p p le y a rd , N a t u r e ,  1 6 4 , 8 3 8  (1 9 4 9 ) .
(3 3 )  C f .  U . F a n o , P h y s .  R e v . ,  7 0 , 44  (1 9 4 6 ).
(3 4 )  W . C. P r ic e  a n d  T .  M .  S u g d e n  T r a n s .  F a r a d a y  S o c . ,  4 4 , 1.08 

(1 9 4 8 ) .
(3 5 )  H .  S p o n e r , “ M o le k u ls p e k tre n  u n d  ih re  A n w e n d u n g  a u f 

C h e m is c h e  P r o b le m e , V o l .  I ,  T a b e l le n ,”  V e r la g  v o n  J u liu s  S p r in g e r , 
B e r lin , 193 5 , p . 102 ,
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4.1) that nothing in the present state of the model 
would lead to the expectation that the f  value for 
“ 24 Mev.”  X-rays should exceed that for Co60 y- 
rays.

T a b l e  I V

V a l u e s  o f  t h e  “ E x p o n e n t , ”  f ,  f o r  .D i f f e r e n t  R a d i a 

t i o n s

R adiation c i-
Scavenger----- -

B r -

“ 24 Mev.” X-rays 0.38 0.38
Co60- 7 .34 .32
50 kev. max. X-rays .26 . 26
3.4 Mev. a .15 .15

Conclusion
In many respects the data for effect of scavenger 

in the radiolysis of water show results in agree
ment with the Ganguly-Magee and Magee treat
ment of the expanding-spur theory. However, 
more detailed quantitative examination of the 
results show curious discrepancies which will

ultimately require some refinement of the mode 
and which may reveal some presently unexpected 
features of the mechanism of the radiolysis of liquid 
water.

It appears clear that both ions and excited 
molecules contribute to free-radical formation in 
the cases studied but that some reverse reaction of 
free radicals occurs so rapidly that it is inaccessible 
to the effect of scavenger.
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RADIATION CHEMICAL PROCESSES IN RIGID SOLUTIONS
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Gamma radiolysis of rigid solutions of aromatic molecules in paraffin solution at 77°K. results in the formation of aromatic 
radicals which have been trapped and identified by means of their electronic absorption spectra. Studies of the radicals 
which result from the radiolvsis of toluene and a number of its derivatives show that although the primary fission processes 
are very similar to those which follow irradiation at 2537 A . there are also significant differences. G-values of formation 
of triphenylmethyl from solutions of triphenylmethane have been determined and it is shown that dissociation of the solute 
is brought about principally by energy transferred from the solvent and that the efficiency of this transfer is 800 1. solvent/ 
mole solute.

The absorption of ionizing radiations is an un
specific process and most of the energy taken up by 
a dilute solution is absorbed by the solvent. The 
matrix isolation technique therefore appears less 
promising for the study of primary radiation chemi
cal processes than for photochemical processes 
since, in the former case, the trapped primary 
products which are observed might be expected to 
arise principally from the matrix rather than from 
the solute. For this reason, although studies of the 
free radicals which result from the photochemical 
dissociation of a solute in a dilute rigid solution are 
of great value in the elucidation of primary photo
chemical processes1 - 3  most radiation chemical 
studies using the trapped radical technique have 
been concerned with pure substances. 4 '6

A system which has proved particularly appro
priate for the study of primary photochemical 
processes is one in which an aromatic molecule, 
especially toluene or one of its derivatives, is dis
sociated by ultraviolet irradiation in dilute solutions 
at low temperatures. Most of the benzyl type 
radicals which result from such dissociations have

(1) G, N. Lewis and I). Lipkin, J. A m . Chem. Soc., 64, 2801 (1942).
(2) I. Norm an and G. Porter, Proc. R oy. Soc. (London), A230, 399 

(1955).
(3) G. P orter and E. E . Strachan, Trans. Faraday S oc., 54, 1595 

(1958).
(4) C. F. Luck and W . G ordy, J . A m . Chem. Soc., 78, 3240 (1956).
(5) M . S. M atheson and B . Sm aller, J . Chem . P h ye., 23, 521 (1955).

been identified spectroscopically and the main 
features of the primary photochemical dissociation 
at the /3-bond have been elucidated. 3 In the 
present work we have extended this type of study 
to the primary processes of radiation chemical 
dissociation. Contrary to the considerations of the 
last paragraph we have found that the species 
which are trapped and observed under these con
ditions are few in number and remarkably specific. 
It appears that energy absorbed by the solvent, 
results in dissociation of the solute, even when the 
latter is in concentrations as low as 10” 3 M  and 
when the solvent is quite rigid. Further, of the 
many primary products of solute dissociation which 
are energetically possible, only one is observed in 
most cases.

Experimental
The basic experimental technique was that of Norman and 

Porter2 except that the ultraviolet source was replaced by 
one for 7 -irradiation.

A quartz cell of 12.5 mm. path length was used to contain 
the solutions which were always outgassed before freezing 
in liquid nitrogen. The cell could be clamped rigidly in a 
fixed position in a large Dewar flask of liquid nitrogen which 
was placed in front of a Co-60 7 -ray source of approximately 70 
Curie. Dose rates of up to 2.6 X 104 rad./hr. could be ob
tained and were measured by means of the standard ferrous 
sulfate dosimeter.6 After irradiation, the cell containing

(6) G. Weiss, “ Peaceful Uses of Atomic Energy,”  14, 179, United
Nations (1956).
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the frozen solution was transferred to a Dewar vessel con
taining liquid nitrogen, the design of which is shown in Fig. 
1. It is made up of several easily replaceable parts and has 
a number of advantages over the original all quartz spec
troscopy Dewar of Norman and Porter.

Spectra were recorded using a Hilger E484 spectrograph 
and Selochrome plates in conjunction with either a tungsten 
lamp or a hydrogen discharge lamp. For the quantitative 
work on triphenylmethane a Unicam SP500 spectropho
tometer, which had been modified to take a pair of spec
troscopic Dewars in place of the normal quartz cells, was 
used. Super purity quartz, which does not discolor when 
irradiated, eventually was used for the cells. In earlier 
runs, where the super purity quartz could not be used, cor
rection for the quartz absorption was applied and any dis
coloration was removed by heating the cell at the comple
tion of each experiment.

The solvents used to form glasses were E.P.A. (ether, 
isopentane and ethanol in the proportions 5:5:2 by volume) 
and M.P. (methylcyclohexane and isopentane in the pro
portions 2:3 by volume). They were carefully purified and 
dried. 2 Pure samples of a number of solutes used in similar 
photochemical work8 were supplied by Dr. E. Strachan, 
namely benzhydrol, benzyl chloride, benzylamine, benzo- 
trichloride, diphenylmethane, triphenylmethane, i-butyl- 
benzene and isopropylbenzene. Ethylbenzene was purified 
by the method of Vogel7 and other solutes by fractional dis
tillation or recrystallization.

Results
Preliminary Observations.— Irradiation of the 

pure solvents E.P.A. and M.P. at —196°, with 
doses similar to those used in the later work on 
solutions (4 X 105 rad.), produced no permanent 
change which could be detected by ultraviolet 
spectroscopic or chromatographic analysis of the 
liquid after warming to room temperature. The 
rigid E.P.A. glass, after irradiation, showed an 
intense absorption throughout the visible and 
ultraviolet region which remained as long as the 
glass was held at —196°. The glass was violet in 
color after short irradiations and became quite 
opaque in a 1 cm. path after a dose of 1 0 5 rad. 
The color disappeared completely as the tempera
ture of the glass was raised to softening point. 
The absorption spectrum extended from 7000 A. to 
shorter wave lengths and may arise from “ trapped 
electrons” or from radicals such as CH3CHOH . 8 
The E.P.A. glass is clearly unsuitable for the ul
traviolet spectroscopic study of y-irradiated solu
tions.

The pure hydrocarbon M.P. glass showed no 
such effect on irradiation at —196° and remained 
quite transparent throughout the visible and 
quartz ultraviolet region of the spectrum after a 
dose of 4 X 105 rad. It was therefore used for 
all subsequent investigations.

Irradiation of solutions of various aromatic mole
cules in M.P. glass at —196°, followed by spectro
scopic investigation at the same temperature, 
showed characteristic sharp banded absorption 
spectra which disappeared when the glass was 
brought to room temperature and which closely 
resembled the spectra of benzyl and its derivatives, 
found after photolysis of the same compounds. 
The spectra were, in most cases, more intense than 
the strongest absorptions so far obtained in photo
chemical studies of rigid solutions, using the same 
path length and were comparatively free from other 
diffuse absorption spectra such as those of hexa-

(7) A. I. Vogel, J. Chem. Soc., 607 (1948).
(8) M . C . R . Sym ons and M . Townsend, J. Chem. P h ys., 25, 1299 

(1956).

Fig. 1.— G = quartz/Pyrex graded seal; J,, J2 =  stand
ard joints; Q = quartz windows; T = vacuum tap. Optical 
dewar vessel used for ultraviolet absorption spectroscopy.

triene derivatives. The spectra of these solutions 
showed no measurable permanent change after 
warming, except for some small continuous absorp
tion at shorter wave lengths in a few cases which 
was, however, generally much smaller than in the 
corresponding photochemical experiment, in spite 
of the greater concentration of radicals originally 
present in the irradiated glass.

On warming the glassy solutions after irradiation, 
the rise in temperature was accompanied by an 
emission of light, readily visible in subdued day
light. The glow was quite separate and readily 
distinguishable from that of quartz, being more 
intense, of different color and observed over a dif
ferent temperature range. Furthermore, the warm
up glow of the solutions varied in color from one 
solute to another. For example the luminescences 
of solutions of toluene, benzyl chloride and ethyl
benzene solutions were green, whilst those of t- 
butylbenzene and diphenylmethane were pale 
yellow. The warm-up glows must therefore involve 
the solute molecule or its products but their origin is 
not yet known. There is no correlation with the 
observed radical spectra since not only solutions of 
benzene and chlorobenzene but also the pure
M.P. solvent showed a luminescence after irradia
tion. On the other hand no phosphorescence of 
comparable intensity was observed on warming 
irradiated E.P.A. glass. Attempts to record the 
spectrum of the warm-up glow were not successful.

Identification of the Absorption Spectra and Dis
sociation Processes.— As already mentioned, the 
solutions investigated showed absorption spectra 
which closely resembled those obtained after ultra
violet irradiation under the same conditions. There 
were, however, significant differences. For exam
ple rigid carbon disulfide solutions, which yield the 
CS radical after short exposure to ultraviolet light, 
showed no such spectrum after y-irradiation, al
though some changes took place as evidenced by 
a weak continuous absorption, a green color of the 
solution which disappeared on warming, and a smell 
of garlic in the products. Again, rigid solutions of
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B en zyl chloride

tt-Ciilorobenzyl

B  en z al chloride

a.tt-Dichlorohenzyl

Benzotrichloride

or,o:-Dichlorobenzyl

Toluene

B e n z y l

D iphenylm ethane

D iphenyîm ethyl

Triphenylm ethane 

Triphenylm ethyl

Fig. 2.—Radical spectra resulting from the radiolysis of 
aromatic molecules at 77 °K. In each case the first spectrum 
is recorded before and the second after irradiation of the 
rigid solution.

benzene which, when subjected to ultraviolet 
irradiation, yield intense absorption bands at
tributed to Lexatriene, showed no such spectrum 
after 7 -irradiation.

On the other hand toluene and its derivatives 
gave strong banded absorption spectra when ir
radiated with 7 -rays in M.P. solution at —196°. 
Their assignments and relationships to spectra 
observed under similar conditions after photolysis 
provide information concerning the primary proc
esses taking place. Three classes of compound 
have been investigated in which the hydrogens of 
the methyl group of toluene are successively sub
stituted by phenyl, chlorine and methyl, respec
tively. Typical spectrographic records of the 
glasses before and after irradiation are shown in 
Fig. 2.

Phenylmethanes.— These compounds, and the 
related molecule benzhydrol, gave absorption 
spectra whose main bands were identical, within 
the limits of measurement, with those obtained 
from the photochemical dissociation of the same 
compounds in M.P. glass. The identity was con
firmed by direct comparison of the plates and, in 
the case of triphenylmethane, by spectrophoto-

metric measurements. Wave lengths of band 
maxima, with approximate relative intensities on 
a scale of ten, are given in Table I. The measure
ments were made independently on each plate and 
the error in wave length is estimated at about ±  
5 A. for the sharp bands and ±  10 Â. for the broader 
bands.

The assignments of the main absorption bands 
to benzyl, diphenyîmethyl and triphenylmethyl 
can be made with confidence in view of the evidence 
already put forward in support of those assignments 
by Porter and Strachan. 8 The assignment of the 
radical from benzhydrol to diphenyîmethyl can
not however be considered definite until the spec
trum of the semipinacone is known. Some of the 
weaker unidentified bands may also belong to the 
same radicals since the absorption was stronger in 
the 7 -ray work and the weakest bands would have 
been below the limit of detection in the photo
chemical experiments. In at least one case, that 
of toluene, there are bands at longer wave lengths 
which are absent after photochemical dissociation 
and which cannot be attributed to the benzyl 
radical.

Chlorine Substituted Derivatives.— The radical 
spectra from the three compounds of this class, as 
well as from toluene itself, were very similar, con
sisting principally of one strong band and a weaker 
doublet at shorter wave lengths. The spectra 
derived from benzal chloride and benzotrichloride 
were identical within the accuracy to which plates 
could be compared. The spectrum derived from 
benzyl chloride was definitely different from these 
and from that of benzyl. These facts, and com
parison with the wave lengths of the radical spectra 
previously measured, lead to the assignments of 
radicals formed which are given in Table II.

There were very few additional bands from the 
chlorinated molecules but a weak band at 3179 A. 
obtained from benzyl chloride may indicate that a 
small amount of benzyl also is formed.

Comparison with the photochemical dissociation 
processes of these molecules reveals that, unlike 
the previous class of phenylmethanes, the chlorine 
compounds show differences in their behavior to 
7  and to ultraviolet irradiation. The clearest 
example of this difference ois found in benzyl 
chloride which with 2537 Â. irradiation, yields 
benzyl whilst, with 7 -rays, little or no benzyl 
is found and C6H6CHC1 is the main product 
observed. Only in toluene and benzotrichloride 
are the products the same with both kinds of ir
radiation. The d-bond fission processes of these 
molecules therefore depend on the type of irradia
tion. With 7 -irradiation the H atom separates 
in preference to the chlorine atom whilst the 
converse is true with ultraviolet irradiation.

Ethyl-, Isopropyl- and i-Butylbenzenes.— The 
band maxima of radicals derived from these hydro
carbons, with their probable assignments, are given 
in Table III. These spectra were weaker and 
more diffuse and there were also some relatively 
intense additional bands so that the assignments 
are less definite than in the two previous classes of 
compound. Again, however, the spectra from iso
propyl- and ¿-butylbenzene were quite different
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M olecule
B and max. assigned 

to radical X (A.) R adical
Unassigned band 

max. X (A.)

C6HbCH3 3179(10) 3071(3) 3044(3) C0H5CH0 3339 (4) 3242 (2)
(CcHb)2CH2 3365(10) 3314(2) (C6H5)2CH 3270 (2) 3237(2)

(C6H5)2CHOH 3377(10) 3333(2) (C6H6)2CII
3121(6) 3015(2) 
3252(1) 3111(0)

(CJbbOH 3425(10) 3293(2) (CcH5)3C
3067 ( l) 
2790-2800(6)

M olecule

T a b l e  II
B and max. assigned 

to radical X (A.) R adical
Unassigned band 

max. X (A.)
c 6h 5c h 3 3179(10) 3071(3) 3044(3) CcH5CH2 3339 ( 4) 3242 ( 2)
c 6h 6c h 2ci 3225(10) 3112(3) 3075(3) CgHsCHCI 3179(2) 2904(1)

o 6h / : iio i2 3243(10) 3131(3) 3105(3) C0H5CC12
2959(1)
3334(1)

CsH5CCIj 3243(10) 3137(3) 3101(3) C6H5CC12

M olecule

T a b l e  III
B and max. assigned 

to radical X (A.) R adical
Unassigned band 

m ax. X (A.)
CeHsCHaCHs 3236(10) 3163(2) 3098(2) OgH5CHCH:i 3355(2) 3328 (6 )

C6H5CH(CH3) 2
3078 (4) 
3245(10) C6H5C(CH3) 2 3439(4) 3325(10)

C6H6C(CH3) 3 3313(10) 3228(7)

from benzyl derived from toluene whilst the radical 
spectrum derived from ethylbenzene was unique 
and showed no bands of benzyl. The correspond
ing spectra obtained after ultraviolet irradiation 
of these substances are also relatively weak and 
have been measured in E.P.A. solution only, 
but it seems probable that the principal processes 
of /3-bond fission are the same with both types of 
irradiation and that the hydrogen atom separates in 
preference to the methyl group.

All the /3-bond fission processes discussed and 
given in Tables I, II and III are summarized by the 
following statement. The 7 -irradiation of solu
tions of toluene and its derivatives in rigid M.P. 
solution leads to fission of a /3-bond, and, when more 
than one type of /3-bond is present in such a mole
cule, the probability of separation of a hydrogen 
atom is greater than that of CH3, C2H6 or a chlorine 
atom.

This is the same as was found for ultraviolet 
irradiation under similar conditions with the 
important exception that the order of probabilities 
of fission of C-H  and C-Cl bonds is reversed.

(7-Values and their Concentration Dependence. 
—-The (7-values of radical formation have been 
studied for the formation of triphenylmethyl from 
triphenylmethane. This particular case was chosen 
first because its photochemical quantum yield has 
been determined under similar conditions and 
second because triphenylmethyl is the only one of 
the radicals which we have studied whose absolute 
extinction coefficient is known, having been meas
ured at 77°K. by Chu and Weissman. 9

Solutions of triphenylmethyl in M.P. were ir
radiated for 1G hours under identical conditions at 
— 196° and the concentration of the triphenyl
methyl radical formed was measured in the modi
fied Unicam spectrophotometer, the comparison 
cell containing an identical solution which had not 
been irradiated. The dose rate in these runs, deter-

(9) T . L. Chu and S. I. W eissm an, J . Chem. P h ys., 22, 21 (1954).

mined by standard ferrous sulfate dosimetry, was
2.6 X  104 rad./hr. and the total dose was 4.2 X  105 
rad After small corrections for the different ab
sorption coefficients of the solutions this leads to a G- 
value of triphenylmethyl formation from a 5.33 
X 10~ 3 molar solution of triphenylmethane of 0.17 
radicals/ 1 0 0  e.v.

The (7-value of 0.17 is calculated per 100 e.v. of 
energy absorbed by the solution. Most of this 
energy is absorbed in the first place by the solvent, 
the proportion absorbed by the solute, calculated 
on the basis of absorption of energy by Compton 
scattering, is equal to the ratio of electron densities 
in solute and solvent and is 1.7 X 10" 3 for a 5.33 
X 10 ~3 M  solution. The energy used in the dis
sociation of the solute must therefore be derived 
mainly from energy originally absorbed by the 
solvent.

Further evidence that energy transferred from the 
solvent is mainly responsible for dissociation of the 
solute was obtained from studies of the radical 
yield as a function of solute concentration. Owing 
to the fact that the 7 -ray source is no longer avail
able to us we have not yet been able to obtain as 
complete data on this important factor as we would 
wish. The data so far available are, however, 
sufficient to show that the radical yields are not 
proportional to solute concentration, as would be 
the case if only energy absorbed by the solute were 
utilized for dissociation, but tend to a limiting value 
at higher concentrations, indicating that the process 
of energy transfer from the solvent is approaching 
unit efficiency. The radical yields, as a function of 
solute concentration, are shown in Fig. 3.

Discussion
There is much previous evidence to show that 

radiation chemical change in a solute may be 
brought about as a result of energy originally 
absorbed by the solvent. The particular signifi
cance of studies of such effects in rigid solutions,

0
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Ccncn. (C6H5)3CH X 10-3, M.
Fig. 3.—Variation of triphenylmethyl radical concentration 

with triphenylmethane concentration at constant dose.

apart from the directness of the observation of the 
intermediate products, lies in the fact that processes 
involving molecular diffusion are eliminated.

The energy absorbed by the matrix or solvent M 
appears as potential energy of separation of ions 
M + and electrons and of free radicals, as electronic 
excitation of matrix molecules and as residual 
kinetic energy of these products, particularly as 
sub-excitation electrons. 10 At least one of these 
forms of energy must be transferred, in the present 
experiments, to the solute molecules which are in 
relatively low concentration in the rigid solvent. 
We shall describe the energetic product or products 
whose energy is transferred to the solute by the 
symbol X x and all other products derived from 
irradiation of the solvent by P

M — vv-> x *  fa
M ------- P fa

Now X x may lose its energy by the matrix or 
may transfer it in some way to the solute A 

X* +  M = X  +  M or other products fa 
X x +  A = X  +  Ax fa

and Ax may dissociate to give the observed radical 
R  or undergo some other change not forming R

A* = R fa
A* =  A or other products fa

Finally, in more concentrated solutions, radicals 
may be formed by direct irradiation of the solute 

A •— R fa
Steady-state treatment of this scheme leads to 

the following expression for the concentration [R] 
of radicals formed in unit time

[R] fafafajA] [M]
(fa +  fa)(fa[M] +  fa[A]) +  MlAJ

when hi and fc7 are the rates of reactions 1 and 7 for 
unit concentrations of M and A, respectively.

In dilute solution fc7 [A]<<fci[M] and the second
(10) R. L. Platzman, R a d i a t i o n  R e s e a r c h ,  2 ,  1 (1955).

term in this expression is negligibly small. Then
1 _  fa , fafa ,___ J_ , fa

[R] -  fafa(A] +  fafafa(A) ' ARM] ^  fafalM]
A plot of 1 /  [R] versus 1 /[A ] should therefore be 
linear for dilute solutions and

Intercept
Slope

ki
1. mole 1 = P o

P 0 is the energy transfer probability for unit 
solute concentration.

The data of Fig. 3. are in accord with this rela
tion and lead to the value
P0 =  8301. mole-1  = 7000 molecules solvent/molecule solute 
i.e., the probability of transfer of the energy to a 
molecule of triphenylmethane is approximately 
7000 times greater than that of its degradation by 
a solvent molecule.

In addition to the efficiency of the energy trans
fer process from X x to A there are indications that 
the intermediate X x must be formed efficiently in 
process 1 and is a major product of the primary 
processes. The quantum yields of photochemical 
dissociation of aromatic hydrocarbons are usually 
small and the quantum yield of the particular 
process under consideration, viz., the dissociation 
of triphenylmethane to triphenylmethyl radicals 
in a rigid glass at —196°, has been measured and 
found to be 0.01 at 2537 Â . 3 If Ax in our present 
scheme were identical with the excited triphenyl
methane formed by 2537 À. irradiation, i.e., 
the lowest excited singlet state, it would follow 
that the G-value of formation of Ax at high con
centrations of A was ~ 2 0  and that since the excita
tion potential of the first singlet state in triphenyl
methane is 4.6 e.v. , 11 more than half the total 
energy absorbed by the solution is used in excita
tion of the solute. In fact Ax probably contains 
considerably more energy than the molecule 
excited by 2537 À. light and may therefore have a 
somewhat greater dissociation probability.

Although molecular diffusion processes are elimi
nated in the present experiments several alterna
tive explanations of the energy transfer mechanism 
are possible. Discussion of these will be postponed 
until further data on the concentration dependence 
of radical yield become available. The results of 
this present investigation show that studies of 
trapped radicals formed by radiolysis of dilute 
rigid solutions provide a promising approach to the 
study of primary radiation chemical processes and 
energy transfer.

We are grateful to the director and staff of the 
David Morrison Research Department, of the 
Sheffield National Centre for Radiotherapy, for the 
opportunity of using their Co60 source. We are 
also grateful to the General Electric Research 
Laboratory of Schenectady, N.Y. for financial 
support which made this work possible.

(11) R . A. Friedel and M. Orobin, “ Ultraviolet Spectra of Aro
matic Compounds,”  John W iley and Sons, Inc., New York, N. Y., 
1951.
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THE RADIATION-INDUCED POLYMERIZATION OF ISOBUTENE: 
A LIQUID PHASE IONIC REACTION
By E. Collinson, F. S. D ainton and H. A. Gillis

Department of Physical Chemistry, The University, Leeds 2, England 
R e c e i v e d  F e b r u a r y  14, 1 9 6 9

Ivew evidence is presented in support of the suggestion that the 7 -ray induced polymerization of liquid isobutene at —78° 
proceeds solely by a cationic mechanism. Attempts to polymerize isobutene at —78° with free radicals from the photolysis 
of diacetyl, benzoin and benzil were unsuccessful but the benzil solution irradiated with ultraviolet light at 77°K. was shown 
by electron spin resonance measurements to give rise to radicals from the isobutene. Isobutene irradiated in the pure state 
at a 7 -ray dose rate of 7 X 10" e.v. ml. “ 1 min. “ 1 polymerized with fff-C Jh) = 3.0 ±  1.7 X 102. Solutions of FeCh, 
DPPH, benzoquinone and iodine in isobutene were also irradiated with 7 -rays. Of these solutes, only benzoquinone reduced 
the polymerization rate to zero, and DPPH had no significant effect. The effects of FeCb and I2 on the polymerization 
were complicated by other factors. The measured yields of conversion of the solutes after irradiation were Cr(-DPPH) =
3-J ±  0 .2 , (7(FeCri)) = 3.0 ±  0.5 and <7(-Q) = 1.5 ±  0 .2 . The electron spin resonance spectrum of isobutene irradiated 
with 7 -rays at 77°K. showed the presence of H atoms which disappeared rapidly, and a more stable radical, the spectrum of 
which consisted of 6  peaks having an over-all spacing of 158 gauss at the operating frequency of 9400 Me. sec.-I . The 
same six peak pattern was obtained from cyclopropane irradiated with 7 -rays at 77°K. and from a solution of benzil in iso
butene irradiated with ultraviolet -ight at 77°K. Jt is concluded that the radical responsible for this spectrum is either 
the cyclopropyl radical or the methyl substituted allyl radical, the latter being the less likely. The most likely initiating 
ion is considered to be (CHs)sC+, and a mechanism consistent with the available data is proposed.

Introduction
In 1947, after some 37 years of active work in 

Radiation Chemistry S. C. Lind1 summarized 
the mechanistic dilemma in the words “ Generally 
two ideas have dominated the theory of radiation 
chemistry: One is that the ions themselves are the 
direct agents in the reactions. There is a great deal 
of exact quantitative evidence in favor of this 
theory but little theoretical support. A second 
idea that has had great support in recent years is 
that the chemical effects of radiation are brought 
about by the action of free radicals or atoms. 
There is strong theoretical but little experimental 
evidence of quantitative character supporting 
this view.”  Whilst it is still true that there is 
convincing experimental evidence supporting the 
first idea, at least in relation to certain gas phase 
reactions, the application of modern physical and 
chemical methods of radical identification and esti
mation during the past 1 1  years has demonstrated 
that radicals and atoms are essential intermediates 
in the vast majority of radiation-chemical reactions 
in the liquid phase. Although recent studies, 
especially those concerned with mass spectrometry, 
serve as a reminder that the essential radicals 
originate in part from earlier reactions of ions 
with molecules or from breakdown of unstable 
molecular ions or from charge neutralization proc
esses, it is difficult to specify a single radiation- 
chemical reaction occurring in an organic liquid 
for which ions are the sole cause of the major chem
ical change observed. In the main this difficulty 
stems from the scarcity of reactions for which a 
radical mechanism could not give rise to some, if not 
all, of the observed products. Our purpose in 
this paper is to consider whether the radiation- 
induced polymerization of liquid isobutene is a re
action which can only proceed by an ionic mecha
nism, as proposed by Davison, Pinner and Wor- 
rall. 2

Isobutene may be polymerized in the vapor or 
liquid phase either by radiation or by Friedel-

(1) S. C. Lind, T his J ournal, 52, 437 (1948).
(2) W. H. T . Davison, S. H. Pinner and R. Worrall, C h e m is t r y  a n d  

I n d u s t r y ,  1274 (1957).

Crafts type catalysts. 3 As might be expected for 
a monomer of such low heat of polymerization the 
vapor phase polymerization at temperatures slightly 
above room temperature is accompanied by de
propagation reactions which are largely responsible 
for the marked negative temperature coefficient. 4 5 
The polymerization of pure liquid isobutene at 
room temperatures and below is free from this com
plication, is very readily induced by traces of 
Friedel -Crafts catalysts and is one of the classic 
examples of polymerization by the cationic mech
anism. Polymerization of liquid isobutene by a 
free-radical mechanism has not been observed 
and radical-initiated copolymerization experiments 
with, for example, vinyl chloride6 and sulfur 
dioxide, 6 indicate that the isobutyl radical has no 
tendency to add to an isobutene molecule.

The work of Davison, Pinner and Worrall2 
on the polymerization of liquid isobutene, initiated 
by irradiation with 60Co y-rays or 2 Mev. electrons, 
indicated that the polymer formed is indistin
guishable from that produced by chemical initiation. 
On the other hand the G-value for chain initiation 
(calculated from the rate and the viscosity average 
molecular weight on the assumption that chain 
transfer is absent) is very low (about 0 .1 ) unless a 
solid such as zinc oxide is present, when it may 
become as large as 2.8. In the absence of added 
solids the rate of polymerization is proportional to 
the dose rate, as would be expected for an ionic 
reaction. In contrast, oxygen and benzoquinone, 
two classical inhibitors of free-radical polymeriza
tions, also inhibited this reaction.

Experimental
Materials.—Isobutene from a cylinder supplied by The
(3) (a) Vapor: Radiation— W . Mund and P. Huyskens, B u l l ,

c l a s s e  s c i .  A c a d .  r o y .  B e l y . ,  36, 610 (-950); W . Mund, C. Guidee and 
J. Vanderauwera, i b i d . ,  4 1 , 805 (1955); (b) Vapor: BF3 A. G.
Evans, G. W . Meadows and M . Polanyi, N a t u r e ,  1 60 , 869 (1947); 
(c) Liquid: radiation— Ref. 2 above; S. H. Pinner and R. Worrall, 
J .  P o l y m e r  S c i . ,  34, 229 (1959); (d) Liquid: Friedel-Crafts catalysts 
— see D. C . Pepper, Q u a r t .  Revs., 8, 8 8  (1954).

(4) F. S. Dainton and K . J. Ivin, i b i d . ,  12, 61 (1958).
(5) A. G. Evans and M . Polanyi, J .  C h e m . S o c . ,  252 (1947).
(6 ) L. L. Ryden and C. S. Marvel, J .  A m .  C h e m . S o c . .  57, 2311 

(1935).
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Distillers’ Company Limited was fractionated at reduced 
pressure through a 3-foot vacuum jacketed column packed 
with Fenske helices and provided with a vapor take-off. 
The condensate was dried by agitation over specially pre
pared barium oxide and stored under vacuum.

Commercial samples of diacetyl, resublimed iodine and 
British Oxygen Company cyclopropane were used as re
ceived. Commercial samples of benzil and benzoin were 
recrystallized from ligroin and ethyl alcohol, respectively. 
Diphenylpicrylhydrazyl (DPPH) was kindly provided by 
Dr. K. E. Russell and had been recrystallized from solution 
in a mixture of pure benzene and chloroform. The benzo- 
quinone was a commercial sample which had been recrys
tallized from ligroin and dried under vacuum. Ferric 
chloride was prepared by the action of dry chlorine on very 
pure iron wire and subsequently purified by sublimation 
into small glass bulbs provided with break-seals.

Apparatus.—The source consisted of 1800 curies “ Co. 
Two types of irradiation cell were used. The cells for 
following the course of the polymerization dilatometrically 
consisted of test-tubes, 11 mm. i.d. and containing 6 ml., 
sealed to precision bore capillary tubing of 1 .0  mm. i.d. 
For experiments in which the disappearance of radical 
scavengers was followed spectrophotometrically, the irra
diation cells were provided with a side-arm connected through 
a graded Pyrex to quartz seal to a plane ended cylindrical 
quartz cell which could be precisely fitted into the appro
priate holder of a Unicam SP 500 Spectrophotometer. 
Most of the kinetic experiments were effected on isobutene 
at —78°. Temperature control to ± 2 °  was achieved by 
immersing the bulk of the irradiation cell in a Dry Ice- 
acetone mixture contained in a transparent Dewar vessel.

Procedure.—Before all experiments the irradiation cells 
were cleaned as follows. After immersion for at least 30 
min. in a boiling mixture of nitric and sulfuric acids the cells 
were washed successively with distilled water, ammonium 
hydroxide solution and distilled water, then steamed out 
for not less than 30 min. and dried. The cell and degassing 
manifold were always evacuated for 8  hours and then flamed 
out before admission of any reagents. Weighed quantities 
of solute were distilled or sublimed into the irradiation cell 
first and followed by distillation of the required quantity 
of isobutene, which had been exhaustively deaerated by the 
usual freezing-melting cycles under vacuum. The reaction 
cell then was sealed off, time was allowed for dissolution of 
any solute, and measurement of the optical density of the 
solution at the selected wave length was measured. The 
cell was then immersed in the cryostat for sufficient time to 
ensure thermal equilibration and the irradiation was begun. 
Dosimetric measurements were made with the Fricke dosi
meter in cells of identical shape and position to those of 
the irradiation cells. The dose rates for all these experi
ments were in the range 2 to 10 X 1017 e. v . ml. _1 min._1.

Analysis.—Spectrophotometric analysis by established 
methods was used as described below.

Results
1. Failure to Achieve Free-radical Polymeriza

tion at —78°.—It was clearly necessary to eliminate 
any possibility that isobutene could undergo free- 
radical polymerization at —78°. Since there is in 
this system no suitable method of generating 
radicals homogeneously by thermal means, it was 
decided to use photosensitizers. Azo bisisobutyro- 
nitrile seemed on general grounds to be an ap
propriate substance but preliminary experiments 
showed it to be insufficiently soluble. Biacetyl 
does not suffer from this disadvantage, is known to 
be a photosensitizer for free radical polymerization 
and has the added merit of an absorption band in 
the blue (Xmax =  4200 A.) region of the spectrum. 
A solution of 0.02 ml. of biacetyl in 3 ml. of iso
butene had an optical density of 0.273 at 4200 A. 
No detectable polymer was produced wdien this 
solution wTas irradiated for a prolonged period with 
unfiltered light from a high pressure mercury arc, 
the quartz reaction vessel being immersed in a 
Dry Ice-acetone bath. After two hours irradiation

the optical density at 4200 A. had dropped to 0.05, 
suggesting that at least 80% of the biacetyl had 
been destroyed. The single absorption band wish 
a maximum at wave length 2650 A. wras partially 
replaced by two absorption bands, one of which, 
having Amax =  2900 A., was strongly reminiscent 
of the spectrum of acetaldehyde in hydrocarbon 
solution.

Similar experiments were performed with benzil 
and benzoin as photosensitizers. No polymer was 
produced when a solution of 0.0175 g. of benzil in 
4 ml. of isobutene was irradiated at —78° for one 
hour with the full light of the mercury lamp, 
despite the fact that very marked spectral changes 
indicated substantial photolysis of the benzil. 
Likewise the photolysis of a saturated solution of 
benzoin in isobutene gave no polymer in 4 hours 
irradiation, and the resulting spectrum was con
sistent with the production of benzaldehyde.

2. Kinetics of Polymerization of “Pure”  Iso
butene.— The rates of polymerization were rather 
irreproducible. Of fourteen runs performed with 
isobutene which had been subjected only to trap- 
to-trap distillation and then dried by a variety of 
methods, including distillation from a storage 
reservoir at — 78°, filtration through a fine sintered 
glass disc at —78°, distillation through barium 
oxide columns, and distillation through a column 
of sodium-coated glass helices, the fastest rate was 
30 times greater than the slowest and the standard 
deviation was 160% of the mean rate. For eight 
runs using isobutene which had been fractionally 
distilled and subjected to the same drying pro
cedure (known to be very effective in the case of 
styrene) it was found that (^(-Cdils) = (3.0 ±  1.7) 
X  1 0 2 (standard deviation) which is somewhat 
lower than the values quoted by others. 2 Some 
of this lack of reproducibility may be due to im
purities generated in the sealing off process, since 
heating of the tip of the dilatometer comparable to 
that necessary for sealing off caused a 35% reduc
tion in rate.

In other respects the experiments were very 
satisfactory. No induction periods were observed, 
the shrinkage-dose curves were linear up to 4% 
polymerization (see Fig. 1) and the separation of 
small transparent globules of swollen polymer did 
not appear to influence the reaction.

3. Irradiation of Solutions of DPPH in Iso
butene.—The molar decadic extinction coefficients 
of DPPH in isobutene at 20° were found to be
9,200 at 5100 A. and 720 at 7,500 A. As illus
trated in Fig. 2 the optical density decreases 
linearly with dose up to about 14 X iO17 e.v./ml. 
for the solution of highest concentration and then 
diminishes more slowly. This change in slope in 
the later stages of the reaction is due partly to light 
scattering by suspended polymer particles and 
partly to the fact that the products of the DPPH 
reaction also absorb light of these wave lengths. 
The initial slopes of the optical density-dose 
curves indicate that G(-DPPH) is 3.7 ±  0.2 for 
solute concentrations in the range 150 to 750 pM.

DPPH had no significant effect on the rate of 
polymerization. Thus in two pairs of runs 
G^-CiHs) for a saturated solution of DPPH in iso-

•
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butene was 20% larger and 41% smaller than 
G(-C4H8) for the samples of isobutene subjected to 
the same purification but containing no solute.

4. Irradiation of Solutions of Ferric Chloride 
in Isobutene.— Like other electron donating or
ganic substances7 isobutene will dissolve a limited 
amount of ferric chloride and the resultant slightly 
yellow solution shows an absorption spectrum char
acteristic of tetracovalent Fe(III) with a maximum 
at 3450 A. On standing, either at room tempera
ture or —78°, polymerization occurs and is ac
companied by a decrease in the characteristic 
absorption spectrum. These changes are com
paratively slow if the isobutene and ferric chloride 
are very carefully dried and therefore we presume 
they are both associated with the cationic poly
merization of isobutene catalyzed by FeCl3 and 
cocatalyzed by some unidentified substance which 
is probably water. Using drastically dried mate
rials the optical density of a solution of FeCl3 in 
isobutene irradiated at —803 diminishes linearly 
with dose at 3700, 3900 and 4000 A., up to a dose of 
about 2 X 1018 e.v. ml. “ 1 as shown in Fig. 3. 
Above this dose the separation of polymer particles 
causes deviations from linearity. If after irradia
tion the isobutene is evaporated and ethanol added, 
Fe(II) may be detected in the resultant solution by 
addition of o-phenanthroline. The mean value 
of G(Fe(II)) for the complete irradiation is then 
found to be 3.0 ±  0.5. It. is difficult to obtain 
reliable values of the extinction coefficients of 
FeCl3 in isobutene, but taking e3“ ° =  6000 and 
e4ooo = i 8 oo 1. mole“ 1 cm.“ 1, which values are simi
lar to the values in similar solvents such as hexa- 
decene-1,7 (?(-Fe(III)) may be calculated to be 3.0.

5. Irradiation of a Solution of Benzoquinone in 
Isobutene.—The extinction coefficient of benzo
quinone in isobutene is 207 1. mole- 1  cm . - 1  at X = 
3200 A. Irradiation of a 3 mM  solution resulted 
in a linear decrease of optical density with time 
until almost 50% of the benzoquinone had been 
destroyed, when the optical density decreased 
ever more slowly as the reaction proceeded (see 
Fig. 3). The constant value of G(-Q), where Q 
denotes benzoquinone, in the early stages was 1.3 
±  0.2. When benzoquinone was present no 
polymer was produced.

6. Irradiation of Solutions of Iodine in Iso
butene.—Solutions of iodine in isobutene are de
colorized on irradiation but on prolonged standing 
color is nearly completely regenerated. The optical 
density at Xmax = 4800 A. decreases linearly with 
dose up to about 4 X  101S e.v. ml. - 1  (see Fig. 3) 
after which the separation of the polymer particles 
interferes with the light absorption. The apparent 
extinction coefficient at 4800 A., based on the 
known total iodine concentration, is 61. This value 
is only about 5% of the value of the extinction 
coefficient of iodine in a number of saturated hy
drocarbons at this wave length and would lead to 
an absurdly high value for G( —12) of the order 
of 102. A reasonable, but as yet unverified, ex
planation of these phenomena is that a large 
fraction (>90%) of the iodine in isobutene exists

(7) E . A. Cherniak, E . Collinson, F . S. D ainton, G . M . A. C . M ca- 
burn and D . C . W alker, Proc. 2nd U. N . International Conference on 
Peaceful Uses of A tom ic Energy, G eneva, 1958.

Dose, e.v. X 10 M.
Fig. 1 .—Shrinkage-dose curve for “pure” isobutene at 

— 78°. Dose rate = 7 X 1017 e.v. ml. -1  min.-1; dilatometer 
bulb volume = 6 .0  ml.; capillary internal diameter = 1 mm., 
G ( -C 4HS) = 205.

Dose, e.v. X 10 14.
Fig. 2.—Decrease in optical density of solutions of DPPH 

in isobutene irradiated with “ Co y-rays at —78°: o,
[DPPH] = 155 yM  X =  5100 A., dose rate 2.0 X 1017 e.v. 
ml. -1  min.“ 1, G(-DPPH) = 3.9; « , [DPPH] = 232 yM \ = 
5100 Â., dose rate 2.0 X 1017 e.v. ml. -1  min.-1, G(-DPPH) 
= 3.6; a , [DPPH] = 719 yM  X = 7500 L ,  dose rate 2.0 X 
10n e.v. ml. -1  min.-1, G (-DPPH) = 3.7.

in the form of a complex, which may be a charge 
transfer complex, and which makes a negligible 
contribution to light absorption at 4800 A. This 
is certainly the case for other alkenes. Thus Freed 
and Saucier8 found complexing between iodine and

(8) S. Freed and K . M . Saucier, J . A m . Chem. S oc., 7 4 , 1273 (1952); 
L. J. A ndrew s and R . M . K eefer, ibid ., 7 4 , 458 (1952); J. A. A . K ete- 
laar and C . van  de Stolpe, R ec. trav. chim., 7 1 , 805 (1955).
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Dose, e.v. X 10 IS.
2 4 6 8  10 12 14 16 17

Dose, e.v. X 10 18.
Fig. 3.—Decrease in optical densities of solutions of ferrie 

chloride, benzoquinone or iodine in isobutene irradiated with 
60Co 7 -rays at —78°: o, FeCl3 = 3.9 X 10-4  M; X = 
4000 A.; dose rate = 2 X 1017 e.v. ml. -1  min.-1. If e4000 
1800 1. mole-1  cm. -1  t?(-Fe(III)) = 3.0. a , benzoquinone 
= 3 X 10- 3 Æf; X3200Â.; dose rate = 7 X 1017 e.v. mol. -1  
min.-1; □ , “ total”  iodine = 1.5 X 10- 2 Af; X 4800 A.; dose 
rate = 7 X 1017 e.v. ml. -1  min.-1.

Fig. 4.—Paramagnetic resonance spectrum at —196° of 
solid isobutene irradiated with a dose 2.4 X 10® e.v./ml. 
Separation of individual components of spectrum = 2 0  ±  1 
gauss. Ordinate is the first derivative of signal with re
spect to H.

propylene, cfs-butene-2 , iraras-butene- 2  and cyclo
propane; Andrews and Keefer8 found K  for cyclo
hexene-iodine complexes in /¿-hexane solution to 
be 3.4 1. mole- 1  and Ketelaar and van de Stolpe8 

found K  for l-i-butyl-2,2-'dimethylethylene and 
iodine in n-hexane to be 3.7, both at room tempera
ture. If the value for isobutene-iodine complex 
is 3.7 at room temperature and AH =  —200 cal. 
mole- 1  the value at —78° will still be less than 1 0  
so that a significant fraction of the iodine will be 
uncomplexed. The species destroyed during the 
irradiation is the uncomplexed iodine and after the 
irradiation the complex dissociates at a measurable 
speed replacing almost all the iodine which has

reacted and thereby increasing the optical density 
of the solution at 4800 A. to a limiting value only 
slightly less than that of the original solution. 9 
Assuming that the “ free”  iodine in isobutene has 
the same extinction coefficient at 5200 A. as the 
iodine in alkane solutions, e4800 may be calculated 
to be 1300 1. mole- 1  cm . - 1  and hence (?( — I2) =
4.8. However, in view of the displacement to 
shorter wave lengths when propylene is present, 
there may be “ contact enhancement”  of the tran
sition in iodine responsible for the band at 4800 
A°. and the value 4.8 is probably an upper limit 
for (?( —12).

7. Electron Spin Resonance of Irradiated Solid 
Isobutene.— Isobutene contained in a special high 
purity quartz capillary tube was irradiated at 
—196° and then transferred to the cooled cavity of 
an electron paramagnetic resonance spectrometer 
operating at 9400 Me./sec., which will be described 
elsewhere. Two spectra were obtained. The first 
was the normal hydrogen atom doublet of 473 
gauss which disappeared after a few hours standing 
at —196° or could be “ wiped off’"' the walls on 
which they were presumed to be adsorbed merely 
by running the palm of the hand over the outside 
of the tube. The second spectrum is shown in 
Fig. 4. It had 6  peaks and was much more per
manent, persisting for several days at —196° and 
only disappearing when the sample was warmed to 
the melting point ( — 140°).

Discussion
1. Absence of Free-radical Polymerization.—

The fact that ultraviolet irradiation of solutions of 
biacetyl in isobutene results in destruction of 
biacetyl and appearance of a band in the ultra
violet very similar to that given by acetaldehyde 
suggests that the principal processes which occur 
are

CH3COCOCH3 — 2CH3CO (1)
CH3CO +  ¿-GIF — > CH3CHO +  CiH7- (2)

Reaction 2 will be exothermic even if the acetyl 
radicals emerging from reaction 1 are not “ hot”  
because of the resonance stabilization of the 
C4Hr  radical which has the structural formula 
CH2— C— CH2. Reactions corresponding to (1)

CH3
and (2 ) probably occur also with benzoin or benzil 
as photosensitizers, since the ultraviolet absorption 
spectra indicate some production of benzaldehyde. 
On the other hand the electron spin resonance 
spectrum of a solid solution of benzil in isobutene 
which had been irradiated at77°K. with ultraviolet 
light showed two overlapping spectra. Benzil 
alone, treated in the same way, gave a single line 
spectrum which was quite distinct. One of the 
overlapping spectra, a 5-line pattern, was consistent 
with the production of an allyl type radical; 
the other, which was predominant, was the same 
6 -line spectrum as that obtained from the y-ray 
irradiation of pure isobutene. If the radical re
sponsible for the 6 -line spectrum is the same in 
each case and if this is the cyclopropyl radical

(9) Curious color loss and restoration phenom ena in iodine solutions 
arc common, see e.g., Freed and Saucier.8
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CH2— CH2 (see below), it is difficult to see how 
this is formed unless a CH3 group is removed from 
the isobutene to give acetophenone.

The absence of polymerization is not surprising 
since formation of poly-isobutene by a free radical 
mechanism has never been achieved even at higher 
temperatures than —78°. The situation is anal
ogous to that observed by Worsfold and By water10 
who were unable to achieve the polymerization of 
a-methyl styrene photosensitized by benzoin be
tween — 20 and +60°. In both these monomers 
addition of a monomer to a radical containing 2  or 
more monomer units requires an unusually high 
energy of activation because of the steric strain in
volved. It is for this reason that free radical 
copolymerization of isobutene or a-methylstyrene 
with other monomers never results in incorporation 
of more than 50 mole %  o: isobutene or a-methyl 
styrene in the copolymer. Any free radical 
polymer chains in liquid isobutene initiated by 
CH3CO-, C6H6CO-, C6H5CHOH, C3H6- or C4Hr 
will therefore be very slowly propagated but rapidly 
terminated.

2 . The Cationic Polymerization Mechanism and 
the Action of Additives.— Of the possible ionic 
mechanisms for the radiation-induced polymeriza
tion, the cationic one is by far the most likely, since 
isobutene cannot be polymerized anionically and is 
known to polymerize with great rapidity in the 
presence of suitable proton donors. Furthermore 
it has been shown11 that the first ion found in the 
acid-catalyzed polymerization of isobutene is the 

+
f-butyl ion (CH3) 3C, which, as discussed in section 
3 below, is likely to be a major constituent of the 
primary products during the 7 -irradiation of liquid 
isobutene. The structural identity of the products 
of the radiation-induced polymerization and the 
cationically-inducecl polymerization also supports 
this view.

A test of mechanism of a polymerization is that, 
in general, inhibitors of free radical and anionic 
polymerizations do not markedly influence cationic 
polymerization rates and vice versa. The fact that 
UPPH, known to be an extremely effective in
hibitor of free radical polymerization12 has no 
influence on the rate of the radiation-induced 
polymerization of isobutene, although it is evidently 
reacting, again implies that the mechanism is 
cationic. A similar interpretation can be given to 
the effect of iodine which is also a well known radi
cal scavenger and inhibitor of polymerizations cata
lyzed by free radicals, though this will be discussed 
further below. Ferric chloride is also a radical 
scavenger and a poly-radical chain terminator, 
but the concurrent cationic polymerization to 
which it gives rise prevents our drawing any con
clusions about the mechanism of the polymeriza
tion from the results given in section 4 of the Re
sults.

(10) D . J. W orsfold and S. B yw ater, p riva te  com m unication from 
Dr. S. B y w ater to F .S .D .

(11) F . S. D ainton and G . B. B . M . Sutherland, J. P olym er S ci., 4, 
37 (1949).

(12) P. J. F lory, “ Principles of P olym er C h em istry ,”  Cornell 
U niversity Press, N ew  Y o rk , N. Y ., 1953, p. 162.

Superficially the effects of oxygen2 and benzo- 
quinone (ref. 2  and above) which are also known 
inhibitors of free-radical polymerization, are anom
alous. Closer consideration leads to an under
standing of these inhibitory actions on the radiation- 
induced polymerization. Schematically one may 
write the primary radiation-chemical act as

/-OifL — vw->. R _ -| e (3)

where R+ denotes one of the many positive ions 
which are formed either directly, by ion breakdown, 
or by ion-molecule type reactions. Most of the 
secondary electrons will be recaptured within 1 0 - 1 2  
sec. in processes which lead to the liberation of heat 
or the formation of radicals. This period of time 
is far shorter than the interval between propagation 
steps so that cationic polymerization cannot occur 
unless electron recapture processes are partially 
suppressed. Pinner and Worrall2c suggest that 
solid powders such as zinc oxide and silica, the 
presence of which they found greatly to increase 
the Cf-value for chain initiation, are effective because 
they have suitable sites on which electrons can 
be retained. The excess unneutralized carbonium 
ions in the solution can then propagate poly
merization chains which will only be terminated

©
when the growing carbonium ion —C (CI1 :!)-2 
reaches the solid surface and is electrically neu
tralized by the bound electron, probably by proton 
expulsion. Although the propagation step in the 
cationic polymerization of isobutene is believed to 
be very fast, kv is unlikely to exceed 1 0 6e- 1  kcaL/ 
200B j mole sec. - 1  at —78°, and hence the interval 
between successive propagation steps in liquid iso
butene is not likely to be less than 10- 6  sec. If the 
number average degree of polymerization is 1 0 4, 
and there is no monomer transfer, the lifetime of the 
chain between initiation in the liquid and termina
tion on the solid will be about 1 0 - 2  sec., in which 
time the chain will have undergone a translational 
displacement of 10- 1  (2 D)'/: cm. Taking a mean 
diffusion constant (D) of 0.5 X 10- 6  cm.2/sec. 
as appropriate (observed value of D for serum 
albumin of mol. wt. 60,000 in water13), this distance 
becomes 10- 4cm. On the average only a small 
fraction of the secondary electrons are likely to 
escape the coulomb field of their parent ions and 
travel a distance of this magnitude to a suitable 
site, but this fraction will increase as more finely 
divided solid is added.

If this mechanism is correct the logical deduction 
would be that in the absence of solid no polymeri
zation would take place, and that some solid is 
always present which is capable of performing this 
function, even when no solid is deliberately added. 
We consider that this solid comprises the walls 
of the reaction vessel and the inevitable dust 
particles, some of which are sub-microscopic 
flakes of the friable, rough Pyrex walls. These 
particles will be present in very variable amounts 
and this variation would account for the irre-

(13) T . Svedberg and K . Pedersen, “ T h e U ltracentrifuge,”  Oxford 
U niversity  Press, 1940, p. 406. A sim ilar value of D  m ay be calcu
lated for polyisobutene of mol. wt. =  60,000 as follows. D  =  k T / 
ar,o P W / M y / iM '/ *  taking r,o = 5  X 10 3 and n */ M  =  85 X 10 "2. 
D  >  5 X 10"7 e.g.s.
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M a s s  S p e c t r u m  o f  I s o b u t e n e  

A p- R elative  abundance

No. Ion

pearance
potential

(V.)
Associated
products

R ef. 
17a 

(50 V.)

R ef. 
17b 

(50 V.)

R ef.
17c

(50 V.)

R ef.
18

(70 V.) Reaction

4 c 4h 8+ 9.35 Nil 44.5 45 51.5 47 C4H8 — e + +

5 c 4h 7+ 11.32 H 16 16 24
(CH3)2C=CH 2+ 

CH2=C (C H 3)—CH2“ +  H

6 c 3h 5+ 11.44 CHs 100 100 100 100 CH2= C —CHs +  CH3
7 c 3h 4+ 11.62 c h 4 10 11 9 c h 2—C =C H 2 +  c h 4

8 CaH,-1- 14.2 CH3 +  H2 oi 45 47 40 40 c h 2= c = c h  +  c h 3 +  h 2

9 c 2h 6+ 15
CH4 +  H 

C2H3 or 11 10 10

or CH4 +  H
CH3CH2 +  CHeeeCH +  H

10 c 2h 4+ 12.15
C2H2 -f~ H

c 2h 4 22 21 19 27
or CH2=C H .

c h r = c h 2 +  CH/=CH 2

11 c 2h 3+ 15.2 C A  +  H 22 21.5 16 25 CH2= C H  +  CH^=CH2 +  H
° Some of these ions may in fact be derivatives of isomeric methyl cyclopropane, e.g., C3H6+, given the structure CH2— 

C—CH2 may be CH2—CH.

producibility of rates referred to in section 2  of 
Results.

On this mechanism the inhibiting action of 
oxygen and benzoquinone may be ascribed to the 
fact that they are competitive electron traps. The 
electron affinity of 0 2 is 0.9 e.v.14; that of benzo
quinone is unknown but from the known stability 
of semi-benzoquinone and the quinone-semiquinone 
reduction potentials in water it seems probable that 
electrons of energy less than 0.5 e.v. will be readily 
captured by this substance. At the concentrations 
of each (~ 1 0 - 3  M) at which inhibition is complete, 
the mean separation of the inhibitor molecules will 
be about 100 A., so that the majority of electrons 
which would otherwise have become immobilized 
on a solid particle will be intercepted and trans
formed to 0 2~ or Q~. These latter entities are 
freely mobile and hence in the presence of these 
inhibitors, some 1 0  ~ 12 sec. after the passage of the 
primary particle each R+ ion will have a freely 
moving 0 2~ or Q-  ion within about 10s A. Col
lision of such oppositely charged ions will occur 
within about 1 0 - 6  to 1 0 - 6  sec., and whatever the 
nature of the products (R 0 2 or molecule +  QH) 
the carbonium ion will be destroyed before it has 
added more than a very few isobutene molecules.

The question arises as to why iodine, DPPH 
and ferric chloride cannot function in this fashion. 
We conclude that either the electron affinity is too 
low for the electron to be intercepted or that it is 
sufficiently high for the ion pair R + Additive-  
to continue chain propagation. If the latter ex
planation is correct we would expect certain soluble 
additives to be catalysts. In this connection it is 
perhaps significant that iodine which is known to 
catalyze the cationic polymerization of vinyl ethers 
because of the stability of R + I - ? ion pairs16 
does seem from Worrall’s results16 to increase the 
initiation G-value.

(14) H. O. Pritchard, Chem . Revs., 52, 529 (1953).
(lo ) D . D . E ley  and A . W . R ichards, Trans. Faraday Soc., 45, 425

(1949).
(10) R . W orrall, p rivate com m unication to F .S .D .
(17) Am erican Petroleum  In stitute, M ass Spectral D ata , Project 

44 (1948). Contributions from  (a) the N ational B ureau  of Standards;

3. The Ions and Radicals Produced in the 
Primary Act.—The most abundant ion in the mass 
spectrum of isobutene is C3HB+. The relative 
abundances of all other ions responsible for ion 
currents >  1 0 %  of that for this peak are listed in 
the Table I. These data indicate that over half 
the ionizations result in dissociation of the iso
butene to form at least one radical (CH3 or H) 
(reaction 5, 6 , 8 , 9 and 11); that molecular prod
ucts (H2, CH4, C2H2, C2H4) result from only about 
30% of the ionizations and that the most favored 
process is detachment of a methyl radical. The 
fate of the positive ions in liquid isobutene is in 
doubt. If the secondary electron returns to the 
parent ion after a dissociative vibration the fol
lowing species will be formed in a hot condition:
C4H8- c 4h 7-, c 3h 6-, c h 2= c = c h 2, c h 2= c = c i t ,
C2H6-, C2H4 and C2H3-. Of these the hot radicals 
C 3H3-, C2H5- and C2H3-, which we will designate 
R*, will almost certainly either add to an isobutene 
molecule (reaction 1 2 ) or detach a hydrogen atom 
from it (reaction 13) and each of the resultant

R* +  (CH3)2C =C H 2—

c h 3

R—CH2—¿ . (12)
I

OIL

->  RH +  CH—G—CH2

¿Hs
(13)

radicals will be relatively long lived, the first be
cause of steric repulsions and the second because of 
resonance stabilization. For this latter reason 
the radicals C4H7- and C3HB- may be sufficiently 
stable not to react as in (12) or (13). However 
there is also the possibility that one of the parent 
positive ions will surrender a proton to isobutene, 
which has a relatively high proton affinity since the 
resultant i-butyl carbonium ion (CH3)3C+ is one
(b) the Socony-Vacuum  L aboratories; (c) the Phillips Petroleum  
C om pany.

(18) D . P. Stevenson and J. A. Hippie, J .  A m .  Chem .  S oc . ,  64, 2769
(1942).
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of the most stable of the simple alkyl carbonium 
ions. The parent ion C4H8 + should be particularly 
prone to this because of the stability of the CH2— 
C(CH 3)—CH2 radical which is thereby formed. 
The most common free-radical species produced in 
the primary act are therefore likely to be the methyl

CH3

substituted allyl radical C H ^ C —CH2 and the radi
cal C 3H6-. The 6 -line pattern of the electron spin 
resonance spectrum of 7 -irradiated solid isobutene 
is not the same as the 5-line spectrum of the allyl 
radical observed by Matheson and Smaller19 and 
consequently if the radical C3H5- is produced it 
presumably exists in some other form. One pos
sibility is the cyclopropyl radical CHr-CIR

\  /
CH

which, by analogy with radicals of the type '~CH2—• 
CH—CH2'"~ may be expected to show a 6 -line spec
trum of the spread observed. 19 In support of this, 
the 6 -line spectrum given by cyclopropane ir
radiated with 7 -rays at 77 °K. coincided almost 
completely with that of 7 -ray irradiated isobutene. 
Cyclopropane irradiated with 7 -rays to a dose of 
about 1.5 X 1020 e.v. ml. - 1  also gave indications of a
5-line pattern superimposed on the much more 
marked 6 -line spectrum. At higher doses the 5-line 
pattern became less significant. This result was 
very similar to that for the photolysis of solid solu
tions of benzil in isobutene, and the spacing of the 
5-line spectrum in each case was consistent with its 
origin being the allyl radical. The 2-methyl sub
stituted allyl radical might be expected to give a 
similar electron spin resonance spectrum to that of 
the allyl radical. If this is so our observations indi
cate that the extent of its formation in 7 -ray ir
radiated isobutene is, surprisingly, negligibly 
small. An abundant positive ion will be (CH3)3C + 
and since it is known that this ion does initiate 
cationic polymerization in liquid isobutene, 11 
ions of this type, which escape neutralization 
because their conjugate electrons are captured, are 
presumably responsible for the observed radiation- 
induced polymerization.

4. Reactions of the Primary Products with 
Solutes.— Oxygen and all the solutes we have used 
are known to react readily with free radicals. In 
view of the uncertainty of the chemistry of the 
reaction with benzoquinone (see ref. 1 2 ) and un
certainty as to^the true extinction coefficient of 
iodine at 4,800 A. in isobutene solution, the radical 
yield will lie closest to G(-DPPH) and ^(-Fe(III) 
and less than G(-12). We shall accept the value of
3.4, which is not greatly different from the value 
for hexadecene- 1  (¡r; (-Fell 1)3-1). When oxygen and 
benzoquinone capture electrons the resultant 
anions will probably react with the predominant 
polymerization initiating cation (CH3)3C + to 
form (CH3)2C =  CH2 +  H 0 2 or (CH3)3C 02-

(19) B . Sm aller and M . S. M atheson, J .  Chem. P h ys., 2 8 , 1169 
(1958).

and (CH3)2C = C H 2 +  QH. If the stable semi- 
benzoquinone radical QH persists it may well react 
with the isobutyl radical or the cyclopropyl radical 
regenerating quinone, which could account for the 
fact that 2 G(-Q)<3 .4 .

Conclusions
The main conclusions to be drawn from this and 

other studies of the radiation chemistry of iso
butene are: (1 ) the polymerization is caused by 
positive ions, mainly (CH3)3C +, which escape neu
tralization by conjugate electrons because these 
electrons have been spatially immobilized about 
IO4 À. from the ion by capture on suitable sites on 
submicroscopic particles or on added inorganic 
solids; (2 ) polymerization may be suppressed by 
quinone or oxygen which capture a significant frac
tion of secondary electrons not more than 103 A. 
from the parent ion, but the resultant anions 0 2_ 
and Q- , being mobile, return to and destroy the 
(CH3)3C + ion before the latter has had sufficient 
time to add more than a very few monomer mole
cules, (3) radicals are also formed, the most im-

CH3
\

portant being CH2-C H 2 and CH2—C—CII2 and G-
\  /
CH

(radicals) =  ~3 .4 . The radicals react with 
radical scavengers 0 2, I2, Q, FeCl3 and DPPH in 
the usual way; (4) iodine may also capture elec
trons forming I2~ ions, which may combine with 
iodine atoms emerging from reaction with a 
radical to form the ion I„- . This is known to be 
sufficiently stable not to terminate poly-isobutene 
carbonium ions and iodine is therefore a mild 
catalyst of the polymerization.

These conclusions are perhaps especially ap
propriate to the occasion of Dr. Lind’s 80th birth
day. He has so often reminded us of the impor
tant role which ions play in gaseous reactions, 
whilst the prevailing fashion has been to interpret 
most of these, and all radiolyses of organic liquids, 
in terms of uncharged free radicals and atoms. 
The radiation-induced polymerization of liquid iso
butene provides a clear example of a liquid phase 
ionic reaction. It also serves as a reminder that 
so-called “ radical scavengers”  such as 0 2 and 
benzoquinone, may be acting in part as “ electron 
scavengers”  and that the over-all stoichiometry of 
the scavenger disappearance can provide no in
formation as to the relative importance of the two 
functions.
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MASS SPECTROMETRIC STUDIES OF IONIC INTERMEDIATES IN THE 
a-PARTICLE RADIOLYSIS OF THE C, HYDROCARBONS. I. ACETYLENE1

By P. S. Rudolph and G. E. M elton
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Ionic intermediates from the a-particlc radiolysis of acetylene were systematically studied as a function of pressure by 
magnetic mass separation of the ions. “ Polymeric” ions, C,|H„+ and CcH„+ have been identified and their per cent, abund
ance determined. The most probable mechanisms for formation of the observed “polymeric”  ions are evaluated.

“ Polymeric”  ions induced in the «-particle 
radiolysis of C2H2 were observed during pre
liminary investigations, 2 using a modified research 
mass spectrometer2' 3 to identify the primary ions 
formed by «-particles. The term “ polymeric” 
as used in this report refers to a chemical species 
containing more carbon atoms than the parent 
compound. The strikingly simple mass spectrum 
of C2H2 observed in this preliminary work indicated 
that a systematic study of the polymeric ions 
observed would be useful in elucidating the mech
anism for the formation of these polymeric species.

The importance of ions in radiation chemistry 
was postulated as early as 1911 by Lind. 4 These 
postulates were later overshadowed by the con
cepts of excitation and free radicals5 for udiich there 
was considerable experimental evidence from pho
tolysis studies. Because of this evidence, the role of 
ions in radiation chemistry was relegated to minor 
importance in the elucidation of chemical mech
anisms.

Despite the observation of products formed by 
ion-molecule reactions in the earliest days of mass 
spectrometry, 6 practically no systematic investi
gations of these reactions had been made until 
recently. Experimental difficulties encountered, 
principally because of the high pressure required to 
study these reactions, are largely responsible for 
the neglect of such studies. In recent years many 
investigators have made systematic studies of both 
positive7 -1 1  and negative12 ion-molecule reactions. 
The usual method7 for investigating ion-molecule 
reactions with a mass spectrometer consists of 
studying the pressure dependence of the relative 
abundance of ions formed by electrons from a hot 
tungsten filament.

The purpose of this investigation was to study 
ionic intermediates formed in C2H2 using «- 
particles as the ionizing medium. The use of 
«-particles eliminated the principal disadvantage)

(1) This paper is based on work performed for the U. S. A tom ic 
Energy Comm ission b y  Union Carbide N uclear C om pany, a division 
of Union Carbide Corporation, a t  the O ak R idge N ational L aboratory.

(2) C . E . M elton and P . S. Rudolph, J. Chem. P hys., 3 0 , 847 (1959).
(3) C . E . M elton, Gus A. R opp and P. S. Rudolph, ibid ., 2 9 , 968 

(1958).
(4) S. C. Lind, Am . J. Chem., 4 7 , 397 (1911).
(5) H. Eyring, J. O. Hirschfelder and H. S. T aylor, J. Chem. P hys., 

4, 479, 570 (1936).
(6) F. W . Aston, P roc. Cambridge Phil. Soc., 1 9 , 317 (1920).
(7) V . L . T a l’roze and A . K . L yubim ova, D oklady A kad. N auk, 

S .S .S .R ., 86, 909 (1952).
(8) F. J. Norton, N atl. Bur. Standards C irc. No. 522, 201 (1953).
(9) D . A . Hutchison, ./. Chem. Phys., 22, 1789 (1954).
(10) D. P. Stevenson and D . O. Schissler, ibid., 2 3 , 1353 (1955).
(11) C . E. M elton, ib id ., 2 8 , 359 (1958).
(12) C . E. M elton  and G us A. Ropp, J. A m . Chem. Soc., 8 0 , 5573 

(1958).

the high temperature from the hot filament, 
necessarily encountered in all previous mass spec- 
trometric studies of ion-molecule reactions. It 
was anticipated that the use of pressures, in the 
reaction chamber, higher than heretofore used would 
induce consecutive bimolecular reactions. Al
though the authors are cognizant of the importance 
of free radical and excited state reactions, their 
discussion is limited to ionic reactions for which 
their apparatus was designed.

Experimental
“ Purified”  C2H2 (99.5%) obtained from the Matheson 

Co. was further purified by the method of Fernelius, 13 giving 
C2H2 of 99.9% purity.14

The modified research mass spectrometer used for this 
study has been described in detail elsewhere.2’ 3’ 15

The spectrum of C2H2 was studied as a function of the 
pressure in the reaction chamber over a tenfold range from 
a minimum of approximately 0 .0 1  mm.

Equal aliquots of the reactant gas were condensed into 
a ballast reservoir which held each pressure constant in the 
reaction chamber. This technique gave accurate pressure 
increments although the absolute pressures were approxi
mate. Reactant ions were produced exclusively by a- 
particle emission from a Po203 source.2 The temperature of 
the reaction chamber was maintained at 23° in all of these 
studies.

Known mass spectra from C2Hf,, Ar, C02 and Kr produced 
by 75 e.v. electrons from a thoria-iridium filament16 were 
used to calibrate the alpha induced mass spectra of C2H2 at 
the end of each determination.

Results
The per cent., of ionic species observed in C2H2 as :i 

function of pressure are given in Table I. These 
data are presented as ratios of the absolute in
tensity for each ion to the total ion intensity. 
Percentages of individual ions were not tabulated 
in those cases where their absolute intensities were 
too low to be determined accurately. In most 
cases, the per cent, shown were reproducible to 
within 5% over extended periods of time.

Since primary ionization is a first-order reaction 
with respect to pressure, the per cent, of ions re
sulting from primary ionization are independent 
of pressure. The apparent disagreement of the 
data in Table I, for primary ions, with the first- 
order law indicates that these ions are enhanced or 
depleted by other reactions. Ions resulting from 
ion-molecule collision reactions are second order or 
higher, with respect to pressure, depending upon the 
number of consecutive reactions involved. Hence, 
the per cent, of product ions formed by ion-

(13) W . C . Fernelius, “ Inorganic Syntheses,”  M c G ra w -H ill Book 
Go., Inc., N ew  Y ork, N. Y ., 1946, F irst edition, V ol. 2, p. 76.

(14) C. E . M elton, M . M . Bretscher and R ussell B aldock, J. 
C h em . P h y s ., 2 6 , 1302 (1957).

(15) G . F . W ells and C . E . M elton, Rev. Sci. In s lr . , 2 8 , 1065 (1957).
(16) C . E . M elton, ibid., 2 9 , 250 (1958;.
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T a b l e  I

P e k  C e n t , of I o n ic  I n te r m e d ia t e s  in  th e  R a d io l y sis  of C 2H 2 a s  a  F u n ctio n  o f  P r e ssu r e

( f r o m  0 . 0 1  t o  0 . 1  M M . )

M a s s - f - I o n C pi ft Pz
------------------ E q u a l  in c r e m e n t s  o f  pr essure

Pi Pb Pe P , Pi P9 Pio
2 6 c 2h 2 7 7 . 9 6 0 . 6 4 9 . 1 4 1 . 6  3 4 . 1 2 8 . 2 2 2 . 9 1 8 . 2 1 5 . 0 1 3 . 1
2 7 c 2h 3 0 . 8 1 . 2  1 . 5 2 . 1 2 . 3 2 . 5 2 . 7 3 . 1
5 0 C Æ 8 . 2 1 5 . 7 2 1 . 1 2 2 . 5  2 3 . 8 2 3 . 1 2 2 . 7 2 5 . 2 2 2 . 4 2 1 . 7
5 1 c 4h 3 1 3 . 9 2 3 . 6 2 9 . 0 3 4 , 8  4 0 . 5 4 0 . 2 3 9 . 6 3 8 . 8 4 0 . 5 4 0 . 9
5 2 C4H4 1 . 8 2 . 5 2 . 5 2 . 4 3 . 0
7 4 c 6h 2 0 . 7 1 . 2 1 . 4 1 . 8
7 5 c 6h 3 0 . 8 1 . 2 1 . 7 1 . 8
7 6 c 6h 4 2 . 6 4 . 6 5 . 6 7 . 3 7 . 5
7 7 c 6h 5

T a b l e  II

2 . 1 3 . 9 4 . 9 6.5 7 . 0

I on ic  I n t e r m e d ia t e s  in  th e  R a d io l y sis  o f  C 2H 2 a t  a  P r e ssu r e  o f  A p p r o x im a t e l y  0.1 mm .
Posi A bund
tive ance, AH,

Mass ion % Probable reaction e.v. Rem arks

26 c 2h 2 13.0 C2H2~" —* C2H2 T  e 11.4 Primary ionization
27 C0H3 3.1 C4H3 + +  c 2h 2-^ c 2h 3 + +  c 4h 2 1 .0 No exptl. evidence to distinguish

C2H2 + +  c 2h 2 —  c 2h 3+ +  c 2h - 0 . 2 between these reactions
50 c 4h 2 21.7 c 2h 2+ +  c 2h 2 —  c 4h 2+ +  h 2 0.3 The % of C2H2+ decreases rapidly

with increasing pressure parallel
ing the rapid increase in % ’ s of 
C4H2+ and C4H3+ to 0.05 mm., 
Fig. 1 and Table I. These ob
servations plus the fact that 
C2H2+ is the predominant pri
mary ion2 substantiate this re
action

51 c 4h 3 40.9 c »h 2+ +  C2H2 ^  C.,11: , 1 +  H 0.3 Same as for C4H2+ (50)
52 C4H4 3.0 c 2h 2+ +  C2H2 -  C4H4 + -2 .3 There is insufficient exptl. evidence

to substantiate this reaction
74 c 6h 2 1 .8 c v 2 + +  C2H2^  CcH2 + +  h 2 -3 .3 % of this ion too low to determine

or its origin conclusively
a,H;,+ +  c 2h 2— c sii2+ +  H2 +  H -3 .3

75 Cell:! 1 .8 l ',i( +  C2H2 —  Cf,H;i + +  h 2 -0 .9 %  of this ion too low to determine
or its origin conclusively

c 4h ,+ +  C2t ' 2 —  c 6h 3 + +  H -0 .9
76 c 6h 4 7.5 < i l +  C,H, — Cf,H,+ 0 . 2 This reaction is substantiated by

the simultaneous appearance at 
0.05 mm. of a continuous plateau 
in the % of C4H2+ and the initial 
detection of C6H.,+, the % of 
which ion continues to increase 
with increasing pressure, Fig. 1 
and Table I

77 C e ll ,, 7.0 ( h i v +  C2H2 — 0 6H„ - 1 .0 . Evidence for this reaction is analo
gous to that for the formation of
C6H4+ (76)

molecule collision reactions increase with increas
ing pressure while the per cent, of reactant ions con
sumed in ion-molecule collision reactions show a 
corresponding decrease with increasing pressure. 
The data in this table conclusively show that all of 
the ionic species are either involved in or formed by 
ion-molecule collision reactions. This is further 
corroborated by the curves in Fig. 1. Although 
the per cent, of the individual species change drastic
ally with pressure as shown by these curves, the 
total ion intensity is a linear function of pressure, 
Fig. 2. This indicates that the reactant ions 
consumed in ion-molecule collision reactions are 
collected as product ions.

A summary of the reaction mechanisms for the 
ionic species observed in C2H2 is given in Table II. 
The primary ionization reactions as shown are 
merely a convention and do not preclude the exist
ence of such products as H~, HeH+, He+, etc. 
The structure and energetics of the ionic and neutral 
products are not known. Only the per cent, and 
M / e of the ionic species are known accurately.

Values for AH shown were calculated from data 
published by Field and Franklin17 and Pauling. 18

(17) F. IT. Field and J. L. Franklin, “ Electron Im pact Phenomena,”  
Academic Press, Inc., New York, N. Y., 1957, p. 243 ff.

(18) L. Pauling, “ Nature of -die Chemical Bond,”  2nd Ed., Cornell 
University Press, Ithaca, N. Y ., 1944, pp. 53, 131.
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Fig. 1.—The per cent, abundance of various ionic species 
from acetylene as a function of pressure.

Fig. 2.—The intensity of total ions from acetylene as a func
tion of pressure.

These values represent ground state transitions, 
hence they may not be applicable to the postulated 
reactions. In addition to this possible discrepancy, 
neither the structure of the observed ions nor the

structure of the ions for which the appearance 
potentials17 were given is known. In view of these 
uncertainties, it is not surprising that apparently 
endothermic reactions are observed. In most 
cases, the per cent, of ions resulting from such re
actions are small, e.g., C2H3+(27) in Table II, sug
gesting that excited ions are involved. Postulated 
reactions are substantiated by experimental ob
servations as summarized in the “ Remarks” 
columns of this table.

A comparison of these results with those ob
tained from electron impact studies19 shows striking 
differences. For example, Field, et aZ. , 19 show “ im
portant”  polymeric ions of mass 37, 38 and 49 
produced by ion-molecule collision reactions of 
fragment ions CH+ and C2+ with acetylene. 
These masses could not be observed in the present 
study due to the absence of these fragment ions. 
In the electron impact studies, a value of 1.2 was 
found for the abundance ratio C4H3+/ChH2+ 
compared to 1.9 found in the a-particle study. 
Poly meric ions of masses 74 through 77 were found 
in the present study and were not reported in the 
electron impact study. These dissimilarities were 
anticipated due to the following marked differences. 
In this study a different ionizing medium was used, 
vastly lower temperatures and higher pressures were 
employed, and strikingly simpler primary ion pat
terns were observed.

Conclusions
This study demonstrates the applicability of a 

research mass spectrometer to elucidate ionic re
actions induced by a-particles. A study of ions 
produced in C2H2 as a function of pressure conclu
sively shows that all ionic species are involved in 
ion-molecule collision reactions. This investigation 
evinces the importance of ionic reactions in the 
radiolyses of C2H2. The observed C6HM+ ions may 
be the precursors of benzene and “ cuprene,”  
known products in the radiolyses of acetylene.
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The relative contributions of energetic neutrons, y -  and /3-rays to the radiation decomposition of crystalline KBrO, in 
the Oak Ridge graphite pile were determined as approximately 20, 40 and 40%, respectively. Decomposition yields (i.e., 
“ (?” -values) for 0-rays and pile y-rays were 1.0 ¿ 0 .1  molecule per 100 e.v. energy absorbed, wThile for energetic neutronsyields 
varying from 23 to 30, dependent on neutron energy, were found. The much greater efficiency for decomposition by fast 
neutrons was attributed to the mechanism whereby these particles transfer energy to bromate radicals.

Previous studies1“.1’ with high intensity slow neu
tron sources have shown that the enrichment, E, 
in the specific activity of 35.8 h. Br82 obtainable 
using a Szilard-Chalmers recoil separation with 
crystalline K Br03 was governed to a fair approxi
mation by the relation

E = <f>/kypt ( 1 )

where is the fraction of the total Br82 chemically 
separable from bromate, kT, the specific radiation 
decomposition rate constant for KBr03, p, the in
tensity of the decomposing radiations, and t, the 
time. The enhancement in specific activity over 
that attainable on irradiating pure bromine ac
cording to eq. 1 should diminish with decreasing <f> 
and with increasing radiation dose, pt. The quan
tity <t> did not depart appreciably from unity and, 
hence, was much less important in establishing the 
magnitude of E  than was the product, kypt, which 
measured the radiation decomposition and varied 
by several powers of ten.

The radiations in the Oak Ridge National Labo
ratory graphite, natural uranium chain reactor 
responsible for the decomposition of KBr03 were 
energetic neutrons and /?- and y-rays; the effects of 
fission-product recoils could be ignored. The elec
tromagnetic component was made up from prompt
7 -rays emitted in U235 fission or produced by neu
tron capture in uranium and in structural mate
rials, and from delayed y-rays emitted by the 
fission products. The /3-rays originated largely 
from the short-lived bromine activities formed by 
the capture of thermal neutrons in the compound 
itself.

This paper will be concerned with estimating the 
relative contributions from each of the above men
tioned types of radiations in the Oak Ridge graph
ite reactor to the observed gross decomposition of 
KBr03. Additionally, values (i.e., molecules 
of KBr03 decomposed per 100 e.v. absorbed) will 
be derived for each radiation type in an attempt to 
gain an insight as to the mechanisms of their ac
tion.

The method for disentangling the total radiation 
effects was to measure independently the decompos
ing actions of /3-rays (1.15 Mev. Van der Graaff 
electrons), of y-rays (Co61) and of energetic neu
trons in which the attendant y-rays were of rela
tively negligible intensity. Additivity of the 
consequences of these separate kinds of radiation

(1) (a) G . E . B oyd , J. W . Cobble and S. W exler, J . A m . Chem. Soc., 
7 4 , 237 (1952); (b) J. W . C obble and G . E . B oyd , ibid ., 7 4 , 1282
(1952). 1

in the pile was assumed, such that
h r  =  k p  +  k y  +  k a ( 2 )

where kp, ky and kn are the specific decomposition 
rate constants for the /3- and y-rays and for neu
trons, respectively.

Experimental
The purification of the C.p. grade, crystalline KBr03 

preparations employed and the method for the analysis of 
total bromine (bromine +  bromide 4- hypobromite) pro
duced in the compound by radiation decomposition have 
been described.1“ Briefly, the latter procedure consisted in 
dissolving ca. 0.5 g. of irradiated salt in water containing 
150 A of a 2% sodium arsenite solution to reduce all valence 
states of bromine, except bromate, to bromide which was 
assayed by a micro-potentiometric titration with 0.01 N 
AgN03. Determinations with unirradiated KBrOs were 
performed at the same time as the analyses on irradiated 
samples; these blanks indicated an initial 25 ±  3 p.p.m. by 
weight of bromide which was subtracted from the value for 
the irradiated salt. The reliability of the analysis for bro
mide was demonstrated in a special study by the material 
balances found on adding a wide range of known amounts 
of KBr to irradiated KBr03.

Thermal decomposition measurements were made be
cause environmental temperatures up to 125° were ex
pected in some irradiations. Potassium bromate is known 
to decompose to oxygen gas and potassium bromide at 
approximately 370°. An appreciable thermodynamic in
stability even at 25° was indicated also by the estimated 
standard free energy change of —32.4 kcal. mole-1 for this 
reaction. Prolonged (ca. 100 hr.) heating at 81°, however, 
gave no increase in bromide content above a 23 p.p.m. blank. 
Decomposition rates of 1.6 and 42.6 p.p.m. bromide per hour 
were found at 153 and 190°, respectively, so that for prac
tical purposes a threshold between these temperatures ex
isted.

The radiation decompositions of KBr03 whose explana
tion was the object of this research were effected in two ex
perimental facilities in the ORNL graphite moderated- 
natural uranium reactor:2 (a) Hole 22 South in which a 
general usage pneumatic transfer tube had been placed for 
the irradiation of small samples at ca. 80°, and (b) Hole 12 
in which a vertical water-cooled tube had been installed for 
irradiations at 30-40°. Approximately one-gram aliquots 
of pure crystalline salt were bombarded in Hole 22 in air in 
10 mm. i.d. quartz tubes held in a plastic capsule or “ rab
bit”  (3.8 mm. wall thickness) which could be blown rapidly 
into and out of the pile by compressed CO2. An approxi
mate calculation of the attenuation by self-absorption and 
by the “ rabbit”  and quartz tube walls of the /3-rays from 2.4 
m. Al28 induced in the one-eighth-inch aluminum transfer 
tube showed that virtually no decomposition (i.e., <0.3
p.p.m. hr.-1) of KBr03 could be attributed to these radia
tions. In some cases the samples were wrapped with boron 
impregnated plastic, or with Cd or Pb sheet to minimize 
certain pile radiations. The graphite pile when operated at a 
nominal maximum power of 3500 Kw. had a central flux of 
thermal neutrons, (nv)th, o fl.0 5 ± 0 .0 5  X 1012 cm.-2 sec.-1.

1(2) M . E . R am sey and C . D . Cagle, “ Proceedings of the Interna
tional Conference on the Peaceful Uses of A tom ic E n e rg y ,"  V o l. 2, 
U nited N ations, 1956, p. 281.
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These neutrons possess an average energy of 0.034 e.v. and 
an approximately Maxwellian velocity distribution which 
was assumed to extend out to 1 e.v. For neutron energies, E, 
between 1 and 10® e.v., a second group of resonance or "epi
thermal”  neutrons may be distinguished whose flux per unit 
energy is proportional to \/E. Finally, a group of "fast”  
neutrons defined as those with energies above 1 Mev. must 
be considered. The majority of the neutrons are slow; prac
tically all are slow plus epithermal.

The measured (nv)th at the terminus of Hole 22 for a 
“ steady state”  power of 3500 Kw. was 6.0 ±  0.2 X 10“  
cm . -2  sec.-1. This flux has been shown3 to vary linearly 
with the power from 1800 to 3750 Kw. A Co wire flux 
monitor was included in every bombardment of KBrO., that 
the decompositions might be corrected for changes in pile 
power, loading, etc., to a nominal value for 3500 Kw. A 
value of 3.3 X 1011 cm . -2  sec. “ 1 was estimated4 5 for the epi
thermal flux, (nv)E. The S32 (n,p) 14.3 d. P32 reaction in 
sulfur monitors was used to derive a value of 2.1 X 1010 for 
the fast flux, (nv)f. The average neutron energy, En, 
above one Mev. was calculated as 2.2 Mev. by graphical 
integration of the spectrum reported by Bopp and Sisman. 4 
A y-ray dose rate of 5.33 X 1017 e.v. g . “ 1 min. -1  in water was 
computed for Hole 22 using calorimetric measurements6 
of the 7 -heating in Hole 12, the thermal flux ratio (0.80) 
between these holes, and a factor of 0.97 to correct for dif
ferences in 7 -ray absorption. The pile 7 -ray energy spec
trum is not known; however, there is reason to suppose that 
the distribution shows a pronounced peak at about 0.1 Mev. 
which is near the photoelectric absorption threshold for 
carbon. An average energy Ey of 0.85 ±  0.10 Mev. can be 
deduced by comparing the heat evolutions5 in carbon and in 
bismuth metal, respectively. A 7 -ray flux of 4 X 1011 pho
tons cm . - 2  sec. -1  may be estimated from Ey and the heat 
evolution in water.

Bombardments of KBrO? also were performed in the Los 
Alamos Fast Plutonium Reactor6 where the neutrons were 
predominantly “ fast.”  Approximately 0.5-g. amounts of 
salt were irradiated in air in quartz tubes contained in cold- 
rolled, mild steel capsules placed at the center position 
(67.5 inches from the west face) of tangential hole 2W in the 
uranium metal reflector where the temperature was ca. 1 0 0 °. 
Measurements6 of fission rates in U236, Np237 and U238 in 
this location gave thermal and energetic neutron fluxes 
above 0.6 and 1.4 Mev. as 6.4 X 109, 6.5 X 101! and 1.8 X 
1 0 11 cm . -2  sec.-1, respectively, for a nominal maximum 
power of 25 Kw. Self-decomposition of KBrOs by induced 
bromine and potassium activities can be ignored because 
of the relatively small (nv)th and because of the small ac
tivation cross-section (42.5 mb.) for Br79 for neutrons in the 
fission energy range. All bombardments were monitored 
using sulfur pellets. A value, (nv)f =  3.9 X 10u cm . -2  
sec.-1, at 15 Kw. was obtained which agreed poorly with the 
value 2.5 X 10u cm. - 2  see. -1  interpolated from the afore
mentioned fission rate measurements. The latter fast flux 
value will be employed in the calculations presented later 
in this paper. An average neutron energy, En =  0.6 Mev., 
was calculated by a graphical integration of measurements7 
of the neutron number-energy spectrum. The 7 -ray energy 
distribution in the center of the reactor has been measured 
and Ey has been given as approximately one Mev.8 Because 
of the efficient absorption of 7 -rays by uranium metal, how
ever, samples irradiated in Hole 2 W were considered to be 
decomposed exclusively by energetic neutrons.

Irradiations of KBrOj with U236 fission neutrons were car
ried out by placing ca. 0.5 g. of salt wrapped in aluminum 
foil inside a 50-g. U235 metal (95% purity) “ pill-box”  which 
in turn was placed in the thermal column of the Los Alamos

(3) .1. W. Jones, H. M . C lark and R. T . Overm an, Oak R idge N a
tional Laboratory Report, M onC-398, February 27, 1948; declassified 
M a y  31, 1952.

(4) C . D . Bopp and O. Sisman, O ak Ridge N ational Laboratory 
Report, O R N L-525, July 28, 1950, declassified Feb. 29, 1950.

(5) D . M . Ricliardson, A. O. A llen and J. W . B oyle, “ Proceedings 
of the International Conference on the Peaceful Uses of A tom ic E n 
erg y ,”  Vol. 14, 1956, U nited Nations, p. 209.

(fi) E. T . Jurney, J. H. H all, D . B. H all, e ta l. ,  Los A lam os Scientific 
Laboratory R eport, LA-1G79, M ay, 1954, declassified M ay 2, 1958. 
(See also: TID -10048).

(7) N . Nereson, Los A lam os Scientific L aboratory Report, LA -1192, 
D ecem ber 15, 1950, declassified M arch 31, 1957.

(8) J. W . M ots, P h yt. Rev., 86, 753 (1052).

Fast Reactor at a point where the thermal flux6 was 2.8 X 
1010 cm . -2  sec.-1. Thermal neutrons were absorbed com
pletely by this convertor, and the salt was exposed to a fis
sion neutron flux of 2.76 X 1010 cm . - 2  sec. -1  measured us
ing sulfur monitors. Measurements of the fission neutron 
energy spectrum have been reported9; the average neutron 
energy, £„ = 2 .0  Mev. The ratio of fast neutron to 7 -ray 
flux in the convertor was sufficiently large because of the 
strong absorption of the latter that the decomposition was 
ascribed entirely to the former radiations.

Bombardments of KBrOa were conducted with neutrons of 
6.1 Mev. average energy produced by 15 Mev. deuterons 
incident on thick beryllium metal internal, water-cooled 
targets in the 60-inch cyclotron at the Department of Ter
restrial Magnetism, Carnegie Institution of Washington, 
Washington, D. C. Samples of the salt were irradiated in 
quartz tubes located about 2.5 cm. behind the target. Sul
fur monitors were employed in separate determinations of 
the variation of the fast neutron flux with the power output 
by the deuteron beam as measured by a 14-junction thermo
couple in the cooling water line. Because of short period 
fluctuations in the intensity of the deuteron beam (usually 
ca. 30 pa.) a continuous recording of the power was made 
from which an average (nv)f could be calculated by numeri
cal integration. Fluxes between 5 and 10 X 10s cm . - 2  sec. -1  
were obtained. The energy distribution of Be(d,n) 
neutrons has been measured10 andjvas employed to estimate 
En given above and to compute (nv)f from the sulfur monitor 
activations. The 7 -ray contamination of the fast neutron 
flux was estimated to be negligibly small.

Gamma-ray decompositions of KBr03 were accomplished 
using a 300 curie source of Co60 radiations of 1.25 Mev. 
average energy. The irradiations employed a shielded, con
stant geometry arrangement11 wherein neutron irradiated 
cobalt pellets were placed symmetrically around the sur
face of a brass cylinder 10 cm. long and about 4 cm. in di
ameter. One-gram samples contained in quartz tubes were 
exposed in air at room temperature inside the cylinder. 
The intensity of the source was measured calorimetrically 
and, at the time of these experiments, the dose rate was 2.82 
X 1017 e.v. g . -1  min. -1  in water.

Thermal neutron flux measurements were performed using 
unshielded, weighed Co wires of the highest purity. The 
induced 7 -ray activity was assayed quantitatively using a 

geometry, high pressure, argon-filled ionization chamber 
previously calibrated by coincidence count rate measure
ments to give absolute disintegration rates. An activation 
cross-section of 36 b. and a half-life of 5.3 y. for Co60 were 
assumed in the computation 0 1  (nv)th-

The estimation of fast neutron fluxes requires (3-disinte- 
gration rate measurements on 14.3 d. P32 formed by an (n,p) 
reaction with sulfur. These assays were performed with 
end-window G.M. or proportional counters under known 
geometry, scattering and self-absorption after a time suf
ficient to allow for the complete decay of 2.6 h. Si31 activity 
also formed by an (n,a) reaction on S34. Because of the 
energy dependence of the cross-section, o(E), for the forma
tion of P32 above the threshold of 0.95 Mev., and because 
of the neutron energy distribution, n(E), the flux (hv)2.», 
was estimated as that above an effective threshold energy 
Ecu =  2.9 Mev. for the reaction. The effective reaction 
cross-section, vetf, employed depended on the adopted Eea 
according to

f “  " (EME )  dE
------------  (3)
n(£) dE

A value, <reff =  0.30 b. was calculated using a fission spec
trum9 for n(E). The fast flux, (ifv)f, was then derived 
from

(9) B . E . W a tt, ib id ., 8 7 , 1037 (1952).
(10) B. L . Cohen and C . E . F alk, ibid., 8 4 , 173 (1951).
(11) J. A . Ghorm ley and C . J. Hochanadel, Rev. Sci. In st.. 22, 473 

(1951).
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Fig. 1.— Variation of the radiation decomposition of KBrOj in the Oak Ridge Graphite Reactor with time and reactor
power (Hole 22).

Experimental Results
The observed decompositions of pure, crystal

line KBr03 on exposure to the radiations near the 
center of the Oak Ridge graphite reactor are plotted 
in Fig. 1 as functions of exposure time at constant 
reactor power and of pile power, p  (radiation inten
sity) at constant time. The decomposition was 
linear with the dose rate, p , and with the radiation 
dose, pt, within experimental errors after the first 90 
minutes. The departure from an apparent long 
time average rate of 100 ±  3 p.p.m. hr. “ 1 for ir
radiations up to two hours’ duration is believed to 
be real, and to be caused by the self-decomposition 
of KBr03 under the action of the 0 -rays from 17.G
m. Br80 induced in the sample by thermal neutron 
capture.

The rates of decomposition found when KBr03 
was shielded by boron impregnated plastic, cad
mium or lead foils are presented in Fig. 2. When 
the salt was wrapped in a 4 mm. thickness of plastic 
containing 52% by weight of natural boron (den
sity = 1.67) the rate was lowered to 80 p.p.m. hr.-1. 
This amount of boron was sufficient to remove all 
thermal and an estimated 16% of all epithermal 
neutrons incident on the sample.

In another set of experiments samples were 
wrapped in a 40 mil thickness of cadmium sheet to re
move all pile radiations except 7 -rays and energetic

neutrons. Instead of the expected reduction in the 
decomposition rate, however, a nearly threefold 
increase over the unshielded rate was found (be., 
265 p.p.m. hr.-1). This enhancement probably 
reflects the increase in 7 -ray intensity on the sample 
caused by the neutron capture 7 -rays of Cd114. 
A large fraction of the neutron binding energy, 
9.046 Mev., released on capture is known to be 
emitted in cascades of relatively low energy quanta; 
for example, 12 85% of the thermal neutrons cap
tured give a 0.559 and 23% to a 0.654 Mev. 7 -ray 
in coincidence with the former transition. The 
observed increased decomposition rate of KBr()s 
(ca. 160 p.p.m. hr.-1) can be explained qualita
tively using the observation13 that 4.1 7 -rays in 
cascade are produced by Cd113(n,7 )Cd114.

In the absorption of thermal neutrons by the 
boron plastic one 0.466 Mev. 7 -ray is emitted 14 per 
neutron absorbed by B10. The increase in 7 -ray 
decomposition from these radiations, unfortu
nately, cannot be calculated from the thermal neu
tron flux in the absence of boron because of an un
known flux depression. Qualitatively, the lowering 
of the decomposition rate was the net result of a 
lowering of the self-decomposition by bromine ac
tivities from thermal neutron capture and an in-

(12) H. T. Motz, Phys. Rev., 104, 1353 (1956).
(13) C. O. Muehlhause, ibid., 79, 277 (1950).
(14) B. Rose, Canadian J. Res , 26A, 366 (1948).
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IRRADIATION TIME (h r ) .
Fig. 2.—The radiation decomposition of KBrC>3 when shielded by various materials (Oak Ridge Graphite Reactor) : values 

for 13.2 g. Pb cm.-2 for Hole 12. Corrected rate for Hole 22 was 57 p.p.m. hr.-1.

crease from an increased 7 -ray flux on the sample.
Varying thicknesses of lead were employed to 

reduce decomposition by pile 7 -rays without alter
ing the thermal neutron flux. Unfortunately, 
however, the decrease in photon flux across the 
samples could not be computed, because the 7 -ray 
energy spectrum was unknown. The relatively 
large decrease in decomposition rate on screening 
with 1.5 g. Pb cm. - 2  cannot be explained by the 
absorption of average 0.85 Mev. pile 7 -rays. The 
mass absorption coefficient for lead for 0.1 Mev. 
photons, however, is sufficiently large that radia
tions of this energy would be absorbed quantita
tively.

The decompositions found in the 300 curie Co60 
source at 25° are summarized in Table I. A plot 
of these data revealed that the decomposition was 
linear with dose, and that the rate constant was 2 0  
p.p.m. hr.-1. The point measured at 80° lay on the 
same straight line as the other measurements in
dicating the absence of a temperature coefficient 
for 7 -ray decomposition between 25 and 80°.

Measurements of energetic neutron decomposi
tions in the Los Alamos Fast Reactor are pre
sented in Fig. 3 from which it may be seen that the 
decomposition of KBr03 was linear with dose and 
with dose rate. The first-order rate constant was 
161 p.p.m. hr. - 1  for a flux above one Mev. of 4.2 X
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10u cm. - 2  sec.-1. The rate corresponding to the 
fast flux in the ORNL graphite reactor was com
puted from the flux ratio to be 8 . 1  p.p.m. hr.-1. 
Irradiation of the salt in a U235 fast neutron con
verter placed in the thermal column of the fast reac
tor gave a rate of 24 p.p.m. hr. - 1  for (nv)f = 2.8 X 
1010 cm. - 2  sec.-1. Adjusted to a fast flux of 2.1 X 
1 0 10 cm. - 2  sec. - 1  for the graphite pile the rate was 
18 p.p.m. hr.-1.

T a b l e  I
D e co m po sitio n  o f  K B r03 a t  R oom  T e m p e r a t u r e  b y  C o60 

7 -R a d ia t io n s
Irradiation time Decomposition

(hr.) (p.p.m. Br)
15.8 322
24.1 520
25.7 533 (80°)
43 .2 852
64.3 1332

111.7 2253
Av. rate: 20 p.p.m. hr. -1

Decompositions produced by 6.1 Mev. average 
energy neutrons are summarized in Table II. 
A mean rate of 37 ±  5 p.p.m. hr. - 1  for a fast flux of
2.1 X 1010 cm. - 2  sec. - 1  was calculated from these 
values. The energy dependence of the flux-ad
justed rates is shown in Fig. 4.

T a b l e  I I
D e co m po sitio n  of K B r03 b y  3.1 M e v . A v e r a g e  E n e r g y

N e u tr o n s
Bombardment

time
(hr.)

Fast neutron 
flux

(cm. ~2 sec.-1)
Decomposition 

(p.p.m. Br)

4.20 6.1 X  109 65
7.92 1.02 X  1010 125

Discussion
Estimates of the relative contributions of the /3- 

and 7 -ray and neutron components of the ORNL 
graphite pile radiations to the total decomposition 
rate for solid KBr03 may be carried out using the 
data presented above. For example, a value for the 
pile 7 -ray decomposition rate constant ky =  38 
p.p.m. hr. - 1  can be computed from the decomposi
tion rate of 20 p.p.m. hr. - 1  found with the Co60 
source and the ratio of the dose rate of this source to 
that of Hole 22 (i .e ., 0.53). This computation em
ployed the demonstrably correct assumption that 
the ratio of the energy absorption coefficients at 
0.85 and 1.25 Mev. for KBr03 is equal to the same 
ratio for water. On comparing ky with k ?  = 100 ±  
3 p.p.m. hr. - 1  it was concluded that pile 7 -rays 
caused about 40% of the total decomposition. 
The fast neutron decomposition rate may be 
estimated as 19 p.p.m. hr. - 1  using the curve in 
Fig. 4 and an average energy of 2.2 Mev. for the 
fast neutrons in the Oak Ridge graphite reactor. 
The difference between kt and the sum of the fore
going fast neutron and 7 -ray decomposition rates 
indicated that approximately 40% of the total rate 
remained to be assigned to /3-ray and/or to epi
thermal neutron decomposition.

The thermal neutrons in the pile do not possess 
sufficient kinetic energies to decompose KBr03 
by elastic collisions. Capture of these neutrons by

Fig. 3.— Variation of the radiation decomposition of KBrCh 
in the Los Alamos Fast Plutonium Reactor with time and 
reactor power.

o.t 0.5 t.o 5.0 iO.O
A V E R A G E  N E U T R O N  E N E R G Y  (M e v ) .

Fig. 4.— Energy dependence of the fast neutron decomposi
tion of K Br03 (flux unit was 2.1 X  1010 cm. -2 sec.-1).

Br79 and Br81 and by K39 and K41, on the other 
hand, will produce radioactive recoil atoms whose 
effects must be considered. Assuming the recoil 
energies, E r, are given by: E r = 5 3 7 E 2y / M ,  where 
M  is the mass of the nucleus emitting a 7 -ray of 
energy E y (Mev. ) 16 values of E T between 30 and 100 
e.v. were obtained on taking E y as the quotient of 
the neutron binding energy and the average num
ber of 7 -rays emitted per capture. The range of 
recoils of these energies in crystalline KBr03 was 
estimated as less than ca. 5 A . 16 If every bromate

(15) Capture by oxygen nuclei is neglected because the cross-sec
tions for these are extremely small.

(16) K. O. Nielsen, “ Electromagnetically Enriched Isotopes and 
Mass Spectrometry,”  Academic Press, Inc., New York, N. Y., 1956, 
Ch. 9, pp. 68-81.
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ion within a sphere of 5 A. radius were decomposed 
the yield would he only six bromide ions per neu
tron captured. A negligible decomposition rate 
(ca. 0.05 p.p.m. hr.-1) will occur therefore when 
(hv)th = 6.7 X 1011 cm. - 2  sec.-1. After coming to 
rest in the KBr03 crystal lattice these recoils will 
undergo radioactive disintegration with the release 
of additional energy. Decay /3-rays, because they 
are absorbed efficiently, can produce an appreci
able decomposition. The extent of their action 
was calculated assuming one bromate decomposed 
per 100 e.v. /3-energy absorbed (i.e ., a “(T’-value of 
unity), and it was found that the /3-radiations from
17.6 m. Br80 were of predominant importance. 
This activity was produced with a relatively large 
thermal neutron capture cross-section (8.5 b.) 
and, because of its short half-life, reached satura
tion within one hour. It was also formed by the 
decay of 4.4 h. Br80m produced with a cross-section of
2.9 b. Absorption of 91% of all of the /3-rays 
emitted by 17.6 m. Br80 was estimated from their 
average energy and range in KBr03. The time de
pendence of the internal /3-ray induced decomposi
tion was derived as

hs/p.p.m. hr.-1) =  38.3 -  27.9e- Yf -  10.4e.-Xsf (5)

where X2 and X3 are the decay constants for the 4.4
h. Br80m and 17.6 m. Br80 activities, and t is the 
time of bombardment, respectively. Interestingly, 
eq. 5 predicts a “steady-state” rate of about 38 
p.p.m. hr. - 1  and that this limit will be reached 
after 30-40 hours’ bombardment. This result 
taken together with the values found for ky and for 
the fast neutrons has appeared to imply that rela
tively little decomposition was to be assigned to 
the epithermal neutron flux. After considering 
the neutron decomposition yields some support 
for this conclusion will be adduced.

Estimations of the number of bromate ions 
decomposed per 1 0 0  e.v. absorbed were conducted 
to understand better the mechanisms of decom
position by pile y-rays and fast neutrons. A value 
of G  =  1.0 ±0.1  was computed for -y-rays from 
ky = 38 p.p.m. hr. - 1  and a dose rate of 5.33 X 
1 0 17 e.v. g. - 1  min. - 1  in water assuming that the 
energy absorbed per gram of KBr03 may be de
rived from that for water by multiplying by the 
ratio of the number of electrons per gram in each 
compound. A y-ray yield value of this order of 
magnitude was not unreasonable; recent measure
ments of the radiolysis of crystalline nitrates with 
Co60 y-rays have given G  = 1.57 ±  0.05 for KN03, 
for example. 17 The mechanisms for decomposition 
of bromate and nitrate very well may be similar 
and both involve the dissociation of excited ions to 
give oxygen atoms which may undergo secondary 
reactions.

The mechanism for the decomposition of KBr03 
by /3-rays would be expected to resemble that by y- 
rays and their “(?”-values should be nearly the 
same. This expectation appeared to be confirmed 
in a four-hour irradiation of ca. 0.5 g. of KBr03 
with a 2.6 X 10- 3  ,ua. beam of 1.15 Mev. electrons 
from a Van der Graaff accelerator where a decom
position rate of 129 p.p.m. hr. - 1  was observed.

(17) C. J. Hochanadel and T. W. Davis, J. Chem. Phys., 27, 333 
(1957).

A “(/’’-value of about unity can be computed from 
this result if the entire energy in the electron beam 
was deposited in the polycrystalline solid.

A knowledge of the energy deposition by ener
getic neutrons is necessary to infer yield values 
from observed decomposition rates in fast neutron 
fluxes. It was assumed because of the large mean 
free path (1 0 - 1 0 0  cm.) for such neutrons that the 
“knock-on” energy was transmitted in a single, elas
tic collision between a given oxygen or bromine 
nucleus and a fast neutron which was scattered 
isotropically. Further, because of the large initial 
energies of the recoiling oxygen or bromine nuclei 
their binding in a bromate radical was ignored. 
The number per second, Z , of collisions per bro- 
mate will be given by Z  — (nv)f<7sA?’, where (nv)f is 
the fast flux, <rs, the neutron scattering cross-sec
tion and N  the number of bromate groups per unit 
volume. The value of as for the bromate group was 
taken as the sum of three times the as for oxygen 
plus the tjg for bromine. In an elastic collision a 
given neutron will lose, on the average, the same 
fractional amount of kinetic energy irrespective of 
its incident energy. The average change in the 
logarithm of the neutron energy, £, can be given 
to a satisfactory approximation by the relation18: 
£ = 2/ { A . +  2/3), where A  is the atomic mass 
number; for the bromate group; (hroG = (3£o +  
£bi-)/ 4 = 0.0962. The amount of energy absorbed 
per unit volume per second, IF, will be given by 
W  =  Z A E , where A E  = E\ — E s is the difference 
between the energies of the incident and scattered 
neutrons, respectively, and the value of E s is de
fined by: In E s = In E x — P. If M  is the number 
of bromate ions decomposed per unit volume per 
second, the yield is given by G  = 100 ( M /IF).

Decomposition yield calculations for each neu
tron energy in Fig. 4 are summarized in Table III.

T a b l e  III
F a s t  N e u t r o n  D e c o m p o s it io n  Y ie l d s

(Unit, flux =  2.1 X 1010 cm. 2 sec. 9
E a (Mev.) 0.6 2.0 6.1
AE  X 10 -“ (e.v.) 5.5 18.3 56
as X 1024 (cm.2 molec." ') 15.3 8.7 7.9
Z  X 1()-9 (cm.-3 sec.-1) 3.9 2.2 2.0
W  X 10-14 (e.v. cm .-3 sec.- ■) 2.1 4.0 11.2
frr (p.p.m. hr.-1) 8.1 18 ±  3 37 ±  5
M  X 10-13 (cm.-3 sec.-1) 5.5 12.3 25
G (molec./100 e.v.) 26 30 23

The magnitude of the values and their apparent 
energy dependence merit comment. The decom
position efficiency of fast neutrons undoubtedly is 
many times larger than that for /3- or y-rays de
spite fairly large experimental uncertainties. This 
difference is believed to be the consequence of a 
difference in the mechanism for the absorption of 
energy by KBr03 from these types of pile radiation: 
With neutrons energy is dissipated largely by colli- 
sional processes wherein primary “knock-on” atoms 
in turn produce secondary and higher order recoils 
which give additional decomposition; with elec-

(18) S. Glasstone and M. C. Edlund, “ The Elements of Nuclear 
Reactor Theory,”  D. Van Nostranc. Co., Inc., New York, N. Y., 1952, 
p. 144.
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Irons and 7 -rays energy is imparted by ionization 
and excitation and the process is relatively inef
ficient insofar as molecular disruption is concerned.

An additional description of the decomposition 
produced by fast neutrons may be of interest. Con
sidering an incident 1 Mev. neutron, the average 
kinetic energy, T , given to an atom of mass A  in 
an elastic collision will be: P(Mev.) = A / { A  +  
l)2, or 24 Kev. for a bromine and 110 Kev. for an 
oxygen atom, respectively. The velocity of the 
bromine atom is sufficiently low that it will trans
fer its energy solely by elastic collisions, while that 
for an oxygen atom is such that energy will be lost 
by ionization and excitation as well as by collisions. 
The mean number of displaced atoms in KBr03, 
including the primary knock-on itself, produced by 
a primary knock-on energy T,  is given approxi
mately by19 T /2 E i ,  where E d is the displacement 
energy. If the rupture of a Br-0 bond is con
sidered sufficient to decompose a bromate group, 
then E ^  will be equal to the bond energy, 20 2 . 2  ±  
0.5 e.v., for the displacement of oxygen and roughly 
to 6 . 6  ±1 .5  e.v. for the displacement of bromine 
atoms, neglecting the resonance stabilization en
ergy. With an average 113 Kev. oxygen primary, 
approximately 25,000 and with a bromine primary 
approximately 1700 decompositions will be pro
duced. The energy deposition per 1 Mev. neutron 
will be 9.17 X 104 e.v.; hence G  =  19 molecules 
will be decomposed per 1 0 0  e.v. absorbed on the 
average. The general agreement of this yield 
with those derived from experiment (Table III) 
suggests that fairly good account of the decom
position mechanism can be obtained even from a 
primitive model. A refinement of this picture of

(19) G. J. Dienes and G. H. Vineyard, “ Radiation Effects in Sol
ids,”  Interscience Publishers, Inc., New York, N. Y., 1957, p. 20.

(20) T. L. Cottrell, “ The Strength of Chemical Bonds,”  Butter- 
worth’s Scientific Publications, London, 1954, p. 221.

the fast neutron decomposition of KBrOs will not be 
undertaken: it must suffice to point out that the 
apparent decrease in G  with energy (Table III) 
might be explained by the breakdown of the as
sumption of isotropic scattering of 6.1 Mev. neu
trons. In addition, the oxygen recoils will transmit 
less energy than estimated on the basis of elastic 
collisions because of ionization effects.

The foregoing model of the mechanism for neu
tron decomposition requires that the G -value be in
dependent of the neutron energy. Using G  =  19 
and assuming the epithermal flux per unit energy 
varies accurately as 1 / E  from 0.1 Mev. to 1 e.v., 
it may be calculated that a decomposition rate of 
only about 1.5 p.p.m. hr. " 1 will occur because of 
elastic collisions. Most of this decomposition will 
occur in the interval between 0.01 and 0.1 Mev. by 
reason of the linear energy dependence of AE  on A). 
Only a rough estimate of 8  p.p.m. hr. - 1  for the de
composition for the interval between 0.1 and 1 Mev. 
can be made; the 1 / 2? law is quite inaccurate be
cause the fission neutron spectrum extends to 
nearly 0.5 Mev. The epithermal neutron con
tribution to the decomposition vali therefore be 
less than 1 0  p.p.m. hr.-1.
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Previous experiments on the use of iodine to scavenge radicals produced in hydrocarbons by 7-rays have been extended 
to the heavy particle radiations available at the Brookhaven 60-inch cyclotron. It has been shown that at beam currents 
of the order of 10-9 ampere depletion effects can be avoided in millimolar iodine solutions and that significant radical yields 
can be determined.. Hexane, cyclohexane and 2,2,4-trimethylpentane,were studied. In experiments with 18-Mev. deuterons 
(LET =  0.5 e.v ./A .) and with 33-Mev. helium ions (LET =  2 e.v ./Â .) the observed yields are approximated 10 and 30% 
less than those found in similar fast electron experiments. This decrease in radical yield is somewhat less than observed 
in similar comparisons of the effect of light and heavy particles on aqueous systems.

Extensive studies of the radiolysis of aqueous 
solutions by various densely ionizing radiations 
have shown that bimolecular radical reactions occul
to an important extent within the track of the 
ionizing particle. These reactions significantly 
reduce the yield of radicals which escape from the 
track and alter the over-all radiation chemical

(1) Supported, in part, by the U. S. Atomic Energy Commission.

process. To date very little comparative work on 
the effects of light and heavy particles on liquid 
organic systems has appeared in the literature. 
By analogy with the results from aqueous solutions, 
however, one might except to be able to observe a 
decrease in the yield of radicals and a corresponding 
increase in certain “molecular” products in going 
from fast electrons to more densely ionizing radia-
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Fig. 1.— Irradiation cell. Sample degassed in large bulb 
(50 ee.) and sealed at A. Cell coated up to B with conducting 
film of stannic oxide.

Fig. 2.— Dependence of yield on beam current for solutions 
0.2 X  10-3 M  in iodine (for 34 Mev. helium ions).

tions. Preliminary comparative investigations of 
the effects of different types of radiations on the 
radiolysis of hexane and cyclohexane have not 
shown any effect of linear energy transfer (LET) 
on the over-all radiation chemistry. 2 The present 
work represents the initial investigation of the 
dependence of the yield of observable radicals 
upon LET when an active radical scavenger is 
present. Iodine scavenging was employed in 
experiments similar to those previously described3 
to measure the radical yields produced by the radia
tions available at the Brookhaven 60-inch cyclo
tron. Studies were carried out on hexane, cyclo
hexane and 2,2,4-trimethylpentane. These typical 
non-aromatic hydrocarbons have been the subject 
of numerous other recent radiation-chemical in
vestigations.

Experimental
Phillips Research Grade hydrocarbons were used. Samples 

(usually 25 cc.) containing the desired amount of dissolved 
iodine were sealed, after thorough degassing, into Saldick- 
type4 irradiation cells fitted with a magnetic stirrer and a 
Pyrex 1-cm. cuvette on a side-arm (Fig. 1). Iodine concen

(2) H. A. Dewhurst and R. Ii. Schuler, J. Am. Chem. Soc., 81, in 
press (1959).

(3) R. W. Fessenden and R. II. Schuler, ibid., 79, 273 (1957).
(4) J. Saldick and A. O. Allen, J. Chem. Phys., 22, 438 (1954).

trations were determined at intervals during a run by spec
trophotometry at 520 m/i. The molar extinction coefficient 
of iodine is 910 in hexane, 930 in cyclohexane and 940 in 
2,2,4-tri met hy lpentane.

The inside surface of the cell was coated with a thin elec
trically-conducting but chemically inert film of stannic oxide 
which was fused into the glass at high temperature. This 
allowed the beam current to be collected by an electrode! 
sealed through the cell wall and conducted to ground 
through the measuring instrument (a Higinbotham- 
Rankowitz integrator), while maintaining the required high 
insulation resistance (> 1010 ohms) between the current col
lecting system and ground. The beam energies were de
termined as previously described,6 and appropriate current 
corrections made.6 In the -y-ray studies, doses were deter
mined by the Fricke dosimeter, assuming G(Fe) =  15.5 and 
energy absorption proportional to the electron density of 
irradiated samples.

Results and Discussion
Because of the short range of the particles used 

in the experiments at the cyclotron (340 mg./cm. 2 
in aluminum for 20 Mev. deuterons and 170 mg./ 
cm. 2 for 40 Mev. helium ions) only a thin layer 
next to the cell window is irradiated at any one 
instant. In the present studies the beam was re
stricted to a cross sectional area of 0.31 cm. 2 
so that the irradiated volume was approximately 
0.1 cc., i .e ., less than 1% of the total sample. At 
high currents bulk depletion of the scavenger within 
this volume can become a significant problem. 
For example, at iodine concentrations of 10~ 4 
M  a total charge input corresponding to 10 _ 9  
coulomb of 20 Mev. particles will produce suf
ficient radicals to react with all of the scavenger 
present. At currents above 10- 8  ampere depletion 
of the solute within the irradiation zone will occur 
within one tenth of a second. Significant experi
ments can therefore be carried out only at low beam 
currents and only with sufficient stirring to replace 
adequately the solution within the irradiation zone.

Some indication of the efficiency of stirring is 
given in Fig. 2 where the dependence of the relative 
yield of iodine consumption is given as a function 
of beam current for solutions approximately 0 . 2  
X 10~ 3 M  in iodine. From the onset of depletion 
at a current of 5 X 1 0 ampere we estimate that 
the irradiated volume is completely replaced at least 
2 0  times per second under the stirring conditions 
employed here (600 r.p.m.). For solutions of higher 
concentration {i .e ., 10- 3  M )  and lower currents 
(1 0 - 9  ampere) depletion effects should be negligible. 
Thus the radical yields determined in this way 
should be significant and characteristic of the par
ticular radiations under investigation.

Typical results of the reaction induced by 30- 
Mev. helium ions between iodine and hexane are 
illustrated in Fig. 3. Approximate zero-order 
dependence is indicated. This behavior is very 
similar to that found with X-rays7 although a slight 
curvature is observed in the points obtained at the 
highest concentration. This is due in part to the 
dependence of yield on concentration and in part to 
the interference of some product, probably hydrogen 
iodide, formed by complications which appear at

(5) R. H. Schuler and A. O. Allen, J. Am. Chem. Soc., 79, 1565 
(1957).

(6) R. H. Schuler and A. O. Allen, Rev. Sci. Instr., 25, 1128 (1955).
(7) P. F. Forsyth, E. N. Weber and R. H. Schuler, J. Chem. Phys., 

2, 60 (1954).
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higher iodine concentrations.8 That this curva
ture is not entirely due to a concentration depend
ence is exemplified by the fact that the curves in 
Fig. 3 for solutions 0 . 2  and 0.4 mM  in iodine are 
of more nearly the same slope as that described 
initially than that observed after 60 and 80% re
action for the more concentrated sample. The 
presence of hydrogen iodide in the sample would 
result in production of iodine9 rather than its elimi
nation and would therefore have an exaggerated 
effect on the curves of Fig. 3. Similar data to those 
given in Fig. 3 were obtained for all solutions. 
The yields calculated from the initial slopes of these 
curves are given in Fig. 4 for hexane and are sum
marized in Table I for the various experiments 
carried out in this study.

T a b l e  I

R a d ia t i o n - in d u c e d  R e a c t io n  o p  
I o d in e  a n d  H y d r o c a r b o n s

Radiation
Beam 

current, 
amp. X 109

Iodine
concn.,

m M  G( —V2 I2) a

Co60 y-rays
Hexane

0.81 5.60
2 Mev. e - 30 1.02 5.55
19.0 Mev. D + 1 1.00 5.20
18.9 Mev. D + i 0.41 4.95
18.5 Mev. D + 1 0.19 4.87
34.2 Mev. He + + 1 1.00 4.13
31.0 Mev. H e++ 1 0.80 3.80
34.0 Mev. H e++ HP .78 3.95
34.0 Mev. H e++ 1 .39 3.85
34.0 Mev. H e++ 10 .38 4.01
30.5 Mev. H e++ 1 .19 3.55

(34.0 Mev. He + + 100 .4 2 .2 )'
(34.0 Mev. H e++ 100d .4 1 .4 )'
(34.0 Mev. H e++ 10 .1 2 .0 )'
17.6 Mev. H e++ 2 .26 2.85
11.8 Mev. H e++ 2 .48 2.88

Co-60 y-rays
Cyclohexane

0.85 5.50
Co-60 y-rays .80 5.70
2 Mev. e~ 10 .99 5.62
2 Mev. e - 10 .82 5.59
18 5 Mev D + 1 .95 5.25
18 0 Mev. D + 1 .40 5.00
33.5 Mev. H c++ 106 1.02 3.33
34.2 Mev. H e++ 1 0.92 3.94
31.0 Mev. H e++ 1 .82 3.41
34.2 Mev. He + + 1 .38 3.64
34.0 Mev. H e++ 1 .19 3.20
12.2 Mev. H e++ 2 .37 2.72

Co-60 y-rays
Isooctane

0.70 5 65
2 Mev. e~ 10 .85 5.33
18.5 Mev. D + 1 .78 5.12
34.0 Mev. H e++ 1 .85 4. 15

“ Absolute radiation yields as atoms of iodine reacting
per 100 e.v. of absorbed energy. 6 Current collected from 
cell coated externally with film of “ dag.”  'These results 
show significant depletion effects at the high currents em
ployed; cf. also Fig. 2. d Sample not stirred during the 
irradiation.

(8) Cf. C. E. McCauley and R. H. Schuler, J. Am. Clicm. Hoc., 79, 
4008 (1957).

(9) R. H. Schuler, This Journal, 61, 1472 (1957).

Fig. 3.— Reaction of iodine with hexane induced by 34 Mev. 
helium ions.

Fig. 4.— Yields of reaction between iodine and hexane as a 
function of initial iodine concentration.

For each of the hydrocarbons studied the yields 
for iodine consumption in millimolar solution for 
18-Mev. deuterons (LET = 0.5 e . v . / A . )  and for 
34-Mev. helium ions (LET = 2.0 e.v./A.) are, 
respectively, 10 and 30% lower than those found 
for fast electrons. Since the densities of total 
energy dissipation are quite similar in the deuteron 
and helium ion experiments the 2 0 % difference 
noted here must almost certainly be due to a track 
effect rather than bulk depletion of the scavenger. 
For the densely ionizing helium ions a slight de
crease with decreasing iodine concentration is in
dicated in Fig. 4 although it is of course difficult 
to be sure that depletion effects are not involved 
at the low concentrations. The effect of LET 
is very nearly the same in each of the cases studied, 
being slightly greater for cyclohexane than for the 
two aliphatic hydrocarbons.

For helium ions of energies lower than the maxi
mum available at the cyclotron a further decrease 
in yield is observed. The differential yield 
(Gi =  d (G 0E o ) /d E 0 ~  A (G 0E 0) /  A E Q) can be cal
culated for 25 Mev. helium ions (LET = 3 e.v./A.) 
from the data of Table I. Values of 4.6 and 4.2 are 
obtained, respectively, for hexane and cyclohexane. 
If these yields are taken as representative of the 
integral values for 5 Mev. deuterons then dif
ferential yields of 5.1 and 5.3 are estimated for 
1 0  Mev. deuterons (LET = 1 e.v./A.). The fact 
that these differential yields are slightly lower than
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those observed for fast electrons shows that the 
decreases found in the heavy particle studies are 
not due entirely to effects which occur at the 
extreme range of the track but rather to reactions 
which gradually increase in importance as the LET 
increases.

The fact that the differences in yields between 
fast electrons and heavy particle radiations are as 
small as those indicated here demonstrates that 
most of the radicals readily escape from the 
ionization̂  track. For radiations having a LET 
of 2  e.v./A. one radical is produced on the average 
along every 10 Â. of path length. For a solution 
10~ 3 M  in iodine the track must expand to a radius 
of several hundred ângstroms before it itself contains 
sufficient iodine to quench all of the radicals formed. 
Reactions between radicals within the track, which 
compete with the scavenging process, might well 
be expected, because of the high initial concentra
tion at which the radicals are formed and because 
of depletion of scavenger within the track. Such 
reactions are of lesser importance here than in

aqueous solutions. 10 That such reactions do not 
contribute in a more important way is on first 
reflection somewhat surprising. Diffusion of the 
radicals out of the track apparently competes 
successfully with the bimolecular process. These 
results are in accord with the previously observed 
fact that the over-all radiation chemistry of these 
simple hydrocarbons is relatively unaffected by the 
LET of the radiation. 1 2 3 Only through very detailed 
quantitative comparisons of the effects of light and 
heavy particles such as the present is it possible to 
discover significant effects of LET on the radia
tion chemistry of the system.
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Allen for extensive discussions on the subject of 
this paper, Mr. Irving Meyer for his aid in the 
development of the very fine irradiation cells 
which have made these measurements possible and 
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cyclotron for their assistance with these measure
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(10) N. F. Barr and R. H. Schuler, T his Journal, 63, 808 (1959).

HYDROGEN ATOMS IN THE RADIOLYSIS OF WATER1
B y N ath a n ie l  F. B ar r  and A ugustine  0 .  A llen
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In the radiolysis of aqueous solutions containing H2, H20 2 and 0 2, the “ H atom”  formed by free-radical oxidation of It  
is shown to react with 0 2 much faster than with H20 2; but in solutions containing 0 2 and H20 2 only, the “ H atom”  formed 
from water by radiolysis attacks 0 2 and H20 2 at comparable rates. It is concluded that the two kinds of “ H atom”  are in 
fact different, and may be basic and acid forms of H , i.e., the solvated electron, or the ion E 2+.

The mechanism of water decomposition by radi
ation, including the back-reaction, appears to be 
fairly well understood. 2 Water is dissociated into 
free radicals, denoted H and OH. Some of these 
combine to form molecular H2 and H202; others 
escape this initial recombination and react with 
dissolved materials present. In the absence of 
other materials the radicals act on the molecular 
decomposition products. Peroxide is thereby con
verted in part into molecular oxygen, and hydrogen 
is combined with this oxygen and with the peroxide 
to re-form water. To elucidate the process, a 
number of studies have been made in which solu
tions of these decomposition products in water have 
been irradiated with y-rays.

As long as only two of the three decomposition 
products are present, the observed reaction kin
etics are satisfactorily explained by plausible 
reactions of the free radicals H and OH. Thus 
when solutions containing hydrogen gas and hy
drogen peroxide are irradiated with y-rays the two 
solutes react together to form water, with a high 
yield which indicates that a chain reaction occurs. 3 
This chain must presumably be written as

OH +  H2 = H +  H2o  ( i )
H +  H20 2 =  OH +  ILO (3)

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) A. O. Allen, P r o c .  I n t i .  C o n f .  P e a c e f u l  U s e s  o f  A t o m ic  E n e r g y , 7, 
513 (1955)(United Nations).

(3) C. J. Hochanadel, J . P h y s .  C h ern ., 56, 587 (1952).

When only oxygen and peroxide are present the 
OH reacts with the peroxide and II with both oxy-
gen and peroxide.

OH +  H20 2 =  1I02 +  ILO (2)
H +  H ,02 =  OH +  ILO (3)

H +  0 2 =  II0 2 (I )
HO. +  HO: =  H20 2 +  0 2 (5)

If only oxygen is present peroxide formed as a result 
of reactions 4 and 5 is partially destroyed by re
action 2, but since the free H is formed in larger 
quantity than free OH a net formation of peroxide 
is observed with a yield equal to Gtlo, +  Gh — 
(? o h . 4 As soon as appreciable peroxide accumu
lates, however, the rate diminishes and a steady 
state is reached in which the peroxide is present at 
a concentration about one-third that of the oxygen. 5 
Not only the steady state levels at different oxygen 
concentrations, but the entire course of the curve 
shown in Hochanadel’s latest publication5 on this 
subject agree with the above mechanism if the 
specific rate constants for reaction of H with 0> 
and H20 2 are of the same order of magnitude. This 
result has also been checked by measurements made

(4) The net yields of the radical and molecular products from water 
radiolysis, in molecules produced per 100 c.v. absorbed, are denoted 
here by G  with an appropriate subscript. Actual observed yields cf 
various products are denoted by dtProduet)/d(Dose), taken again in 
units of molecules per 100 e.v.

(5) C .  J. Hochanadel, P r o c . I n t i .  C o n f.  P e a c e f u l  U s e s  o f  A to m ic  

E n e r g y , 7, 521 (1955)(United Nations).
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in this Laboratory by Schwarz,6 who obtains 
for the rate constant ratio k i /k 3 the value 1.85.

In solutions containing only hydrogen and oxy
gen, the two molecules combine to form hydrogen 
peroxide. The rate is shown by Hochanadel to be 
practically independent of the concentrations of 
hydrogen and oxygen, and one must conclude that 
all free OH is reacting wirh H2 to form H; all 
H then reacts with 0 2 to form H02 which in turn 
eventually reacts with itself to form peroxide. 
The number of molecules of peroxide formed here,
3.2 per 100 e.v., is therefore taken as a measure of 
half the total yield of free radicals plus the direct 
yield of molecular peroxide; G o h /2 +  Gh/ 2  +  
Gtlos = 3.2. From these and similar experiments, 
the radical and molecular yields are obtained: 
GHi = 0.45, GH,o, = 0.70, Gh = 2.75, Goh = 2.25.

When all three substances, hydrogen, hydrogen 
peroxide and oxygen, are present together the 
system no longer behaves as expected on the basis 
of the above reactions. An example of such dis
crepancy is found in Hochanadel’s work2 on solu
tions initially containing much hydrogen and rela
tively little oxygen, when the reaction continues 
into regions where the peroxide concentration 
becomes comparable to that of the oxygen. In 
this system, since hydrogen is in large excess over 
peroxide, practically all OH reacts with H2 rather 
than H2O2, and the rate of consumption of oxygen 
is expected to be constant and equal to G o h /2 +  
G h /2. Reaction 3 will reduce the peroxide yield 
but should not affect the yield of oxygen consump
tion, since the OH formed in (3 ) will react with 
II2 by (1 ) to regenerate H which can then react 
with 0 2. In a solution containing hydrogen and 
a relatively small quantity of oxygen the dose at 
which the oxygen is all consumed can then be 
calculated. At approximately half this dose the 
oxygen and peroxide will be present in equal con
centrations, and according to the experiments men
tioned above on solutions containing only oxygen 
and peroxide the 0 2 and H20 2 should be competing 
for H and the rate of peroxide formation should be 
greatly reduced. Reaction 3 destroys one mole 
of peroxide, while (4) followed by (5) produces 
one-half mole. Then when the rate of (3 ) exceeds 
one-half the rate of (4), the effect of the radical 
reactions is to give a net destruction of peroxide. 
If k j k 3 = 1.85, this condition will occur when the 
H2O2 concentration becomes greater than 1.85/2 
or 0.925 of the 0 2 concentration. As further oxy
gen is consumed the rate of peroxide destruction by 
radicals will exceed its rate of formation from the 
water, the peroxide concentration should then 
begin to drop, and by the time the oxygen is all 
consumed no peroxide should be left. The equa
tion for peroxide concentration on the above 
mechanism, consisting of reactions 1, 3, 4 and 5 
and including the contribution of the molecular 
yield by assuming reaction 2  to be negligible, is

d(H20 2) „  . i c  \ fc(H 20 2)\ . .
d(Dose) =  Gh20! +  (Goh +  Gb) \2 ~ W i  (A)

w'here (02) will be given by (O2)o — V2(Goh +  
Gii)(Dose). Hochanadel’s data on a solution

(6) A. O. Allen and IT. A. Schwarz, Second Inti. Conf. Peaceful Uses
of Atomic Energy, (1958), in press (1958).

initially containing 45 ¡ iM  0 2 and 440 H2 do not 
follow this expected curve at all. Data shown in 
Fig. 6  of his paper3 indicate that the peroxide keeps 
on climbing at almost the initial rate until the 
expected dose for complete consumption of oxy
gen is exceeded. Then the concentration of per
oxide drops very suddenly, presumably by the 
chain reaction between hydrogen and hydrogen 
peroxide, which is well known from the study of 
solutions containing only these two components. 
It seemed that the competition between 0 2 and 
H20 2 for H atoms was not proceeding at all in the 
presence of hydrogen as expected from experi
ments on solutions not containing hydrogen. Other 
data on these systems also seem to indicate dif
ficulties. We therefore undertook a more detailed 
study of the course of peroxide formation in 
aqueous solutions of hydrogen and oxygen ex
posed to y-rays.-

Experimental
Water was purified by multiple distillation and radiolysis 

as previously described.7 Water was saturated with hydro
gen by bubbling and the two solutions mixed by drawing a 
portion of each into a glass hypodermic syringe. A glass 
ring was placed in the syringe to ensure thorough mixing 
when the syringe was shaken. Irradiations were made at 
23° in the syringe using the y-ray source described by 
Schwarz and Allen.8 At intervals the syringe was removed 
from the source, a sample of liquid ejected for analysis, and 
the remainder replaced fo:' further irradiation. Special 
experiments showed that the amount of oxygen leaking 
into the syringe from the air during these manipulations 
was negligible compared to the amounts of oxygen present in 
the experiments.

Results
A number of experiments showed that for solu

tions of different oxygen concentrations with 
hydrogen at about 360 p M  the initial yield of 
peroxide appeared to be independent of the oxygen 
concentration and equal to 3.2, in exact agreement 
with Hochanadel’s value. At a concentration of 
H2 of 160 ¡xM  the initial yield appeared to be about 
9% smaller. This effect, if real, is reminiscent of 
the drop in peroxide yield found by Jayson, 
Scholes and Weiss, 9 in aqueous solutions of oxygen 
and alcohol, when the alcohol concentration is re
duced to very low levels. We believe these effects 
may be ascribed to a direct reaction between 
OH and H02 which sets in when the amount of all 
other materials capable of reaction with OH is 
small. Figure 1 shows the results obtained from a 
number of solutions initially containing approxi
mately 700 fiM  H2 and much smaller concentrations 
of 0 2. In every case the form of the curve re
sembles that reported by Hochanadel; i .e ., the 
peroxide concentration continues to rise until the 
total dose reaches a value at which oxygen is 
expected to be completely consumed; then at a 
slightly greater dose a precipitous fall occurs. 
The results are highly reminiscent of those reported 
by Hart10 for solutions containing formic acid and 
hydrogen peroxide in the presence of oxygen.

(7) A. O. Allen and R. A. Holroyd, J. Am. Chem. Soc., 77, 5852 
(1955).

(8) H. A. Schwarz and A. O. Allen, Nucleonics, 12, No. 2, 58 (1954).
(9) G. G. Jayson, G. Scholes and J. Weiss, J. Chem. Soc., 1358 

(1957).
(10) E. J. Hart, J. Am. Chem. Sue., 73, 08 (1951).
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ENERGY ABSORBED IN SOLUTION ( I020ev/LITER).
Fig. 1.— Peroxide formation in Hj-saturated solutions con

taining various amounts of oxygen (see Table I).

Fig. 2.— Points from expt. 2 replotted to show comparison 
with curves obtained by integration of Equations A and B.

There also the peroxide was not consumed while 
any oxygen was present, but instead the formic 
acid and oxygen reacted together to form peroxide 
and C02. When all oxygen was consumed a chain 
reaction between peroxide and formic acid to 
yield C02 and water suddenly set in.

In experiment 2 of Fig. 1 more oxygenated water 
was added to the syringe after the peroxide concen

tration started to decrease. The result was a 
second rise and subsequent fall in peroxide, similar 
to that produced initially. In Table I the values

T a b l e  I
Characteristics op the Peroxide Concentration-D ose 

C urves

Expt.
(O2)o,

molec./l.x io-«
Umax,
e.v./l. 

X 10-»
(Oz)o/Umax, 

molec./ 
100 e.v.

(HzOzlmax, 
molec./I. 
X IO“ '»

(H 202)ma
(Oa)o

1 6.79 3.1 2.19 5.15 0 .76
2 15.07 6 .9 2 .18 12.1 .80
2 ' 13.66 6 .3 2.17 17.9 “
3 15.56 7 .4 2.11 13 0 .84
4 26.19 12.6 2 .08 21.8 .83
5 32.42 14.8 2.09 24.2 .75
6 36.97 17.3 2.14 27.2 .75
“ Calculated (H20 2)ma% =  16.6. For this run equation 

(B ) was integrated with a different boundary condition, 
since (H 20 2) was not zero at the start.

of the dose required to produce maximum peroxide 
concentration are shown together with the ratio 
to this dose of the initial oxygen concentration. 
If the rate of oxygen upta.ke is constant at Gh/2 +  
( t o h / 2 , the dose to consume all oxygen should be
2.5 times the initial oxygen concentration. The 
required dose to maximum peroxide actually exceeds 
this value by about 15%, instead of being consider
ably smaller as might be expected from the com
petition for H between li20 2 and 02. Figure 2 
replots the points from experiment 2 of Fig. 1. 
The two lower curves are calculated from equation 
A, assuming the rate constant ratio k j h i  to have the 
value 1 . 0  or 2 .0 , respectively.

Discussion
The present data show that solutions containing 

hydrogen, oxygen and hydrogen peroxide behave 
quite similarly to those containing formic acid, 
oxygen and hydrogen peroxide. The indication 
seems clear that as long as any ox3rgen is present, 
hydrogen peroxide will not react with hydrogen to 
form water under y-radiation. As soon as oxygen 
is all used up a rapid chain reaction sets in between 
the hydrogen and the peroxide. This reaction is 
stopped by very small quantities of oxygen. In 
the case of formic acid this behavior was explained10 
by supposing that the chain reaction between per
oxide and formic acid was carried by the reactions

O H  +  H C O O H  =  H C O O  +  H 20  

H C O O  +  H 20 2 =  H 20  +  C 0 2 +  O H

This chain is stopped by small quantities of oxygen 
because the chain carrier HCOO reacts very much 
more rapidly with oxygen than with peroxide 

HCOO +  0 2 =  H 0 2 +  C 0 2
to form the relatively unreactive H02 radical which 
cannot carry on the chain. In the case of hydrogen 
the corresponding chain reaction, as we have al
ready seen, consists of reactions 1 and 3. Here 
also the data suggest that the chain carrier H 
must react much more rapidly with 0 2 than with 
H20 2 in order to explain the inhibition of this re
action by small quantities of 02. Yet we have seen 
that in the irradiation of water containing only 
II20 2 and 0 2 these two substances compete on ap
proximately equal terms for reaction with the
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reducing free radical H formed from the water by 
radiation.

In order to explain this discrepancy we have 
reluctantly been forced to conclude that the “H 
atom” produced by the oxidation of H2 in reaction 1 
behaves differently from the “H atom” formed from 
water by radiolysis. In writing reaction schemes 
we consequently generally denote the product of 
reaction 1 by H', and in systems where oxygen 
is present we can obtain the observed kinetics by 
assuming that H' reacts exclusively with oxygen 
in preference to peroxide. The reaction scheme for 
the formation of peroxide in the presence of hy
drogen and oxygen then becomes

H20  — >  H, OH, H2, H20 2
O H  +  H 2 = H '  +  H 20 (D

O H  +  H 20 2 = H 0 2 +  H 20 (2)
H  +  H 20 2 = O H  +  H 20 (3)

H  -f-  O 2 = H O 2 (4)
H '  +  0 2 = H 0 2 (4')

H O 2 - f -  H O 2 —  H 2O 2 +  O 2 (5)
By equating rates of formation and consumption 

of each of the intermediates H, H', OH and H02 in 
the usual manner, we find for the rate of H20 2 
formation
d(H2Q2)
d(Dose)

„ GH , GoH 
= 0-H2O2 +  -n— I— 2~ —

1 +

don
fa(H2)

/c2(H 20 2)
G H

1 + ftj(H22 I 
fe(H20 2) L

1 +
1 + A-2(H 20 2)_

If (H202) is small compared to (H2), so that (2 ) 
can be neglected, the equation reduces to
d(H2Q2)
d(Dose) GhsOj +  7) (G oh +  Gh ) —

Gh____
HO-i)

H  h 2o 2)
(B)

where again (0 2) may be assumed equal to (O2) 0 — 
y 2 {G oh . +  (?H)(Dose).

The course of the curves in Fig. 1 should be 
calculable by integration of equation B, with the 
assumption that maximum peroxide occurs when 
all the oxygen is gone. Integration is accomplished 
by taking as variables (02) and y  = (H20 2)/(02). 
Putting in the numbers for the various G ’s and 1.85 
for k i/k s, we find, for the boundary condition y  = 
0  when (02) = (O2) 0

In (0 0
(O0o

1 /V  +  2.03?/ +  2.368
2 in V 2.368

0.7219 ^tan 12 y  +  2.03 
27313 tan 1 2.03 \ 

2.313/

To evaluate the expected maximum peroxide 
corresponding to (0 2) = 0  and , we may
conveniently multiply the equation by 2 , combine 
the logarithmic terms, replace y  under the logarithm 
by (H20 2)/(02), and find

-  In (o2)2 r(H2o2)_______ f(____
2.368(02)o2 L (0 2)

2.03(H2O2) 
( 0 2) 2.3680

, A t o o  ( ,  2?/ + 2 .03  , 2.03 \= 1.4438 (tan  -  tan * — )

When (02) = 0, only the first term under the 
logarithm remains; when y  =  0 0 ; the first tan- 1  
becomes w /2 . Then

In 2.368(02)o2 L4438 [ 2  tan 10-87' 6]
Thus the maximum (H202) is proportional to the 
initial 0 2 concentration, and evaluation of the 
constant from the above equation gives (H202)max/
(O2) 0 = 0.833. Table I includes experimental 
values of this ratio obtained from the curves drawn 
in Fig. 1 . Agreement is remarkably good. Figure 
2 shows the curve calculated by integration of (B) 
for (O2) 0 = 15.07 X 1 0 18 molec./l. along with the 
corresponding experimental points (from expt. 2 ).

The main discrepancy of all the runs from the 
theory lies in the size of the dose required to con
sume all oxygen, which is stated above is 15% 
greater than expected. Some but not all the 
discrepancy may be ascribed to a slight contri
bution of reaction 2 , which has been neglected in 
the above treatment.

Obviously at least one of the two entities, H and 
H', must be something other than a simple hydro
gen atom. In water, radicals are quite likely to 
exist in acidic or basic forms corresponding to 
loss or gain of a proton. Possibilities here are the 
solvated electron, which may be regarded as the 
basic form of H, and the much-discussed acidic 
form H2+. In neutral water the radical lifetime 
may be too short to allow equilibrium to be estab
lished between acidic and basic forms, so that 
these species react independently. The entity 
formed in water radiolysis could be a solvated 
electron, w’hich might eventually react with water 
to form H, but only after a time long compared to 
its ordinary lifetime in solutions containing ap
preciable oxygen or peroxide concentrations. If 
this were the case it must be supposed that solvated 
electrons formed close together can react readily 
with one another to form molecular hydrogen.

Another possibility is that the radical formed in 
water radiolysis is really a hydrogen atom, while 
the reaction of OH with H2 in aqueous environment 
leads not to disruption of the H-H bond but 
merely to an electron transfer, giving H2+ as the 
product. A suggestion has been offered11 that H2 + 
may be a fairly weak acid. It would then be ex
pected to five long enough on the average in neutral 
solutions to be able to react as such with active 
solutes like oxygen.

Acknowledgment.—Throughout this work we 
have greatly profited by discussions with Dr. 
Harold A. Schwarz.

(11) W. G. Rothschild and A. O. Allen, Radiation Research, 8, 101 
(1958);
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APPLICATION OF OPTICAL ROTATION MEASUREMENTS IN STUDYING 
THE STRUCTURAL DEGRADATION OF 7 -IRRADIATED OVALBUMIN1 2 3 4
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Earlier work led to the conclusion that ovalbumin treated with high energy radiations contains a broad range of protein 
molecules in various stages of structural breakdown. This view has now been supported by optical rotation studies on solu
tions of ovalbumin after treating in the lyophilized state, under vacuum, with 7-rays. The specific levorotation — [ « ]5si6i 
of the isoelectrically coagulable fraction and of three thermolabile fractions of increasing stability obtained from ovalbumin 
treated with 58.5 electronic volts per protein molecule, were found to be 60.2, 47.7, 42.1 and 39.5°, respectively, as compared 
to 85.0° for ovalbumin denatured by heating at pH 7.2 and 36.9° for the native protein. These values for the specific 
levorotations of the various fractions are discussed with reference to the serological activities of these same fractions, as 
measured by their reaction with antinative rabbit serum.

Thermal stability and serological studies2 - 6  
led to the conclusion that ovalbumin treated with 
high energy radiations contains a spectrum of 
protein molecules in which the secondary, H- 
bonded structure is in various stages of unfolding. 
The most strongly degraded molecules exhibit a 
characteristic coagulation reaction at the iso
electric point of the native protein. Other mole
cules in more moderately injured configurations, 
were discovered because upon heating they are 
changed more easily than native molecules to 
the coagulable state. In solutions of 7 -irradiated 
ovalbumin, the whole or nearly the whole loss of 
serological activity, as measured by the reaction 
of the antigen with antinative rabbit serum, was 
found to be associated with the coagulable and 
thermolabile constituents. The coagulable frac
tion suffered a large but not a complete loss of 
activity, suggesting that it is in a less strongly 
degraded state than protein degraded by heating. 
The activities of the thermolabile constituents lay 
intermediately between those of the coagulable 
and native protein and increased with increasing 
stability of the fractions.

Measurement of the optical rotation of proteins 
in solution is a sensitive method for studying the 
disruption of their secondary structure. This paper 
describes the use of the method in elucidating the 
structural state of the protein molecules in solu
tions obtained from lyophilized ovalbumin that 
was exposed, under vacuum, to 7 -rays. As in 
earlier works, a number of fractions of decreasing 
structural breakdown were precipitated progress
ively by application of pH and heat. By measuring 
the optical rotation of the series of supernatants ob
tained in this process, we calculate the specific 
rotations of the precipitated fractions in the state 
in which they were present in the original solution.

Materials and Methods
The general procedures used were the same as those em

ployed in our earlier works. In the following, they will be 
described in a somewhat more detailed manner than was 
done before.

(1) B ased on  w ork  perform ed under the auspices o f  the U. S. 
A tom ic  E n erg y  C om m ission .

(2) H . F ricke, Nature, 169, 965 (1952).
(3) H . F ricke, T his Journal, 56, 789 (1952).
(4) H . F ricke, C . A . L eon e and W . Landm ann, Nature, 180, 1423 

(1957).
(5) C . A . L eon e, W . Landm ann and H . F ricke, “ Proceedings o f the

Second International C on ference on the P eacefu l U ses o f  A tom ic
E n erg y ,”  G eneva, 1958.

The ovalbumin was recrystallized three times with N ar
S04.6 Nearly all the salt was dialyzed off following the last 
crystallization and 90 to 92% of the water, as determined 
by heating the protein to constant weight at 110°, was re
moved by lyophilization.

The lyophilized protein was placed under vacuum in glass 
ampules and irradiated at 0° in a homogeneous, 7-ray field 
at 1.5 X  106 rad./hr. Radiation dosage was determined 
with the ferrosulfate dosimeter (C?[Fe + + +] =  15.5) and ex
pressed in terms of electron volts absorbed per protein mole
cule (e.v ./m ol.). In this calculation, we used 45000 as the 
molecular weight of ovalbumin and 7%  H, 50% C, 15.5% 
N, 26% O, 0.1%  P, 1.6% S as its elementary composition. 
Photoelectric and recoilelectric absorption values were ob
tained from Lea.7

Irradiated ovalbumin is stable if it is kept in the lyophil
ized form and under vacuum at 0°. When placed in solu
tion its relative instability toward temperature and pH 
(Fig. 1) must be kept in mind during solvation and in stor
ing and testing it. To avoid or reduce secondary degrada
tion, all initial processing was carried out near 0 °, and as 
close to neutral pH as possible.

Owing in part to crosslinkage, and in part to structural 
unfolding, irradiated protein is more difficult to dissolve 
than native. It dissolves at an impracticably slow rate at 
neutral pH. Dissolution is hastened at both acid and basic 
pH values and since the coagulable constituents are in
soluble in the acid region pH 3.5 to 6, dissolving the pro
tein was carried out at basic pH. In the dosage range used, 
up to 120 e.v./m ol., the. irradiated protein went rapidly 
into solution at pH 9. The irradiated powder was added 
a few milligrams at a time to water adjusted to pH 9 with 
NaOH. The solutions were prevented from dropping be
low pH 7 by the periodic addition of small volumes of 0.1 N 
NaOH. The dissolution process required about 90 min. 
Tests showed that dissolved protein treated with 58.5 e .v ./ 
mol. could be kept for two hours at pH 9 without noticeable 
increase in structural degradation.

After being dissolved, the irradiated protein was brought 
to pH 7.2 and traces of insoluble material removed by cen
trifugation. At this pH and 0°, the solutions of irradiated 
protein were stable for several hours, during which period 
the optical rotation was measured.

Ovalbumin is fragmented under the influence of ionizing 
radiations, but this effect was small enough in our work, 
to not cause a significant rise in non-protein nitrogen as de
termined by the micro-Kjeldahl procedure. Therefore, 
total nitrogen determinations on the whole irradiated sys
tems or on fractions derived from them were converted to 
protein by using the conversion factor, 6.45, of the native 
ovalbumin. «>

Fractionation.— (a) The coagulable fraction of a solution 
of irradiated protein was obtained by lowering the pH 
with 0.1 N  HC1 to 4.85, which is the isoelectric point of 
native ovalbumin. The coagulation process went to com
pletion within 10 to 20 minutes. The supernatant, after 
centrifugation, remained clear for a few hours, showing 
that the coagulable and thermolabile fractions could be 
cleanly separated from each other. Further tests revealed

(6) R . A . K ekw iek  and R . K. C annan, Biochem. J., 30, 227 (1936),
(7) D . E . Lea, “ A ction s o f R ad ia tions on  L iv in g  C e lls ,”  C am bridge 

U n iversity  Press, 1947, p. 347.
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T a b l e  I
O p t ic a l  R o t a t io n  M e a s u r e m e n t s  o n  F r a c t io n a t e d  S o l u t io n s  o f  7 - I r r a d ia t e d  O v a l b u m in

Obsd. [a J'’646i —
D ' 

redis
solved

Dosage,
e.v./mol. D

Relative concn.-——» 
In U I Si S2 S 3

------Caled. — [ 1
D Li

0 36.9
15.0 0.062 0 . 2 1 40 3 39.0 3 7 . 0 60.9 61.2 46.2
30.3 .123 .24 42.1 40.0 36.7 59.0 57 .0 49 .2
58.5 .25 .28 0.21 47. 1 43.4 40 .8  39.5 61.4 58.3 47.7
90 .355 51.7 47.2 62.9 61.3

120 .51 57.1 50.9 63.1

that no additional coagulate was formed when pH of the 
supernatant was varied with HC1 and NaOH over a broad 
range, pH 3 to 6, proving thax pH 4.85 was close enough to 
the isoelectric point of all coagulable constituents to secure 
their complete precipitation.

(b) After the coagulable fraction had been removed, two 
fractions of thermolabile constituents were precipitated 
successively by exposing the supernatant to 49.25° for 6 hr. 
and 62.05° for 4 hr. at pH 7.2. After the first heat treat
ment the supernatant was adjusted to pH 4.85 with HC1. 
The precipitate that formed was removed and pH of the 
new supernatant solution readjusted to pH 7.2, with NaOH 
and then the process was repeated at the higher temperature. 
The native protein is practically stable at 49.25°, pH 7.2, 
so the fraction of irradiated protein removed at this tem
perature contained no appreciable admixture of native pro
tein.

Terminology.— Solutions of native and irradiated protein 
are called N and I, respectively. The coagulable fraction of 
I is called D and the labile fractions separated successively 
by the use of any particular process are called Li, L2, etc. 
The series of supernatants obtained in the progressive re
moval of these fractions, are called Si, 8», S3, S4, etc. The 
concentrations of D, Llt Lj, L3, etc., calculated as fractions 
of the protein concentrations of I, are called [D], [Li], 
[L2], [Lai, etc.

Optical Rotation.— Measurements were made with a 
Rudolph precision polarimeter.^ graduated to 0.01 degree, 
using the mercury line 5461 A. and 1 and 2 dm. tubes. 
The measurements were made in a cold room near 0 0.

Experimental Results
The data on the optical rotation of solutions of 

irradiated ovalbumin are presented in Table I. 
For the native protein the specific levorotation, 
— [a]6s46i, obtained was 36.9°, which agrees satis
factorily with the results of earlier workers.8 9 
The y-irradiated protein has an increased specific 
levorotation, which varies linearly with radiation 
dosage. A linear relationship is found also for the 
variation of [D] with radiation dosage.

The table shows that the increased levorotation 
of I is, in part but only in part, associated with the 
coagulable constituents, the levorotation of Si 
being lower than that of I, but higher than that of
N. Some of the isoelectricallv soluble constituents 
of I must possess a relatively high levorotation.

Since tests showed that the specific rotation of I 
did not depend on the protein concentration used 
in its measurement, we may assume that the 
rotation of I is the sum of the rotations of its 
various fractions. Furthermore, the operations 
used in removing D would not be expected to 
affect the rotation of the soluble constituents of I. 
As a result of the manipulation of pH of I to 4.85 
and the subsequent readjustment of Si to pH 7.2, 
the latter solution contains somewhat more 
NaCl than I, but tests revealed that such small

(8) H. F. Holden and M. Freeman, A u s t r a l ia n  J .  E x p .  B io l .  M ed .,  
7, 13 (1930).

(in H. A. Barker, .7. B io l .  Chem .,  1C3, 1 (1933).

Fig. 1.— Structural degradation of 7-irradiated oval
bumin exposed for 3.5 hours to NaOH at different pH values; 
radiation dosage 58.5 e.v./mol. The native protein is stable 
in this pH range. The coagulate was collected at pH 4.85; 
temp. 0 °.

concentrations of salt did not affect the optical 
rotation. Hence, we may calculate the specific 
levorotation for D, in the structural state in which 
it exists in I, from eq. 1.

I D H o d ] +  ( 1  -  [ D ] ) [ « S . 1  =  M  ( 1 )

where [or], [as,] and [an ]  are the specific levorota- 
tions of I, Si and D, respectively. The values of 
[ap] thus calculated are shown in Table I. They lie 
in the range of 57.0 to 63.1° and have a mean value 
of 60.2°. They show no apparent dependence on 
radiation dosage.

I11 order to measure the optical rotation of D 
directly, the coagulate obtained on shifting pH 
of I to 4.85 was centrifuged off, carefully washed 
with pH 4.85 HC1 and then redissolved in pH 9.0 
NaOH. The values of [aD] obtained from the solu
tions of these dissolved coagulates are given in 
Table I. They agree well with the calculated 
values, indicating first that the assumptions used 
in deriving eq. 1 are valid and, second, that D 
can be precipitated and redissolved without altering 
its molecular structure.

In order to establish the role played by the 
thermolabile constituents in the increased levoro
tation of Si over native ovalbumin, the thermal 
fractionation procedure was applied to the samples 
that had absorbed 15.0, 30.3 and 58.5 e.v./mol. 
The second heat-treatment was applied only to 
protein treated with 58.5 e.v./mol. The optical 
rotations that, were determined for the several
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supernatants are given in Table I. The results 
show that the increased levorotation of the several 
Si’s over native ovalbumin is associated wholly or 
mainly with the thermolabile constituents, their 
removal causing the optical rotation to approach 
that of the native protein. In the samples that 
adsorbed the two lower dosages of radiation, the 
specific levorotations of the S2 solutions were not 
significantly different from that of native ovalbumin 
showing that the increased levorotation of the Si 
solutions was essentially derived from the Li’s. 
In the sample that absorbed 58.5 e.v./mol. the 
removal of even the L2 fraction did not com
pletely restore the levorotation of the S3 to that of 
native ovalbumin. At this relatively high dose of 
radiation there may be no appreciable amount of 
structurally uninjured protein left in I.

In order to draw quantitative conclusions from 
these experiments we must assume that the heat
ings did not affect the isoelectrically soluble con
stituents remaining in the supernatants of the 
heated systems. Strict proof cannot be given, but 
supporting evidence is provided by the fact that 
for the smaller dosages, removal of the thermo
labile constituents brought the optical rotation of 
Si back to that of N. Further support is given 
by the fact that the thermal conversion of native 
ovalbumin to the coagulable form is a first-order 
reaction. 3 ’ 10^ 16 This indicates that at least for the 
native protein the degradation of the molecular 
structure by heat is an all-or-none reaction, 
which is not accompanied by structural changes 
in the soluble molecules.

Direct evidence that heating native ovalbumin 
leaves the isoelectrically soluble protein molecules 
unaltered was obtained earlier from serological 
studies. 6 We have now further verified this con
clusion by means of optical rotation measurements. 
Solutions of native ovalbumin at pH 7.2 were 
heated at several selected temperatures between
62.0 and 71.0° so as to convert various proportions 
of the protein into the coagulable form. The al
tered protein was coagulated by adjusting the 
systems to pH 4.85. The specific optical rotations 
of the cleared supernatants were measured. No sig
nificant changes from the value for the original 
native protein were obtained.

Although the question whether the thermal 
degradation of irradiated ovalbumin is an all-or- 
none reaction remains undecided, we shall ten
tatively assume that this is the case. We may 
then calculate the specific levorotation [oil,] of 
the thermolabile fraction Li from an analog of eq. 1

[ L j H a n ]  +  ( 1  —  [ D ]  —  [ L x ] )  [ a s ? ]  =  ( 1  —  [ D ] ) [ a S x ]  ( 2 )

A similar equation was used for calculating the 
specific levorotation [a u ] of L2. The values of 
[an] in Table I show no dependence upon radia
tion dosage. The mean value is —47.7°. The 
value for the one calculated [ol2] is —42.1°.

(10) H. Chick and C. J. Martin, J. Physiol. {London), 40, 404 
(1910).

(11) H. Chick and C. J. Martin, ibid., 43, 1 (1911).
(12) H. Chick and C. J. Martin, ibid., 45, 61 (1912).
(13) H. Chick and C. J. Martin, Kolloidchem. Beih., 5, 49 (1914).
(14) P. S. Lewis, Hoc-hem. ./., 20, 965 (1926).
(15) H. K. Cubin, ibid., 23, 25 (1929).

Discussion
We showed earlier4'6 that the loss of serological 

activity of solutions of y-irradiated ovalbumin, as 
measured by the reaction of the antigen with anti
native rabbit serum, was associated wholly or 
nearly wholly with the coagulable and thermolabile 
fractions. The coagulable fraction suffered a 
marked but not a complete loss of activity, the 
residual activity being about 16% of that of the 
native protein. The losses suffered by the thermo
labile fractions were smaller and decreased with 
increasing stability of the fractions. It was sug
gested that not only the coagulable fraction but 
also the thermolabile fractions are in states of 
partial structural unfolding, the extent of which 
in any particular fraction increased with de
creasing stability of that fraction. The fact that 
the coagulable fraction retained an appreciable 
amount of activity, indicated that it had not under
gone complete unfolding.

Disruption of the H-bonded secondary structure 
of proteins with the resultant unfolding of the 
polypeptide chain has been found invariably to 
lead to a large increase in levorotation of solutions 
containing them.8'9'16'17'17a The effect has been dis
cussed theoretically by Fitts and Kirkwood. 18' 19 
The increase in levorotation depends on the de
naturing agent used. Holden and Freeman8 
measured the levorotation of ovalbumin subjected 
to a variety of treatments resulting in coagulation 
at the isoelectric point and found values in the 
range of 58 to 100° (at 5461 A.). These different 
values might at least in part reflect differences in the 
extent of unfolding obtained in the different cases.

The increased levorotation values found for the 
various fractions studied in irradiated ovalbumin 
supports the conclusions as to structural unfolding 
drawn from the serological evidence. The levoro
tation of the coagulable fraction lies in the lower 
range of values found in Holden and Freeman’s 
study, suggesting that the molecules of this frac
tion are not in a completely unfolded state. The

T a b l e  II
C o m p a r i s o n  o f  O p t i c a l  R o t a t i o n  a n d  S e r o l o g i c a l  
A c t i v i t y  o f  D i f f e r e n t  F r a c t i o n s  o f  a  S o l c t i o n  o f  
y - I r r a d i a t e d  O v a l b u m i n . R a d i a t i o n  D o s a g e  5 8 .5  e . v . /  

m o l .
R ela tive

degree of unfolding 
in terms of

Fraction
Relative
concn.® — [ « i "5 " I

Sero
logical
activity

Optical
rotation

Sero
logical
activity

D 0.25 58.3 0.17 1 1
L, .28 47.7 .51 0.50 0.59
Lo .21 42.1 . 77 0.24 0.28
S.x .25 39.5 .89 0.12 0.13
N 36.9 1 0 0
° With reference to concentration of protein in I.

(16) P. Doty and E. P. Geidusrhek in: H. Neurath and Iv. Bailey, 
“ The Proteins,”  Academic Press, New York, N. Y., 1953, Yol. 1A, 
p. 393.

(17) C. Cohen, Nature, 175, 129 (1955).
(17a) .T. A. Schellman, Compt. Rend. Trav. Lab. Carlsberg, S6r. chim. 

30, 363 (1956-58).
(18) D. D. Fitts and J. G. Kirkwood, J. Am. Chem. Soc., 78, 265C 

(1956).
(19) D. 1). Fitts and J. G. Kirkwood, Proc. Nall. Ac. Sci. ( U.S.), 

42, 33 (1956).
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levorotations of the different thermolabile fractions 
lie intermediately between the values for the co- 
agulable fraction and the native protein and decrease 
with increasing stability of the fraction.

In order to show the correlation with the sero
logical activities, we present in Table II, for the 
radiation dosage 58.5 e.v./mol., the specific 
levorotations of the different fractions, taken from 
Table I, and the relative serological activities 
measured on the same preparations. 6 To compare 
these two sets of data, we calculate the quantity

G « f ] — [<*n ] ) / ( [ « d ] — [ e n d )

and the quantity obtained when the [a]’s are 
replaced by the corresponding values for the 
serological activities. (F denotes any particular 
fraction.) These two quantities may be described 
as representing the relative degrees of unfolding 
of the fraction F, in terms of levorotation and sero
logical activity, respectively. The correlation 
between the two sets of values is seen to be quite 
good. Although the meaning of this comparison 
is not wholly clear, it is felt that it gives further 
support to the view that the relation of the 
serological activity to the extent of unfolding 
in the various fractions is a causal one.

THE EFFECT OF a-RADIATION ON AQUEOUS GLYCINE
B y  C harles R. M axw ell and D orothy C. Peterson

Department of Health, Education and Welfare, Public Health Service, National Institutes of Health, National Cancer Institute,
Radiation Branch, Bethesda, Md.

Received February 16, 1959

Oxygen-saturated and oxygen-free 1 M  solutions of glycine have been irradiated with «-particles from an exterior Po210 
source. Yields of HCHO, NH3. HCOCOOH and H20 2 are reported as a function of dose. The relative yields of these 
compounds are quite different from those previously reported for X-rays. The specific yields of these products are greater, 
particularly in the oxygen-saturated solutions, than would be predicted by an indirect free radical mechanism in the bulk 
of the solution.

Introduction
No concerted effort has been made to determine 

the effect of the rate of linear energy transfer (LET) 
upon the radiolysis of aqueous glycine. The effect 
of X-rays has been studied by Dale, Davies and 
Gilbert, 1 Stein and Weiss, 2 Barron, Ambrose and 
Johnson, 3 and Maxwell, Peterson and Sharpless. 4 
The effect of electrons upon the system has been re
ported by Maxwell, Peterson and White6 who 
showed that the yields of the products were the 
same for 50 Kv. X-ravs at a dose rate of 1 X 1020 
e.v./l. min. as for 150 Kv. electrons at a dose rate of 
«1.6 X 1023 e.v./l. min. However, the LET for 
these two irradiations are essentially the same. 
Dale, Davies and Gilbert6 have reported the yield of 
NH3 from alkaline air-saturated solutions of glycine 
irradiated with the recoil particles from the B10 (na) 
Li7 reaction. However only very large doses of 
the order of 1.5 X 1025 e.v./l. were used and only 
the yield of NH3 was determined. Weeks7 has stud
ied the effect of 30 Mev. He ions upon aqueous gly
cine but his experiments were designed primarily for 
the detection and estimation of compounds pro
duced in low yield. The reported yields at the 
very large doses necessarily used probably do not 
represent the initial yields of these products before 
the onset of secondary reactions.

(1) W. M. Dale, J. V. Davies and C. W. Gilbert, Biochem. J ., 45, 93 
(1949).

(2) G. Stein and J. Weiss, J. Chem. Soc., 3256 (1949).
(3) E. S. G. Barron, J. Ambrose and P. Johnson, Radiation Research, 

2, 145 (1955).
(4) C. R. Maxwell, D. C. Peterson and N. E. Sharpless, ibid., 1, 530

(1954) .
(5) C. R. Maxwell, D. C. Peterson and W. C. White, ibid., 2, 431

(1955) .
(6) W. M. Dale, J. Y. Davies and C. W. Gilbert, Biochem. J., 45, 

543 (1949).
(7) B. M. Weeks, University of California Radiation Laboratory 

Report UCRL-3071 (July 1955).

The experiments described here on the radiolysis 
of aqueous glycine with a-particles from Po210 have 
been restricted to the measurements of the maior 
products at small doses. "Where possible the yields 
have been determined as a function of dose and the 
initial yields evaluated as the slopes of the plots of 
these data.

Experimental
«-Particles were introduced into the glycine solution 

through a mica window submerged in the solution. The 
polonium source was a thin spot of metal approximately 1 
cm. in diameter on the end of a 9/ i6"  tantalum rod housed 
in a tight fitting glass tube closed at one end with a mica 
window. This window was between 1.0 and 1.2 m g./cm .2 
thick and was sealed to the glass with black wax. The 
tantalum rod could be moved so that the polonium was in 
contact with the window during an irradiation. The source 
and housing were completely inside the sample handling and 
degassing system so that there was never more than a few 
millimeters pressure differential across the window.

The all-glass apparatus consisted of a degassing chamber 
and an irradiation chamber. These chambers were con
nected to each other and to a vacuum line in a manner which 
allowed individual evacuation and the transfer, by gravity, 
of solution from the degassing chamber to the irradiation 
chamber.

For gas-free vacuum runs the solution to be irradiated was 
degassed by boiling under the low pressure obtained with a 
mechanical pump. The solution was placed in the degassing 
chamber where it was stirred violently by a Teflon bar for 20 
minutes during which time it was opened frequently for 
short periods to the vacuum line for the removal of evolved 
gases. The irradiation chamber vras evacuated with the 
same vacuum line and then sw'ept free of any last traces of 
gases with water vapor from the degassed solution. Sample 
was drained from the degassing chamber into the irradiation 
chamber until the mica vcindovc was submerged approxi
mately 3 mm. The sample was stirred gently during the 
irradiation by another Teflon bar rotating at 120 r.p.m. 
After the irradiation the sample size was determined by 
weight. Sample size varied from 15 to 25 ml. depending 
upon the radiation chamber used.

For oxygen saturated runs, the entire system was evacu
ated and the solution partially degassed. Oxygen was ad
mitted to atmospheric pressure. The solution was then
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Fig. 1.— Yield of NH:) from 1 M  glycine when irradiated in 
oxygen and in vacuo with «-particles.

Fig. 2.— Yield of HCHO from 1 M  glycine when irradiated in 
oxygen and in vacuo with «-particles.

stirred for 5 minutes in the degassing chamber to ensure 
liquid-gas equilibration and the irradiation carried out as 
above.

Analytical.—Triple distilled water and recrystallized gly
cine4 were used in all solutions. Formaldehyde, glyoxalic 
acid, hydrogen peroxide and methylamine were determined 
by methods previously described.4 Ammonia was deter
mined by diffusion in a Conway disk followed by Nessleriza- 
tion. Acetic acid was steam distilled4 Irom MgSO,and H3P 04, 
neutralized with NaOH, concentrated on a steam-bath and 
assayed enzymatically with acetokinase. The preparation 
and properties of the enzyme and the test are described by 
Rose, Grunberg-Manago, Korey and Ochoa.8 This en
zyme in the presence of adenosine triphosphate and hy
droxy lamine converts the acetate to acethydroxamic acid 
which may be determined according to Lipmann and Tuttle 
with FeCl3.9 We found it necessary with our enzyme 
preparation to incubate the enzyme and acetic acid longer 
than the hour suggested by Rose, et al., and usually incu
bated overnight at room temperature. The steam distilla
tion was necessary to concentrate the acetic acid to an 
assayable concentration and to separate it from HCOCOOH 
which interferes with the hydroxamic acid test.

Catalase was added to all irradiated solutions immedi
ately after the removal of an aliquot for the H20 2 determina

(8) I. A. Rose, M. Grunberg-Manago, S. R. Korey and S, Ochoa, J. 
Biol. Chem., 211, 737 (1954).

(9) F. Lipmann and L. C. Tuttle, ibid,, 159, 21 (1945).

tion in order to prevent any subsequent reactions due to 
II20 2.

Dosimetry.—The energy delivered to the irradiated solu
tion was evaluated both by a calculation based upon the 
activity of the source and the energy loss in the mica window 
and by a measurement of the ferrous oxidation in a ferrous 
sulfate dosimeter.

Although Po210 emits a 5.3 Mev. «-particle, the «-par
ticles entering the solution have a spectrum of energies from 
zero to approximately 4.5 Mev. as a result of energy loss 
in the mica window. The exit energy of «-particles tra
versing the mica window at various incident angles and the 
number of particles traversing the window within 2.5° of 
these angles were calculated with the assumptions that the 
polonium was a point source in contact with a flat sheet of 
mica, that there was no scattering and no self-absorp tion 
and that the data of Holloway and Livingston10 for the 
range of alpha particles in air are valid for mica when cor
rected for density differences.

These calculations showed that with a 1.1 m g./cm .2 
window 76% of the «-particles emitted in the forward direc
tion entered the solution and that they had a maximum en
ergy of 4.45 Mev., an average energy of 3.47 Mev. and a 
median energy of 3.95 Mev. The dose rate during an ir
radiation was then calculated by a numerical integration 
over this spectrum using the assay of the source supplied by 
the manufacturer and the knowm half-life of Po210.

Four 40 minute irradiations of an oxygen saturated 0.4 
mM  Fe + +-0.4 M  H2S04 dosimeter showed a ferrous oxida
tion rate of 6.31 ±  0.18 X 1014 ions/min. The effective 
G(Fe) for «-particles with the above spectrum was calcu
lated to be 4.5, with the formula (?o(Fe) =  3.6 +  10/(1 +  
38/M ev.) proposed by Schuler and Allen11 for monoener- 
getic a-particles. Thus the dose rate for our 600 me. 
source at the beginning of the series of irradiations was 1.40 
X 1018 e.v./min. according to the ferrous yield and 1.76 X  
1018 e.v./m in. according to the calculated spectrum and the 
manufacturers assay. We have used the intermediate 
value of 1.5 X 1018 e.v./min. in evaluating our data.

Unfortunately the mica windows deteriorated under the 
«-irradiation and the flexing necessarily associated with the 
degassing technique, and on three occasions broke during 
an irradiation with considerable loss of polonium from the 
source. After these breaks the remaining activity of the 
source relative to the activity of the original source rvas de
termined by comparing the HCHO and NH3 yields from at 
least two irradiations in vacuo with similar yields observed 
with the original source. After the first break the remain
ing activity was 525 me. The second break reduced this 
to 160 me. and after the third break the source was too weak 
to justify further experimentation.

We did not use the Fc + +-H 2S04 dosimeter for these cali
brations for fear that a break of a window during a calibra
tion would result in the complete loss of the source.

Results and Discussion
The yields of H2()2, HCHO, HCOCOOH and 

NH3 as a function of dose in both evacuated and 
oxygen-saturated solutions are shown in Figs. 1 to
4. The in  vacuo yields of HCHO and NH3 were 
measured using the original 600 me. source. The 
in  vacuo yields of H20 2 and HCOCOOH were 
measured using both the 600 and 525 me. source. 
All oxygen-saturated solutions were irradiated with 
the 160 me. source.

In addition one in  vacuo irradiation with the 525 
me. source for a dose of 53.1 X 1019 e.v. gave a yield 
of 12.5 X 1017 molecules of CH3NH2. Two in  va
cuo irradiations with the 160 me. source for doses of 
40 and 41 X 1019 e.v. gave yields of 6.7 and 6.0 X 
1017 molecules of CH3COOH. These are not neces
sarily the correct initial yields but the dose-yield 
data previously observed with X-rays4 indicate 
that these products are not readily subject to sec-

(10) M. G. Holloway and M. S. Livingston, Phys. Rev., 54, 13 
(1938).

(11) R. H. Schuler and A. O. Allen, J. Am. Chem. Soc., 79, 1565 
(1957).
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T a b l e  I
Y ield of Products from the R adiolysis of Unbuffered 1 M  Glycine for Various T ypes of R adiation

TD j —Molecules/100 e.v.
Product a He + +° X-Ray b

n h 3 1.67 1.12 3.97
c h 3n h 2 0.24 0.11 0.19
HCOCOOH 1.1 >  0.61 0.2 2.10
HCHO 0.42 0.3 0.53
CH3COOH 0.16 1.20
HOOCCH2CH(NH2)COOH .09 0.25''
HOOCCH(NH2)CH(NH2)COOH «  .05 0.08''
h 2o 2 > 0.6 <0.01

-Oxygen-satd—
a X -R ay

1.80 4.3
0.16

1.23 >  0.84 3.4
0.57 1.1

« 0 .8 3.6
a Reference 7 and 12. b Reference 4. c Reference 5. ,l For Co60 7-rays reference 12.

ondary reactions at these doses and it is believed 
that these may be taken as approximately correct. 
The loss of our source prevented us from obtaining 
as many data as we desired.

These data and the initial yields for NH3, 
HCHO, HCOCOOH and H20 2 evaluated as the 
initial slopes of the curves in Figs. 1 —► 4 are listed 
in the second and fifth columns in Table I. The 
upper limits set for the yields of HCOCOOH were 
taken as the difference between the NH3 yields and 
the sum of the HCHO and CH3COOH yields.

Also listed in Table I are the yields reported by 
Weeks7 and Weeks and Garrison12 for irradiation 
made with 30 Mev. He ions. These yields were ob
served with doses of the order of 3 X 1023 e.v./l. 
and may not reflect the initial yields. The low val
ues reported for the yields of HCOCOOH and H2( ) 2 
are almost certainly the result of secondary reac
tions at this dose. For evidence notice the maxima 
approached in Figs. 3 and 4 where the maximum 
dose is of the order of 3 X 1022 e.v./l.

The data for X-ray yields are included for ready 
comparison. Such a comparison shows that the 
same products are formed in all cases but that their 
relative yields are quite different. Such differences 
are of course not surprising in view of the well es
tablished differences in the relative yields of the 
active intermediate species—H, OH and H202— 
from which most of these products presumably 
arise. It would seem appropriate at this time to 
examine these data in terms of the mechanisms re
cently proposed by Weeks and Garrison12 in a paper 
on the radiolysis of aqueous glycine. However, the 
results of current experiments in this Laboratory 
with X-rays indicate that a detailed analysis may 
be premature and only a few general observations 
will be made.

The low yields of nearly all the products ob
served with «-particles are consistent with a free 
radical mechanism since the number of free radicals 
produced by «-particles is much less than those 
produced with X-rays. The essentially constant 
yield of CH3NH3 is consistent with the proposed 
direct formation of this product. The very low yield 
of CH3COOH is consistent with the proposal that 
this product is formed by some fraction of the H 
atoms which escape into the bulk of the solution. 
The large yields of HCOCOOH and HCHO in the 
evacuated system are consistent with the proposal 
that the free radical production of these products is

(12) B. M. Weeks and W. M. Garrison, Radiation Research, 9, 291
0958).

Pig. 3.— Yield of HCOCOOH from 1 M  glycine when irradi
ated in oxygen and in vacua with «-particles.

Fig. 4.— Yield of H2O2 from 1 M  glycine when irradiated in 
oxygen and in vacuo with «-particles.

supplemented by a radical induced chain oxidation 
of glycine by H202. However, the large HCHO/ 
HCOCOOH ratio is inconsistent with our observa
tion (unpublished data) that little HCHO is formed 
by this latter reaction.

The large yields of all products in the oxygen- 
saturated solution is inconsistent with the proposal
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that, in the presence of oxygen, glycine reacts only 
with the OH radicals. It is generally agreed13 that 
(?(OH) for «-particles is of the order of 0.1-0.3, 
which is much too low to account for the observed 
yields. This proposed reaction may well account for 
most of the effect produced by X-rays but it appears 
that other reactions are of considerable importance 
with a-particle irradiation. These are probably re-

(13) A. O. Allen, Radiation Research, 1, 85 (1954).

actions within the track itself. In fact we are rap
idly coming to the conclusion in this Laboratory 
that the formation of IiCHO even with X-rays may 
be almost entirely in the “spurs” or regions of high 
local concentration of radicals and excited mole
cules. A study of the initial yield of all the prod
ucts as a function of glycine concentration and par
ticularly studies in the presence of oxygen with He 
ions or a-particles, should be most rewarding.

THE MOLECULAR COMPOSITION OF SODIUM IODIDE VAPOR FROM 
MOLECULAR WEIGHT MEASUREMENTS

By  Sheldon D atz and W illiam T . Smith, J r .

Contribution from the Chemistry Division, Oak Ridge National LaboratoryOak Ridge, Tenn., and the Department of Chemistry
University of Tennessee, Knoxville, Tenn.
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A technique has been developed for the determination of the molecular weight of vapors at high temperatures, by meas
urement of the pressure at constant vapor density, the pressure measuring device being a molten gold manometer. For 
the dissociation of Naffi into Nal measurements from 1175 to 1350°K. indicate a AE° of 40.2 kcal. mole“ 1 and a AS0 of 27.0 
e.u. at 1260°K.

Introduction
Considerable effort has been put forth in recent 

years in the determination of molecular association 
in alkali halide vapors. Of the experimental meth
ods employed, the most satifactory has been that of 
effusive velocity distribution analysis devised by 
Miller and Kusch. 2-3 Mass spectroscopic investi
gations4 “ 7 have yielded much valuable informa
tion, but uncertainties in ionization cross sections 
and modes of dissociation on electron impact pre
clude quantitative measurements of the degree of 
association. Infrared absorption studies of alkali 
halide vapors have indicated the presence of dimer,8 
but quantitative measurements of amounts present 
are at best very difficult. Since even the most pre
cise of the above methods is highly complex in both 
execution and interpretation, the present research 
was undertaken to provide a more simple and direct 
method of measurement, and to extend the meas
urements over a wide range of temperature and 
pressure.

In this work, the association equilibrium of so
dium iodide vapor was studied by the measure
ment of molecular weight as a function of tempera
ture. The molecular weight was determined by 
measurement of the absolute pressure exerted by a 
known weight of completely vaporized salt con
tained in an isothermal bulb of known volume. The 
choice of fused silica for use in fabrication of the

(1) Operated for the United States Atomic Energy Commission by 
the Union Carbide Corporation.

(2) R. C. Miller and P. Kusch, J. Chem. Phys., 25, 860 (1956); 27, 
981 (1957), hereinafter referred to as MK.

(3) M. Eisenstadt, G. M. Rothberg and P. Kusch, J. Chem. Phys., 
29, 797 (1958).

(4) L. Friedman, ibid., 23, 477 (1955).
(5) T. A. Milne, H. M. Klien and D. D. Cubicciotti, ibid., 28, 718 

(1958).
(6) R. C. Schoonmaker and R. F. Porter, ibid., 30, 283 (1959); 29, 

1070 (1958).
(7) J. Berkowitz and W. A. Chupka, ibid., 29, 653 (1958).
(8) W. Klemperer, Chemistry Dept., Harvard Univ., private com

munication.

bulb was dictated by the requirements of high tem
perature dimensional stability, non-reactivity with 
halide vapors and the ability to be degassed and 
sealed off at high temperatures. The pressure meas
uring device must have its sensing element at a 
temperature higher than the condensation point of 
the gas, and must be accurate to ±0.1 mm. Ini
tially a vitreous silica Bourdon sickle gauge was 
used, but it was found that at 1 0 0 0 ° the rapid 
diffusion of argon (used to balance the gauge pres
sure) through the thin membrane of the gauge 
caused large errors in pressure measurement. The 
gauge used in the measurements reported here was 
a balanced manometer in which the manometric 
fluid was molten gold. The two arms of the manom
eter could be observed through a tvindow in the fur
nace and the external pressure of argon required to 
balance the bulb pressure was read from an external 
mercury manometer. The choice of molten gold for 
the manometric fluid was made on the basis of the 
temperature range over which it is a liquid, its lack 
of chemical reactivity and its low vapor pressure 
over the required temperature range.

Experimental
Apparatus.— The bulb was fabricated from 80 mm. i.d. 

82 mm. o.d. clear silica tubing with end plates cut from 3.2 
mm. thick silica plates made slightly convex to resist high tem
perature distortion. The bulb is 16 cm. in length and has a 
volume of ca. 800 ml. The pressure transmitting tube, 
which connects the top of the bulb to the top of the man
ometer which is mounted vertically above it, is 8 mm. i.d. 
and 30 cm. in length. The manometer tube is 10 mm. i.d. 
and contains 130 g. of gold (7.6 cc. when molten) giving a 
height of 3 cm. in each arm. Additional mechanical sup
port of the bulb is provided by two 4 mm. silica rods which 
bridge the manometer. Additional 6 mm. tubes are sealed 
to the top of the bulb for sample loading and pumping. 
The pressure balancing arm is connected to a Pyrex pressure 
manifold through a graded seal located away from the high 
temperature region.

Pressure in the manifold is adjusted by manipulation of 
two vacuum stopcocks, one connected to a vacuum system 
and the other to a bulb containing argon at a pressure 
slightly above the maximum anticipated pressure. Flow
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rates through the stopcocks are kept at a convenient level 
for manipulation by plugging the bore entirely with paraffin 
and then piercing a hole with a 0.004 in. tungsten wire.

Furnaces.— The heating system consists of three electric 
tube furnaces. The bulb furnace is a “ Kanthal”  wound 
“ Marshall”  tube furnace 16 in. long with a 3.5 in. i.d. Its 
temperature is controlled by a “ Speedomax”  controller with a 
10 mv. span, using a chromel-alumel thermocouple as a 
sensing element. Gradients over the length of the bulb 
may be adjusted by shunting sections of the furnace winding. 
With this system, the temperature can be maintained con
stant to ± 0 .5 °  for several hours and the gradients over the 
length of the bulb range from 1° at the lowest operating 
temperature to 5° at the highest. To facilitate loading, 
pumping and sealing, the furnace may be lowered 4.5 in. by 
a counterweight system.

The manometer is heated by a “ Kanthal”  wound "M ar
shall”  furnace 16 in. long and having a 2.5 in. bore. The 
furnace is fitted with two 1 in. diameter windows set at 180° 
to each other and centered 8 in. from the end of the furnace. 
The temperature control of this furnace is accomplished 
with a “ Micromax”  controller using a chromel-alumel ther
mocouple. This furnace is mounted in a fixed position 
directly above the bulb furnace such that there is a ' / j in. 
gap between furnaces.

In order to prevent condensation in the pressure trans
mitting tube, a third furnace was made of a MgO swaged 
“ Kanthal”  heater contained in a Vs in- Inconel sheath 
wrapped in the form of a helix and welded to a 2.5 in. i.d. 
Inconel tube 6 in. long. The tube is mounted firmly to the 
bottom of the manometer furnace such that three inches 
extend up into the upper furnace tube and 2.5 in. into the 
lower furnace.

The furnace ends are sealed with fire brick and fire brick 
dust and the gap is lagged with “ Fiberfrax”  packing.

Gold Manometer.— The purest gold commercially avail
able contains considerable amounts of dissolved gas and 
small amounts of other impurities which tend to collect at 
the liquid surface. For this reason, it is further purified 
as follows. Gold wire is first de-greased and washed in hot 
H N 03. It is then melted in a silica tube under vacuum and 
pumped for several hours. After cooling, the cast ingot is 
removed and cleaned again in boiling H N 03.

Once the gold has been melted in the manometer, the 
manometer temperature should not be dropped below 600° 
since, if the temperature drops to ca. 500°, the silica will 
crack. This effect may be due to a slight wetting of the 
silica by the gold, although the markedly convex appearance 
of the gold meniscus suggests that the silica is not wet. 
The temperature at which fracture occurs might be asso
ciated with the sharp decrease in coefficient of expansion of 
quartz occurring at 550°, although no such transition is 
observed in vitreous silica.9

Sample Purity.— The samples were prepared from re
agent grade NaI (99.95% pure) which was heated under 
vacuum to 500° and then melted and recrystallized under 
argon pressure.10 Optically clear crystals were selected and a 
single piece cleaved from the center of a crystal constituted 
a sample. All handling was done in a nitrogen filled P2OS 
dry box.

Procedure.— Initially, the sj'stem is evacuated (p = 
10“ 6 mm.) and degassed at 1000° for 24 hours with an exter
nal atmosphere of argon supplied through a silica feed tube. 
After cooling, the bulb furnace is lowered, argon is admitted 
to the bulb and the sample is introduced through the loading 
tube, which is then resealed. The bulb containing the 
sample then is evacuated and heated to 200° for several 
hours. The pumping tube is then sealed at a point 1 in. 
away from the bulb. The bulb furnace is raised into posi
tion and the gap between furnaces filled with “ Fiberfrax.”  
The bulb then is heated in an argon atmosphere. Pressure 
readings are made by measuring with a cathetometer the 
argon pressure necessary to balance the gold manometer. 
Temperature measurements are made with calibrated P t- 
90% Pt 10% Rh thermocouples placed along the length of 
the bulb.

Since it has been observed that some gas appears to diffuse 
into the bulb, especially at high temperatures, the tempera

(9) R. B. Sosman, “ The Properties of Silica,”  Chemical Catalog Co., 
New York, N. Y., 1927.

(10) J. W. Johnsen, M. A. Bredig and Wm. T. Smith, Jr., J. Am.
Chem. Soc., 77, 307 (1955).

ture of the bulb is dropped below the point where the salt 
vapor pressure is measurable and a determination of the re
sidual gas pressure is made with the manometer.

To change samples the vacuum is broken and the pump
ing tube is reconnected to the pumping system. The old 
sample is then distilled out of the bulb to a cold portion of 
the pumping tube and the new sample introduced.

Errors.— Errors in the measurement of sample weight and 
volume (after correction for thermal expansion) amount to 
less than 0.5% , which is negligible. Absolute temperature 
measurements are accurate to ± 1 °  (0 .1% ). Since a tem
perature difference of 4° will vary the equilibrium constant 
by 3% , a weighted average temperature of the bulb is used 
in the calculation of the equilibrium constants. The larger 
gradients existing along the pressure transmitting tube and 
the manometer itself do not significantly contribute to the 
error, since the volume involved is only 1.5% of the total. 
Pressure measurements were found to be reproducible to 
within ±0 .05 mm., which introduces a maximum error of 
1% in the measured pressure range (10 to 30 mm.). A pre
cise knowledge of the density of the molten gold (ca. 17.0) 
is not necessary since a null method is used.

The largest error introduced is in the correction of the 
pressure for permanent gas diffusion into the bulb. This 
pressure was measured at 200°, corrected to the temperature 
of the observation and subtracted from the total pressure ob
served. The leak rate varies greatly with temperature from 
0.4 mm. per hour at 1350°K. to essentially zero at 1200°K. 
The largest pressure correction required in measurements 
recorded here was 5 mm. in a total pressure of 30 mm. Con
fidence in the validity of this correction was gained from an 
experiment in which a separate sample was heated rapidly 
to 1250°K. and then rapidly cooled to avoid any measurable 
leak up. The point thus obtained was in good agreement 
with the curve obtained from measurements made on vapor 
pressure (i.e., at temperatures below complete vaporization) 
in which both the slope of the In P vs. 1/T line and the mag
nitude of the pressures agree well with previously reported 
values when the pressure correction was made. In addi
tion, the data are self-consistent and reproducible over the 
complete range of total pressure and pressure correction 
values.

If the source of permanent gas is either the argon diffusing 
through the silica or the release of carbon monoxide dis
solved in silica,11 the above correction is valid. There is, 
however, a bare possibility that the NaI reacts with the 
silica to yield iodine which would be measured as a perma
nent gas. To determine this, a 41-mg. sample was kept at 
1350°K. for eight hours, after which a total gas pressure of 
2 mm. was observed at 400°K. Visual comparison of the 
color of the gas in the bulb with an equivalent bulb contain
ing I2 gas at known pressures indicated that if any I2 gas was 
present, an upper limit could be placed at a value of 0.1 
mm. An error of this sort would affect the value of K c in 
two ways. First, the effective sample weight is diminished 
and second, the residual gas correction extrapolated from a 
low temperature measurement should be increased to take 
into account the dissociation of h  at high temperature. 
These effects tend to cancel each other and the combined 
effect is to alter K c by only 2% .

Results and Discussion
The mole fraction of dimer N d is given by

iVd =  f M e x p / M NaI ) -  1

where M exp is the molecular weight obtained from 
the ideal gas law with the measured values of pres
sure and temperature and M Nai is the formula 
weight of Nai. The equilibrium constant K c  for 
the reaction Na2I2 —»• 2 NaI is then obtained from

v  _  -  p
c “  Cd Ifi.aT  Nd

where P  is in atmospheres, R\.&. in 1. atm. mole- 1  
deg. - 1  and the subscripts m and d refer to monomer 
and dimer, respectively.

In Table I are listed the experimental values ob-
(11) E. Machol and E. F. Westrum, USAEC Report AECU-3753.

(1958).
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T a b l e  I

M e a s u r e d  E q u il ib r iu m  C o n st an t s  fo r  N a J 2 D isso cia 
tio n

c a
T,

°K. P, mm.
— log A’ c 
(expt.)

K c  (calcd.) — 
Kc  (expt.)

Nal 6 1212 17.59 3.902 -0 .0 6 2
Sample 7 1256 19.82 3.561 .025
Wt. =  42.0 4 1262 20.00 3.542 Oil

mg. 2 1295 21.23 3.407 -  .032
Voi. =  796 cc. 5 1297 21.37 3.386 -  .022

(at 300°K.) 3 1301 21.76 3.327 .016
8 1344 23.95 3.066 .062
1 1353 24.06 3.074 .010

Nal 9 1179 8.27 4.009 .034
Sample 10 1207 8.78 3.866 .004
Wt. =  20.0 11 1233 9.34 3.704 .012

mg. 12 1260 9.85 3.578 -  .003
13 1286 10.41 3.431 .013

Voi. =  a io  cc. 14 1314 10.92 3.315 -  .022
(at 300°K.) 15 1337 11.33 3.224 -  .047
“ Chronological order of experiments.

the values in these three papers were given at 
817°K., they have been adjusted to 1260°K. by a 
statistical calculation using the vibrational frequen
cies assumed by BDP for the change in entropy and 
the expression given by MC for the change in AH °  
with temperature.

The agreement between our value of AE °  and 
that of MK appears excellent. The value given by 
BDP is also in good agreement, but it is not an in
dependent check since this number was obtained 
from their calculation of the entropy and the as
sumption of the validity of the AF ° obtained by 
MK. The value calculated by MC falls outside 
the experimental error stated here and by MK. 
The entropy value obtained here is in reasonable 
agreement with MK but differs significantly 
from that of BDP and MC. Since the standard er
ror stated here is that given by the least squares fit, 
systematic errors in measurement may account for 
the difference. Whether a discrepancy with theory 
really exists must await measurement of the vibra-

e II
C o m pa r iso n  of E x p e r im e n t a l  an d  C alc u l a te d  V a l u e s  fo r  So d iu m  I o dide  A sso c ia t io n "

Datz and Smith (expt.)
Miller and Kusch (exptl.)
Bauer, Diner and Porter (calcd.) 
Milne and Cubicciotti (calcd.)

“ Bracketed values are extrapolated, 
at 852 °K.

-------------AE° (kcal./mole)------------
817°K. 1200°K.
[41 1]

38.6 ±  3.4 
39 .96 
45.0

40.2 db 1.2 
[37.5]
[39.0]
[44.1]

------ ASp0 (e.u.)-
1200°K.

27.0 =b 1.0 
[27.7] 
[29.3] 
[31.01

6 Computed by BDP with their calculated AS0 and the M K value of Kc. c Given

tained from two samples, together with the devia
tions of the experimental points from the least 
squared straight line obtained from a plot of log K c  
vs. 1/T. The slope of this line yields a value of 
A E ° = 40.2 kcal. mole" 1 with a standard error of 
±1.3 and log K c  = —3.56 at 1260°K. From the 
zero intercept, ANy0 is found to be 15.8 ±  1.0 e.u. 
for a standard state of one mole per liter. The en
tropy change for a standard state of one atmos
phere, A*8 p0, is then 27.0 ±  1.0 e.u., since

ASpO =  AiSy0 T  F(1 -]- In R l.a.T)

In Table II, these values are listed and compared 
with those of Miller and Kusch2 and with some re
cent theoretical calculations by Bauer, Diner and 
Porter, 12 and by Milne and Cubicciotti. 13 Since

(12) S. H. Bauer, R. M. Diner and R. F. Porter, J. Chem. P h y s 29, 
991 (1958), hereinafter referred to as BDP.

(13) T. A. Milne and D. Cubicciotti, J. Chem. Phys., 29, 84f> (1958), 
hereinafter referred to as MC.

tional frequencies and dimensions of the dimer, 
since these are at present only estimated.

For potassium iodide and rubidium chloride, 
much larger discrepancies exist between the meas
ured and calculated A*?0 values. We are presently 
trying to resolve the issue by measurements on 
these systems.

Vapor density measurement on fluorides or lith
ium salts may not be feasible in our equipment, due 
to the possibility of reaction with silica. However, 
the method should prove generally useful for tem
peratures up to ca. 1500°K. Above this tempera
ture, devitrification of silica becomes rapid. The ob
jectionable diffusion of ambient gas at temperatures 
above 1300°K. may be cvercome by vacuum jack
eting the apparatus.

Acknowledgments.—We wish to thank E. H. 
Taylor and R. E. Mintarn for many helpful dis
cussions, and M. J. Nesbit for his patience and skill 
in the construction of the silica apparatus.
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Application of a fast-scanning infrared spectrometer to the study of the pressure-supported flame of a solid double-base 
propellant is described. In the region from 700 to 4000 cm .-1 the flame spectrum in emission contains twelve characteristic 
bands. With but one exception, these bands correspond to the prominent bands in the absorption spectrum of the quenched 
products and have been assigned to C 02, CO, N20, H20 , NO, N 02, C2H2 and HCN. A Rice-Herzfeld-type free-radical 
mechanism appears capable of accounting for the principal features of the thermal decomposition of both nitroglycerine and 
nitrocellulose. The direct detection of N 02 is described, and the peculiar role of nitric oxide in nitrate ester flames is pointed 
out. Some suggestions are forwarded concerning a perplexing, broad and intense absorption at 2600-2700 cm .“ 1.

Introduction
The combustion of double-base propellants has 

been under investigation at Minnesota since 1942. 
Early experimental studies were concerned, in part, 
with the determination of the rate of those chemical 
processes by which a solid propellant, once ignited, 
is converted spontaneously into (largely) gaseous 
products, without the addition of any oxidizing 
agent. This over-all kinetic constant, the burning 
rate, is one of the most important properties of a 
propellant, and a simple, convenient method was 
devised for direct measurement of linear burning 
rates. 1 The mechanism of burning of double-base 
propellants and the dependence of the burning rate 
on pressure and composition have been considered 
by Crawford, Huggett and McBrady. 2 A physical 
theory based on a three stage flame-foam-fizz 
model was developed by Parr and Crawford. 3 
These theories have been reviewed by Geckler. 4 5 As 
a logical extension of this work, recent experimental 
work in this Laboratory has centered attention on 
infrared studies of the propellant flame. One of the 
obvious advantages of this technique is that one 
may look at the flame without sensibly disturbing 
it, and in principle one should be able not only to 
identify reactants, intermediates and products, but 
also to measure their concentration and (effective) 
temperature throughout the flame.

For flames that can be maintained accurately sta
tionary for long periods of time, the infrared spec
trum could be obtained with a conventional spec
trometer in about 20 minutes.6 However, in the 
investigation of the burning of solid propellants, it 
would be difficult to maintain a flame stationary for 
2 0  minutes because (i) the flame is not steady 
enough, (ii) burning rates vary considerably from 
powder to powder and even along the length of a 
given powder strand, and (iii) it is not practicable to 
extrude or handle the lengths of powder strands 
that would be necessary. One might hope to slow 
down the rate of motion of the flame with respect 
to the spectrometer by, say, a factor of 1 0  by move
ment of the propellant strand, but this would still

(1) B. L. Crawford, Jr., C. Hugge-.t, F. Daniels and R. E. Wilfong, 
Anal. Chem., 19, 630 (1947).

(2) B. L. Crawford, Jr., C. Huggett and J. J. McBrady, T his Jour
nal, 54, 854 (1950).

(3) R. G. Parr and B. L. Crawford, Jr., ibid., 54, 929 (1950).
(4) R. D. Geckler, “ Selected Combustion Problems,’ ’ AGARD, 

Butterworths, London, 1954, p. 289.
(5) (a) D. P. Needham and J. Pcwling, Proc. Roy. Soc. (London),

232A, 337 (1955); (b) D. A. Dows, E. Whittle and G. C. Pimentel,
J. Chem. Phys., 23, 499 (1955); (c) R. E. Donovan and W. A. Agnew,
ibid,, 23, 1592 (1955).

fall far short of the requirements of a conven
tional spectrometer. Rather than attempting to 
slow down the flame it was decided to speed up the 
spectrometer. To this end a fast-scanning infra- 
red-recording spectrometer was built in 1951. Ear
lier reports have described the basic instrument6 * 6 7 8 9 10 11 12 
and its modifications for studies of gas-phase reac
tions7 -1° and for preliminary studies on propellant 
flames. 11' 12 The present report is concerned with 
recent work with this fast-scanning spectrometer on 
the infrared spectra of propellant flames in the 
region 700-4000 cm.-1.

Experimental
Since propellants seldom burn with a self-sustaining flame 

at pressures below 50 p.s.i., it was necessary to construct a 
special high-pressure cell (Fig. 1). This cell was designed to 
withstand static pressures up to 500 p.s.i.; the usual opera
ting pressure, in runs with nitrogen as the pressurizing and 
sweep gas was 100 p.s.i. (gauge pressure). The main frame 
of the cell was constructed from three-quarter inch steel stock, 
grooved to take a lead “ 0 ” -ring gasket. The 3/ 8" thick 
front and rear plates were bolted to the frame with thirty-two 
tempered steel Allen-head bolts. Three or four days were 
usually required to draw down the cover plates to a tight fit 
after the cell had been dismantled for cleaning or modifica
tions.

The cell has two sets of window’s: one set of crystal w’in- 
dow’s, usually KBr, for the infrared beam of the spectrom
eter or emission spectra of the flame itself; and one set of 
Plexiglass windows for visual or photographic observation.

An important feature of this cell was provision for con
tinuous removal of the combustion products to prevent their 
recirculating back into the flame. At elevated pressures 
this requires a relatively large flow of nitrogen or other sweep 
gas during a run. A large inlet at the end below the strand 
was connected to two commercial nitrogen cylinders; at the 
other end of the cell, an exit orifice of adjustable diameter led 
directly to an exhaust system with provision for sampling the 
combustion products. Baffle screens at B (Fig. 1) served to 
smooth out the flow’ . In this way a linear flow of gas 
matched to the natural velocity of the flame products (ap
proximately 1 meter/second) could be maintained for the 
duration of a run (approximately 20-30 seconds). There 
is also provision for mechanically advancing the strand to 
slow’ the motion of the flame with respect to the spectrom
eter.

In early use,12 this cell lay bolted horizontally on the main

(6) P. J. Wheatley, E. R. Vincent, D. L. Rotenberg and G. R. 
Cowan, J. Op. Soc. Am., 41, 6G5 (i951).

(7) G. R. Cowan, E. Vincent and B. Crawford, Jr., ibid., 43, 710 
(1953).

(8) R. E. Nightingale, G. R. Cowan and B. L. Crawford, Jr., ./. 
Chem. Phy«., 21, 1398 (1953).

(9) G. R. Cowan, D. L. Rotenberg, A. Downie, B. L. Crawdord, Jr., 
and R. A. Ogg, Jr., ibid., 21, 1397 (1953).

(10) I. C. Hisatsune, A. P. McBale, R. E. Nightingale, D. L. 
Rotenberg and Bryce Crawford, Jr., ibid., 23, 2467 (1955).

(11) LI. F. White, G. R. Cowan, D. Rotenberg and B. Crawford, Jr., 
ibid., 21, 1399 (1953).

(12) A. D. Dickson, B. L. Crawford and I). L, Rotenberg, Ind. Eng 
Chem., 48, 759 (1956),
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Fig. 1.— High pressure cell: A, strand holder and feed! 
B, baffle screens; C, crystal windows; D, glass windows-

Fig. 2.—Determination of propellant linear burning rate.

P E R  C E N T  O X Y G E N  IN  N IT R O G E N  S W E E P  G A S ,

Fig. 3.— Propellant burning rate vs. per cent, oxygen in 
nitrogen sweep gas.

frame of the spectrometer; naturally, in this position the 
flame had a tendency to lift. For this reason, a second opti
cal system was constructed and mounted at right angles to 
the first. This system permitted vertical mounting of the 
propellant strand, with the image of the flame twisted 
through 90° and focussed across the slit of the monochro
mator. The spectra displayed in the figures have been 
obtained with this arrangement.

In a typical run, a piece of propellant measuring 4" X I "  
X  3/s"  was cut from standard stock on a band saw, and drilled 
at one end to accommodate an igniter tip and at the other to 
fit onto the strand holder (Fig. 1). This propellant, mounted 
on the strand holder, was advanced until the igniter tip 
pressed against, a wire that could be heated electrically. The

strand in final position extended approximately one inch 
above the space normally traversed by the beam, thereby 
blocking the beam. This provided time for the crater-like 
ignition area to develop into a flat flame front before the spec
trometer saw the flame. Finally, the front plexiglass ob
servation windows were bolted into place and the pressur
izing sweep gas started through the cell. When the cell 
pressure was steady, the igniter was energized and shortly 
thereafter the scope camera was started. For emission 
runs, a blank would usually be run before and immediately 
after each burn. When desired, the entire optical path out
side the flame could be swept free of atmospheric carbon di
oxide and water with dry nitrogen; however, these atmos
pheric bands were sometimes retained as convenient calibra
tion points. The amplification of the signal from the Golav 
and the scanning speed of the Littrow were checked each 
time with a standard 60-cycle signal.

The appearance of a pattern on the scope was influenced 
by several factors: the cell pressure, the slit opening, the 
scope amplification, the camera speed, the scanning speed, 
the prism used, the drum setting and the scanning amplitude. 
The higher the cell pressure, the brighter the flame in emis
sion; thus the spectral resolution and signal-to-noise ratio 
could be increased by raising the pressure; however, this 
compressed the characteristic zones in the flame and dimin
ished the geometrical resolution. The greater the scanning 
speed, the less the difficulties on any individual scan with 
random fluctuations in the flame, and the better the geomet
rical but the poorer the spectral resolution. As a compro
mise, most emission spectra were run at 100 p.s.i. (gauge 
pressure) at a scanning speed of 15 scans/second.

In view of the instrumental factors peculiar to the fast 
scanner we calibrated each scanned spectral region directly 
against known standards, such as polystyrene, atmospheric 
water and carbon dioxide, or specific calibrating gases 
(chiefly NO, N 0 2, C2H2 and HCN). The spectra of the in
dividual oxides of nitrogen have been published previously.13

The general procedure followed in surveying the spectrum 
of the propellant flame was to scan the spectral region 
covered by each prism in two series of overlapping scans: 
first an initial survey with the Littrow mirror oscillating with 
a large amplitude (wide scan), then a more detailed series of 
overlapping scans of smaller scanning amplitude (narrow 
scan), with special emphasis in the second series on the 
promising regions of the spectrum. For example, the cal
cium fluoride region (1400-5000 cm .-1) was scanned twice, 
in a series of 6 overlapping wide scans and a series of 26 
overlapping narrow scans, with special emphasis on the re
gion around 2600-2700 cm .-1 just above the C 02 band at 
2350 (Figs. 11, 12). The region from about 1850 to 5000 
cm .-1 also was scanned in a series of 11 medium scans using 
a LiF prism.

Likewise, the sodium chloride region (670-1400 cm .-1) 
was scanned twice, first in a series of 6 overlapping wide 
scans and later with a series of 14 overlapping narrow scans. 
Several special high-resolution scans were made in regions 
of special interest, as when looking specifically at NO, N 0 2, 
HCN or the separation of the P and R  branches of C 02.

The procedure in the exhaust collection runs was to burn 
the propellant, under pressure with the sweep gas exhausting 
through liquid-nitrogen surrounded traps. The contents of 
the traps were then fractionated, successively, with a mi
crocolumn loaned us by Dr. John Overend, into storage 
bulbs, and from thence into an 8-cm. infrared gas cell 
equipped with silver chloride windows. Representative spec
tra of the gases collected in this way are shown in Figs. 15 and 
16. These were obtained with a Perkin-Elmer Model 21 
double-beam spectrometer.

The method by which the linear burning rate of the propel
lant was determined photographically is summarized in Fig.
2. It was observed that the burning rate slowly increases 
with increasing oxygen content of the ambient atmosphere, 
and with decreasing exit-orifice diameter, until some critical 
velocity, between 1.78and 3.10 mm./sec., is reached, when, 
suddenly, the propellant begins to burn down the side at a 
much increased rate (Fig. 3). These side burns have been 
fairly reproducible; can be sustained to low' pressures; are 
quite sensitive to oxygen content, pressure and sweep-gas 
flow rate; and are quite brilliant. In separate experiments, 
it has been found that to a first, approximation the linear flow

(13) R. E. Nightingale, A. R. Downie, D. L. Rotenberg, Bryce 
Crawford, Jr., and R, A. Ogg, Jr.. Tina Journal, 58, 1047 (1954),
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rate of gas through the high pressure cell is nearly independ
ent of the cell pressure, depending principally on the exit- 
orifice diameter.

Results and Discussion
With a CaF2 prism, the infrared absorption spec

trum from 1400 to 4000 cm. - 1  of propellant flames 
supported by an atmosphere of nitrogen at 1 0 0  p.s.i. 
(gauge pressure) was obtained, in 1 2  overlapping 
scans, at a scanning speed of 15 scans/second. 
While some moderately strong absorption bands 
were observed11 particularly in the region of the 
C02 2350 cm. - 1  band, the spectra on the whole were 
disappointingly like the black-body radiation of the 
globar. On increasing the bomb pressure to 350 
p.s.i., emission of infrared radiation from the flame 
itself began to predominate over the black-body 
emission of the globar, as evidenced by the fact that 
the oscilloscope trace was deflected off scale when 
the luminous part of the flame reached the level of 
the beam. However, it was evident from the few 
scans obtained on these flames that, on the whole, 
more structure was to be observed from the flame in 
emission than in absorption; hence we turned our 
attention to the emission spectrum. All flame 
spectra reported here are of the flame in emission. 
Burning at 100 p.s.i.. the peak energy collected at 
the detector from the flame of a strand 1" X 3/ s" in 
cross-section was roughly one-quarter that from the 
globar, operating at 4.6 amperes. These figures rep
resent our first extensive report on the spectra of 
solid-propellant flames as viewed by the Minnesota 
fast-scanning infrared spectrometer.

The solid curves in the figures are traces of the 
photographic oscilloscope record. Oscilloscope de
flection is plotted vertically, wave numbers scanned 
horizontally, increasing from left to right; the ap
proximate scan center is indicated in the upper left- 
hand corner, together with the prism, cell pressure 
and spectrometer slits in microns. The solid curve 
labeled I represents the spectra obtained early in a 
run, from a zone close to the surface of the burning 
propellant; II and III indicate zones progressively 
further out in the flame. For comparison, the 
dashed curve labeled GB is the globar; for cali
bration purposes, the dotted curve labeled PS is the 
absorption spectrum of polystyrene, as recorded im
mediately after a run. These traces are quite char
acteristic and, for all their peculiar structure, quite 
reproducible.

The first question raised by these traces is 
whether they portray peaks of emission or valleys of 
absorption—or both. In a chemically and physi
cally similar system, the flame decomposition of 
ethyl nitrate, Needham and Powling6“ find, in the 
main, emission peaks (for H20, CH4 and C02). 
Close examination of the region about the C02 
doublet at 2350 cm.-1, has enabled us to resolve the 
C02 doublet in  absorption—-precisely where one 
should ordinarily find it, except for a slightly in
creased separation of the P and It branches. In
deed, this C02 band in “emission” appears in nearly 
every way like the C02 band in absorption reported 
previously. 12

There are other clues; the flames are sooty and 
luminous; and the “spectrophotometric gradient” 
of the early traces (I) resembles rather closely that

RUN 131
LiF
5200cm- (*4000-10000)

Fig. 4.— Flame spectrum: black-body radiation peak.

of the black-body globar blank. Increasing the 
cell pressure increases both the visible luminosity 
of the flame and the intensity of the black-body ra
diation and, also, the separation of the P and R 
branches of C02. Furthermore, in both absorp
tion and emission the optical density of the C02 
band was roughly independent of the cross-sec
tional dimensions of the strand.

These facts suggest that what we are observing is 
a small sun of luminous soot particles radiating a 
black-body continuum, surrounded by a mantle, 
of increasing thickness as one progresses outward in 
the flame, of cooler infrared-absorbing gases.

The outer envelope of flame gases is presumably 
quenched by the nitrogen sweep gas, which enters 
the bomb some 20 or 30 degrees below room tem
perature at a Reynolds number in excess of 3200. 
The importance of diffusion into a flame from the 
surrounding gases recently has been empha
sized by Gaydon and Wolfhard. 14 Under even 
mild conditions, mixing can occur; in our cell con
ditions are quite turbulent and extended mixing 
must certainly occur.

We have estimated the temperature of the soot 
particles responsible for the infrared continuum in 
this way. Where.the envelope of quenched gases is 
optically thin, as at the base of the flame, the spec
trometer sees directly into the hot interior of the 
flame. The soot particles there are probably nearly 
in temperature equilibrium with their surround
ings, 14 although the radiation from them may be not 
quite Planckian. Absolute intensity measure
ments on the spectrophotometric gradient of the 
flame black-body emission are, of course, meaning
less. 15 From the black-body radiation peak, how
ever (Fig. 6 , trace I), one estimates for the case of a 
spectrometer sampling equal wave length intervals16 
that T  = (max)/3.45 »  1200-1300° (for the inner 
cone of a flame burning in an atmosphere of N2 at 
1 0 0  p.s.i. and streaming by at approximately 1 me- 
ter/sec.). This temperature is reasonable for our

(14) A. G. Gaydon and H. G. Wolfhard, “ Flames," Chapman and 
Hall, Ltd., London, 1953.

(15) G. H. Dieke, “ Temperature," Vol. 2, Reinhold Publ. Corp., 
New York, N. Y., 1955, Chapter 3.

(16) Max Planck, “ The Theory of Heat Radiation," F. Blakiston’s 
Son and Co., Philadelphia, 1914.
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L i F

Fig. 5.— Flame spectrum: O-H  stretching region; CO-. com
bination bands.

Fig. 6.— Flame spectrum: hydrogen stretching region (LiF 
prism).

flames, though possibly a bit on the high side.5a 
We shall return to this point later, in our discussion 
of the mechanism of the flame reactions and the pos
sible role of surface catalysis.

The temperature of the outer mantle of the flame 
has been estimated from the separation of the peaks 
of the P and R branches of the 2350 C02 band. 17 
The spectrometer naturally reports an average of 
what it sees along its line of sight into the flame.

(17) G. Herzberg, “ Molecular Spectra. I,”  1). Van Nostrand Co., 
New York, N. Y., 1950, Chapter 3.

For this average, we find values ranging from 200- 
BOO0, depending on the pressure and turbulence of 
the nitrogen sweep gas.

These temperature estimates serve to confirm the 
picture of a hot core of solid particles, radiating a 
continuum, surrounded by an envelope of cooler 
gas. With this picture in mind, the traces have 
been examined from the point of view of absorption. 
The main “bands,” whose structures have been 
verified repeatedly under varying conditions, are 
listed in the first column of Table I by their desig
nation in the figures, together with their approxi
mate frequency and intensity. Our confidence in 
this interpretation of the over-all emission spectra 
of the flame as being that of essentially discrete ab
sorption bands superimposed on a continuous black- 
body background will depend in part on the extent 
to which logical assignments can be offered for
these bands.

T a b l e  I
Obsd. bands

(cm. ‘ ) Figures Assignments
Z(s) 5-6000 5 Overtones; combinations
A (ms) 3700 5,6 O-H  (HT>, OH, HONO) 

COa (vi +  Vi) 2vz +  »1)
B(m) 3300 5, 6 H CN ; C2H2; N -H
C(m) 3085 7 C-H
D(vs) 2600-2700 8,9
E(s) 2350 8,9 C 02
F(w) 2100 9 CN (?)
G(m) 2000 10
H(m) 1860 10 NO
I (vs) 1620 11 N 0 2
J (ms) 1500 11, 12 C-NCb
K(w) 1600 region 11 h 2o
L(s) 700-1000 13, 14 HCN, C2H2; HONO; 1

In trying to assign these bands, several problems 
are encountered immediately. First, there are fac
tors involving the flame itself: whether it contains 
normal molecules, excited molecules, free radicals or 
some complex mixture of all these. Secondly, there 
are purely instrumental factors: the appearance of 
an absorption band as recorded by the fast scanner 
depends on many factors, and any similarity be
tween the appearance of a band on the fast scanner 
with that obtained with an unmodified 12C spec- 
tiometer on slow scan is purely coincidental!

The simplest and most direct approach to these 
two problems is to assume that the absorbing en
tities in the turbulent flame envelope are normal 
molecules in thermodynamic equilibrium with their 
environment and to compare where possible the 
spectrum of the flame directly with that of sus
pected absorbing entity in an ordinary gas cell, 
either just before or immediately following a run. 
Such comparisons were made for water vapor (Fig. 
11), carbon dioxide (Fig. 9), nitric oxide, nitrogen 
dioxide and hydrogen cyanide.

If the principal absorbing entities are stable 
molecules, it should be possible to collect them from 
the exhaust gases and to observe their spectra as 
quenched products at room temperature. Figure 15 
shows the spectrum on a model 2 1  double-beam 
spectrometer of the volatile products from two 
modes of decomposition: thermal decomposition in
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vacuo (the dashed line), and flame decomposition at 
114 p.s.i. (the solid line). The similarities are strik
ing: in both instances one finds C02, CO and N20, 
NO, N02, HONO, probably HN03, C2H2, HCN and 
C2H4. A s we shall see later, most of these products 
are kinetically quite plausible.

The same species, less those involving H20, are 
displayed in a fractionated sample in Fig. 16. Across 
the bottom of this figure we have indicated the 
bands seen in absorption in the flame spectra. (The 
vertical pips indicate the bands reported by Wolf- 
rom, et a l . ,18 for the gaseous products from the slow 
controlled thermal decomposition of nitrocellulose.) 
Again, the correspondence is striking.

With one exception, all of the major flame bands 
correspond to prominent bands in the quenched 
products. Perhaps this is not surprising: in the 
one case the quenching is with gaseous nitrogen at 
approximately 0 °, in the other with liquid nitro
gen. The two bands of C02 at approximately 3600 
and 3700 are clearly seen in both instances (Figs. 15, 
16; and 5, 6 ). Removal of the water clearly re
veals band B in the quenched exhaust gases, and the 
relatively weak band C. Next is the relatively 
strong C02 band at 2350, with the CO-N20 struc
ture on its lower wing. From here on down to 1400 
the principal absorptions are due to NO and N02. 
N?04, which is detected in the exhaust gases, would, 
of course, not be present at any appreciab e concen
tration at 2 0 0 ° above, and in the flame the region 
extending from approximately 1350 down to 1050 
showed no strong absorption bands. The flame 
spectrum from approximately 1000 to 700 is one 
broad fairly intense band with a certain amount of 
fine structure. This region is nicely covered by 
C2H4, HONO, C2PI2 and HCN in that manner. The 
only intense flame band unaccounted for in this 
way is band D at 2600-2700 cm.-1.

From the optical densities of the non-overlapping 
bands in Figs. 15 and 16, one finds that carbon diox
ide and nitric oxide are the principal constituents 
of the volatile exhaust gases. Exclusive of any 
nitrogen, hydrogen, oxygen or water that may be 
formed, these two gases together account for over 
80% of the volatile, infrared active products. Table 
II gives the relative partial pressures of the identifi
able products based on 1 0 0  for Pno.

T a b l e  II

Substance
Relative
partial
pressure Substance

Relative
partial

pressure
CU2 170 n o 2 8
NO 100 C J b (>
HCN 85 NsO 0.2
C2H2 12

The carbon-to-nitrogen ratio for the gaseous mix
ture represented by Table II comes out to 1 .6 8 , 
compared to a calculated value of approximately
1.70 for the propellant itself. Since neither carbon 
nor nitrogen are included in the experimental count, 
this agreement is either fortuitous, or indicates that 
the relative amount of soot, and reduced nitrogen 
formed is small.

(18) M. L. Wolfrom, .1. H. Frazer, L. P. Kuhn, E. K. Dickey, S. M. 
Olin, R. S. Bower, G. (>. Maher, ,T. D. Murdock, A. Chaney and E. 
Carpenter, ./. Aw. Chem. ftoc., 78, 4095 (1950).

RUN 145
UF

Fig. 7.— Flame spectrum: C -H  stretching region. 
Fig. 8.—Flame spectrum: band D and C 02 (band E).

From Table II it may be seen that nitric oxide 
constitutes approximately one-third of the total 
pressure (exclusive of any N2, 02, H2 and H20). 
Much the same conclusion is reached from an in
spection of the traces.

It is interesting to compare these results with 
those of Needham and Powling on the flame de
composition of ethyl nitrate at atmospheric pres
sure.5a They find the products listed in Table II, 
together with metane (which we would not have 
detected at the low level they report), hydrogen 
and nitrogen, nitromethane and the partially oxi
dized products methyl nitrite, acetaldehyde, formal
dehyde and methyl alcohol. Most strikingly, 
whereas we find much C()2, and little CO, they
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1910cm-1 r

Fig. 9.— Flame spectrum: 2200 cm. 1 region. 
Fig. 10.— Flame spectrum: 1900 cm.-1 region.

find mainly CO, with little C02, no NO» and no 
soot. Also, we find relatively more HCN—indeed, 
several hundred millimeters of it in the flame un
der combustion conditions.

The HCN formed in the flame is probably a syn
thetic product, since there are relatively few C-N 
bonds in the double-base propellant, and none at all 
in either of the major components, nitroglycerine 
and nitrocellulose. Other synthetic products are 
X 20, C02 and H20. CO, NO, N02 and C2H2, on the 
other hand, presumably are decomposition prod
ucts.

The formation of HCN is interesting, because it 
is usually assumed1 9 -2 3 that this molecule is formed 
by the reaction of a methyl radical with nitric ox
ide
CHS- +  NO — >  CH3NO — >- CH2=NOH — >

HCN +  H20  (1)
Under cracking conditions at 1000°, HCN has, in 
fact, been manufactured from NO and methane. 24 
It. is known that CH2NOH decomposes at moderate 
temperatures26 and that HCN is produced in the 
reaction of methyl radicals with NO. 23’ 26 HCN 
has been reported before in flames, 6a' 27 and by 
Wolfrom, et a l .,ls in the slow controlled thermal de
composition of nitrocellulose. Our system, as pre
viously noted, is flooded with nitric oxide; how
ever, neither of the major components contain 
methyl groups, which may come from the additives, 
a possibility also considered by others. 18 Another 
possibility is suggested by the reaction

CN +  H2 =  HCN +  H (2)

which has an activation energy of approximately 7 
kcal. 28 This is not to suggest that CN, for which 
we have some slight evidence (band F, Fig. 19), 
abstracts hydrogen atoms in the flame from H2, for 
which we have no direct evidence, but rather, since 
Z)(H-H) and Z)(C-H) are comparable, that CN if 
present (as ultraviolet emission studies would sug
gest14) could abstract hydrogen atoms from hydro
carbons with an activation energy of 7 kcal. or less 
and form free radicals still more easily.

To facilitate comparisons of this sort, we have in 
Table III listed some representative activation 
energies for a number of elementary kinetic processes 
that might be thought to occur in a nitrate-ester 
flame.

The elementary processes in Table III may be 
divided into two classes, with activation energies, 
respectively, greater or less than that for rupture of 
the weakest bond in a nitrate ester. This activation 
energy is approximately 40 kcal./mole, 19' 29 and 
corresponds to the bond dissociation energy of the 
RO-N02 bond. The first step in the thermal de
composition of a nitrate ester is, then, generally 
postulated as being the homolytic scission of this 
bond to give two free radicals, an alkoxyl radical 
and nitrogen dioxide

RO-NCh =  RO- +  N 0 2 E* «  40 kcal./mole

Fairly conclusive proof that N02 is in fact formed 
in some such step as this recently has been ob
tained in a study of the thermal decomposition of

(19) E. W. R. Steacie, “ Atomic and Free Radical Reactions,”  
Reinhold Publ. Corp., New York, N. Y ., 1954.

(20) A. F. Trotman-Dickenson, “ Gas Kinetics.”  Academic Press, 
Inc., New York, N. Y., 1955.

(21) H. A. Taylor and H. Bender, J. Chem. Phys., 9, 761 (1941).
(22) C. S. Coe and T. F. Doumani, J. Am. Chem,. Soc., 70, 1516 

(1948).
(23) W. A. Bryce and K. U. Ingold, J. Chem. Phys., 23, 1968 

(1955).
(24) M . Patry and G. Engel, Comp, rend., 231, 1302 (1950).
(25) G. K. Adams, W . G. Parker and H. G. W olf hard. Disc. Faraday 

Soc., 14, 97 (1953).
(26) P. Harteck, B e r .. 66, 423 (1933).
(27) E. A. Arden and J. Powling “ Sixth Symposium (International) 

on Combustion,”  Reinhold Publ. Corp., New York, N. Y., 1957, p. 177.
(28) Ref. 19, p. 644.
(29) P. Gray, Trans. Faraday Soc., 51, 1367 (1955).
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T a b l e  I I I

A c tiv a tio n  E n e r g ie s  o f  S om e  E le m e n t a r y  R e a c t io n s

Reaction
E*

(kcal./mole) Ref.
CH, +  NO 0 19, p. 646
C = C  +  N 0 2 —  C (N 02)-C  0 32
C2H6 +  C2H6 1
C = C  +  H 4-5 20, p. 284
C = C  +  c h 3 6-7 20, p. 296
H +  H2CO 3.6 19, p. 616
c h 3 +  H2C0 5.6 19, p. 616
CN +  H2 HCN +  H 
RO- dismutating by C -C

7 19, p. 644

rupture
RO - dismutating by C -H

3-13 39a

rupture
C2H2 +  N 0 2 — glyoxal

12-25 39a

(over-all) 15 51
CHO -»■ CO +  H 
H2CO +  N 0 2 —  HONO

13-14 19, p. 609; 20, p. 306

+  CHO
CHO CHO +  NO, —

15-19 32

HONO +  CHO-CO 20 20, p. 212
R  +  ONO - *  RO +  NO 
CH4 +  N 0 2 HONO

20 (H) 39a

+  CH3
R- dismutating by C-C

21 32

rupture
R- dismutating by C -H

24 20

rupture 40 20
HCHO oxidation (350°) 21 43
N 0 2 +  CO —  C 0 2 +  NO 28 20
2N 02 —  2NO +  0 2 25 20
D(RO-NO) 38 39a
Z»(RO-N02) 40 19, p. 241
NO +  CO -*■ C 02 +  V jN2 50 55
U(R-ONO) 57 39a
D (R -N 0 2) 58 39a
2NO -► N20  +  O 63 48
D(NN-O)
HCHO CO +  H2

55 48

(510-607°) 45 44
NO +  H, 49 47
c 2h 6 —  C2H4 +  H2 70 20
D (C-C) 80-85 20
.D(C-H), prim., sec, ter. 100, 94, 90 20
C2N2 —  2CN 114 19, p. 645

several nitrate esters in potassium halide matrices. 
Free N02 is known to react quickly at room tem
perature with alkali halides according to the equa
tion30

2N 02 +  K X  =  KNOs +  NOX (3)

The nitrate ion that is produced should he readily 
detectable in the infrared. Using this diagnostic 
test for N02 we have, in fact, found strong proof of 
the formation of N0 2 in the controlled thermal de
composition of ethyl nitrate, nitrocellulose and the 
double-base propellant itself. 31

The nitrogen dioxide may react in a host of ways. 
Gray and Yoffe32 have recently published a system-

(30) D. M. Yost and H. Russell, “ Systematic Inorganic Chemistry,”  
Prentice-Hall, Inc., New York, N. Y., 194G.

(31) H. A. Bent and B. L. Crawford, Jr., J. Am. Chem. Soc., 79, 
1793 (1957).

(32) P. Gray and A. D. Yoffe, Quart. Revs., IX , 362 (1955); also, 
Chem. Revs., 55, 1070 (1955).

RUN 88 .
C0F2 A
1555 cm-1 / \ I
lOOpsi 11 Y  /
350/L j X'-/

I G B  ,

K ^ J

i
1597

1490

1450

Fig. 11.— Flame spectrum: C -N 0 2 region (CaF2 prism).
Fig. 12.— Flame spectrum: C -N 0 2 region (NaCl prism).

atic review of many of its reactions. Essentially, 
in one way or another, N02 loses oxygen to become 
NO, a radical that is unusually stable under flame 
conditions. 14’ 40 This is indeed one of the great 
problems of nitrate ester combustion: the reduc
tion of nitrogen beyond NO. 33 However, we defer 
further consideration of these radicals until we have 
considered the probable fate of the alkoxyl radical, 
and the products derived from it, some of which are 
known to react quite readily with N02.

Enough is known of bond dissociation energies 
and activation energies of simple gas phase reac
tions (c f. Table III), to be a fairly detailed guide as 
to the probable mode of decomposition of a complex 
ester like nitroglycerine or nitrocellulose. We shall 
start, somewhat arbitrarily, with nitroglycerine.

(33) P. Gray and M. W. T. Pratt, “ Sixth Symposium (International)
on Combustion,”  Reinhold Publ. Corp., New York, N. Y., 1957, p. 183.
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RUN 121 
NaCI
780 cm- 1 
iOOpsi 
500fJ.

Fig. 13.— Flame spectrum: 900 cm .-1 region.
Fig. 14.— Flame spectrum: 780 cm.” 1 region.

According to the discussion above (reaction 3), the 
first step in the decomposition of this ester is prob
ably scission of an O-N bond. There are two possi
bilities

H
h 2c -------c— c h 2

I I (4a)
ONO, O ONO,

H
IRC--------C-------CH, (4b)

I I I
o n o 2 o n o , o

In what follows, both of these alkoxyl radicals will 
yield essentially the same products; we shall con
sider only one of them, (b).

An alkoxyl radical is isoelectronic with an ordi
nary alkyl radical, the terminal CH, group of the 
latter having been replaced by a terminal oxygen 
atom with an unpaired electron. As such, it may 
be expected to undergo very much the same se
quence of reaction as postulated by Rice and Herz- 
feld for the alkyl radicals in the thermal decompo

H2 H -N O ,
C--------C----------C H ,--------- >
[ I I

OXO, OXO, ONO,

sition of the paraffins. 34' 19 According to the Rice- 
Herzfeld mechanism, and studies of alkoxyl radi
cals, 31-3 5 -38 one may expect two reactions to domi
nate the further decomposition of our nitrate es
ter radical (b) : (i) hydrogen abstraction and (ii) 
radical dismutation.

The activation energies for these two alternatives 
are not known with certainty (Table III), but pre
sumably both alternatives are important at any 
temperature where the initial R0 -N 0 2 bond scission 
is occurring at a significant rate. We may, however, 
ignore hydrogen abstraction for the following rea
sons. This abstraction process forms alcohols, which 
are known to react rapidly with NO, to give ni
trites and nitric acid9-32

ROH +  2X0-2 =  RO-NO +  H 0-N 02 (5)
This reaction is, in fact, merely the alkyl analog of 
the reaction of water with NO, to yield nitrous acid 
and nitric acid, which occurs rapidly at room tem
perature.3” Inasmuch as a normal RO-NO bond is 
kinetically equivalent to an RO-NOa bond (Table 
III; see also ref. 29), the mixed nitrite-nitrate es
ter formed in this way is essentially equivalent, 
kinetically, to the original nitrate ester. Given a 
source of readily abstractable hydrogen, such as an 
aldehyde (see later), this sequence merely changes 
nitrate groups in our original kinetic entity to ni
trite groups. Eventually the intermediate radical 
will presumably find an opportunity to dismutate, 
particularly since this latter alternative is presum
ably less discriminating in the type of collision re
quired (because of the higher steric factor).

An alkoxy radical may decompose in either of two 
ways: (i) by splitting homolytically an alpha C-H 
bond, or (ii) by splitting an alpha C-C bond. Since 
C-C bonds are the weaker, the latter alternative is 
the most likely, just as with alkyl radicals (Table 
III, ref. 39a, b), where, instead of forming a C=C 
double bond, there is formed a carbon-oxygen 
double bond

H
!-c----

I I
ONO, ONO,

H2C-

H

-C — H ■ 

O

H ,C = 0  +  H.C-
H

-c i di)

o n o 2 o n o 2

The radical thus formed will be much less stable 
than the parent molecule, for it can dismutate by 
breaking a relatively weak O-N bond

ONO,

/ H
C d +  NO. (7) Xn

(34) F. O. Rice, and K. F. Herzfeld, J. Am. Ch.em. Soc., 56, 284 
(1934).

(35) J. H. Daley, F. F. Rust and W. E. Vaughan, ibid., 70, 88 
(1948).

(36) J. B. Levy, ibid., 75, 1801 (1953).
(37) E. W. R. Steacie, ref. 19, p. 232.
(38) A. V. Tobolsky and R. B. Mesrobian, “ Organic Peroxides,’ ’ 

Interscience Publishers, New York, N. Y., 1954.
(39) (a) P. Grav, “ Fifth Symposium on Combustion,”  Reinhold

Pub). Corp., New York, N. Y., 1955, p. 535. (b) D. G. Aldler, M, \Y.
T. Pratt and P. Gray, Chemistry and Industry, 1517 (1955).
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Fig. 15.— Spectra of quenched combustion products: solid line, decomposition at 114 p.s.i.; dashed line, vacuum decom
position.

FREQUENCY (cm:1).
Fig. 16.— Flame spectra (bands A, B, . . . ,  L) compared with spectra of quenched combustion products (continuous 

solid line) and the results of Wolfrom, et al.,18 (vertical pips) on the spectra of the gaseous products from the slow thermal 
decomposition of nitro cellulose.

followed by

o n o 2

- n o 2 
--------->

H:■?-c<
o

HCO +  H2C = O

H\  / PH- +  > C - C < f  
C p  X H

(8)

the important products at this point being formal
dehyde, HCO and glyoxal. Although the relatively 
intense carbonyl stretching frequency bands near 
1700 cm. - 1  of these combustion fragments are no
ticeably absent, in both the flame emission spectra 
and the spectra of the volatile end products of com
bustion, there is considerable kinetic precedence for 
these intermediates. They do, however, react 
rapidly with X0 2 (Table III), and this may explain 
why we do not see them in the flame. Also, being 
relatively polar with hydrogen bonding tendencies, 
they would not show up clearly in the spectra of the 
room temperature quenched products. 40

The importance of formaldehyde as a kinetic in
termediate in the oxidation of hydrocarbons has 
been emphasized by many authors, quite recently 
by Scheer. 41 It has been found in the combustion 
of 18 different hydrocarbons, at temperatures of 
500-800°.42 It has in fact been suggested that

(40) P. Gray, A. R. Hall and H. G. Wolfhard, Proc. Roy. Hoc. 
(London), 232, 389 (1955).

(41) M. I). Scheer, “ Fifth International Symposium on Combus
tion.’ ' Reinhold Publ. Corp., New York, N. Y., 1955, p. 435.

(42) E. W. Malmberg, ./. Am. Chem. Soc., 76, 980 (1954).

formaldehyde may be considered kinetically equiva
lent to a mixture of lb +  CO. 43 The over-all ac
tivation energy for its oxidation is only about 2 1  
kcal., so that this step should not lag far behind the 
initial break-down of the parent ester. The free 
radical HCO is generally considered to be unstable 
at normal combustion temperatures. 42 ~ 44 In many 
respects the oxidation mechanisms proposed for the 
oxidation of formaldehyde by X0245 46 parallel quite 
closely the ordinarily proposed 0 2 mechanism, with 
HOo in the later mechanism being replaced by 
11OXO in the former. Scheer’s mechanism for the 
Os-oxidation of formaldehyde, when modified in this 
way, contains several features that are of particular 
interest. The modified mechanism would be this

HCHO +  N 02 — >  HCO +  HONO (9)
O

HCO +  N 0 2 — HCONO (10)
O surface

HCONO ---------- =*- CO. +  NOH (11)

Soot in the flame (see above) provides a relatively 
large area for the surface-catalyzed reaction 1 1 . The 
nitroxyl formed in this step has a kinetic prece
dent, 26' 26’ 47 and is used to explain the formation of 
nitrous oxide that is observed

2NOH — >- HONNOH — N. O +  H20  (12) 

To our knowledge, this is essentially the only
(43) D. W. E. Axford and R. G. W. Norrish, Proc. Roy. Soc. (Lon

don), 192A, 518 (1948).
(44) C . A. McDowell and J. H. Thomas, Nature, 162, 307 (1948).
(45) J. H. Thomas, Trans. Faraday Soc., 49, 030 (1953).
(40) E. W. R. Steaeie, ref. 19, p. 045.
(47) H. A. Taylor and C. Tanford, J. Chem. Phys., 12, 47 (1944).
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t°C *25.
Fig. 17.— Some oxygen levels in the H -C -N -0  system, 

AF° in kcal. for the reaction: oxygen-acceptor +  V2 Oa = 
oxy gen-donor.

mechanism that has been suggested for the forma
tion in the gas phase of this interesting synthetic 
product. The nitrous oxide itself is, of course, read
ily able to support combustion, 48 and would not be 
expected to build up to appreciable concentrations 
under normal ñame conditions.

HONO, like nitrite and nitrate esters, and nitric 
acid, is relatively unstable with respect to cleavage 
of the RO-N bond29' 49 to give NO and OH, and, 
eventually, H20.

Surface catalyzed reactions, like (11), may ex
plain, too, why the black-body radiation tempera
tures in flames are often higher14 than the calcu
lated flame temperature.6a

At low temperatures, NOH presumably dimer
izes to hyponitrous acid, HONNOH. This however 
is unstable at elevated temperatures, 30 and we 
should not expect to see it, in either the flame or the 
exhaust products.

The reactions of glyoxal are probably similar to 
those of formaldehyde. For example, initial ab
straction of one of the aldehydic hydrogens by, 
say, NO2 would lead to a sequence of reactions like
Hx , 0

> c —c < f +  n o 2 - ~  >
(F  X H

H \ X
HONO +  > C —C f  — >  CO +  HCO (13)

O x

The straight thermal decomposition of glyoxal is 
known to produce CO, H20, formaldehyde and 
carbon.60 The activation energy for the reaction

(48) F. Kaufman and J. R. Kelso, J. Chem. Phys., 23, 1702 (1955);
P. L. Robinson and E. J. Smith, J. Chem. Soc., 3895 (1952); 1271 
(1952).

( 4 9 )  H. S. .Johnson, L .  Foering and R. J .  Thompson, T h i s  J o u r n a l , 

57, 390 (1953).
(50) E. W. R. Steacie, W. H. Hatcher and J. F. Horwood, J. Chem. 

Phys., 3, 291 (1935).

with N02 has been reported to be about 2 0  kcal./ 
mole,'20' 32'51 with NO, CO, C02 and H20 produced in 
the temperature interval of 160-210°. The mechan
ism suggested by Thomas61 for the reaction in pres
ence of relatively large amounts of N02 is
H \  . 0  

> C —C f  +  NO,
C f

H\
. A Xo ONO

H \ J>
^>C— +  NO (14)

O-
In the absence of large amounts of N02, and at more 
elevated temperatures as in the flame radical, dis- 
mutation according to (13) probably predominates 
over these alternatives.

The CO produced probably reacts fairly rapidly 
(Table III) with NOX52

N 0 2 +  CO =  CO. +  NO E* =  27.8 kcal./mole (15)
The thermal decomposition of nitrocellulose has 

recently been discussed by Wolfrom, et ad18 The 
formation of glyoxal by a route similar to that in ni- 
troglycerol has been suggested; for example, initial 
cleavage of an O-N bond followed by a sequence of 
radical dismutations.

In this way, one accounts for the degradation of 
nitroglycerol and nitrocellulose, via formaldoxime, 
glyoxal and N02, to NO, C02 and CO (in small 
amounts when N02 is present), and H20. Hydro
gen cyanide (reactions 1 and 2 ) and nitrous oxide 
(reaction 12) have also been accounted for. This 
leaves in Table II acetylene and ethylene, and soot 
to be accounted for.

If ethylene is not a synthetic product, and it 
seems unlikely that it is, 63 it must originate from 
the additives, or left-over solvent, and we shall not 
discuss it further.

The formation of soot, however, poses an inter
esting problem. At first sight, that we should fina 
soot may not seem surprising inasmuch as nitro
cellulose, which is the major component, is fuel 
rich; i .e ., there is insufficient oxygen present to 
combine with all the available carbon and hydro
gen. And when allowance is made for the fact 
that the flame temperature is insufficient to cause 
much of the nitrogen present to be reduced beyond 
NO (the temperature being too low simply because 
NO is not reduced), the mixture appears still richer. 
But as Fig. 17 (for the construction and use of this 
figure, see ref. 54) shows, from a thermodynamic 
point of view it is hydrogen, not carbon, that is re
jected first if the flame is fuel-rich. Even with nitro
cellulose, with due allowance for the incomplete re
duction of nitrogen, there is ample oxygen to take 
the carbon to CO.

The problem of carbon formation in flames has 
been reviewed comprehensively by Gaydon and 
Wolfhard. 14 According to their analysis, the criti
cal parameter in a pre-mixed combustion mixture is 
the ratio of the number of carbon atoms present to 
the number of oxygen atoms, n c/ n a and the tempera
ture. When n o/ n 0 is greater than 1 , carbon should

(51) J. H. Thomas, Tran*. Faraday Soc., 48, 1142 (1952).
(52) J. B. Brown and R. H. Crist, J. Chem.. Phys., 9, 840 (1941).
(53) G. Porter, “ Combustion Researcher and Reviews, 1955,“ 

Agardograph 9, Butterworths, London, 1955, p. 108; see also R. E. 
Ferguson, Comb, and Flame Quart., 1, 431 (1957).

(54) H. A. Bent, T h i s  J o u r n a l , 61, 1419 (1957).
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form, above 1000°. Below 1000°, however, CO is 
unstable with respect to the disproportionation to 
C02 and C (Fig. 17). Nevertheless, this cannot be 
the cause of carbon formation, even in our flames 
which are highly quenched, since the reaction 2CO 
= COa +  C is known to be slow before 1000° . 56

The mechanism of carbon formation has recently 
been considered by Porter, 53 who puts forth very 
cogent and persuasive thermodynamic arguments 
for reconsidering an acetylene mechanism of car
bon formation. Porter’s mechanism involved a 
condensation and splitting out of H2. Several fea
tures of this mechanism are particularly attractive 
here. A polymerization mechanism that is tend
ing toward thermodynamic equilibrium will, of 
course, be favored by high pressures, which may ex
plain the high luminosity of our flames, compared 
to those of Needham and Powling6a (it was neces
sary to clear the bomb exit orifice of soot after every 
few runs). And we do see acetylene in the products. 
Also, black-body radiation is one of the first signs of 
emission detected from the flame, as one would ex
pect if a thermal cracking mechanism operating 
early in the flame is responsible for the formation of 
the acetylene, as Porter postulates.

We note, somewhat hopefully, that a certain 
logical pattern appears to emerge from this discus
sion. Although the present account cannot pre
tend to completeness in a system as complex as the 
present one, it may be worth reiterating certain of 
the features of the present study. Compared to the 
low-pressure nitrate ester flames of previous stud
ies, our propellant flames are noticeably sooty and 
luminous. Coupled with this is the fact that in the 
infrared the propellant flames appear to emit a 
nearly Planckian black-body continuum, charac
teristically interrupted at frequent intervals by mo
lecular vibration-rotation bands viewed in absorp
tion. Most if not all of these features seem to stem 
from the use of relatively high sustaining pressures 
in the cell. High pressures favor soot formation, 
which explains the gross spectroscopic features of 
the flames in the visible and infrared. The quench
ing of the flame by the pressurizing gas accounts 
for most of the complex but reproducible spectro
scopic structure observed. Strong confirmation of 
this view is provided by the similarity of the flame 
spectrum to that of the quenched products of com
bustion. Direct detection of the elusive N02, pos
sibly for the first time in the flame of a nitrate ester, 
suggests that such quenching may be useful in 
trapping, in a relatively cold “matrix,” reactive 
fragments that might otherwise be quickly con
sumed by the flame. Kinetically, a simple Rice- 
Herzfeld free-radical type mechanism appears cap
able of accounting quite satisfactorily for the princi
pal features of the thermal decomposition of nitro
glycerine and nitrocellulose. In this way we are 
able without difficulty to account for all of the 
quenched products and all of the principal absorp
tion bands of the propellant flames—with the lone, 
notable exception of the intense band D at 2600- 
2700 cm.-1.

Band D.—We can so far only speculate on the
(55) Ref. 14; also, C. P. Fenimore, J. Am. Chem. Soc., 69, 3143 

#  (1947).

broad, unassigned D band at 2600-2700 cm.-1. 
This is perhaps the most interesting band in the 
flame spectrum.

From its intensity it is tempting to conclude that 
this band represents a fundamental; if so, it neces
sarily involves the motion of a hydrogen atom. The 
only even moderately intense bands catalogued for 
this sparse region by Bellamy66 are those belonging 
to hydrogen-bonded diketones. Were this the type 
of hydrogen involved, there should be present in the 
spectrum an even more intense band in the carbonyl 
region at 1700 cm.-1, contrary to our many observa
tions of this region which in fact is remarkably free 
of any absorption (Fig. 10). Nonetheless, these 
facts do perhaps provide a clue to the type of hy
drogen atom involved: it is not an ordinary hy
drogen, such as one finds in Ĥ O (3756 cm.-1) or 
H2(X (3417) or OH (3735) or NH3 (3336) or NH 
(3300), or even CH (2900).

In examining candidates for band D we may at 
the outset reject free radicals. First, no known 
electronically unexcited free radical has an X-H  
stretching frequency as low as 2700 cm.-1. Second 
and more convincing, the existence in the flame of 
appreciable concentrations of any free radical is al
most certainly precluded by the fact that our pro
pellant flames were thoroughly flooded with nitric 
oxide.67 Indeed, it is perhaps worth pointing out 
that this is a critical deterrent in practice to realizing 
a completely satisfactory reduction of oxidized ni
trogen in such propellant systems. The presence of 
nitric oxide stabilizes the system by combining 
with more reactive intermediates, thereby giving 
the flame time to expand and cool below that tem
perature at which nitric oxide itself is efficiently re
duced.

If the species responsible for the relatively strong, 
broad absorption band D is not a free radical, 
neither, it would seem, is it a stable molecule, for 
this perplexing band is seen neither in the spectra of 
the quenched exhaust products (Figs. 15, 16), nor 
in the spectrum of the propellant either before or 
after thermal decomposition in potassium bromide 
pellets. 31

Examining the postulated reaction mechanisms of 
the previous section for metastable reaction inter
mediates that might be lying about at appreciable 
concentration in a hot bath of nitric oxide, we find 
only one candidate, the precursor of nitrous, oxide, 
NOH; or, possibly, HNO. Plausible theoretical 
grounds exist for the belief that either species might 
have an abnormally low hydrogen-stretching fre
quency. The presence of nitroxyl, as already 
pointed out, correlates nicely with the high soot 
and C02 content of the flames, and the appearance 
in the exhaust gases of nitrous oxide. We note, too, 
from the contour of band D, that the molecule in 
question quite probably is not linear, and that both 
NOH and UNO are undoubtedly bent molecules. 68 
In summary, it would seem by the method of 
Holmes69 that at present the only explanation of 
band D is that here suggested.

(56) L. J. Bellamy, “ The Infra-red Spectra of Complex Molecules,”  
John Wiley and Sons, New York, N. Y., 1954.

(57) C. N. Hinshelwood, “ The Kinetics of Chemical Change,”  
Oxford Univ. Press, London, 1940.

(55) A. D. Walsh, J. Chem. Soc., 2260 ff. (1953).
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KINETICS OF THE DECOMPOSITION OF NITRIC OXIDE IN THE RANGE
700-1800° C.
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The decomposition of nitric oxide in packed Alundum vessels was measured by chemical and photometric analysis. Below 
1100° the reaction is heterogeneous and zero order. Above 1400° and up to 1800° (the upper limit of the experimental 
measurements), the reaction is a simple homogeneous, bimolecular reaction. Between 1100 and 1400° both mechanisms 
are involved. The homogeneous second-order reaction rate is given by the expression k•> =  1.9 X 10s e~63-mlRT atrnM 
sec.-1

The kinetics of the reaction
2NO — N 2 +  0 2

were studied by German investigators half a century 
ago. They have been under investigation in this 
Laboratory for many years, particularly with 
reference to the fixation of atmospheric nitrogen in 
dual, gas-heated pebble bed furnaces packed with 
refractory pebbles for preheating and quick chill
ing1 - 3  of the gases. A knowledge of the kinetics 
of the formation and decomposition of nitric oxide 
up to 2 1 0 0 ° is important. More recently there has 
been interest in these reactions in connection with 
rockets and with smog. Several researches have 
been published including shock tube investigations 
at still higher temperatures, and the work in this 
Laboratory on the surface-catalyzed reactions from 
700 to 1000° has been published. 4 - 5

Koerner, 6 Slaughter7 and Yuan8 have measured 
the rate of decomposition of nitric oxide over a wide 
temperature range and under a variety of different 
experimental conditions. The work is summarized 
in this issue, which is honoring Dr. S. C. Lind. 
In these researches the nitric oxide was decomposed 
in a refractory tube, packed with refractory 
pellets and heated in an electric furnace, and the 
reaction was followed by chemical analysis or light 
absorption of the nitrogen dioxide produced. In 
all three investigations it was found that the de
composition is zero order and surface-catalyzed 
from 700° to about 1100° and homogeneous, 
second order at temperatures above 1400°. Be
tween 1100 and 1400° the reaction is partly homo
geneous and partly heterogeneous.

The packed reaction vessels were used to give a 
large heat capacity and thus retain isothermal

(1) N. Gilbert and F. Daniels, Ind. Eng. Chem., 4 0 , 1719 (1948).
(2) W. G. Hendrickson and F. Daniels, ibid., 4 5 , 2613 (1953).
(3) E. D. Ermenec, Chem. Eng. Prog., 52, 149 (1956).
(4) J. M. Fraser and F. Daniels, T his Journal, 6 2 , 215 (1958).
(5) C. S. Howard and F. Daniels, ibid., 6 2 , 360 (1958).
(6) W. E. Koerner, Ph.D. Thesis, University of Wisconsin, 1949.
(7) J. I. Slaughter, Ph.D. Thesis, University of Wisconsin, 1953.
(8) E. L. Yuan and F. Daniels, Wright Air Development Center 

Report 56-536, p. 12. 1956.

conditions during the exothermic decomposition. 
In the experiments carried out with flowing gas, 
the packing of refractory pebbles assured rapid 
attainment of the reactor temperature and ensured 
complete mixing and uniform gas flow across the 
whole area of the reaction tube. The reaction is 
particularly suitable for kinetic measurements by 
the flow method because there is no change in 
volume during the course of the reaction and hence 
no complicating factor in the residence time as the 
reaction proceeds.

Conclusions regarding the temperature effect 
and the activation energy can be in serious erro.- 
if the measurements include, without proper 
corrections, the temperature region where both 
homogeneous and heterogeneous reactions occur 
simultaneously. In this region, the homogeneous 
reactions become increasingly more important at 
the higher temperatures.

Preliminary Results
Koerner6 carried out decomposition measurements in 

nitric oxide at full atmospheric pressure in a vertical, dense, 
Alundum tube heated with molybdenum heating coils 
around which purified nitrogen was passed. A packing of 
fine zirconia in a large steel shell provided thermal insula
tion. Alundum rods with */, inch bore fitted snugly into 
each end of the Alundum tube and extended to the edge of the 
heated reaction zone, so that the time of entrance and exit, 
through the indefinite temperature zones was reduced to a 
minimum. The hot reaction chamber, 10 inches long and 
l 5/s inches in diameter, was filled with zirconia pellets. 
The net space occupied by nitric oxide at atmospheric 
pressure was 241 ml. The temperature of the chamber was 
read through a window and along the bore of the inlet tube, 
using a calibrated optical pyrometer.

In most of the experiments a semi-flow method was used 
in which the hot reaction chamber was flushed out with a 
rapid stream of nitric oxide and then stopcocks at each end 
of the furnace were closed for a definite period of time, up to 
about a minute. Then one stopcock leading to an evacu
ated 2-liter bulb was opened and the reaction chamber gases 
were sucked into it and absorbed in a small volume of a 
solution of potassium hydroxide which it contained. The 
nitrites and nitrates were then reduced with Devarda’s alloy 
to give ammonia which was distilled off and absorbed in a 
measured amount of acid solution. The amount of am
monia decomposed was determined by back titration, using 
a brom cresol green-methyl red indicator. The partial 
pressure of nitric oxide in the reaction chamber at different
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times was calculated from the chemical titrations and the 
known volume and temperature, after making small cor
rections for the gas in the end capillary tubes.

In two experiments the nitric oxide was allowed to flow 
through continuously and the time of residence calculated 
from the volume of the chamber and the measured rate of 
flow. The results obtained by the two methods agreed 
closely.

The experiments were carried out at temperatures ranging 
from 900 to 1400°. The electric furnace was short-lived 
at 1400°. A typical experiment at 1200°. is shown in Pig. 1. 
It is seen that, in the course of 50 seconds, the nitric oxide 
changes from 1 atmosphere to about */4 atmosphere. It is 
evident that the reaction is second order as indicated by the 
straight line obtained by plotting the reciprocal of the par
tial pressure of nitric oxide against the time.

Plotting the logarithm of the specific reaction rate against 
the reciprocal of the absolute temperature gave a line which 
seemed to suggest an activation energy of about 70,000 cal. 
per mole at the higher temperatures and 24,500 cal. at the 
lower temperatures. The reaction was wall-catalyzed at 
the lower temperatures.

Slaughter7 continued the work and built an electric fur
nace, heated with a coil of l/t inch molybdenum rod in 
helium, which was capable of going to 1900°. The reaction 
chamber of 390 ml. in the central section of a vertical Alun- 
dum tube was packed with l/t inch spheres of alumina. 
The temperature of the middle of the furnace tube was de
termined with a pyrometer, through a side tube. The 
readings were calibrated by reference to a platinum- 
platinum, rhodium thermocouple placed in the center of the 
spheres in the reaction chamber. The object of these ex
periments was to make measurements at temperatures 
well above the range where surface-catalysis could be even 
a minor factor.

Slaughter used a flow method with a rate of flow of 40 to 
240 ml. per minute and an interstitial velocity of 0.6 to 6 
cm. per second. He worked with 3%  nitric oxide diluted 
to one atmosphere with helium, nitrogen and oxygen. It 
was planned to carry out the measurements under condi
tions prevailing in the Wisconsin process for nitrogen fixa
tion. Another object of using nitric oxide at 0.03 atmo
sphere instead of 1 atmosphere was to reduce the evolution 
of heat and assure isothermal conditions in the flow method. 
This reduction of nitric oxide to 0.03 atmosphere, however, 
placed such a strain on the chemical analysis as to reduce 
the accuracy of the rate constants.

The nitric, oxide, prepared from sodium nitrite and sul
furic acid with suitable purification, was allowed to stand 
with the diluent gas for two or three days to assure complete 
mixing. Samples were withdrawn from the furnace with 
water-cooled capillaries of stainless steel. The partial 
pressure of nitric oxide in the exit gases was determined by 
collecting the gas in an evacuated flask, sucking in 10 ml. of 
30% neutral hydrogen peroxide, sucking in additional air to 
oxidize all the nitric oxide to nitrogen dioxide and titrating 
with sodium hydroxide, using brom eresol green as an in
dicator. The hydrogen peroxide must stand in contact with 
the gases for about 3 hours. The nitric oxide which de
composed into nitrogen and oxygen was indicated by the 
decrease in alkali titration. The partial pressure of the 
undecomposed nitric oxide was calculated from the titration 
and the known volume of the chamber.

A correction was studied7 for the shrinkage in volume 
of the exit gases caused by the association reaction 2NO» <=i 
N 20 4 at room temperature. Formulas were developed for 
this correction. The correction may be considerable at 
high pressures of nitric oxide, but it is negligible at pressures 
less than 0.03 atmosphere.

Slaughter found that at temperatures between 905 and 
1047° a straight line was formed when the partial pressure 
of nitric oxide, starting with 0.03 atmosphere, was plotted 
against time out to 80 seconds. At higher temperatures, 
it became curved and the l / P No graph for a second-order 
equation was also curved— showing that the reaction is 
neither all zero order nor all second order. A typical ex
periment is recorded in Fig. 2. At still higher temperatures, 
the 1 /P no graphs became more nearly straight and the P No 
graphs became more curved—indicating the predominance 
of the homogeneous second order reaction. The activation 
energies obtained in this investigation appeared to be ab
normally high.

TIME (SECONDS).
Fig. 1.—Decomposition rate of nitric oxide at 1200° mea

sured by Koemer starting at 1 atmosphere.

Fig. 2.— Decomposition rate of nitric oxide at 1445° ex
pressed in atmospheres measured by Slaughter starting at 
0.03 atmosphere.

Experimental Data
Profiting by this earlier work Yuan8 obtained the 

more accurate data which are reported here. He 
used a flow method with a dense Alundum tube 
packed with XU  inch Alundum spheres. He fol-
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Fig. 3.— Decomposition rate of nitric oxide at various 
temperatures expressed in atmospheres measured by Yuan 
starting at about 0.04, 0.05 and 0.10 atmosphere.

lowed the course of the decomposition by measur
ing the amount of brown nitrogen dioxide produced. 
When the nitric oxide is less than half decomposed, 
the oxygen produced by the decomposition reacts 
with the remaining nitric oxide to give the ni
trogen dioxide. Slaughter and R. J. Williams 
constructed an accurate photocell instrument with 
a split beam which operates a recording potentiom
eter using 4359A light from a mercury lamp. 
It was adapted to this work. More details of its 
operation are given by Fraser. 4

In this work from 700 to 1400°, a globar furnace 
manufactured by Harry W. Dietert Co. was used; 
from 1200 to 1600°, the molybdenum Alundum 
furnace7 already described; and from 1400 to 1800°, 
a graphite furnace9 constructed by Soulen was em
ployed. Temperatures were read with a Leeds 
and Northrup pyrometer and checked with a 
thermocouple.

The rate of flow of gases was measured with a 
calibrated flow meter and the photometer was cali
brated with mixtures of nitrogen dioxide and air. 
The concentrations for calibration were determined 
by absorbing in measured sodium hydroxide and 
hydrogen peroxide and titrating with standard acid, 
using brom cresol green as an indicator. The errors 
for the association reaction 2 N0 2<=iN2 0 4 were shown 
to be negligible as was also the possible error pro
duced by the formation of N20 310 pointed out by 
Kaufman and Kelso. 11

The concentration of nitric oxide in the inert gas 
was 5 to 15%, sufficiently low to avoid serious

(9) J. R. Soulen, Ph.D. Thesis, University of Wisconsin, J955.
(10) J. M. Fraser and F. Daniels, forthcoming publication.
(11) F. Kaufman and J. R. Kelso, J. Chem. Phys., 23, 1702 (1955).

evolution of heat and ensure isothermal conditions 
and yet high enough to obtain reasonably good 
accuracy.

As in the earlier work the decomposition of 
nitric oxide was found to be zero order and hetero
geneous, surface catalyzed in the temperature range 
700 to 1100° and homogeneous and second order at 
temperatures above 1400°. At temperatures be
tween 1100 and 1400° both heterogeneous and 
homogeneous reactions take place simultaneously. 
The contribution from each depends on the 
area of the surface and its chemical nature, on the 
temperature and on the concentration. At 1 
atmosphere pressure the homogeneous bimolecular 
reaction is faster than it is at 0.03 atmosphere and 
so at 0.03 atmosphere, it is necessary to go to higher 
temperatures than at 1 atmosphere in order to 
eliminate the relative effects of surface catalysis.

The rate of decomposition of the over-all reaction 
over the whole temperature range is 

4-Pno 7 , 7. u ,------ j— =  «1 +  M “  N O

where is the specific rate constant for the zero- 
order reaction obtained from the slope of the line 
P no versus time and /c2 is the specific rate constant 
for the second-order reaction obtained from the 
slope of the line 1 /P no versus time.

Of the 67 experiments carried out at different 
temperatures, three typical ones are recorded in 
Fig. 3, where P no X  10 ~ 2 atm. is plotted at the 
left and the reciprocals of P no are plotted at the 
right. The time is plotted in minutes. At 1000° 
the P no versus time relation gives a straight 
line indicating that fc2 is so small that the homo
geneous reaction is negligible, and that practically 
all the reaction goes by surface catalysis. At 
1717° /b2 is so much larger than ki that the reaction 
is homogeneous and second order and a straight 
line is produced on the 1 /P no graph.

At 1300° with 0.05 atmosphere of nitric oxide, 
both the zero order heterogeneous and the bi
molecular homogeneous reactions are taking 
place and neither graph gives a straight line.

All the data are summarized in Tables I and II, 
where the temperature and the diluting, inert gas 
are given. In all cases the walls and the packed 
spheres were of aluminum oxide and the nitric 
oxide varied from 4 to 15% by volume.

Table I
Seco n d -o r d e r  R a te  C o n st an t s  

With Helium
Temp., °C. 1000 1100 1200 1300 1370 1400 1477
kz (atm.-1 sec.“ 1) 0.091° 0.13“ 0.15“ 0.25 0.60 0.75 3.7
Temp., °C. 1527 1537 1577 1(577 1697 1717 1814
ki (atm. -1 sec. ~]) 3.9 5.0 6.9 10.5 17.3 27.3 56.0

With Nitrogen
Temp., °C. 1315 1419 1450 1505 1605 1670
ki (atm. ~1 sec.-1) 0.54 1.6 2.5 3.6 5.4 18.8

° These three constants below 1300° are seriously affected 
by the surface catalysis.

In Fig. 4 the zero constants are plotted log ki 
versus 10* /T .  At the high temperatures shown at 
the left of the plot, the bimolecular homogeneous 
reaction is introducing serious complications and at 
all temperatures shown, it is somewhat of a factor,
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T a b l e  II
Z e r o - o r d e r  R a te  C o n stan ts  

With Helium
Temp., °C. 700 800 850 870 900 950 970
An (a tm .'1 sec.-1) 0.73 1.0 1.0 0.95 1.1 1.1 1.0

X 10» 0.71
Temp., °C. 1000 1040 1050 1100 1150 1180 1200
k\ (atm.-1 sec.-1) 1.4 1.1 1.1 1.1 1.5 1.5 1.2

X 103 1.2 0.97 1.1 1.3
Temp., °C. 1240 1250 1300 1350 1400 1500
An (atm. -1 sec.-1) 1.8 1.3 2.1 2.4 3.7 8.6

X 10» 2.5 4.6
With Nitrogen

Temp., °C. 700 800 850 900 910 1000 1040
ki (atm. -1 sec.-1) 0.41 0.47 0.47 0.00 0.55 0.60 0.61

X 10» 0.49
Temp., °C. 1100 1110 1200 1300
k\ (atm.-1 sec.-1) 0.57 0.80 0.67 1.1

X 10» 0.51 0.75 1.0
With Carbon Dioxide

Temp., °C. 700 800 900 1000 1100
An (atm.-1 sec.-1) 0.23 0.30 0.33 0.45 0.45

X 10»

becoming less at the lower temperatures. Al
though it is evident that the surface catalyzed re
action is affected only slightly by temperature, no 
conclusions can be drawn from these data regarding 
its energy of activation. This matter was studied 
later in detail4 using larger surface areas and lower 
temperature. It was found that under the con
ditions prevailing in the later experiments, the 
activation energy for nitric oxide in helium cata
lyzed by A120 3 pellets of powder (not smooth 
spheres) was 31,600 cal. per mole.

The diluent gas affects the surface-catalyzed rate 
of decomposition considerably as indicated in 
Fig. 4. The rate is fastest in helium and slowest 
in carbon dioxide and intermediate in rate in the 
presence of nitrogen. This order is the same as that 
of the boiling points of the gases and it is concluded 
that the more condensable gases, carbon dioxide 
and nitrogen, are adsorbed on the catalytic surfaces, 
thereby reducing the effective surface and poison
ing the catalyst.

In Fig. 5 the second-order graphs are shown in 
which log k2 is plotted against the reciprocals of the 
absolute temperature, 1 0 * /T . These data are 
for the homogeneous, gas-phase bimolecular re
action and it is noted that there is no difference in 
decomposition rate with helium and with nitrogen. 
This fact strengthens the conclusions of the pre
ceding paragraph that the nitrogen and carbon 
dioxide partially poison the catalytic surface in the 
heterogeneous reaction. The lowest three points 
corresponding to temperature below 1300° do not 
fall in line with the other points because the re
action is partly surface-catalyzed and the reaction 
abnormally fast. Under these conditions, the 
activation energy and the temperature effect are 
lower.

It is interesting that Koerner’s measurements 
starting with higher pressures of nitric oxide and 
having higher reaction rates continue to give good 
bimolecular rate constants in competition with the 
surface catalyzed reaction at lower temperatures. 
They fit well onto the dotted line of Fig. 5.

The heat of activation for the bimolecular homo
geneous decomposition of nitric oxide is 63,100 is

Fig. 4.— Zero-order plot.

determined by least squares from these experi
mental data (excluding the three below 1300°). 
The Arrhenius equation for the specific reaction 
rate at different temperatures is

k — 1.9 X 108 e~63'mlRT at m s e c . -1
Different activation energies can be obtained by 
drawing lines through the scattered points in dif
ferent temperature ranges,, but the value obtained 
by least squares for all 17 sets of determinations is
63.1 ±  3.2 kcal.

Discussion
The data reported in this investigation are in 

agreement with some other published researches and 
the mechanisms appear to be well-established be
tween 700 and 1800° —surface catalyzed zero order 
at the lower temperatures and bimolecular and, 
homogeneous at the higher temperatures. Some 
of the earlier publications on this reaction were com
plicated by the presence of the two reactions occur
ring simultaneously.

The agreement of the work described here with 
that of Kaufman and Kelso11 is excellent. Our 
activation energy for the homogeneous reaction of 
63 kcal. is fortuitously almost within the limits 
of their activation energy 63.8 ±  0.6 kcal., and the 
frequency factors are within a factor of 10. Kauf
man and Kelso worked with nitric oxide at 0.065 
to 0.65 atmosphere pressure in quartz flasks over 
the range 850 to 1178°. The present work was 
carried out at 0.05 to 0.15 atmosphere in packed 
Alundum vessels over the range 700 to 1800°.

The work described here is also in agreement with 
that of Wise and Freeh12 in finding that the reac-

(12) H. Wise and M. F. Freeh, J. Chem. Phys., 20, 22, 1724 (1952).
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tio.11 at low temperatures is heterogeneous and that 
it is homogeneous at high temperatures and that 
nitrogen has a retarding effect on the heterogeneous 
decomposition. Wise and Freeh report an acti
vation energy for the heterogeneous reaction of
21.4 keal. in quartz, close to that obtained with 
oxide catalysts in this Laboratory. 4 However, 
they report an activation energy of 78.2 kcal above 
1327° for the homogeneous reaction, which is 
considerably higher than that described here and 
that reported by Kaufman and Kelso. They also 
report an acceleration by oxygen and an auto- 
catalytic effect as the decomposition proceeds and 
oxygen is accumulated. No evidence of this 
oxygen effect was found in our work, but it is true 
that the oxygen concentrations were always low.

Vetter13 studied the decomposition of nitric oxide 
in a flow system between 927 and 1627° and found 
an oxygen effect for which he proposed a chain re
action. Our results do not indicate an oxygen 
effect or a chain reaction in this temperature region. 
Vetter reports an activation energy of 75 kcal. for 
the bimolecular homogeneous decomposition, but 
Kaufman and Kelso11 believe that his data at the 
highest temperatures where the surface effect is 
eliminated can give an activation energy of 61.7 
kcal.

In the simplest bimolecular chemical reactions, 
there is some evidence that the frequency factor 
is equal to the number of molecules colliding. 
Converting the expression for k from atmospheres 
to moles per liter, evaluating the activation energy 
and calculating the frequency factor at 1727° 

k =  3.1 X  10'» X  lO“ 63’ ™'«»- 1. mole-1 sec.“ 1
The collision frequency calculated for nitric oxide 
at one atmosphere pressure at this temperature is 
about 2.8 X 1011 1. mole- 1  sec.-1. The experi
mentally determined frequency factor comes within 
a factor of about 1 0  of the collision frequency, 
indicating perhaps that' not every collision between 
activated molecules is effective.

In simple bimolecular gas reactions, according 
to the Hirschfelder14 approximate rule, the acti
vation energy is roughly equal to 28% of the bonds 
broken. According to the older estimates for the

(13) K. Vetter, Z. Elektrochem., 53, 3f)9, 370 (1949).
(14) J. O. Hirschfelder, J. Chem. Phys., 9, 645 (1941).

bond strengths of nitric oxide, the activation energy 
was 69 kcal. by this rule, but the presently accepted 
value of about 145 kcal. for the NO bond leads to 
an activation energy of 81 kcal. which is not in 
agreement with the experimental value of 63.

The results of this investigation show that as the 
temperature is raised above 1100 to 1400°, the 
decomposition goes by a different mechanism with 
a larger energy of activation. So it is possible that 
at still higher temperatures, above 1800°, another 
mechanism may take over with a still higher acti
vation energy. The experimental facilities for 
direct measurement of the decomposition rate were 
severely strained to get up to 1800° and it was not 
possible to carry out experiments above this tem
perature.

Different techniques with flames and shock tubes 
have been used recently and they seem to indicate 
that at still higher temperatures, the reaction goes 
faster by an atom chain reaction than by the bi
molecular reaction.

Zeldovich18' 16 suggests reactions involving atoms 
of oxygen and nitrogen on the basis of flame re
actions above 1727°. He calculates an activation 
energy of 81 ±  1 0  kcal.

Glick, Klein and Squire, 17 using shock tube 
techniques in the range 1727 to 2727° find an acti
vation energy of 92 ±  5 kcal. per mole for a mech
anism involving the dissociation of oxygen into 
atoms.

The present researches are not able to contribute 
to the kinetics of the decomposition of nitric oxide 
at temperatures above 1800°.
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A study was made of the irradiation of nitrogen-oxygen mixtures near and at the kinetic radiation equilibrium, i.e., the 
steady state of formation and decomposition of the constituents. Air and two to one nitrogen to oxygen mixtures showed 
that under proper irradiation conditions, all the oxygen is consumed to form nitrogen dioxide and nitrous oxide and, in some 
cases, a small surplus of nitric oxide remained. The kinetics of the nitrogen-oxygen system at the equilibrium is explained

Introduction radiation, most of the oxygen is consumed in the
Recently we have shown2 that under favorable formation of nitrogen dioxide and nitrous oxide, 

conditions, when dry air is irradiated with ionizing These favorable conditions included a tempera-
(1) Work performed under U. S. Atomic Energy Commission Con- (2) P. Harteck and S. Dondes, Second Conference on the Peaceful

tract AT(30-3)-321, Task 1. Uses of Atomic Energy (1958), paper No. p. 1769, in publication.



June, 1959 K inetic R adiation Equilibrium of A ir 957

ture of about 175°, pressures of more than five at
mospheres and an intensity of more than 1 0 7 Roent
gen per minute. These high intensities had been 
achieved by using the recoil energy of the fission 
fragments, experimentally obtained by irradiating 
in a nuclear reactor, quart/, vessels containing ura
nium-235 glass fibers of five micron diameter in 
contact with dry air. Based on the results of pre
vious experiments, 8 and an improved knowledge 
of the associated kinetics, 2 the kinetic radiation 
equilibrium of dry air and other nitrogen-oxygen 
mixtures was reinvestigated at lower intensities 
(about 106 R./min.) for a total dose similar to that 
previously used, i .e . , about 5 X 1010 Roentgen. By 
kinetic radiation equilibrium, we mean, under ir
radiation the steady state of formation and decom
position of constituents.

When a mixture of nitrogen and oxygen is irra
diated with ionizing radiation, a complex series of 
reactions take place. The ionizing radiation forms 
ions and excites and dissociates the molecules of the 
gases. In pure gases, through ion recombination, 
additional molecules of the same species will disso
ciate. Under our experimental conditions, nitro
gen with the highest ionization potential in the sys
tem will transfer its charge to molecules with 
lower ionization potentials. Thus, the nitrogen 
ions cannot form additional nitrogen atoms by ion 
recombination. This fact is important because 
only the nitrogen atoms can undergo reactions 
which form or decompose fixed nitrogen (see Table 
I), whereas the oxygen atoms undergo a series of 
reactions without changing the balance of fixed 
nitrogen. Fortunately, not all the reactions which 
occur need be considered in understanding the 
kinetics of the system. (Table I lists a number of 
reactions for which there is definitive experimental

T a b l e  I
R e actio n s  M o st  I m p o r ta n t  to  th e  N it r o g e n  F ix a t io n  

P rocess

(1) N2 — 2N (7-value 4-5
(2) 0 2^  20 (7-value 8
(3) N +  0 2 =  NO +  O k, =  10_16±-02
(4) N 0 2 +  O =  NO +  0 2 U =  10 -12
(5) 2NO +  0 2 =  2NO-2 ??* II o ci H-

(6) 2NO N20 4
(7) (a) N 0 2 — NO +  O G =  12

(b) N 0 2 —  N +  O +  O G =  0 .5
(8) (a) N +  N 0 2 =  2NO ku =  5 X 1 0 -‘4±»-6

(b) N +  N 0 2 =  N 20  +  O /fcsb =  3.2 X 10~l4±0
(c) N +  N 0 2 +  N 2 +  20 k8o =  2 X  10 -14±0-5

The above values, 8a,b,c are precise relative to each other

12

(d) N20 4 +  N —■ N 0 2 +  2NO 
NO +  N =  N 2 +  O k, =  l 0 - ‘2±0-5
(a) N 20  -*■ N 2 +  O G =  9\
(b) N 20  —► NO +  N G =  3 {
NO —  N +  O (7 =  3
(a) NO + +  e -  =  N +  O
(b) N O + -f- e~ =  NO +  hv
(c) NO +  M+ =  NO+ +  M 
N2+ +  0 2 =  N O + +  NO (no indication)
N2+ +  N 02 =  N20  +  N O + (no indication)

“ These reactions are illustrative of many possible reac
tions involving ions depending on conditions.

(9)
(10)

(ID
(12)*

(13)

evidence.) A more complete listing of all reactions 
will be presented in a future paper.

In Table I, the G-vaktes are given for the disso
ciation processes and the rate constants ( K -values 
at 300°K.) for the reactions which result from the 
dissociation products. It may be seen that for 
most of the compounds which are formed, there are 
several possible formation or decomposition re
actions. The net result for nitrogen fixation at any 
instant is dependent or- tem perature, pressure and  
radiation in ten sity . However, reactions which are 
dominant in the early stages of irradiation may be 
unimportant near the equilibrium stage (i.e ., sta
tionary state of the system) and vice versa. In Ta
ble I, reactions 3, 5, 8 , 9 and 12 can be considered to 
be the predominant reactions when the nitrogen- 
oxygen system is irradiated with ionizing radiation. 
However, at or near equilibrium, reaction 10b pre
dominates and under certain conditions, reaction 
8 d. Optimum conditions for nitrogen fixation, 
therefore, are difficult to determine and may be dif
ferent from those conditions where the largest 
amount of the nitrogen oxides are in kinetic radia
tion equilibrium.

Experimental
The experimental technique has previously been de

scribed.3-'! Quartz vessels were filled with gas mixtures 
and irradiated in the Brookhaven National Laboratory re
actor. In experiments 297, 298 and 299, one milligram 
of uranium glass fibers of 25 micron diameter and with a 
concentration of approximately 10% uranium-235, was 
placed in the reaction vessels in contact with the gas mixture. 
All other experiments did not have uranium bearing glass 
fibers. In the group of experiments using air and uranium- 
235, the percentage of ionizing radiation due to the fission 
recoil particles was 60%; teat due to the Ni4(n,p)Ci4 reac
tion, 30% ; and that due to other types of ionizing radiation 
present in the reactor, 10%. In the group of experiments 
with air but in the absence of uranium, the percentage of 
the ionizing radiation due to the N24(n,p)Ci4 was 75% and 
that due to the other types of radiation within the reactor, 
25%. In the samples with the nitrogen concentration less 
than 78%, the contribution of the Ni4(n,p)Ci4 reaction to 
the amount of ionizing radiation decreased proportionately 
to the nitrogen concentration.

The two different sets of experiments, i.e., with and with
out the addition of a smal amount of uranium-235, were 
performed for the following reason: We had stated in the 
earlier investigations,3 that in the gas phase, for the same 
dose, the reaction rate intrcduced by the ionizing radiation 
is independent of the nature of the ionizing radiation. How
ever, we desired to investigate this fact more fully. In our 
earlier experiments we had added a small amount of ura- 
nium-235 as an oxide or incorporated it in glass fibers which 
increased the radiation intensity by a factor of about one 
hundred. But the nitrogen fixation is intensity dependent 
since at higher radiation intensities the stationary nitric ox
ide concentration increases which in turn leads to an in
creased reaction rate for the nitrogen atoms with nitric 
oxide, reaction 9. Although this effect on the over-all re
action can be assessed by calculation, it seemed advisable 
to perform experiments with similar intensities where in one 
series the recoil energy is dominant, and in the other, where 
it is not, but in both cases, :he absorbed energy per particle 
is about the same (see Tab.e II). The temperature inside 
the reaction vessel in the grcup without the uranium bearing 
glass fibers is almost equal to the ambient temperature of 
85°. The addition of the uranium bearing glass fibers to 
the vessels at an ambient temperature of 175°, causes a cer
tain degree of indefiniteness in the temperature since 0.1 
mg. of uranium-235 will re ease about one hundredth of a 
watt per cubic centimeter, which in turn will increase the 
temperature within the vessel by a few degrees. The fibers 
themselves will have a temp n ature of a few hundred degrees

(3) P. Harteck and S. Dondes, J. Chem. Phys., 27, 546 (1957). (4) P. Harteck and S. Dondee, ibid., 26, 1727 (1957).
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T a b l e  I I  I r r a d ia t io n
13 14 15

U-
235,

Neu
tron Pres

sure,
Pres
sure,

Irradi
ation
time,

Irradi
ation
time,
min.

Pile
temp.,

Dose 
Ra X

Rn/
min.

Erg abs. 
cm.3 X 

min.
g. gas 
cm.3

Serg 
cm.3

2/6.V. per 
molecule 

No 
ab-

t mg. X 10- 13 Gas mm. atm. hr. X 10-* °C. lO-io X 10~s X 1 0 -• X 10 3 X 1 0  • sorbed

297 0 1 0 3 Air 1520 2.0 576 3.46 175 2.6 7.5 8.1 2.4 2.7 34
298 0.1 .3 Air 1520 2.0 1250 7.50 175 5.6 7.5 8.1 2.4 6.0 75
299 0 . 1 .3 Air 1520 2.0 1824 11.0 175 8.2 7.5 8.1 2.4 8.9 112
391 .00 .5 Air 2600 3.42 307 1.84 85 1.55 8.4 9.1 4.0 1.68 12.2
393 .00 .5 Air 2500 3.29 618 3.71 85 3.0 8.1 8.8 3.9 3.25 25
395 .00 .5 Air 2500 3.29 933 5.60 85 4.6 8.1 8.8 3.9 5.0 37.5
349 .00 .5 Air 10000 13.1 1140 6.84 85 22.5 33 36 15.5 24.3 46
350 .00 .5 Air 9000 11.8 1140 6.84 85 20.4 30 32.5 13.9 22 46
351 .00 .5 Air 9000 11.8 2820 16.9 85 51.0 30 32 13.9 55 117
355 .00 .5 Air 2100 2.76 1140 6.84 85 4.6 6.8 7.3 3.1 5.0 46
356 .00 .5 Air 2100 2.76 1140 6.84 85 4.6 6.8 7.3 3.1 5.0 46
357 .00 .5 Air 2300 3.03 2820 16.9 85 12.7 7.5 8.1 3.6 13.7 117
361 .00 .5 N 20 1500 1.97 1140 6.84 85 3.0 4.4 4.8 2.4 3.3 42

370 .00 .5
decomposed 
N2:0 2 2400 3.16 1140 6.84 85 4.8 7.0 7.6 3.7 5.2 42

362 .00 .5 N .0 1500 1.97 2820 16.9 85 7.5 4.4 4.8 2.4 8.1 103

371 .00 .5
decomposed 
N2 :0 2 2400 3.16 2820 16.9 85 12.0 7.0 7.5 3.8 13.0 103

364 . 0 0 .5 NO 1500 1.97 1140 6.84 85 2 .6 3.7 4.0 2.4 2.8 35
367 .00 .5 N2:0 2

1 :1
NO

2600 3.42 1140 6.84 85 4.4 6.5 7.0 4.2 4.8 35

365 .00 .5 1500 1.97 2820 16.9 85 6.4 3.8 4.1 2.4 6.9 87
368 .00 .5 N2:0 2 2400 3.16 2820 16.9 85 10.2 6.0 6.5 3.9 11 87

1:1
Experiments completed after manuscript submitted in which 4:1 3:2 and 1:1 mixtures of nitrogen and oxygen were irra

diated for a period of 3746 hours showed no variation in the above results.
° 2.08 X  109 ion pairs/em.3 6 Less accurate method of analysis.

and it is therefore difficult to assess the “ real”  temperature 
of the system. The system may behave as if the average 
temperature inside the vessel would be about 25° higher than 
the ambient temperature.

Results
The experimental data is listed in Table II. Since 

the literature denotes the energy absorbed by a sys
tem in various units, we have used a number of the 
more common units in Table II. With large inte
grated doses of radiation required to reach the chemi
cal radiation equilibrium, we have listed in row 15 
of Table II, the electron volts absorbed per molecule 
of nitrogen. It should be noted that these values 
for nitrogen must be increased by about 50% for 
the triatomic molecules, nitrous oxide and nitro
gen dioxide.

Some explanations are necessary in connection 
with Table II. In experiments, 297, 298 and 299, 
dry air was irradiated with an intensity of 7.5 X 
106 R./min., which made it possible to reach the 
kinetic radiation equilibrium with a dose of 8.2 X 
1010 R. in experiment 299 within a few months. The 
striking result is that at the equilibrium there is 
practically no oxygen, only nitrogen, nitrogen di
oxide and nitrous oxide. As previously shown, in 
this series of experiments, the small amount of ura
nium-235 added contributed more to the ionizing 
radiation, due to the fission recoil energy, than the 
ionizing radiation from the reactor.

In experiments 349, 350, 355 and 356, air was 
irradiated without the presence of uranium-235. In 
all these cases the kinetic radiation equilibrium had

been reached and all the oxygen had been con
sumed. If this result seems odd, we would like to 
state that in the analysis procedure the sample was 
immersed in liquid air after “cooling down” for a 
few weeks, during which time all the nitric oxide 
could have reacted with any oxygen present to form 
nitrogen dioxide. The oxides of nitrogen were con
densed out with the condensate having a greenish- 
blue color (N2O3), indicating the presence of more 
nitric oxide and dinitrogen trioxide during the irra
diation than oxygen. Since in the gas phase and at 
room temperature, the dissociation N20 3 NO -f 
NO2 lies to the right (kp =  ~0.1), the nitric oxide 
concentration can be calculated assuming the ni
tric oxide concentration is equal to or slightly less 
than one-half the oxygen concentration. In the 
experiments where a substantial partial pressure of 
oxygen remains, the nitric oxide concentration will 
be small, whereas in those experiments where there 
is practically no oxygen at the equilibrium during 
the irradiation, the nitric oxide concentration will 
be substantial (see Table II).

In the four experiments, 361, 362, 370 and 371, 
the filling ratio of nitrogen to oxygen was two to one. 
Samples 361 and 362 were initially filled with ni
trous oxide and placed in a furnace where the ni
trous oxide was thermally decomposed. During the 
thermal decomposition, a small amount of nitrogen 
dioxide was formed. It will be noted that in ex
periments 361 and 370, not all the oxygen is con
sumed and the equilibrium reached. In experi
ments 367 and 368, the filling ratio of nitrogen to
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Oi,

mm.
Final 
%  N,
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% 0*

Final 
% NO,

Final 
%  N2O

[ NsOl 
[NO.]

[N.O]
[N,]

Gn = 
60 [Ns] B

Z
SO

[NO2]
[NO] 

x 10 -*
[NO!],
mm.

\',0, fi!
2NOî

« = %
3.4 1185 320 65.5 6.25 12.6 6.3 0.50 0.096 5.75 0.5 3.8 192 99.5
3.4 1185 320 62.8 0.55 17.0 6.8 .40 .108 6.5 1.6 1.6 260 99.5
3.4 1185 320 62.5 0.10 17.4 6.9 .39 .110 6.6 2.5 1.1 270 99.5
2.3 2030 545 72.2 10.7 8.9 3.98 .45 .055 3.3 0.26 9.0 232 89
2.3 1950 525 67 5 4.7 14.7 4.64 .313 .069 4.1 0.39 9 .5 368 84
2.3 1950 525 62.5 0.00 20.3 5.72 .282 .092 5.5 2.4 2.1 507 83
2.3 7800 2100 60.0s .00 17.1 4.0 .234 .067 4.0 4.0 4.3 1710 57
2.3 7000 1890 60.2s .00 17.9 4.35 .243 .072 4.3 3.9 4.2 1615 58
2.3 7000 1890 64.0 .00 20.1 3.9 .194 .061 3.6 3.9 4.7 1810 56
2.3 1640 441 65.3 .00 19.9 5.1 .256 .078 4.7 2.3 1.8 419 84
2.3 1640 441 65.3 .00 19.9 5.1 .256 .078 4.7 2.3 1.8 419 84
2.3 1790 483 67.5 .00 19.5 4.5 .23 .067 4.0 2.3 1.95 450 82
2.1 1000 500 48.8 8.6 21.4 5.47 .255 .112 6.75 0.34 9.5 321 85

2.1 1600 800 49.3 8.7 21.5 4.85 .225 .098 5.9 0.36 14.4 517 83

2.1 1000 500 46.1 0.00 31.5 5.6 .18 .12 7.2 2.4 1.95 473 82

2.1 1600 800 47.0 0.00 31.9 5.2 .163 .11 6.6 2.9 2.6 767 75

1.8 750 750 20.5 8.6 45.3 4.13 .09 .202 12.1 9.41 16.5 678 80
1.8 1300 1300 37.2 30.4 18.25 3.5 .19 .094 5.6 0.21 22.4 473 82

1.8 750 750 25.2 6.3 43.7 4.8 .110 .19 11.4 9.43 15.2 655 80
1.8 1200 1200 32.0 19.6 29.4 4.1 .14 .128 7.7 0.25 28 704 78

oxygen was one to one whereas in experiments 364 
and 365, the vessels were filled with nitric oxide. 
Experiments 367, 368, 364 and 365 gave quite 
different results. By increasing the integrated 
dose, the change in the concentration of the nitro
gen oxides is smaller when going from experiment 
364 to 365, than from experiment 367 to 368. We 
therefore conclude that experiment 365 is almost at 
the kinetic radiation equilibrium. At a filling ra
tio of one to one for nitrogen and oxygen, not all 
the oxygen has been consumed. It could very well 
be possible by using lower intensities, a more favor
able temperature region and higher pressures, even 
in a one to one filling mixture of nitrogen and oxy
gen, to consume all the oxygen with the formation of 
the oxides of nitrogen.

Discussion
This paper is concerned with only the state near 

and at equilibrium of irradiated nitrogen-oxygen 
mixtures. In an earlier paper6 preliminary results 
were published on the nitrogen, oxygen, nitrogen 
dioxide and nitrous oxide radiation equilibrium. 
However, those reported experiments had been 
done at much higher radiation intensities and pre
dominantly in a pressure region of one atmosphere. 
Under the latter conditions, a relatively high sta
tionary nitric oxide concentration was established 
during the radiation, which prevented the build-up 
of nitrogen dioxide concentrations higher than 1 0  to 
1 2 % .

(5) P. Iiarteck and S. Dondes, Nucleonics, 14, 7, 22 (1956).

At the kinetic radiation equilibrium the rate of 
formation and the rate of decomposition for each 
component must be equal, i .e . , 2 .¥(fixed) = const.; 
SN2 = const.; 202 = const.; 2N20 = const.; 2N02 
= const. Since nitrogen atoms react relatively 
slowly with oxygen and with only a small amount 
of oxygen present in most of our experiments near 
equilibrium conditions, the contribution of fixed 
nitrogen by reaction 3 can be disregarded. The ni
trogen atoms will therefore react predominantly 
according to reaction 8  and with nitric oxide ac
cording to reaction 9. Reaction 9 is more than one 
order of magnitude faster than reaction 8 , but since 
the nitrogen dioxide concentration is in some ex
periments more than two orders of magnitude larger 
than that of nitric oxide, most of the nitrogen atoms 
will react with nitrogen dioxide. In experiments 
with a high concentration of nitric oxide, the rate 
of reaction of nitrogen atoms with nitric oxide is of 
importance in determining the behavior of the sys
tem.

From our earlier experiments and by comparison 
with Kistiakowsky and Volpi’s experiments, 6 the 
ratio of reaction 8 a to 8 b to 8 c could be exactly de
termined. Note that by summing up reactions 8 a, 8 b 
and 8 c, the amount of fixed nitrogen does not be
come radically changed, since the ratios of reaction 
8 a to 8 b to 8 c is 2.5 to 1.6 to 1.0. According to 
reaction 8 a, 2.5 nitrogen atoms are fixed as nitric 
oxide; according to reaction 8 b, 1 . 6  fixed nitrogen

(6) G. B. Kistiakowsky and G. G. Volpi, J. Chem. Phys., 27, 1141 
(1957).
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molecules are converted from nitrogen dioxide to 
nitrous oxide; and according to reaction 8 c, one 
fixed nitrogen molecule is destroyed. Summing 
up, for the 5.1 nitrogen atoms which have reacted 
with nitrogen dioxide, only 0 . 1  nitrogen dioxide 
molecule was consumed, or zero within the limits 
of error. Thus the over-all effect of the nitrogen 
atoms plus nitrogen dioxide reaction is negligible 
on the total nitrogen dioxide concentration present 
in the system.7

Near equilibrium reaction 3 can be neglected 
and with no additional fixed nitrogen as nitrogen 
dioxide or nitric oxide formed by reactions 8 a, 8 b 
and 8 c, the only source for additional nitric oxide 
and nitrogen dioxide was the deeompositon of ni
trous oxide by ionizing radiation as we showed in 
an earlier system of equations. 5 Nitrous oxide 
can only be formed by reaction 8 b and only that 
fraction 1.6/5.1 or 31% of the nitrogen atoms which 
react with nitrogen dioxide, nail form nitrous oxide. 
From the stationary nitrous oxide concentration it 
is possible to estimate the amount of nitrogen atoms 
which reacted with nitrogen dioxide. Nitrogen 
atoms will be predominantly formed by the disso
ciation of nitrogen molecule (GN = 8.5 ±  0.5), and 
additional nitrogen atoms will be formed from the 
dissociation of the following: nitrous oxide from 
reaction 10b with a (7-value of 3; nitrogen dioxide 
from reaction 7b with a (7-value of 0.5; and nitric 
oxide from reaction 11 with a (7-value of 3. From 
the stationary nitrous oxide concentration, one can 
calculate the amount of nitrogen atoms which re
acted with nitrogen dioxide. Since in most cases 
the nitrogen atom formation from molecular ni
trogen is predominant and these nitrogen atoms 
primarily react with nitrogen dioxide, the following 
equation applies

2G (N !) [ N 2] X 4 -j"  =  1 .5 [ N 20 ](tN,o  ( A ) 8

where the factor
1.6 _  ksh
a. 1  &8.1 + 8b « 8c

and the factor 1.5 take into consideration the 
larger stopping power of nitrous oxide as compared 
with molecular nitrogen. Equation A leads to the 
relation

2G W  = (?u =  00 (B)
Uv]

From equation B, the (7n value can be estimated. 
If a (7n of 8.5 ±  0.5 is accepted from other experi
mental and theoretical considerations, the validity 
of equation B can be checked. From Table II, 
column 25, the (7n is usually found to be less than
8.5, with a few cases about half this value. If we 
refine our calculations, we must consider the nitro
gen atoms consumed by reaction with nitric oxide 
(reaction 9), and from the decomposition of nitro
gen dioxide (reaction 7). In experiments 304 and 
365, where the nitrogen dioxide concentration is 
much larger than the nitrogen concentration, and 
where the nitric oxide concentration is so small that 
its reaction with nitrogen atoms can be disregarded, 
the uncorrected values for (7n exceed the value of

(7) For a more detailed discussion see reference 2.
(8) (7N2O taken as 12.5.

8.5. By more refined calculations which take into 
account the nitrogen atoms formed from the nitro
gen dioxide decomposition, and the N20 4 ^  2 NO2 
equilibrium (see later), a fair agreement with the 
Gn value of 8.5 can be obtained.

In addition to the balance of nitrous oxide, the 
balance of nitrogen dioxide plus nitric oxide must 
also hold. If a considerable amount of nitrogen 
atoms react with nitric oxide, then the nitrogen di
oxide plus nitric oxide balance would not hold, be
cause our only source for the nitric oxide formation 
which has been considered, is the decomposition of 
nitrous oxide. In the decomposition of nitrous 
oxide by ionizing radiation, one-fourth is decom
posed into nitric oxide and a nitrogen atom (reac
tion 1 0 b) and wuth the G -value for the nitrous ox
ide decomposition of twelve, the (7-value for the 
nitric oxide formation from the nitrous oxide de
composition is three. In a gas mixture with 5 vol
ume % nitrous oxide, for every 1 0 0  electron volts 
absorbed, the nitric oxide production is 3/2 X 
GW NO +  N X 0.05 = 0.225. With 60% ni
trogen in the mixture, for every 1 0 0  electron volts 
absorbed, five nitrogen atoms are formed. If only 
5% of these nitrogen atoms would react with the 
nitric oxide, the losses of fixed nitrogen could not 
be balanced. But at equilibrium, where no oxygen 
is present, a relatively high nitric oxide concentra
tion will build up and then more than 5% of the ni
trogen atoms will react with the nitric oxide. The 
way out of this dilemma must be an additional re
action to form fixed nitrogen as nitrogen dioxide or 
nitric oxide. Up to this point we have totally 
disregarded ion reactions. But we wmuld like to 
state that we have not found any indication that 
an ion reaction of the type*: N2+ +  0 2 = NO +  
NO+, exists. Furthermore, at equilibrium, almost 
no oxygen is present in many cases. A11 ion re
action of the type: N2+ +  N02 N20 +  NO+ is
energetically possible, but if it could occur to an 
appreciable amount, a larger nitrous oxide concen
tration should be found at equilibrium. The only 
ion reaction we have observed vras the NO+ de
composition due to ion recombination which 
would only increase the deficit of fixed nitrogen.

Up to this point, the reaction of nitrogen atoms 
with nitrogen dioxide (reaction 8 a, 8 b, 8 c) has only 
been considered. Under conditions where a sub
stantial concentration of nitrogen dioxide is present 
as nitrogen tetroxide, the reaction of nitrogen atoms 
with nitrogen tetroxide must also be considered. 
According to Pauling, 9 the structure of nitrogen tet
roxide may be according to (a) or (b)

0 O: :() Jv
" \ +  ■ ■ /

N-- N N— 0
/ \ /  '•

O O: : O

(a) (b)

From geometric considerations according to con-
* Author’s note after submission of manuscript: However the pres

ence of the excited N2 +(B2SU1') in addition to the other excited states 
of N2 had been found by emission spectroscopy using the alpha par
ticles of Po-210 to irradiate air.

(9) L. Pauling, “ The Nature of the Chemical Bond,’ ’ Cornell Uni
versity Press, Inc., New York, N. Y., 1945.
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figurations (a) and (b), it does not seem likely that 
nitrogen atoms reacting with nitrogen tetroxide 
will give the same ratio of reaction products as 
shown by reactions 8 a, 8 b and 8 c. It seems that 
reaction 8 a will become relatively more abundant, 
but from energetic considerations, it is dubious 
whether reaction 8 c will proceed at all. The reaction 
N20 4 +  N = N02 +  N2 +  20 may not occur since 
the heat of formation of nitrogen tetroxide from 
nitrogen dioxide is 8 . 1  kcal. and the over-all reac
tion is slightly endothermic. 10 We conclude that 
under conditions where 2N02 N20 4 equilibrium
is not entirely shifted to the left, the nitrogen fixa
tion becomes enhanced since the nitrogen atoms 
will react with the nitrogen tetroxide molecules to 
form N02 +  2N0 and possibly to a minor extent 
N20 +  0. This seems the only method of ex
plaining how at equilibrium a nitric oxide concen
tration can be built up to the extent that after 
waiting for a few weeks for the quantitative back 
reaction of 2N0 +  0 2 -► 2N02 to proceed, a small 
residual nitric oxide concentration could be ob
served which indicates that the nitric oxide con
centration at the kinetic radiation equilibrium was 
somewhat larger than the oxygen concentration. 
In column 29 of Table II, a, the degree of dissocia
tion of nitrogen tetroxide into nitrogen dioxide, is 
listed. By comparing experiments 297, 298 and 
299 where the ambient temperature was 1 7 5 ° ,  with 
experiments 391, 393 and 395, where the ambient 
temperature was 85°, it will be noted that the equi
librium is reached at the lower temperature with 37 
electron volts absorbed per particle, whereas at 
175°, the equilibrium is not reached with 34 elec
tron volts per particle and only approached 
equilibrium with 75 electron volts per particle. This 
seems in contradiction with our earlier statements5 
that at higher temperatures the nitric oxide or ni
trogen dioxide formation is enhanced. But this 
statement did hold for the earlier stages of the 
reaction where there was only the competition for

(10) Since NO2 +  N ----->  N. +  20 +  3 kcal.

the nitrogen atoms between reactions 3 and 8 . But 
at higher nitrogen dioxide concentrations, reaction 
3 is without importance and at lower tempera
tures more nitrogen tetroxide is in equilibrium with 
nitrogen dioxide. This is the reason that in experi
ment 395, the equilibrium is reached with a smaller 
integrated dose than in experiment 299.

Conclusions
1. If air is irradiated with an intensity of about 

3 X 106 rad./'min. for a few months, the oxygen is 
consumed to an extent where there is no oxygen 
left, and in a few cases there is a small surplus of 
nitric oxide. The composition of the system at 
85° is: 62.5% N2; 20.3% NO*; and 5.7% N*0.

2. Under the same conditions, if a mixture of 
2/3 N2 and 1/3 0 2 is irradiated, all the oxygen is 
consumed and the composition of the system at 
85° is: 46.5% N2; 31.5% N02; and 5.5% N20.

3. Under the same conditions, if a mixture of 
1 : 1  N2 : 0 2 is irradiated, not all the oxygen is con
sumed and the composition of the system at 85° is: 
25% N2; 6.4% 02; 43.7% NO*; 0.48% N20.

4. In the region of the equilibrium, reaction 10b 
becomes the dominant nitric oxide and conse
quently the nitrogen dioxide producing reaction. 
Tor every 100 electron volts absorbed in the mix
ture, about 0 . 2 0  molecule of nitric oxide is formed.

5. Under conditions where the nitrogen tetrox
ide concentration has to be considered, the reactions 
8 a, 8 b and 8 c must be modified.

6 . There is no indication of the occurrence of 
ion reactions in the nitrogen-oxygen system which 
form or decompose fixed nitrogen. The only excep
tion is NO+ which has the lowest ionization poten
tial and consumes fixed nitrogen by ion recombina
tion and dissociation.
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When methylene labeled radioactive ketene is added to the extent of 2%  of the Fischer-Tropsch synthesis gas being 
passed over an iron catalyst at 247° and one atmosphere, the hydrocarbon products are found to have approximately a 
constant radioactivity per mole which is equal to the specific activity of the added ketene. When the synthesis gas with 
0.25% ketene is passed over a cobalt catalyst at 185° and one atmosphere pressure the hydrocarbon products have an 
approximately constant activity per mole which is about one-third the specific activity of the added ketene. The results 
are interpreted as indicating that due to the large build in of ketene the intermediate complex in Fischer-Tropsch synthesis 
may resemble an adsorbed ketene molecule. A chain building mechanism is proposed in which the complex is bound to 
the surface by a metal-oxygen bond as well as a carbon-metal bond.

Introduction
The kinetics and mechanism of the Fischer- 

Tropsch synthesis have been the subject of a con
siderable number of studies1 - 3  and much conjecture. 
Several schemes have been advanced2 for stepwise 
chain growth which give an isomer and carbon 
number distribution similar to that actually ob
served. It has been demonstrated4 - 7  by radio
active tracer experiments that various oxygen 
containing compounds, when added in a small 
percentage to 1 : 1  H2:CO synthesis gas and passed 
over a reduced iron catalyst at about 235°, add 
into the Fischer-Tropsch synthesis products. In 
particular, primary alcohols having 2, 3, or 4 
carbon atoms were found to yield products with a 
constant radioactivity per mole for hydrocarbons 
with a higher number of carbon atoms than the 
added alcohol. It was found that from %  to 
y 2 of the synthesis products originated from the 
added alcohol even though it constituted only 1 
to 1.5% of the synthesis gas. It was also shown 
that growth of chains occurred at the carbon atom 
to which the OH group was attached. These 
experiments led to the proposal that the surface 
complex involved in chain building is similar to an 
adsorbed alcohol. It was further proposed that the 
Ci complex is also alcoholic in nature. The ap
parent behavior of methyl alcohol and formalde
hyde, when added to the synthesis gas, suggested 
that neither of these gave a Ci complex identical to 
that formed from CO and H2.

One of the earliest mechanisms proposed for the 
Fischer-Tropsch synthesis involved the formation 
of CH2 units on the surface. These were believed to 
polymerize to form hydrocarbons. Tracer experi
ments, however, do not for the most part support 
the idea that CH2 units are formed from surface 
carbide and then become part of the synthesis 
products.

(1) H. H. Storch, N. Golumbic and R. B. Anderson, “ The Fischer- 
Tropsch and Related Syntheses,”  John Wiley and Sons, Inc., New 
York, N. Y., 1951.

(2) R. B. Anderson, “ Catalysis,”  Vol. 4, Chap. 1, 2, 3, Ed. by 
P. H. Emmett, Reinhold Publ. Corp., New York, N. Y., 1956.

(3) L. J. E. Hofer, “ Catalysis,”  Vol. 4, Chap. 4, Ed. by P. H. 
Emmett, Reinhold Publ. Corp., New York, N. Y., 1956.

(4) J. T. Kummer, H. H. Podgurski, W. B. Spencer and P. H. Em
mett, J. Am. Chem. Soc., 73, 564 (1951).

(5) J. T. Kummer and P. H. Emmett, ibid., 75, 5177 (1953).
(6) W. K. Hall, R. J. Kokes and P. H. Emmett, ibid., 79, 2983 

(1957).
(7) R. J. Kokes, W. K. Hall and P. II. Emmett, ibid., 79, 2989 

(1957).

With these results in mind, it was decided to 
try ketene as an addhive to the synthesis gas. 
Ketene could be expected to react in a number of 
ways. One of the known reactions of ketene is to 
split in two to form CO and methylene. Ketene 
labeled on only the methylene carbon was used. 
If the mechanism of the synthesis involves the 
polymerization of CH2 units it might be expected 
that the products obtained when radioactive ke
tene was added to the synthesis gas would have a 
radioactivity per molecule which was directly pro
portional to the number of carbon atoms in the 
molecule.

If the ketene molecules break up into CO and 
methylene but the methylene does not take part in 
the synthesis then the result would probably be 
highly radioactive methane with the synthesis 
products relatively free of radioactivity.

The third principal reaction would be for ketene 
to act as a chain initiator in a manner analogous to 
alcohols. In this case the radioactivity per mole
cule of the synthesis products would be independ
ent of the number of carbon atoms per molecule.

Experimental
The ketene was made by decomposing acetone over a hot 

wire.8 * Acetone labeled with C 14 in the 1- or 3-position was 
obtained from the Isotope Specialties Company. Nitrogen 
gas with a flow rate maintained just large enough to keep 
acetone and ketene flowing smoothly through the system 
was used. About 35% of the acetone decomposed was con
verted to ketene. This efficiency was measured by bubbling 
the ketene bearing gas through a measured volume of 3 N  
sodium hydroxide solution. Ketene forms acetic acid in 
basic solutions. The solution was then back titrated with 
acid. The difference between the amounts of acid and base 
then was used to calculate the ketene production. The 
purity of the ketene was determined by running a sample of 
the liquid product through a vapor phase chromatographv 
apparatus using Perkin-Elmcr column D . Besides ace
tone the principal impurities were ethylene and a little pro
pylene. The ethylene was removed by pumping on the 
sample while it was melting. The acetone and propylene 
were removed by distilling under vacuum from a Dry Ice 
trap to a liquid nitrogen trap.

A Fischer-Tropsch synthesis apparatus similar to pre
viously described4'5 ones, was used. A furnace at 350° was 
used to decompose any metal carbonyl formed in the carbon 
monoxide tank. A Deoxo unit in the hydrogen fine con
verted oxygen to water over a catalyst, leaving the oxygen 
concentration less than one part per million. The catalyst 
was held in place in the furnace between glass wool plugs 
inside of a 23 mm. o.d. Pyrex tube. Down the center of 
this tube was a 4 mm. Pyrex tube which contained the ther
mocouple used to measure the furnace temperature. The

(8) II. Gilman and A. H. Blatt, “ Organic Syntheses,”  Coll. Vol. I,
John Wiley and Sons, Inc., New York, N. Y., 1941, p. 330.
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temperature over the central 16 cm. of the furnace is within 
2 ° of the temperature at its center (which is the maximum 
temperature within the furnace) when the furnace is at 300°.

The per cent, ketene contained in hydrogen bubbled 
through liquid ketene at —98° in the ketene bubbler is 
independent of the hydrogen flow rate from 50 to 200 e c ./ 
min. A flow of about 100 cc./m in. was used during an ac
tual run. The temperature of —98° was obtained with a 
methyl alcohol slush.

Synthesis products were analyzed on a vapor phase chro
matography apparatus (Perkin-Elmer Model No. 154-B) 
using columns A and D . The radioactivity of the product 
is determined by using a conventional Geiger counter in 
connection with a special cell, shown in Fig. 1. The gas 
from the fractometer is led directly into the special cell. 
In the cell the reaction products are condensed on the sur
face cooled by liquid nitrogen. The radioactivity of any 
component condensed by the liquid nitrogen can be meas
ured by the Geiger counter. Thus, as a particular compo
nent of the reaction products comes through the fractome
ter, it is separated, its amount and identity as determined 
by previous calibration are recorded, and its radioactivity 
is measured in the special cell. As long as there is liquid 
nitrogen in the cell the counting rate stays constant until a 
new radioactive component enters. As the new component 
enters the cell the counting rate increases to a new level. 
The difference in the two levels is then a measure of the 
radioactivity of the new component. The counting rate 
is therefore recorded as a series of increasing steps with each 
step representing the activity of a new component.

T a b l e  I
P ro d u ct  D is t r ib u t io n  o v e r  I ro n  C a t a l y s t  w it h  K e t e n e

A dded to  Sy n t h e sis  G as
Relative, Relative,

moles moles
C3 1.43 Propylene 1.3

Propane 0.14
c. 1 Isobutane .01

Butene- 1 1
Isobutylene J . 65

n-Butane 1 22Butene-2 irans f
Butene-2 cis .12

c6 0.66 3-M ethylbutene-1 .05
Pentene-1 \
2-Methylbutene-l J . Ol
n-Pentane 1 97
Pentene-2 irons J . ¿t

Pentene-2 cis .03
C6 0.42 Methylpentenes .08

Hexene-1 +  n- .15
hexane

Hexene-3 .14
Hexene-2 .05

T a b l e  I I
P rodu ct  D is t r ib u t io n  w it h  C o b a l t  C a ta ly s t

Relative, Relativi
moles moles

C3 1 Propane 1
c, 0.53 Isobutylene 1 

Butene-1 / 0.22

n-Butane 1 
irons-Butene-2 j .24
cis-Butene-2 .07

c 6 .37 Pentene-1 .10

Ce .34
«-Pentane .27

Puns were made on two catalysts. One catalyst (No. 613) 
is a reduced fused iron oxide. It is a singly promoted 
eatalvst. containing 1.80% Si02, 1.60% Zr02 and 0.58% 
AljOs. The furnace was charged with 50 cc. of 10 to 20

GEIGER COUNTER
Fig. 1.— Radioactive counter cell used in conjunction with 

chromatographic apparatus.

mesh catalyst. After preliminary reduction at 250-450° 
the catalyst was reduced at 500° with H2 at a space velocity 
of 1000 h r . '1. The ketene used in the run on the iron 
catalyst had an activity of 3,000 counts per minute per cc. 
During the run, which lasted 6 hours, the average contraction 
was 18% at 247°. The ketene comprised 2%  of the syn
thesis gas. In a run on the previous day without ketene a 
contraction of 20% was found at 238°. On the next day 
a run without ketene gave a contraction of 23%  at 252°.

The cobalt catalyst (No. 89EE) whose preparation is de
scribed by Anderson9 and co-workers is composed of cobalt, 
thoria, magnesia and kieselguhr in the ratio of 100: 6 : 12:200. 
The furnace was charged with 50 cc. of catalyst. Alter 
the initial reduction at 200-350° the catalyst was reduced 
at 400° overnight with a space velocity of H2 of 1500. A 
run of 3.5 hours was made with 0.25% ketene added to the 
synthesis gas which was 2 parts H2 to 1 part CO rather than 
the 1 :1 ratio used with iron. With a synthesis gas flow of 
180 cc./m in. at 185° the contraction averaged 22% . Chro
matographic analysis of the synthesis gas indicates that in 
addition to 0.25% ketene there was 0.01% butene-1 (radio
active) and that during the first 30 minutes of the run there 
was an average of 0.025% propylene (radioactive). After 30 
minutes the amount of propylene was negligible. During 
the last 20 minutes of the run a small amount of radioactive 
acetone appeared in the synthesis gas. The impurities in 
the ketene were small enough to have no effect on the radio
activity of the Fischer-Tropsch products except for the 
but.ene-1 which probably increased the activity of the C« 
fraction somewhat.

The synthesis products were collected in a liquid nitrogen 
cooled trap during the run. After the run was over the 
trap was first warmed up to —80° and the gas evolved at 
this temperature was collected. Next the trap was -warmed 
to room temperature and the gas evolved was collected. 
This provided convenient fractions for analysis in the vapor 
phase chromatographic apparatus.

Results
Id Table I is given the product distribution de-

(9) R. B. Anderson, W. Tv. Hall. H. Hewlett and B. Relignian, ./. 
Am. Chem. Roe., 69, 3114 (1947).
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No of carbon atoms
Fig. 2.— Radioactivity of hydrocarbon product with 2%  

radioactive ketene added to synthesis gas passed over an iron 
catalyst at 247° and one atmosphere pressure.

No. of carbon atoms.
Fig. 3.— Radioactivity of hydrocarbon product with 

0.25% radioactive ketene added to synthesis gas passed over 
a cobalt catalyst at 185° and one atmosphere pressure.

termined by a single chromatographic analysis of 
the synthesis gas and products just after they left 
the furnace. The sample was collected with a 
syringe and rubber cap arrangement that allows 
samples to be collected during the run without 
disturbing the ordinary product collection ap
paratus. The product distribution is found to be 
about the same with and without ketene added. 
The total product distribution with respect to 
carbon number using an iron catalyst as given in 
Table I is within experimental error of that given 
by Weitkamp. 10 The product distribution using 
the cobalt catalyst is shown in Table II. These 
tables extend only from C3 to C6 since the column 
maintained in the chromatographic apparatus 
during a run to check the ketene content and im
purities in the synthesis gas was useful for 
analysis over only this range.

The radioactivity of the hydrocarbon products 
is illustrated in Figs. 2 and 3. The radioactivity 
analysis was performed on the collected products 
after the run was completed.

Cuts corresponding to the various carbon num
bers were run directly from the exit of the chroma
tographic column into the special cell and analyzed

(10) A. W . Weitkamp, H. S. Seelig, N. J. Bowman and W. E. Cady» 
h i d .  E n y .  C h e m . ,  45, 343 (1953).

separately for radioactivity. For the runs over iron 
several points on the radioactivity versus carbon 
number curve were checked by the static method 
previously used and found to be in good agreement 
(3300 counts per minute per cc. for C4 and 3800 
counts per minute per cc. for Cs).

Discussion
The tracer experiments clearly indicate that 

neither on cobalt or iron catalysts under the con
ditions of the present experiments do CH2 groups 
from ketene build into the higher hydrocarbons 
extensively. This conclusion is evident from the 
approximately flat curve obtained in Figs. 2 and 
3  on plotting the radioactivity of the hydrocarbons 
as a function of carbon number. The slight slope 
that actually exists could be due to experimental 
error or to a very slight build in of such CH2 groups. 
Apparently ketene acts primarily to form an ad
sorbed complex that is capable of initiating the 
formation of surface chains leading to the building 
up of higher hydrocarbons.

The two most impressive results of the ketene 
experiments are the large build in obtained over 
iron and the fact that the build in is nearly as 
complete over cobalt as over iron catalysts. 
When radioactive ethyl, propyl or isobutyl al
cohols are added as tracers over iron catalysts, at 
the most x/ 2 to 1/ t of the hydrocarbon molecules 
formed come from the added alcohol; the remainder 
apparently come directly from CO and H2. Over 
cobalt catalysts the build in of the radioactive 
alcohols is so small that only about one hydro
carbon molecule in fifty is radioactive. In contrast 
to this, 2 % radioactive ketene in the 1 : 1  H2CO 
mixture apparently monopolizes the surface to such 
an extent that practically all of the hydrocarbon 
molecules formed originate from a complex formed 
by the adsorption of ketene. The extra carbon 
atoms, of course, to form the C3 and higher hydro
carbons come from the ordinary non-radioactive 
carbon monoxide in the gas mixture. Even over 
cobalt the ketene (in this case 0.25% in a 2:1 H2CO 
gas mixture) resulted in extensive incorporation into 
the higher hydrocarbons, one molecule in three of 
the hydrocarbons apparently originating from the 
ketene complex on the surface of the cobalt cata
lyst.

These results naturally lead to the question as to 
why ketene is more effective than the alcohols in act
ing as nuclei for the formation of the higher hydro
carbons. One possible explanation is that ketene 
being unsaturated is more strongly adsorbed than 
a saturated alcohol. The latter would have to 
undergo at least partial dehydrogenation before 
becoming adsorbed. This is an attractive hy
pothesis. It is consistent with the fact that ethylene 
is capable of forming an adsorption complex lead
ing to higher hydrocarbons even though ethane 
shows no such tendency.

Another explanation of the remarkable effective
ness of adsorbed ketene in acting as nuclei for the 
building up of higher hydrocarbons cannot be 
ignored. The ketene molecule offers the pos
sibility of being bonded to the surface not only by 
the carbon atoms but bv the oxygen atoms. The 
observation of Eischeus" and his co-workers to the
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effect that C120 16 and C1S0 18 exchange oxygen 
atoms when adsorbed on iron at or above about 
— 33° suggests that at least some of the CO groups 
may be bound to the surface by both carbon and 
oxygen. This suggests the possibility that the 
intermediate complex in the Fischer-Tropsch 
synthesis may be held to the surface by an oxygen- 
metal bond as well as a carbon-metal bond. The 
reaction could then be formulated as

H
R — C — O  +  C - 0

M  M  M

( a )

R  H

C — O

M

+  H

R  H O

H C — H  +  M

O— C M

M M M

(b)

- C

\
M

(c)

(1)

The time of addition of hydrogen to carbon is im
material. The important point is the maintaining 
of the primary attachment of the complex to the 
surface by an oxygen-metal bond. The chain 
building step is the attack of the adsorbed CO, 
due perhaps to the unsatisfied valences of the 
carbon in the adsorbed CO, upon the carbon atoms 
of the complex. The formation of the carbon- 
carbon bond displaces the original carbon-oxygen 
bond of the complex. If, in the original complex 
instead of the carbon-oxygen bond being displaced, 
either the carbon-hydrogen or carbon-metal bond 
is displaced and the oxygen-carbon bond of the 
added CO is broken, the result is a branched chain 
complex. Starting with b in reaction 1 

R  H

C — O

/ \  \
M  M

O— O

M M

(b)
R

\  + H  R v
C — O  ----------- =» > C - A )  +  O
l \  \  C H / \  \  | ( 2 )

O — C  M  M  M  M  M

M  M

(d) (o)
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S c — O +  ( — 0
O H /  \  \  | |

M  M  M  M

(o)
(11) R. P. Eischens and A. N. Webb, C l t c m .  i Jh y s . ,  20, 1048 

(1952).
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0 — 0
\

M

M

M

(0

C — H  +  M  
I (3)

O— C— H
/  \

M  M

(g)
The by-products CO2 and H20 of the reaction can 
be produced by the reduction by CO and H2 of the 
metal oxide produced in reactions 1, 2 and 3. 
The primary by-products of the reaction would 
then be C02 and H20, the ratio depending on the 
relative rates of reduction by CO as compared to 
H o .  On cobalt catalysts since II/ )  is the observed 
primary by-product, reduction by hydrogen is 
presumed to predominate. On iron catalysts the 
rates of reduction by both CO and H 2 are appar
ently appreciable. With the usual assumptions 
reactions 1 to 3 lead to the same hydrocarbon 
product distribution as that given by Anderson. 2

Insufficient evidence exists as yet to be certain 
whether the intermediate complex involves oxygen 
bonded directly to the surface as in reactions 1 , 2  
and 3 or whether the bonding is entirely through 
the carbon atom with the oxygen attached to the 
carbon as an OH group as postulated in the work 
with alcohols. I11 line with the direct oxygen bond
ing is the recent proposal of Burwell12 that ethers 
may inhibit the exchange between hydrogen and 
hydrocarbons over nickel catalysts by virtue of 
being directly bonded to the surface through the 
oxygen. Also, the recent experiments of Gomer13 
with a field emission microscope show that ad
sorbed methyl alcohol will break an 0-H bond and 
leave the surface as CH30 +. This suggests the 
tendency of methyl alcohol to bond to the tungsten 
point of the field emission apparatus at room 
temperature through the oxygen rather than 
through the carbon atom.

Further work will have to be done to decide 
more definitely the nature of the intermediate 
complex involved in the Fischer-Tropsch synthe
sis. The present work strongly suggests, however, 
that the complex formed by the adsorption of 
ketene on iron and cobalt catalysts is the closest 
approach yet found to the true C2 complex formed 
during the synthesis o: hydrocarbons from CO 
and H2.
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Catalytic activity for H2-D 2 exchange has been found in all of the types of silica examined, gel, quartz, a-eristobalite, vitre
ous and amorphous. The activity per unit surface differs widely, being highest for quartz and vitreous silica. Since 
these were prepared by grinding, the high activity may have been introduced by that process. The activity observed im
mediately after activation declines by a factor of ten or more over ten days, and more slowly for several weeks. Irradiation 
with 7-rays or neutrons produces a dramatic increase in the activity of these silicas. The activation energy with the gel is 
reduced by irradiation from about 9 to about 2 kcal./mole. Quartz and vitreous silica show low activation energies even 
before irradiation. The enhanced activity declines with time, but at a rate indistinguishable from that of the unirradiated 
materials. The activity obtained by irradiation has not been equalled in an unirradiated catalyst by any activation proce
dure. With the low activation energies observed, only a small number of sites is needed to explain the increases in activity 
Since the yields o: sites are likewise small, a primary process of low probability, such as atom displacement, is suggested. 
The activity per displaced atom is even lower for the neutron bombardments. Within rather large uncertainties, the ac
tivity increase per unit dose is nearly equal for the different types of silica. Three silica-alumina hydrocarbon cracking 
catalysts behaved much like the silicas. The similarities shown by the different silicas (and silica-alumina) may mean that 
the local arrangement of silicon and oxygen atoms is responsible for the catalytic activity, for the only common feature of the 
structures is the s.licon-oxygen tetrahedron.

Introduction
Previous work from this Laboratory and else

where1“ 4 has demonstrated that ionizing radiations 
can produce changes in the catalytic activity of a 
number of substances, and the possibility of ad
vancing our knowledge of catalysis by such experi
ments has been suggested. 1 The most marked ef
fects hitherto r sported have been found with par
tially poisoned catalysts (LI20-poisoned 7 -AI2O3 for 
H2-D 2 exchange) , 4 and irradiation was never found 
to produce a more active catalyst than could be ob
tained by degassing at a suitable high temperature 
(around 500° for Al2Os). Results on some other 
oxides (Th02, MgO and Ti02) have also suggested 
that poisoning is a prerequisite for a radiation ef
fect. 5 Because of the interest in finding examples 
in which the activity resulted from radiation-pro
duced changes in the catalyst itself, numerous ox
ides known to possess some activity for hydrogen 
exchange have been examined for radiation effects.

Silica gel has been reported to be a feeble catalyst 
for the exchange6 and also to participate in the de
composition by 7 -rays of an adsorbed material.7 
A small double-bond isomerization activity was re
ported to be introduced by neutron irradiation. 2 
These observations prompted a study of its behav
ior toward H2-D 2 exchange after both 7 -rav and 
neutron irradiation. Irradiation produced in this 
material an activity higher than any obtained by 
degassing alone, and the increase did not appear to 
depend on prior poisoning. Experiments were also 
conducted with other varieties of silica (quartz, 
vitreous silica, a-cristobalite and Cab-o-sil), as well 
as with three commercial silica—alumina catalysts of 
different hydrocarbon cracking activities.

Experimental
Essential data about the 8 types of catalyst used in this

(1) E. II. Taylor and J. A. Wethington, Jr., J. Am. Chem. Soc., 76, 
971 (1954).

(2) P. R. Weisz and E. W. Swegler, J. Chem. Phys., 23, 1567 (1955).
(3) E. H. Taylor ard H. W. Kohn, J. Am. Chem. Soc., 79, 252 (1957).
(4) H. W. Kohn and E. H. Taylor, T his Journal, 63, 500 (1959).
(5) H. W. Kohn (unpublished work).
(6) V. C. F. Holm and F. W. Rlue, Ind. Eng. Chem., 43, 501 (1951).
(7) .1. M . Caffrey, .Tr., and A. O. Allen, T his Journal, 62, 33 (1958).

study are given in Table I . Silica gel was ground and sieved 
between 70 and 100 mesh. A sample of a-cristobalite of 
low surface area was prepared by heating a sample of the 
silica gel at 1400° for three days. Quartz, vitreous silica 
and high-area a-cristobabite were prepared by grinding, re
spectively, a synthetic single crystal, a piece of laboratory 
silica tubing and a portion of low-area a-cristobalite in a 
mechanical mortar and pestle, made of mullite.

Activation and activity testing were carried out in tubes 
(Pyrex or silica) of 35, 00 or 100 cm.3 volume fitted with a 
stopcock and, with samples intended for reactor irradiation, 
with a silica break-seal. From 0.25 to 11 g. of catalyst was 
weighed into the tube, and tire sample was activated by de
gassing at 400 to 700° at a final pressure of about 10-5 mm. 
Thereafter it was kept under vacuum except during activity 
testing. The activity was measured with an approximately 
50:50 mixture of H2:D 2 at 20 mm. pressure. Each gas 
had been purified by passage through a heated palladium 
valve. Experiments at rom temperature were kept be
tween 24 and 26° by the controlled temperature of the lab
oratory. Those at, elevated temperature were done in 
oil- or water-baths heated electrically and controlled manu
ally, while those below room temperature were done in ap
propriate freezing or boiling liquids. Samples of the re
acted gas were analyzed mass spectrometrically8 for masses 
2, 3 and 4.

Gamma irradiations were done, in a 750 curie Co60 source. 
The dose rate for water in the central position, measured 
with a ferrous sulfate dosimeter,9 was 6 X  1017 e .v ./g . min. 
Most of the irradiations were done in a position where the 
dose rate was approximately 1.2 X  1017. Reactor irradia
tions were carried out in the Oak Ridge Graphite Reactor 
at a position where the neutron flux was about 7 X  1011 
neutrons/om.2 sec. and the gamma dose about 7 X  1015 
e .v ./g . sec. for water.10

Results and Discussion
The most striking feature of these experiments is 

the production of catalytic activity in silica gel by 
irradiation. In the work with alumina, 4 the changes 
in activity, although quite marked under certain 
conditions, never brought a catalyst to a higher ac
tivity than could be achieved simply by proper de
gassing at an elevated temperature. Silica gel, on 
the other hand, appears to be only a feeble catalyst 
under all conditions of degassing, a typical sample

(8) Analyses by Mary Gillhani and W. D. Harman of the Y-12 
Flant.

(9) C. J. Hochanadel and J. A. Ghormley, J. Chem. Phys., 21, 880 
(1953).

(10) D. M. Richardson, A. O. Allen and J. W. Boyle, Internl. Conf. 
o n  the Peaceful Uses o f  Atomic Energy, 14, 209 (1955).
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T a b l e  I
P r o p e r t ie s  o f  St a r t in g  M a t e r ia l s

Surface
area, '---------- Level of impurities, %------------ -

Material m .!/g . 10-1-10-2 10-2-10"3 lO -i-lO “4 Supplier
Silica gel 300 Mg A1 Fe, Mo Fisher Scientific Co.
a-Cristobalite 6.9 Mg A1 Fe, Mo
Cab-o-sil 175-200 Fe, A1 Godfrey L. Cabot, Inc.
Vitreous silica 7.9 Not analyzed
Quartz, synthetic 6.2 Na Al, Ca, Fe Ca, Ge, Mg Cleveite Corp.
Silica-alumina cracking catalyst

S-46 305 Not analyzed Houdry Process Corp., Dr. S. W. Weller
Silica-alumina cracking catalyst

S-32 139 Not analyzed Houdry Process Corp., Dr. S. W. Weller
Silica-alumina cracldng catalyst

S-16 42 Not analyzed Houdry Process Corp., Dr. S. W. Weller

producing a half-time of reaction under the stand
ard conditions of between a hundred and a thou
sand hours at room temperature. As little as 1 X 
1 0 19 e.v./g. of irradiation with 7 -rays lowered the 
half-time to less than an hour. Such a half-time 
was never observed in degassing experiments con
ducted between 450 and 710°.

The details of the behavior of a typical sample of 
silica gel (degassed 11 days at 580°) are shown in 
Fig. 1, as an Arrhenius plot. The numbers near 
certain points indicate the time since degassing in 
days. At temperatures higher than 30° the data 
conform very well to a straight line, and the agree
ment between measurements made 13 days apart 
(points 3 and 16) is satisfactory. At 25° an aging 
can be observed, tending toward a value consist
ent with the Arrhenius plot. Experiments on an
other sample confirm this anomalous behavior near 
room temperature. This sample, also unirradiated, 
had a half-time at 25° of 150 hr. on one day and of 
450 hr. a few days later, an obvious decline in ac
tivity. The half-time at 200° was also measured 
twice over this period and was 2 0  hr. at the begin
ning and 16 hr. at the end, within the expected ac
curacy no change. More than one process seems to 
be necessary to explain the anomalies, but closer 
specification of them is not feasible at present.

If the anomalous behavior in the 25 to 40° range 
is assumed not to interfere at the higher tempera
ture, one can calculate an activation energy for the 
unirradiated sample of about 9 kcal./mole. The 
results on this sample (and on one other) after 7 - 
irradiation are shown at the top of Fig. 1 . These in
dicate activation energies of about 2  kcal./mole. 
The time interval within each set of measurements 
was kept short in order to minimize any possible ef
fect of anomalous aging upon the slope. Since 
roughly the same slope was obtained several days 
apart and at different activity levels, as well as (af
ter long aging) in the higher temperature range, 
the change in apparent activation energy on irra
diating is probably real. It would be premature 
to base any detailed computations upon it, but it 
does seem to indicate that 7 -radiation introduces a 
new catalytic path. If the low activation energy is 
taken at its face value, one does not need to postu
late any large yield of new sites to explain the en
hanced activity.

Some further studies of aging were carried out, 
with the results shown in Fig. 2. It appears that a

t , *c.
156 100 55 42 25 0 -10 -22

Fig. 1.— Arrhenius plot of Eb-Dj exchange activity of silica 
gel. Sample 1: •, not irradiated; ■, irradiated, aged 2 
hours; a , reirradiated, aged 2 days; O, reirradiated, aged 1 
day; □ ,  annealed 1 week. Sample 2: A, irradiated, aged 1 
day; V, aged 2 days. Numbers refer to days elapsed since 
preparation.

marked, long-term decline in activity is characteris
tic of both unirradiated and irradiated samples of 
silica gel. For the first few hours after irradiation, 
the activity of a sample would decay with a first- 
order dependence, changing gradually to a de
pendence between 1.5 and 2.5. The activity of non- 
irradiated samples could not be measured in less 
than about a day, because of their low activity. 
Therefore, the decay could only be followed after a 
delay of at least that long. The kinetics were in
distinguishable in the range where both could be 
measured.

This behavior of silica gel is in marked contrast 
to that of 7 -alumina, 4 in which decay was observed 
in the un-irradiated catalysts only if they were not 
thoroughly degassed initially and were then held in 
the neighborhood of 200° for aging. Diffusion of wa-
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T able II
Effect of 7-Rays on H2-D 2 Exchange Activity of Silica and Silica-A lumina Catalysts (Irradiations at 25°)

k,

C atalyst

T em p .
o f

degassing,
°C .

first-order 
rate constant 

per
unit surface 

before 
irradn., 

m in. m. ~2
D ose  per 

un it surface,® 
e .v . m . ~2

Change in 
k

from  
irradn., 

m in. m . “2
Y ield  of 

ideal sites 
per 100 e.v.

Y ie ld  c f  
ideal sites 

per
displaced

atom

At 25° At 25°
Gel 1 450 1.0 X 10~8 8.0  X 1016 2.4 X 10~5 1.3 X IO“ 8 1 . 3  x  1 0 - 3

Gel 2 485 1.4 X 10“ 8 3 .6  X 1016 1.1 X 1 0 - 5 1.4 X 10 " 8 1.4 X 1 0 - 3

Gel 3 525 4.9 X 10“ 9 8 .0  X 1015 5.5 X 10 “ 7 3.1 X lO^19 3.1 X lO“ 5
Quartz 500 1.2 X 10“ 4 6.4 X 1017 > 2 .1  X IO“ 3 > 1 .6  X IO“ 8 > 1 .6  X 10-3
Vitreous 500 4.6 X 10“ 4 4.6 X 1017 > 9 .8  X 10~3 > 9 .4  X 10"s > 9 .4  X lO "3
Cristobalite 550 8.1 X 10-« 4 .7  X 1018 7.1 X IO“ 3 6.7 X HR9 6.7 X lO -4
Cab-o-sil 625 1.1 X 10 ~6 2.5 X 1017 1.9 X 10~6 3.4 X 10“ 19 3.4 X IO- 5

> ! QO o At -1 9 6 °
SiCVAlA,

S-46
SiOo-ALOs

450 8.8 X 10” 5 3 .8  X 1017 7.3 X 10~5 2.1 X IO-7 2.1 X HV2

S-32
Si02-A l20 3

450 2.2 X IO“ 4 8.3 X 1047 1.4 X 10 ~4 1.8 X UV7 1.8 X 10"2

S-16 510 1.7 X 10“ 4 2.7 X 1018 1.6 X 10“ 5 6.0 X 10” 9 6,0 X 10~4
This is the dose absorbed by the weight of catalyst- presenting 1 sq. meter of surface.

Fig. 2.— Aging of silica gel catalysts. Prepared by: ■, 
irradiating sample degassed at 580°; □, irradiating sample 
degassed at 525°; a , degassing untreated sample at 580°; 
A, degassing untrsated sample at 565°; •, degassing irradi
ated sample at 530°; O, degassing irradiated sample at 500°.

ter from the interior of the catalyst to the surface 
may be suggested as a possible reason for the aging 
in alumina, and this may be the case with silica gel 
also, since it can hardly be freed from water. It is 
also possible that the reactant gas, hydrogen, poi
sons silica gel at room temperature as it does alu
mina at somewhat higher temperatures. 11

The unexpectedly large radiation effect with sil
ica gel suggested a comparison with other types of 
silica to see whether composition or structure were

(11) S. W , W eller \nd Sf G r Hindin, T his Journal, 60, 1506 (1956).

the determining influence. Quartz, vitreous silica, 
a-cristobalite and Cab-o-sil (a commercial amor
phous silica) were used. The activities are com
pared in Table II. The intrinsic activities of the 
un-irradiated materials (calculated per unit sur
face area) vary by a factor of about 106. This 
range is what one would calculate from the activa
tion energies, which are about 9 kcal./mole for the 
gel and apparently around 1 for quartz and vitreous 
silica. It is worth noting that the highly active 
samples (quartz, vitreous silica and high-area a -  
cristobalite) were all prepared by extensive grinding 
which may have altered the nature of the surface as 
well as its extent. The effect of cold work on the 
catalytic activity of a metal was observed by Eck- 
ell, 12 and the grinding of a hard non-metal might 
well lead to comparable effects, perhaps through the 
formation of point defects, or of dislocations. There 
is, of course, a chemical possibility as well, that 
mullite (an aluminum silicate) from the mortar may 
be present in the ground samples. Analysis by X- 
ray diffraction did not reveal any mullite in the 
quartz, which indicates that probably no more than 
1% could be present. Mullite is not thought to be 
highly active for the exchange, but this has not yet- 
been experimentally verified.

Each of these other types of silica is increased in 
activity by irradiation with y-rays, as shown in Ta
ble II. The simplest mode of comparison is to ex
amine the ratio of the new to the old activity; this 
varies widely over the different materials. If the 
radiation is assumed to be producing new catalytic 
sites, rather than somehow improving those already 
present, then the proper mode of comparison is to 
calculate the additional activity introduced by the 
radiation. This is done in succeeding columns of 
Table II, which show the activity introduced per 
unit radiation dose, the number of catalytic sites 
corresponding to this and the yield of sites per 1 0 0  
e.v. of absorbed energy. The number of sites is cal-

(12) J. Eckell, Z. Elehtrochem., 39, 433 (1933).
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culated on the assumption that the first-order rate 
constant of one ideal site, h , is given by

hi =  one exp( — E*/RT)/4nV

where a =  area of unit site (assumed to be 16 X 
1 0 ~ 16 cm.2), n  = density of molecules in gas (cmv3), 
c = average molecular velocity (assumed to be 1 . 5  
X 10s cm. sec. “ 1 for H2-D 2 at 25°), E *  = activa
tion energy (assumed to be 1 kcal./mole) and V  = 
volume of gas above catalyst' (cm.3). The number 
of sites required to give the observed reaction rate 
is then the increase in gross rate constant divided by 
the rate constant per ideal site. The calculation of 
the yield of sites per unit dose requires an addi
tional assumption about the accessibility to the gas 
of the sites produced. For want of any information, 
the simplest such assumption is used, namely, that 
all of the sites thus produced are accessible to the 
gas. If some are not, then the actual yield of 
sites of potential catalytic utility is larger than that 
calculated from this assumption.

Two points are noteworthy in this comparison 
of different silicas. The first is that the yields are 
similar in all of the substances. They differ, to be 
sure, by a factor of over 300 in the widest pair, but 
the absolute initial activities vary by 105. This 
suggests a picture for all of the silicas of a relatively 
inert matrix into which radiation can introduce sim
ilar defects at about the same rates. The higher 
initial activity in quartz and vitreous silica could be 
ascribed to a few special sites introduced during the 
grinding. The second observation is that the yields 
of such sites are low in all cases, requiring that the 
catalytic sites be produced by a process of rather 
low probability, such as atomic displacement.

The number of displacements produced by Co60 
y-rays in silica can be estimated from theory or 
from measurement of some property attributable to 
displacements. Measurement of the paramagnetic 
resonance absorption of irradiated synthetic quartz 
indicates a yield of electron or hole trapping centers 
(thought to be vacancies or interstitials) of between 
6  and 9 X 10- 6  centers per 100 e.v. 13 and the yield 
calculated from Compton scattering is around 1 X 
10- 6  displaced atoms per 100 e.v. 14 The numbers 
of displacements required for Table II were calcu
lated from the total dose by assuming a displace
ment yield of 1 X 10- 6  per i00 e.v.

The yield of catalytically active sites per dis
placement thus calculated is uncertain because of 
the assumptions involved (activity of a unit site, 
displacements per 1 0 0  e.v.), but it is probably rea
sonable to give it some qualitative significance. The 
actual numbers are small (1 0 ~ 2 to 1 0 “5) and prob
ably are not so far wrong as to raise them to unity. 
Most of them are around 10~3, indicating that only 
one displacement in a thousand produces an effec
tive catalytic site.

Gamma rays produce appreciable amounts of 
atom displacement, but the ratio of energy trans
ferred in this way to that transferred as electronic 
excitation is quite small. In view of the suggestion 
just made about displacements as possible precur
sors of catalytic sites, it was natural to study the ef
fect of a type of radiation known to produce a large

(13) R. A. Weeks, private communication.
(14) O. E. Oen, private communication.

amount, of displacement. Several samples of silica 
and of silica-alumina were irradiated in the Oak 
Ridge Graphite Reactor to neutron doses between
2.5 X 1015 to 2.2 X 1018 nvt (n  = neutron density, 
v = average neutron velocity, t = time). These 
samples were so active (catalytically) that it was 
necessary to measure the exchange activity at 
— 196°. The results are given in Table III, where 
the calculation of the number.of displacements is 
based on a yield of 3 displaced atoms per incident 
neutron. 13

For silica gel the neutron irradiation produced a 
remarkable enhancement in activity, the rate con
stant after irradiation for an hour being about 1 0 0  
times greater than that of the unirradiated material 
(Table II), although the measurements were done 
at room temperature before irradiation and at liq
uid nitrogen temperature after. The effect with sil
ica-alumina, although apparent, is considerably 
smaller. The extra activity introduced by the 
bombardments may be greater than that reported 
in Table III, since the measurements were made (on 
account of the induced radioactivity) two weeks or 
more after removal from the reactor. The catalytic 
activity was disappearing at that time at a rate 
about equal to that of the samples irradiated with 
y-rays and, if the similarity persists to shorter times, 
it can be seen from Fig. 1 that, the activity immedi
ately after removal might be considerably greater 
than the activity two weeks later. Therefore, the 
actual number of sites per displacement might be 1 0  
to 1 0 0  times greater than that calculated from the 
activity measured two weeks after removal.

The calculated yields of catalytic sites per dis
placed atom are small, from 1 / 1 0 0  to 1 / 1 0 0 0  
smaller than the same figures for y-rays. This may 
be only the result of the decay of activity before 
measurement, in the neutron case, or it may reflect 
a real difference in efficiency. The displacements 
produced by y-rays result, largely in isolated inter
stitial-vacancy pairs, while those produced by 
neutrons result in more complex defects as well. 
The two processes would not necessarily give rise to 
catalytically potent defects at the same efficiency 
per displaced atom.

The yield does not seem to differ much between 
silica gel and silica-alumina, suggesting again, as 
in the y-ray case, that a similar process is occurring.

Although an appreciable concentration of trans
mutations is introduced by the reactor bombard
ment (Table III), it is not thought that this is likely 
to be responsible for the large increase in catalytic 
activity. The elements so introduced are primarily 
phosphorus from the silicon and silicon from the 
aluminum, both by (n, y) processes followed by ¡3- 
decay, with much smaller amounts of magnesium by 
(n, a) processes. Since the levels of natural im
purities are much higher than those of the trans
mutation products, and since the elements produced 
are common impurities, any effect of the transmu
tation products is probably overwhelmed by 
the effect of impurities present in the original ma
terial. If the transmuted atoms were displaced by 
the process of formation and trapped in interstitial 
positions, they might exert an unusual effect, but 
they will probably be outweighed by the interstitials
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T a b l e  I I I
E ff e c t  o f  N e u t r o n s  on  H2-D 2 E x c h a n g e  A c t iv it y  of S il ic a  an d  S il ic a - A l u m in a  C a ta ly sts

Neutron dose No. of displaced
per unit surface atoms per unit

Catalyst nvt, m.-2 surface, m.~2

Silica gel 4“ 3 .4  x  101« 1.0 X 10«
Silica gel 2 6.1 X 1013 1.8 X 1014
Silica gel 3 3.8 X 1012 1.2 X 1013
Si02—A120 3 

S-46 1.6 X  1015 4.9  X 1015
Si02-A l20 3

S-32 3.6 X  1016 1.1 X 10«
Si02-A l20 3

S-16 1.2 X 10« 3 .5  X 10«
“ k before irradiation =  9.3 X 10“"9 min.-1 meter“ 2 at 25°

produced by simple displacement, some of which 
will be chemically the same as some of the transmu
tation products.

The data have been treated and the discussion 
has been presented in terms of “catalytic centers,” 
as if the activity for catalyzing the exchange re
sided at a discrete number of sites on the surface, 
and that the effect of radiation was to create new 
sites. It should be noted that the observations 
neither substantiate nor disprove this picture, and 
that it has been used simply as a framework for de
scribing the results. The vacancies and intersti
tials might also act by lowering or raising the elec
tron energy level in the solid and thereby altering 
the catalytic activity of the surface, which could be 
uniformly active or which could have its activity 
concentrated at special sites. On this picture, these

No. of transmuted 
atoms per unit 

surface, m.~2
Change in k from 

irradn., min.-1 m.~2
Yield of ideal 

sites per 
displaced atom

At -1 9 6 °
2.8 X 1011 1.2 X 10 “ 4 1.2 X 10*7
5.0 X 109 9.3 X 10 “ 6 5.4 X lO“ 7
3.1 X 10s 2.5 X lO“ 6 2.3 X 10-«

1.2 X  1012 > 1 .1  X lO “ 3 > 2 .4  X 10-«

2.6 X 1012 > 2 .4  X lO“ 3 > 2 .3  X 10"«

8.5 X 1012 3.6  X lO “ 3 1.1 x  10-«

sites would not themselves be directly altered by 
the radiation.

The discussion has likewise, for brevity, been 
presented in terms of displaced atoms only and the 
possible role of ionization has not been described. 
The yield of catalytic centers per 100 e.v. of 7 -rays 
is, however, about equal in the reactor and in the 
Co60 source, and an equally plausible description 
could be based on removal or trapping of electrons 
from or in pre-existing centers. Present informa
tion does not suffice to determine which of these 
general mechanisms is the more probable.
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Dilute solutions of anthracene in hexane, cyclohexane and polysiloxanes were subjected to gamma and electron radiation, 
and the effect of anthracene concentration and radiation intensity on the rate of disappearance of anthracene studied. The 
results obtained have been compared with two alternative reaction schemes. In the case of the hydrocarbon solutions, the 
rate of loss of anthracene depends on A V I , as is to be expected from a competitive reaction between anthracene-radical 
and bimolecular radical-radical combination or disproportionation, where the radicals are initially distributed at random. 
In the case of the siloxanes, the absence of the expected radiation intensity effect implies that the radicals formed in siloxanes 
are removed unimolecularly in the absence of an additive. The implication of these results on current theories of the cross- 
linking of polymers is discussed.

Introduction
Although radiation is known to produce both ex

cited and ionized molecules, most of the chemical 
changes produced in organic systems have been 
ascribed to radicals. The reactions may be con
siderably modified by the presence of additives in 
low concentration, and investigations of these 
changes enable determination to be made of such 
factors as radical concentration, 1 reactivity con
stants, 2 energy transfer3 and electron capture4

(1) E. N. Weber, P. F. Forsyth and R. H. Schuler, Radiation Re
search, 3, 68 (1955).

(2) A. Charlesby and D. G. Lloyd, Proc. R oy . Soc. (London), A249, 
51 (1958).

processes. Further analysis of the modified prod
ucts also enables one to infer the nature of the radi
cals formed. 6 '6 As the additive concentration is 
usually kept low (to avoid appreciable direct en
ergy capture), it cannot significantly interfere with 
extremely fast reactions; the information obtained 
therefore relates to radicals which react slowly with 
one another. Using iodine1 or D.P.P.H. , 7 it has

(3) J. P. Manion and M. Burton, T his Journal, 56, 560 (1952).
(4) P. J. Homer and A. J. Swallow, to be published.
(5) W. H. T. Davison, Chem. Soc. Lond. Special Publ. no. 9, 151 

(1958).
(6) L. H. Gevantman and R. R. Williams, T his Journal, 56, 569 

(1952).
(7) A. Prevost-Bemas, et a l., D isc . Faraday S oc., 12, 98 (1952).
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been possible in this way to measure G'-values for 
radical production in a number of hydrocarbons, 
irradiated in the liquid state.

Since radicals are essentially molecules with un
paired electrons they can only disappear ultimately 
by reacting in pairs, either by combination or by 
disproportionation. From the point of view of ki
netic analyses these need not be considered sepa
rately.

R r +  R2------>  R iR2 (1)
In the presence of a scavenger such as I2 the 

alternative reactions become
R r  +  R — > -  R J  +  I

R r  +  I -------> - R 2I  ( 2 )

The relative probability of reactions 1 and 2  de
pends on the relative concentration of R- and I2 
as well as of their reactivity. The radical concen
tration will itself be largely determined by the ra
diation intensity. The rate of disappearance of 
additive at various initial concentrations and ra
diation intensities should therefore provide inter
esting information on the reactivities of the species 
involved. In fact little such information is avail
able, most of the work being concentrated on the 
measurement of G-values for radical production, 
when the additive concentration or reactivity is 
sufficiently high to render negligible the combina
tion reaction 1 .

A different problem arises when molecules are ir
radiated in the solid state. Among the reactions oc
curring, crosslinking (dimerization) and degrada
tion are prominent. The former reaction involves 
two molecules but the precise mechanism of the 
reaction has not been clearly established. One set 
of theories assumes that crosslinking is due to the 
reaction of two radicals formed independently and 
at random within the system. A second approach 
assumes that crosslinking results from the reaction 
of a radical with a neighboring radical formed as a 
result of the same primary process. Other theo
ries again assume an ionic form of reaction. The de
pendence of this reaction on additive concentra
tion and radiation intensity would be very differ
ent for these different types of reaction. For ex
ample, additive concentration and radiation in
tensity should play little part in the crosslinking oc
curring between two radicals formed by the same pri
mary events, and in ionic reactions. In practice it 
is found that protection against both degradation 
and crosslinking is possiole by relatively small 
amounts of additives.

To obtain further evidence on this problem ex
periments were carried out in which different com
pounds were irradiated in the presence of a small 
amount of anthracene, which acted as a scavenger 
for the radicals produced. The anthracene concen
tration may be deduced readily from its ultraviolet 
absorption spectrum at 375 m/i. In these experi
ments the rate of disappearance of anthracene was 
determined as a function of its concentration and of 
the radiation intensity. The materials studied 
comprised hexane, cyclohexane2 and dimethylsilox- 
ane (silicone) polymers of varying viscosity.

The results with hexane and cyclohexane can be 
compared with those obtained using iodine as the

scavenger additive. Data on the effect of anthra
cene concentration in hexane (but not radiation 
intensity) have been obtained previously by Krenz. 8 
The (?-values for anthracene destruction in silicones 
can be compared with the G-values for crosslink
ing. Because of the wide range of viscosities avail
able, their chemical similarity and the absence of 
complications arising from crystallinity, silicones 
offer a useful transition between the low molecular 
weight organic compounds, irradiated as liquids, 
and the solid high molecular weight polymers in 
which bodily motion of the individual molecules is 
largely inhibited.

Kinetic Analysis
At low additive concentrations (A), direct energy 

absorption from the incident radiation can be ig
nored to a first approximation. Supporting evi
dence for this assumption is the observation that 
G'(H2) is unaffected by low concentrations of iodine9 
or anthracene. 8 Radicals are formed in the solv
ent (in these experiments hexane, cyclohexane or 
silicone fluid) and in the absence of additives, these 
may be considered to react (I) with other radicals 
located initially at random throughout the system, 
or alternatively (II) with neutral molecules or with 
active entities such as radicals formed only in the 
immediate vicinity. Since the radiation doses are 
low, this last form of reaction is extremely unlikely 
unless a single radiation event produces two adja
cent radicals, as for example

R ,H — > R , - + H *  (3a)
H* +  R 2H — >- R„- +  H2 (3b)

R r  +  R ,------ > R ,R ; (3c)

where H* is a “hot” atom which can carry out an 
immediate hydrogen abstraction from a neighbor
ing molecule. If the additive is present in suffi
cient concentration, it may react directly with Rr 
and R2- . The essential difference between equa
tions (3a, c) and (1 , 2 ) is that in (3a, c), R2- will al
ways be formed in the immediate vicinity of Rr and 
its rate of combination with Rr (equation 1 ) is in
dependent of radiation intensity. We may there
fore consider two distinct models for analysis. 
The corresponding equations in the steady state are

h i  = R (R -)2 +  fcs(R-XA) (Model I) (4)
h i  =  R '(R -) +  fe(R-XA) (M o d e lli)  (5)

depending on whether radicals (R- ) can disappear 
by the combination of two radicals, produced 
independently and distributed at random, or by the 
reaction of each initial radical within its immedi
ate environment, independent of any further ab
sorption of energy from primary radiation. It 
should be noted that equation 5 applies to any reac
tion mechanism where the rate of radical disap
pearance is first order.

In these equations k J  represents the rate of for
mation of radicals by radiation of intensity I , and 
/c3(R-)(A.) their disappearance by a reaction with 
anthracene, whereby the latter is modified and ef
fectively removed. k h k2, k2 and ks are appro
priate reactivity constants and (R • ), (A) the con-

(8) F. H. Krenz, Nature, 176, 113 (1955).
(9) C. C. Schubert and R. H. Schuler, J. Chem. Phys., 20, 518 

(1952).
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(k W h h ) (A )/ V l )  =  1/ V x(x  +  1) (Model I).
(A )k,/h' (Model II).

Fig. 1.— Theoretical curves showing relation between 
(?( — A) and (A ) / - / /  (model I, full line) or (A) (model II, 
broken line).

h(hl/fay/s or h(h/kjy/*r  +  constant (Model I). 
(kiki/kz)r +  constant (Model II).

Fig. 2.— Theoretical reduction in additive concentration (A) 
with dose r.

centrations expressed in moles/1. Then

-  ^  =  fc,(R-)(A) (6)

if each radical can remove one molecule of anthra
cene by reacting with it in some unspecified man
ner. If the radical and additive molecule concen
trations are expressed in moles/1., and the radiation 
intensity in rad /sec., an intensity I  corresponds to 
the absorption of I  X 0.625 X 1014 e.v./g. sec. or
0.625 X 1017 p e.v./l., sec. when p is the density of 
the solution (or solvent since the additive concen
tration is very low). Then 

A"! =  0.625 X 101 pG/6.02 X 1023
=  1.04 X  10-9pG moles l._1 per rad. sec ."1 (7)

where G  is the (?(R-) value for radical formation in 
the solvent. The maximum rate of additive re
moval occurs when A3(R-)(A) »  fc2(R- ) 2 or fc2 '(R-)- 
Then

-  ^  =  h i  =  1.04 X  10SpGI (8)

and

independently of whether model (1 ) or (2 ) is ap
plicable.

Most work on the use of radical scavengers (e.g ., 
with iodine) has been carried out with scavenger 
concentrations in this range (i .e ., too low for direct 
action or energy transfer but too high for radical- 
radical reaction to occur). Such work has there
fore given values for Gmax(R-) only and no informa
tion of radical concentrations or radical reactivity 
constants.

At lower additive concentrations differences in 
G'(-A) should appear, the values depending on the 
kinetic model chosen. 2 ' 10 

Model 1:
Put x — A/R-)/A '3(A) (10)

h i  =  MA){\  +  D (R ') (U )
then

— d(A) k j
- di =  W R -)(A ) j +  ^ (12)

G( A) -  ^  ? (+ ' -x 1 +  x 1 +  X
(13)

w hile from  equ ation s 10, 11

(A )2 — 1 -  ' 1 h 2 x(x  +  l)
(14)

Equations 13 and 14 can be used jointly to give 
pairs of values of G { — A) and (A). The plot ob
tained is shown in Fig. 1, and it is seen that G ( — A) 
depends only on (A) / V l ,  and the reactivity con
stants.

Model II: From (5) X  (R -) =  y , A~-( A.)

and hence from (6)
_  d(A) fc(A) 

di w  +  fcs(A) 1
so that G( — A) = G( — A)max fc<(A)./[AY +  it,(A)]

(15)

(16)

This relation is also shown plotted in Fig. 1. 
The dependence of G  ( — A )  on (A) is somewhat simi
lar in the two models, but only that deduced from 
Model I shows any dependence on radiation inten
sity.

The direct relationship between (A) and dose r 
can be deduced for these two models. 10 If y  =  
/c3(A)/(4 /ci//c2)1/! (Model I) then
(y2 +  1)'A -  In [1 +  0 /  +  1 ) ‘A] +  In y +  y =

— h / {h k j) 'h  r +  constant (171
while if (Model II)

2 =  h (A  )/AY
z +  In 2 = — (h h / h ')r  +  constant (18)

The corresponding relationships between (A) and 
r are shown in Fig. 2.

At low intensities and high additive concentra
tion both models approximate to the asymptotic 
values

2y =  —h (h / h l ) ll2r +  constant (Model I)
and

z  =  — {h h / h ')r  - f -  constant (Model I I )  

and therefore in both cases
(A) =  - h r  +  (An) (19)

G ( -  A )max =  G(R-) (9) (10) A. Charlesby and D. G. Lloyd, to be published.
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At high intensities and low additive concentration 
the relations become

In (A) = —ki{ki/kiiy/n +  constant (Model I) (20) 
and

In (A) =  —k3(ki/k-,')r +  constant (Model II) (21)

It is therefore at low values of the ratio A / y / l  that 
the difference between the two models is most pro
nounced.

Results
In the experiments, dilute de-oxygenated solu

tions of anthracene in hexane, cyclohexane or poly- 
dimethylsiloxane fluids of different viscosities were 
subjected to gamma radiation in  vacuo from a Co60 
source at various radiation intensities /, and to fast 
electrons from a 2  Mev. Van de Graaff or a 15 Mev. 
linear accelerator. In the latter cases the electron 
beam was pulsed, so that no single figure for the 
intensity can be given; the maximum figure for 
the Van de Graaff was 107 rad./sec. for periods 
of about 0.5 msec, and that from the linear 
accelerator is probably higher by an order of 
magnitude. The experimental details follow 
those described in a previous paper. 2 The de
crease in anthracene concentration was followed 
by the change in ultraviolet, absorption, using 
a Beckman DK2 ratio-recording spectropho
tometer.

The G ( — A) values for anthracene disappear
ance in hexane and in cyclohexane (using Co60 
7 -radiation) are shown in Fig. 3; they follow 
the expected dependence on (A), and also show 
the dependence on J~I/! predicted by Model 
I. The ratios A:3/(fcifc2)1/s have been chosen to 
obtain the best fit, but any change in their 
values merely shift the curves bodily along the 
horizontal axis in the log plot used. Also 
shown is the calculated curve for Model II, but 
at a single intensity I . Changes in 1 would 
move this curve bodily and destroy the agree
ment obtained.

The silicone fluids show a similar dependence 
of G ( — A) on (A) but no dependence on I  for y -  
radiation (Fig. 4). Here the electron data are 
eluded since there is no ambiguity as to intensities. 
The silicone solutions therefore appear to follow 
Model II. The maximum values for (7(— A) lie close 
to the G (R-) values deduced from solutions with 
iodine, and the (7(crosslinking) values. 10 Although 
there is no intensity dependence for 7 -radiation, 
the values of G ( — A) and G { — A)max are less for 
electron irradiation, as are the G/crosslinking) 
values. Thus this appears to be a real difference, 
although the intensity effect is much smaller, and 
not of the predicted character.

These G ( — A) values were obtained from the 
slopes of (A) versus r curves. A more convincing 
demonstration of the differences between the solv
ents i's obtained when (A) is plotted directly against 
r for different radiatibn intensities. At low values of 
(A)/  y / l  both models predict a linear relation be
tween log (A) and dose, but in Model I the slope 
varies as I ~ l/\ whereas in Model II there is no such 
dependance (equations 20, 21). The results show 
that for hexane (Fig. 5) and cyclohexane (Fig. 6 )

fe(A
Fig. 3.— Variation of —A) with (A) and 7 in hexane and

cyclohexane: --------- , ealed. (Model I); ----------, ealed.
(model II). 0 , Co607 9.9 rad./sec.; 0 ,  49.2 (both in hex
ane). X, Co®7 11.1 rad./sec.; O 20.8; V, 49.2; A 53.4 
(all in cyclohexane).

0.1 .......................... 1........................................ 1
10 100 1000 

(A) Anthracene concn. nM/1.
Fig. 4.— Variation of G( — A) with (A) for silicones: 

0 ,  Co60y 84.2 rad./sec.; + ,  2 Mev., Van de Graaff; X, 
15 Mev., linear accelerator; I, (?(R.), Co60y using iodine. 
G(crosslinking), from dose to gel: A, Co, 60y; 0 ,  Van
de Graaff; V  linear accelerator.

the radiation intensity factor plays an important 
part, whereas for two silicone fluids (Fig. 7) of vis
cosity 0.65 and 1000 centistokes, subjected to 
gamma radiation it is of no importance, over the 
range studied. Thus for the hexane solution the 
log (A) / r  slopes for 7 -radiation at two intensities 
(9.9 and 49.2 rad./sec.) are in the ratio 1.8, as 
against a predicted ratio of (49.2/9.9) 0-5 = 2.2. 
For the cyclohexane solutions, the log (A) / r  plot 
(Fig. 6 ) shows considerable divergence from linear
ity, but the effect of intensity follows the same pat
tern. The divergence is in part due to the values of 
(A )/\// being too high (and encroaching on the 
(A) / r  linear region, eq. 19) but in part to secondary 
reactions. For silicones the log (A)/y-dose curves 
(which should show as a difference in slopes of 2 . 1  
according to Model I,) are identical to within ex
perimental error.

The results for high intensity radiation from the 
Van de Graaff or linear accelerator cannot be ana
lyzed in the same way, since the effective average 
intensity is unknown, and in any case steady-state

m -
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Dose, rad.
Fig. 5.— Variation of (A) with dose for anthracene- 

hexane mixtures at low values of (A ): X , Co60'/, 9.9 rad./
sec.; + ,  49.2 rad./sec.

Dose, rad.
Fig. 6.—-Variation of (A) with dose for anthracene- 

cyclohexane mixtures at low values of (A ): + ,  Co60?  11.1 
rad./sec.; A, 20.1; X ,53.4; • ,  Van de Graaff (dose scale X 
10).
conditions do not apply. However for cyclohex
ane the dépendance of (A) on Van de Graaff dose 
is only one-tenth of that for 2 0 . 1  rad./sec. 7 -radia
tion (pointing to a hundred-fold increase in ef
fective intensity, i .e ., 1.25 X 105 rad. min. for the 
Van de Graaff) whereas in silicones the Van de 
Graaff is half as effective as 7 -radiation. The cause 
of this smaller difference is discussed below.

At higher values of (A) V% the dependence of (A) 
on r is linear, and the intensity dependence is much 
less marked. This is particularly clear for cyclo

hexane subjected to 7 -radiation and electron ra
diation. 2

From the observed slopes at low intensities, the 
following approximate values for the reactivity 
constants may be deduced. For hexane and cyclo
hexane, values of h  (= 1.04 pGÇR • ) X 10 ~9) of 5 X 
1 0 - 9  have been assumed, and for the silicones a 
lower value of 3 X 10 ~9. More accurate values do 
not appear warranted for the present purpose. 
Then for hexane solutions irradiated at an intensity 
of 9.9 rad./sec., k3/ y / %  = 2.9, and at an intensity 
of 49.2 rad./sec. h / y / ' k 2 =  3.7. For the cyclohex
ane solution irradiated at an intensity of 1 1 . 1  rad./' 
sec. k z / y / k i  = 2. The latter value was also ob
tained by Charlesby and Lloyd from more ex
tensive data. 2 For silicone fluids, for which Model 
II applied, the ratio k3/ k ' 2 = 5X 10® ; in a more de
tailed analysis Charlesby and Lloyd10 obtained a 
figure of 6.4 X 103.

Discussion
Although a considerable amount of attention has 

been paid to the use of scavengers such as iodine 
and D.P.P.H. as a means of measuring radical pro
duction in irradiated samples, there is little evidence 
in the published literature of a variation in G ( — A) 
with additive concentration and radiation inten
sity under the conditions used. Krenz studied the 
disappearance of anthracene in irradiated hexane, 8 
and found a dependence of G -value on anthracene 
concentration, but did not investigate the inten
sity dependence. His results can be written in the 
form

G ( -  A) =  G { -  A U ^ j -

where c is a suitable constant. This relation is of the 
form predicted by Model II whereas the fuller re
sults for anthracene-hexane mixtures described in 
this work agree with Model I. However, as is ap
parent from Fig. 1, these two models lead to some
what similar dépendance of G ( — A) on (A) so that 
unless the measurements are carried out at differ
ent intensity levels, as in this work, they cannot be 
readily distinguished.

The primary purpose of the present work w'as to 
investigate this intensity dependence; the exact 
mechanism by which anthracene is destroyed is not 
therefore discussed here. Whatever the reaction it is 
sufficient at this stage to note the marked distinc
tion between the behavior of anthracene in solu
tions of hexane and cyclohexane on the one hand, 
and silicones on the other. Further work seems de
sirable, with a simpler additive, and having a lower 
reactivity than iodine. The previous failure to ob
serve a drop in (?( —1 2) values at low concentrations 
of iodine can presumably be ascribed to the higher 
value for the reactivity constant k3, which means 
that with iodine one is operating at an effectively 
higher concentration of additive.

One possible explanation for the difference be
tween silicone fluids, and hexane or cyclohexane, is 
that the high viscosity of the former impedes the 
motion of radicals, and hence reduces the probabil
ity of two silicone radicals, formed independently, 
meeting to form a crosslink. However no differ
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ences are found as between 0.65 and 1000 centistoke 
fluids, nor has any intensity dependence been 
found in silicones of higher viscosity. Furthermore 
this explanation would result in a lower value for 
fc2 and would not account for the observed depend
ence of G ( — A) on (A) but not on I . It must there
fore be concluded that viscosity of the solvent is not 
the primary cause of this difference in behavior.

The various theories which have been proposed 
to account for crosslinking in polymers fall into 
two categories, depending on whether they predict 
Model I or Model II behavior. If Model I is the 
pattern of behavior, an extremely large number of 
motions of each radical would be needed before it 
meets a partner (produced independently) to form a 
crosslink. Reaction with an additive, even at low 
concentrations, would then appear extremely 
probable, since the concentration of the additive is 
far greater than that of the radiation-induced radi
cals. On the other hand, with Model II, it is dif
ficult to explain any significant effect from the addi
tive molecules which are far apart (several hun
dred Angstroms at the concentrations used here); 
one would expect a far more ra p id  reaction of a radi
cal with a neighboring molecule. One possibility 
is some form of energy transfer to the anthracene 
molecule, before radical reactions can occur. Krenz 
discussed the question of energy transfer in an
thracene-hexane mixtures, but concluded that the 
prime role of anthracene at these concentration was 
to act as a radical acceptor. His observations that 
G'(H2) and ff(CH4) were unaltered by the presence 
of anthracene at these concentrations is evidence 
for the absence of energy transfer in such systems, 
in contrast to the classical work of Burton3 with cy
clohexane-benzene mixtures.

Some form of ionic reaction is another possibil
ity. Such reactions are to be favored at low tem
peratures, and it would be interesting to discover 
whether the distinction reported here at room tem
perature prevails at lower temperature. Although 
the active entities discussed in this paper have been 
assumed to be radicals, there is no direct evidence 
for this.

Owing to the variable radiation intensity and the 
absence of stationary state conditions little atten
tion has been paid here to the results obtained with 
the high-intensity, pulsed electron sources. For cy
clohexane, the Van de Graaff appears to behave as a 
steady radiation source of some 2 X 103 rad./sec. 
(for a nominal instantaneous intensity of about 1 0 7 
rad./sec.) In silicones, where no intensity effect is 
observed with gammas up to about 2 0 0  rad./sec. a 
decreased effect (by a factor of less than 2 ) is ob
tained with the high intensity pulsed electron beam, 
and this decrease is also found in the maximum 
value G ( — A)max. This apparent loss in effective
ness is not due to errors in dosimetry, since the en
ergy input was confirmed in terms of hydrogen evo
lution from irradiated hydrocarbons. The work of 
Schuler and Allen11 has shown that (7(II2) is sub
stantially independent of radiation intensity and 
even type of radiation, so that hydrogen evolution is

(11) R. M. Schuler and A. O. Allen, J. Am. Chem. Snc., 77, 507
(1955).

Fig. 7.— Variation of (A) with dose for anthracene- 
silicone mixtures at low values of (A ): O, Co60-,- 49.2 rad./ 
sec.; X , 11.1 (both 1000 cs.); A , 40.2; V , 11.1 (both 0.65 
cs.); ®, Van de Graaff (1000 cs.) (dose scale X2.)

a useful method of comparing radiation intensities 
at widely different levels.

An explanation for the lower effectiveness of the 
high intensity radiation in silicones may be sought 
in the close proximity of ions produced from dif
ferent primary tracks within a short interval of 
time. Recombination of ions and electrons from 
different tracks may then occur, before the chemical 
reactions from ionization and excitation within the 
same track have all been completed. With suf
ficiently low intensity y-radiation, loss of ions from 
this interaction may be negligible. A similar ar
gument applies to the recombination of radicals 
within tracks. The effect of very high intensity 
radiation is therefore somewhat similar to that ob
served with radiation of high LET, such as fast pro
tons or a-particles. This explanation is in agree
ment with the observation that the G-values for 
crosslinking (in the absence of additive) is lower 
for the Van de Graaff electron radiation than for 
radiation of lower intensity from a cobalt-60 source. 
The Cr-value is even smaller for the radiation from 
the linear accelerator, for which the peak radiation 
intensity is higher still.

Further details of this program of research are to 
be presented subsequently, but the present work in
dicates the possibility of assessing reaction mech
anisms and radical lifetimes and reactions by stud
ies of the influence of radiation intensity, additive 
concentration and possibly temperature on dilute 
liquid or solid solutions.
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A NOTE ON THE RADIATION INDUCED SYNTHESIS OF LAUTH’S VIOLET

B y  P. B a l e s t ic  a n d  M . M a g a t 1

Laboratoire de Chimie Physique de la Faculté des Sciences de Paris 
Received March 20, 1959

It is established by spectroscopic and chemical evidence that -y-ray irradiation of aerated aqueous solutions of p-phenylene- 
diamine and H2S a" pH >  1 leads to a formation Lauth’s Violet. Methods for isolation and purification of the dye formed are 
described. Some preliminary kinetic results are given.

A few years ago Loiseleur2 called attention to 
some phenomena of radiation-induced coloration of 
aqueous solutions of simple organic compounds, 
such as p-diaminobenzene. Among other experi
ments he quoted the case of an aqueous solution of 
p-diaminobenzene, ammonium sulfide, HC1 and 
copper sulfate at pH 7 irradiated by X-rays to a 
total dose of some 750.000 r., which developed a 
strong violet color, attributed by Loiseleur to 
Lauth’s Violet

+

He observed also that, in order to obtain good 
results, air had to be bubbled through the solution 
and that the reaction was suppressed if oxygen ac
ceptors like ascorbic acid, cysteine or hydroquinone 
were added to the solution. Xo attempt was made 
to isolate the product or to identify it by any physi
cal or chemical method.

Since it. was to our knowledge the first case of a 
complicated organic synthesis induced by radiation 
ever mentioned, which may open new possibilities 
to radiation chemistry, we decided to make a thor
ough investigation of the kinetics of this reaction, 
in order to understand its mechanism.

This note summarizes some preliminary results 
obtained so far; they concern, on one hand, the na
ture of initial compounds participating in the re
action and on the other hand, the isolation, iden
tification and dosage of the dye produced.

Products.—All materials except H2S were commercial 
products. However it became soon apparent that reproduc
ible results could be obtained only if all traces of impurities 
were carefully eliminated from p-diaminobenzene. To 
reach this objective several methods described in the litera
ture were tried, among others the reduction by tin salts 
described by Weissberger and Strasser.3 All the purification 
procedures were tc be repeated several times. Ultimately a 
new method of purification was developed that will be de
scribed elsewhere.

H2S was prepared in the laboratory.
Irradiation Conditions.— Most of the irradiations were 

carried out at 20° using Co-60 sources of 600 and 100 curies, 
respectively. The dosimetry was done by the ferrous 
sulfate dosimeter of Fricke, assuming G(Fe3+) =  15.6 as 
recommended by Schuler and Allen.4 The total dose was 
varied between 20,000 and 600,000 r., the dose rates varied 
between 30,000 and 150,000 r./hr. A few experiments were 
performed with an X-ray set under conditions approaching 
as closely as possible the ones used by Loiseleur.

(1) Laboratoire de Chimie Physique de la Faculté des Sciences de 
Paris.

(2) J. Loiseleur, J. clam. phys. 52 , 630 (1905).
(3) A. Weissberger and E. S. Strasser, Z. prakt. Chem., 135, 209 

(1932).
(4) B. H. Sehuler and A. O. Allen, J. Chem. Phys., 24, 56 (1956).

Results
A. Role of Reagents.—In a first set of experi

ments we have tried to establish in what form sul
fur had to be present. We found that identical 
results were obtained if ammonium sulfide used by 
Loiseleur was replaced by H2S, at initial concen
trations of 0.7 X 10- 2  M  to 1.5 X 10~ 2 M .  If 
neither (XH4)2S nor H2S was added to the solution 
various colorations were obtained on irradiation, de
pending on the pH, but none of them was violet.

The importance of oxygen was verified easily, 
no coloration being observed even after several 
months, if the solution was deaerated.

B. Influence of pH.—In order to establish the 
optimum pH, we have varied the pH unit by unit 
between 0 and 12. We could establish the exist
ence of two distinct domains of pH at which the 
violet color appeared during irradiation, the prod
ucts being responsible for the coloration being 
different as shown by spectroscopic measurements 
and by the examination of their chemical proper
ties.

(a) In neutral or slightly acid medium, the 
aerated mixture C6II4(NH2)2-2HC1, 6.94 X 10“* 
M ; H2S, 1.5 X 10“ 2 M ; HC1 after a dose of 400,000 
r. develops a deep violet color; the solution had to 
be diluted in order to make the spectrochemical 
analysis possible. As can be seen on Fig. 1, the 
absorption spectrum between 4000 and 6500 A. 
of the two irradiated solutions at pH 6.9 and 5.9, 
respectively, is very different from the spectrum of 
Lauth’s Violet. It seems hence that the violet 
color observed by Loiseleur under these conditions 
of pH is not due to Lauth’s Violet as he assumed, 
but to an as yet unidentified compound that we 
presume to he a quinonic oxidation product of p- 
phenylenediamine. The same result was obtained 
using the irradiation conditions specified by Loi- 
seleur.

(b) In acid medium pH ~  1 a violet coloration 
is observed again. The absorption spectrum of the 
irradiated mixture taken without dilution, shows 
in this case the characteristic absorption peak of 
Lauth’s Violet, with a maximum at 6025 A. (Fig. 
1). In order to study the absorption of the com
pound formed in the ultraviolet region, it became 
necessary to isolate the dye formed because of the 
absorption by p-phenylenediamine and other com
pounds that may be produced.

C. Chromatographic Separation of the Dye 
Formed.—We have first investigated the, chro
matographic separation of a synthetic mixture of 
Lauth’s Violet and of p-phenylenediamine on 
alumina columns. The series of eluents used— 
carbon tetrachloride, benzene, ether, chloroform, 
ethanol—showed that the diamine was eluted first,
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in the fraction CCh-CelR, while the dye was eluted 
by a mixture CHC13 -f 1 % C2H5OH. The same 
result was obtained with the irradiated solution.

Eventually a much simpler way was found to 
isolate the dye: Lauth’s Violet in the base form is 
readily soluble in chloroform. It hence could be 
extracted from the aqueous solution made basic, 
by usual chloroform extraction. The extracted 
dye was further purified by chromatography on 
alumina. The* eluate in ethanol appears to be 
fairly pure Lauth’s Violet, presenting the two char
acteristic absorption peaks at 6025 and at 2700 A. 
The small difference in the ultraviolet absorption 
is a measure of the efficiency of separation.

Experiments on synthetic mixtures show that 
by this procedure we recover with a good repro
ducibility 80% of the dye. Since Lambert-Beer 
law is verified the amount of the dye formed by 
irradiation can be determined by measuring the 
absorption at the maximum of the visible absorp
tion peak directly in the eluate.

D. Chemical Tests.—-In order to check the 
spectral identification of the dye formed, we have 
performed a series of chemical identification tests 
indicated by Lauth, 6 Koch6 and Bernthsen.7 For 
this purpose we evaporated the alcohol from the 
eluate and redissolved the dye in water. An addi
tion of hydrochloric acid developed an intense 
azure blue coloration; an addition of sulfuric acid 
produced a green coloration; the addition of an 
alcoholic solution of NaOH led to fuchsine red, 
that of ammoniacal a deep violet. Finally the 
addition of H2S reduced the dye to a leuco deriva
tive, the dye being regenerated by soft oxidants. 
An irradiation by a light of 5460 A. produced a red 
fluorescence of thionine solutions.7 We satisfied 
ourselves that the same color changes and fluores
cence were observed with a Lauth’s Violet prepared 
by the standard chemical procedure, as stated in 
the literature quoted. We think to have estab
lished, with a fair degree of certainty that the dye 
produced by irradiation of our solutions at pH 
~  1 is identical with Lauth’s Violet.

E. Kinetic Aspects.—Only few kinetic as
pects were established yet. So we find that the 
amount of the dye formed increased with the con
centration of p-phenylenediamine at least in the 
region 2.78 X 10“ 1 M  to 3.48 X 10- 2  M .  We have 
further established, varying the total dose, that 
the yield decreases with dose. This is due to the 
decoloration of the dye by irradiation. Strong 
indications are available that the role of oxygen is 
essentially that of a scavenger for H atoms pro
duced by radiolysis of water through the reaction

H +  0 2 — >  H 0 2

although this point cannot be considered yet as 
definitely established.

Initial G-values, calculated on the energy ab
sorbed by the whole solution, as high as 0 . 6  could 
be observed and it seems not impossible that this 
value can be yet increased by a judicious choice of 
concentrations of the different ingredients of the 
irradiated solutions.

(5) Ch. Lauth, Bull. soc. chim. France, 26, 422 (1876).
(6) H. Koch, ibid., 34, 404 (1880).
(7) A. Bernthsen, ibid., 43, 563 (1885).

Fig. 1.— Visible absorption spectra of aerated aqueous 
solutions of p-C6H4(NH2)22HCl and H2S irradiated at differ
ent pH as compared to the spectrum of chemically prepared 
Lauth’s Violet : (1) 0, at p fi 6.9; (2) ©, at pH 5.9; (3) •, 
at pH 1; (4) + ,  standard solution of Lauth’s Violet.

Angstroms.
Fig. 2.— Visible and ultraviolet absorption spectra of 

radiation produced and chemically prepared Lauth’s Violet 
in ethanol: (1) •, alcoholic eluate of the radiation produced 
dye; (2) + ,  alcoholic solution of the chemically prepared 
Lauth’s Violet.

Further kinetic work and its extension to other 
dye synthesis reactions indicated by Loiseleur are 
in progress.
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Conclusion
It seems to be established that radiation-induced 

synthesis of some dyes, as suggested by Loiseleur, 
is possible. Kinetic studies of these processes are 
complicated by the simultaneous radiation-induced 
decomposition of the dyes and by possible reactions 
of the dyes with H2S present leading to formation of

leuco derivatives.
The authors thank the Commissariat de l’Energie 

Atomique for the facilities it put at their disposal 
for this research and for the permission granted 
to publish the preliminary results.

(8) E. R. Rabinowitch and P. Epstein, J. Am. Chem. Soc., 63, 74
(1941).

N O T E S
DIMERIC BISMUTH(1) ION, (Bi2)2+ IN 

MOLTEN BISMUTH TRIHALIDE-BISMUTH
SYSTEMS1 

B y  M. A. B r e d ig

Contribution from the Oak Ridge National Laboratory, Chemistry 
Division, Oak Ridge, Tenn.
Received December 12, 1958

Vapor pressure measurements on the system bis
muth trichloride-bismuth metal2 were recently in
terpreted3 in terms of the presence of a bismuth 
monochloride tetramer, (BiCl)4. However, it has 
now become apparent that the melting point de
pression observed on adding Bi to BiCl34's is entirely 
incompatible with the assumption of the tetramer (or 
even a trimer) because a value of 2.7 kcal. would re
sult for the hea* of fusion of BiCl3, far lower than a 
recently determined cryoscopic value of 4.85 ±  
0.10 kcal. 6 A still higher and probably most relia
ble value of 5.50 ±  0.15 kcal. has just been obtained 
at ORNL (A. Dworkin and M. A. Bredig), using a 
drop calorimeter.

It is proposed that the experimental data, especi
ally the melting point depression4 and vapor pressure 
measurements, 2 can be explained if both dim eric bis- 
muth(I) chloride and diineric bismuth, Bi2, are as
sumed to be the principal solute species at low and 
intermediate temperatures. Experimental depres
sions of the BiClj melting point, A T , plotted against 
the concentration of Bi2Cl2, even at low solute con
centration, in general fall nearer the line for

T?T2
A T  =  -------------  I n  ( t  -  N so lu te)¿All fusion, B1CI3

than those plotted for Bi or (BiCl) 4 (Fig. 1 ). Espe-
(1) Work performed for the U. S. Atomic Energy Commission at 

the Oak Ridge National Laboratory, operated by the Union Carbide 
Corporation, Oak Ridge, Tennessee.

(2) D. Cubicciotti. F. J. Kenesbea, Jr., and C. M. Kelley, T his 
Journal, 62, 463 (1958). See also ibid., 62, 999 (1958), for the BiBrr- 
Bi system.

(3) John D. Corbett, ibid., 62, 1149 (1958). See also J. Am. Chem. 
Soc., 80, 1457 (1958).

(4) S. J. Yosim, A. J. Darnell, W. Gehman and S. W. Mayer, 
T his Journal, 63, 230 (1959). See also Abs. No. 21, 8N and No. 
71, 28S, 132nd Annual Meeting, A.C.S., New York, 1957.

(5) M. A. Sokolova, G. G. Urazov and V. G. Kuznetsov, Akad. 
Nauk, S.S.S.R., Inst. Gen. Inorg. Chem., 1, 102 (1954).

(6) L. E. Topol and S. W. Mayer, Abstract No. 29, 14S, 134th 
Annual Meeting, A.C S., Chicago, September, 1958. The formerly ac
cepted value of 2.6 k3al. (K. K. Kelley, U. S. Bureau of Mines Bull. 
No. 393, 25, 1936) becomes 5.2, i.e., not much different from 4.85, 
above, if the erroneous assumption of the presence of dimers CuiCls 
and Fe2Cl6 upon which it was based is corrected.

cially a tetramer (BiCl) 4 is entirely ruled out by 
these results. While the case against Bi atoms is 
not as strong, the species Bi2Cl2 seems most 
strongly indicated, particularly if the existence of 
the solid (BiCl)x even above this temperature range 
is considered. The phase diagram, in this region, 
has the character of a—often nearly ideal—eutectic 
system of two salts, BiCl? and Bi2Cl2.

The trichloride and tribromide vapor pressures 
of BiX3-Bi mixtures (X = Cl or Br), measured2 at 
approximately 300, 350 and 400°, i .e ., considerably 
above the melting points of BiX3, can also readily— 
within the fairly wide margin of accuracy of the 
measurements—be reconciled with the formation of 
Bi2X2. It is only necessary to assume that even at 
as relatively low a temperature as 300° partial de
composition of Bi2X 2 occurs, in accordance with 
the disproportionation reaction

3 B i 2X 2 — 2 B i o  - j -  2 B i X s

The experimental vapor pressure data are compati
ble with equilibrium constants (for the reverse of the 
disproportion reaction)

K  = N* Bi!
*BiXjA’ 2Bi2

(X  =  Cl or Br)

These constants were obtained in the following way : 
first, a plot of the final mole fraction of bismuth tri
halide, V bìXj, against y , the extent of the reaction 

2 BÌX3 -)- 2Bi2 — 3 BÌ2X 2 

, r 2 my +  4 m — 4A BiXj = ---:-----,--1—F,--my — 4 +  2m

was prepared for various m , the initial mole fraction 
of bismuth metal (m = 0.01 to 0.40). With the re
lation between y , m  and the equilibrium constant

„  _  A-,BiîX; _  4(3»i.ÿ/4)3(l — to/2 +  m y!4) 
X 2Bix,V2Bi, (I — to — m y / 2 ) \ m  — m y ) 2

curves for various constants K  were drawn into this 
plot. From their intercepts with the curves for y  vs. 
-Vb ìx , for various m , those K  were selected whose 
curves gave the best agreement for the N b ìx , at 
these intercepts with the experimental mole frac
tions N Bix, calculated from the vapor pressure 
measurements with the provisory assumption of 
activity coefficients of unity.

For BiBr3-Bi, e.g ., the constants are approxi
mately 0.05 mole- 1  at 300° and 0.001 mole- 1  at 
350°, and much lower at 400°. For the dispropor
tionation reaction, this gives a A l l  of very roughly
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+  55 kcal. 7 These estimates reflect a relatively 
rapid disappearance of Bi2X 2 as a solute with in
creasing temperature. Table I contains an exam
ple of the possible fit between experimental and 
calculated BiBr:i vapor pressures. The small posi
tive deviation from unity of the ratio of observed 
and calculated vapor pressures may imply a small 
dependence of the activity coefficient on concen
tration. This would be the positive deviation from 
Raoult’s law expected with phase separation in the 
liquid state, however a much smaller one than pro
posed for the so-called “physical model, ” 2 and 
rather in line with the very small one observable on 
plotting In ( 1  — A+dtCiJ vs. l / T  in the somewhat 
analogous CdCl2-Cd system. 8

T a b l e  I

A c t iv it y  C o e f f ic i e n t s  o f  BiBr3 a n d  M ole Fraction  of 
Bi2Br2 a n d  Bi2 at 300°

In
itial Activity coefficient

mole Vapor pressure. Pcsp/19.54-
frac
tion

mBiBr3

mm.
Measd.° Caled.6

Pex r> Peale
Pcx p/ 
Peale

(MAB)
WBiBr3

(Cubicci
otti, et al.)

Solute mole 
fractions 

ArBi2Br2 Afa ¡2
1 .0 19.54 1 .000 1 .0 00 0 0
0 .9 18.25 18.27 1.001 1.040 0.034 0 030

.8 17.45 16.94 1.030 1.116 .059 .074

. 7 16.30 15.49 1.052 1.193 .079 .129

.6 14.50 13.85 1.047 1.239 .099 .192
° Taken from curves published in ref. 2. 6 From equi

librium mole fraction NmBn —  ̂ ; K ' =
____  \ A 2Bi, /

\/0.05 =  0.22; pCB.!c =  19.54ATBiBr3-

Bi2 molecules, which are thought to replace Bi2- 
Cl2 as a solute as the temperature increases, are 
known to be rather stable in the gaseous state, with 
a heat of dissociation of 43 kcal. 9 This by far ex
ceeds even the corresponding figure of 17.5 kcal. for 
Na2 or 11.5 for K2, the species assumed to produce, 
in solutions of the alkali metals in their halides, the 
largest part of the observed deviations from Ra
oult’s law for the halides. 1 0 -1 2 At high tempera
ture, Bi atoms also must become more and more 
important and are likely to be responsible for both 
the electronic contribution to the conductivity at 
low metal concentration13 and the complete misci
bility. 4

In extending, then, previous discussions of the 
structure of these solutions.2-4’12 the present inter
pretation makes an attempt to explain the variously 
observed deviations from Raoult’s law for the sol
vent BiCfi and their temperature dependence largely 
and specifically in terms of the d im ers, Bi2 and Bi2X 2 
(X = Cl or Br), of each of two solutes, bismuth 
and bismuth(I) halide. 14 A more quantitative

(7) The entropy of the reaction, of the order of 100 e.u., or 17 e.u. 
per Bi, is large but. not unduly so; cf. for instance the entropies of 
fusion for AICI3 and FeCU, of 18 e.u. (U.S.N.B.S. Circular 500, 1952).

(8) A. H. W. Aten, Z. physik. Chem., 73, 578 (1910); K. Grjotheim,
F. Grònvold and J. Krogh-Moe, J. Am. Chem. Soc., 77, 5824 (1955).

(9) Elizabeth Brackett and Leo Brewer, UCRL-3712 (1957).
(10) M . A. Bredig, J. W. Johnson and Wm. T. Smith, Jr., J. Am. 

Chem. Soc., 77, 307 (1955).
(11) J. W. Johnson and M. A. Bred:g, T his Journal, 62, 004 (1958).
(12) H. R. Bronstein and M. A. Bredig, J. Am. Chem. Soc., 80, 2077 

(1958).
(13) A. H. W. Aten, Z. physik. Chem., 66, 64 (1909).
(14) An interesting new situation is indicated for Bila-Bi in most 

recent work by Cubicciotti, et al.. T his Journal, 63, 295 (1959);

treatment would also have to consider the cohesive 
force differences between the solvent and these sol
utes. However, even a meaningful separation of 
the experimentally determined partial molal free 
energy of mixing into partial molal entropy and en
thalpy, that was attempted, 2 would seem to have to 
be based upon data considerably more accurate 
than available.

Fig. 1.— Melting point depression of bismuth trichloride 
on addition of bismuth. Raoult’s law fit is better for solute 
species Bi2Cl2 than for (BiCl)4 or Bi.

The Bi(I) halide dimer proposed here is thought 
to contain the new diamagnetic dimeric cation 
(:Bi: :Bi:)2+ or (Bi3+(e2- )2Bi3+) which would be 
quite analogous to the mercurous ion, (Hg:Hg)2+, 
or (Hg2+ e2-  Hg2+), except for two additional 
binding electrons (“double bond”) and four (non
binding) 6 s electrons. 15 A discussion of possible 
theoretical reasons for the special stability of 
(Bi2)2+ ions and the apparent non-existence of 
other dimeric cations such as (Tl2)2+, or (Pb2) 2 + 
would appear premature at this time. A detailed 
X-ray diffraction study of solid BiCl and BiAlCU, 16 

as well as of concentrated solutions of Bi in molten 
BiCl3, would be expected to supply the needed, more 
direct evidence for the existence of the dimeric cat
ion (:Bi: :Bi:)2+.

Acknowledgment.—T ae thanks of the author are 
due to Drs. Corbett, Cubicciotti and Yosim for 
kindly furnishing manuscripts of their papers in 
advance of publication and to R. D. Ellison for 
help with the machine calculations.
here, Raoult’s law was found to be valid at concentrations as high as 30 
mole % of Bi as the solute.

(15) Unknown to the author until kindly pointed out to him by 
I)r. S. J. Yosim of Atomics International, the suggestion that the dimer 
BizCh is one of the species prese»t in these solutions (Annual Techni
cal Report, AEC Unclassified Programs, NAA-SR-2400, Part II, Page 
IV-4, dated March 15, 1958) has- already replaced an earlier assump
tion to the contrary (NAA-SR-2124, Page 18, dated December 15, 
1957).

(16) J. D. Corbett and R. K. McMullan, J. Am. Chem. Soc., 78, 2906
(1956).
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TETRANITROMETHANE AS A RADICAL 
SCAVENGER IN RADIATION CHEMICAL 

STUDIES
B y  A. H e n g l e in , 1 J. L a n g h o f f  a n d  G. Sch m id t

Institute for Physical Chemistry, University o f Cologne, Cologne, Germany 
Received December 27, 1958

Previous studies of the radiation chemistry of 
tetranitromethane (TNM) in aqueous solution have 
shown that this substance is an effective radical 
scavenger when present at concentrations above 
10~ 3 mole/1. 2 Hydrogen atoms reduce this solute 
to give nitroform which in aqueous solutions ionizes 
to form the intensely colored anion [C(N02)3]- 
(extinction coefficient at 350 m,u; 15,000 mole- 1 1. 
cm.-1). Since a colored material is formed from 

H -  +  C ( N G 2) ,  — ^  H +  +  [ C ( N O , ) 3] -  +  N 0 2 ( 1 )

the uncolored TNM extremely small changes in the 
concentration cf this radical scavenger can be de
termined. The hydroxyl radicals formed in the 
radiolysis of water do not directly form nitroform 
from TNM. However, in the presence of an addi
tional solute, such as hydrogen peroxide or an or
ganic substance, OH radicals are converted by hy
drogen abstraction to give H02- or organic radicals 
which in turn reduce tetranitromethane 
H 0 2- +  C (N 02)i — >

H+ +  [C(N 02)sp +  N 0 2 +  0 2 (2) 
R,„H- +  C (N 02)4-— >

H+ +  [C(N02)3p  +  IU  +  NO, (3) 
or

R mH +  C (N 02)4 +  H20  — =►
H + +  [C(N02)3]- +  RmHOH +  NO, (4)

Thus in aqueous systems containing reducible 
solutes in addition to TNM total radical yields can 
be measured directly. In neutral water the value 
of G  for radical production was found to be 5.852 in 
agreement with other measurements of this quan
tity. 3 ' 4

Nitroform is also formed as the only product of 
the reactions of TNM in alcoholic solutions. 
Therefore the value of G  for the formation of nitro
form in the oxygen-free alcohols listed in Table I 
gives the 1 0 0  e.v. yields for the formation of free 
radicals in these compounds.

T a b l e  I
F o r m a t io n  of N it r o fo r m  in  A lcoholic  So lu tio n s  of 

TNM  (10 2 M o l e / l .) b y  Co-60 7 -R a y s )
Cr(nitroforni)

Alcohol O2 free soin. Os .salii, solfi.
M el Hanoi 6 .6 5 .4
Ethanol 7 .0 6 .6
I-Propanol 6 .8 6 .8
2-Propanol 6 .8 6 .8
2-Butanol 6.2 6 .2

Apparently the free radical yield in alcohols is 
somewhat higher than in water. The radical yield

O) Radiation Research Laboratories, Mellon Institute, Pittsburgh’ 
Pa.

(2) A. Henglein and J. Jaspert, Z. pliysik. Chem. Neue Folge, 12, 324
(1957).

(3) K. J. Hart, J. Am. Chem. Soc., 76, 4198 (1954).
(4) J. II. Baxendale and I). H. Smithies, Z. physik. Chem. Neue Folge, 

7, 242 (1959).

found for methanol is in fairly good agreement with 
the values of 6 .1 s and 0.36 found by using ferric ions 
as the radical detector. Dissolved oxygen has only 
a small influence on the yield of nitroform in meth
anol and ethanol and a negligible effect in the higher 
alcohols. It seems therefore that most of the free 
organic peroxy radicals also react with TNM to give 
nitroform
R „ ,H O O -  +  C ( N 0 2)4 — >-

H + +  [0 (N 0 2)3] +  R„, +  NO. +  O, (5)

In hydrocarbons the yield for formation of nitro
form is quite low since other products are formed 
simultaneously by the reduction of N02 groups in 
TNM. In benzene Gfnitreform) is equal to 0.5; 
a brown polymer (C4H4O2NN precipitates during 
the irradiation. I11 aliphatic hydrocarbons G'(ni- 
troform) is equal to 1. Here a product is formed 
which can be extracted with water. It has a strong 
absorption at 315 m/x. The dependence of this 
absorption on the pH shows that the product is a 
weak acid. The compound can be extracted from 
its aqueous solution using ether. Attempts to con
centrate these solutions result in decomposition of 
the solute to nitrous gases. The same compound is 
formed in the radiolysis of aqueous solutions of ni
troform and in the thermal reaction of dinitrometh- 
ane with nitrous acid in aqueous solution. The pre
liminary formula of dinitroformaldoxime C(N02)2- 
NOH is assigned to this compound.

These results show that TNM is a useful radical 
scavenger for studies of the radiolysis of water and 
alcohols. Furthermore, TNM also may nnd some 
application in other fields of the chemistry of free 
radicals. It may even be used for scavenging of 
free radicals formed in the gas phase because of its 
rather high vapor pressure.

(5) G. E. Adams and J. H. Baxendale, J. Am. Chem. Soc., 80, 4215
(1958).

(0) E. A. Cherniak, E. Collinson, F. S. Dainton ami G. M. Meaburn, 
Proc. Chem. Soc., 54 (1958).

REACTIONS OF GASEOUS IONS. AMMO
NIUM ION FORMATION IN IONIZED 

AMMONIA
B y L eon  M . D o r f m a n 1 an d  P. C . N oble

General Electric Research Laboratory, Schenectady, N. Y.
Received February 18, 1959

The considerable variety of ion-molecule re
actions which have now been observed and whose 
rates have been determined2- 5 consists largely of 
systems of organic molecules, principally the simple 
hydrocarbons. In the case of ionized ammonia it 
seemed likely, by analogy with the hydrocarbon 
reactions, that a hydrogen atom or proton transfer 
reaction would occur, forming ammonium ion in

(1) Chemistry Division, Argonne National Laboratory, Lemont, 
Illinois.

(2) D. P. Stevenson and D. O. Sehissler, ./. Chem. Phys., 23, 1353 
(1955).

(3) D. O. Sehissler and D. P. Stevenson, ibid., 24, 920 (1950).
(4) F. 11. Field, J. L. Franklin and F. W. Lampe, J Am. Chem. 

Soc., 79, 2419 (1957).
(5) G. G. Meisels, W. H. llamiil and R. R. Williams, ./. Chem. 

Phys., 25, 790 (1956).
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the gas phase. Zahlan and Burtt6 have recently 
speculated that NH4~, and also N2H6+, might be 
observable in the mass spectrometer and have dis
cussed7 the role of ion-molecule reactions in the 
radiation chemistry of ammonia .

This note reports the results of mass spect.ro- 
metric measurements which show that the reaction

NH3+ +  NHS = NH„ + +  NH2 (1)

does occur with high efficiency, thus confirming part 
of the earlier speculation. 6 On the other hand, no 
evidence was obtained for the formation of the 
N2H6+ ion. A rough estimate of the rate constant 
for (1 ) has been made by comparison, under identi
cal mass spectrometer conditions, with the rate of 
the reaction

CD„+ +  CD4 =  CD5+ +  CD3 (2)

for which the rate constant previously has been 
reported. 2

Experimental
The results were obtained with a General Electric ana

lytical mass spectrometer. In these experiments the shield 
voltage was varied over a wide range from its normal value 
of 70 to 11 volts. The ion-repeller voltage, which is 8 volts 
under analytical conditions, was set at zero for most of the 
measurements and at 1 volt for the remainder. Thus 
most of the data were obtained with a field gradient in the 
source of approximately 1 v ./cm . or less, an estimate which 
is, of course, complicated by field penetration through the 
various slits of the source. The emission current for all the 
measurements was 23 microamperes. The source was 
maintained at its normal temperature of 150°, except in a 
single experiment, the result of which must be regarded as 
inconclusive, when it was reduced to 50° in an attempt to 
obtain information about the temperature coefficient of the 
reaction.

Anhydrous ammonia, obtained from Matheson Co., was 
subjected to several bnlb-to-bulb distillations over the 
temperature range —70 to —90°. The ammonia then was 
stored in a glass bulb with vacuum stopcock, from which it 
could be released into the mass spectrometer manifold to a 
predetermined pressure.

The procedure followed was to select a set of conditions 
of ammonia pressure, repeller voltage and shield voltage, 
and scan to mass 44, the masses of specific interest being 
16 (NH 2+), 17 (NH 3+), 18 (NH4+) and 33 (N2H6+). For 
comparison with the rate of reaction 2, deuteriomethane, 
obtained from Tracerlab, was introduced under identical 
conditions of repeller voltage and shield voltage and the 
peak heights of the product ions CD6+ and C2D 5+ deter
mined.

Results and Discussion
The peak height for the ion of mass 18, NH4+, 

is increased very substantially by increase in 
pressure and decrease in repeller voltage and shield 
voltage. Some of the data are shown in Table I 
in which the observed values for the ratio mass 18/ 
mass 17 are listed for the various conditions. The 
mass 18 peak height has, of course, been corrected 
for the N16 and II2 contributions from the NHS + 
ion.

That the appearance of a peak at mass 18 is due 
to a secondary reaction in the ion source and not to 
any impurity is evident from the usual criteria. 
Firstly the mass 18 peak height is increased with 
decreasing repeller field strength (decreasing repeller 
voltage and shield voltage). The impurity content, 
possibly water, is exceedingly low as is evident from 
the mass ratio of 0.0031 obtained under normal

(6) A. B. Zahlan and B. P. Burtt, J. Chem. Phys., 24, 478 (1956).
(7) B. P. Burtt and A. B. Zahlan, ibid., 26, 846 (1957).

PRESSURE OF AMMONIA IN MANIFOLD (mm).

Fig. 1.— Pressure dependence of ammonium ion formation.

T a b l e  I
D a t a  f o k  NH4 + F o r m a t io n

Ionization'1
gauge

reading
(m)

Repeller
voltage

(v.)
Shield

voltage
(v.) Mass 18/Mass 17

0.001 8 .0 70 0.0031
.001 0 70 . 022
.009 0 70 .054
.003 0 22.5 . 055
.03 0 15 . 327
.04 0 12 . 857
.04 0 11 2.001

“ The ionization gauge reading is not to be taken as the 
actual pressure in the ion source. It is merely a relative 
indication of the pressure increase.

analytical conditions. The reaction forming the 
mass 18 ion is, in fact, a homogeneous bimolecular 
reaction as may be seen from the second criterion 
that the NH4+ peak height approaches propor
tionality in the square of the pressure as the extent 
of reaction decreases toward zero. The dependence 
on square of the pressure may be seen in Fig. 1 
which shows data obtained at a repeller plate 
voltage of 1 volt. The slope of the line is 1.9.

The fact that the NH4 +/NH3+ peak height ratio 
reaches values as high as 2  is itself an indication 
that reaction 1 occurs with high efficiency. A 
rough estimate of the magnitude of the rate con
stant may be obtained by comparison with reaction 
2 , for which the rate constant is independent of 
temperature and has the value2 A:2 = 1.4 X 10“ 9 
cm. 3 molec. - 1  sec.-1.

The comparative data for methane-d4 and am
monia are shown in Table II in which the actual 
peak heights for shield voltage settings of 22.5 
and 16.5 volts are listed.

An estimate of the rate constant ratio, / k 2, 
may be obtained from the ratio

[NH4+| [CD4+J„[CD4|
[C’DAJ X [NHi+]0[NHiJ

where [CD4 + ] 0 and [NHj+]n are the initial ion con-
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T a b l e  I I

C o m p a r a t iv e  D a t a  f o r  M e t h a n e - ^  a n d  A m m o n ia '1
•Methane-d*-------- «. -̂------- Ammonia-

Ion Shield voltage Shield voltage
mass 22.5 v. 16.5 V. 22.5 v. 16.5 v .

16 6930 631
17 16900 8170
18 2250 330 2539.5 2468
20 3160 820
22 
o o

124.2 92.4
oo
34 84.5 36.1

• Repeller voltage was set at zero for these readings.

centrations prior to reaction, taking the concentra
tions as being proportional to the peak heights. 
The actual measured sensitivities for the parent 
peaks of ammonia and methane-eh are 17 and 20 
divisions/ ,̂ respectively. It is assumed that the 
ratios of the ion collection efficiencies NH4+/NH3+ 
and CD5+/CD4+ are equal. The fact the masses 
of the ions involved in reaction 1 are closely similar 
to those in the comparison reaction 2  is helpful in 
avoiding purely instrumental effects.

The two sets of data in Table II give values of 
0 . 6  and 0 . 2  for the rate constant ratio, with the 
lower value probably being the more reliable since 
the instrument settings at 16.5 volts remained 
unchanged, rather than being reset, in taking the 
data. These data, then, result in the approxi
mation ki ~0 .5  X 10~9 cm.3 molec.- 1sec.-1, a value

which is, of course, significant only as an order of 
magnitude estimate. Reduction of the source 
temperature from 150 to 50° failed to show any 
effect. Since it is unlikely that thermal equilibrium 
was attained at these low pressures in the ion 
source, no conclusion can be reached about the 
temperature coefficient of the reaction.

N o t e  a d d e d  in  p r o o f .— In  a recent paper V. L. Talrose 
and E. L . Frankevich (Treatise of the First All-Union Con
ference on Radiation Chemistry, page 13, Published by the 
Academy of Sciences of the U.S.S.R., Moscow 1958) report 
the observation of reaction (1) and indicate the heat of re
action to be 28 kcal./mole.

Conclusions
The foregoing observations which show that re

action 1 does occur with high efficiency, provide a 
direct basis, in addition to the purely phenomeno
logical evidence discussed by Burtt and Zahlan, 7 
for including ammonium ion formation as an 
important process in the radiolysis of gaseous am
monia. On the other hand, our failure to detect 
the N2H6+ ion, even though NH4+, CD5+ and C2D5+ 
were readily observable, may be taken as an indi
cation that the reaction

NH2+ +  NHS =  N,H4.H+ (3)

also suggested by them,7 has a low probability of 
occurrence, or that the N2H6+ ion formed is too 
unstable to be detected in a conventional analytical 
mass spectrometer.
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Hydrogen overpotential has been measured on platinum in 0.1 A  sodium hydroxide at 25°. It has been found that 
anodic activation up to 10-2 coulomb/cm.1 2: (i) decreases both the overpotential values and the Tafel slope; (ii) increases 
both the exchange current and the electron number. With the use of quantities of electricity higher than 10"2 coulomb/ 
cm.2, the direction of change of the overpotential parameters is revised.

Measurements of hydrogen overpotential on Pt 
in acid solutions have established the necessity of 
anodic activation as a means of removing surface 
impurities. 1’ 2 The agreement between the results 
obtained for activated electrodes1 and those for 
non-activated electrodes cleaned by ultrasonora- 
tion3 suggests that the anomalous behavior of 
Tafel lines for Pt4 in pure solutions may be attrib
uted to the presence of impurities on the electrodes 
surface. In alkaline solutions, however, the situa
tion is still unclear. Two Tafel line slopes (varying 
between 0.116 and 0.138 v. for the lower value, and 
between 0.220 and 0.252 v. for the higher one) 
have been observed in the pH range 8 .2-10.9. 5 
Above pH 10.9, one slope (0.126-0.128 v.) has been 
observed. In strongly alkaline solutions (above pH
1 2 .1) it has not been possible to obtain consistent 
results even with the use of highly purified sodium 
amalgam for the solution preparation, and with ex
tensive pre-electrolysis lasting for weeks.5 In the 
present investigation, hydrogen overpotential is 
measured on activated bright Pt in 0.1 A NaOH at 
25°, and the conditions of activation, leading to re
producible results, are discussed.

Experimental
The experimental technique was essentially similar to 

that of Bockris, et alM  The cell was similar to that used 
by Bockris and Potter.6 It was constructed of arsenic- 
free glass and incorporated ungreased water-sealed taps and 
ground glass joints. A platinized platinum electrode was 
used as a reference. To decrease anodic polarization, the 
anode was in the form of a large Pt sheet 6 cm.2 in area. 
This electrode was far removed from the cathode compart
ment. The anode and cathode compartments were sepa
rated by a sintered glass disc and a tap which was kept 
closed during pre-electrolysis and measurements. The 
pre-electrolysis electrode was in the form of a Pt wire (area 
0.5 cm.2) sealed to glass. A platinized Pt sheet (area 5-6 
cm.2) was dipped in the solution during pre-electrolysis to 
adsorb impurities. The solution was vigorously agitated 
by pure H2. H2 was purified by passing it into three fur
naces containing Cu heated to 450°, then over soda lime 
and silica gel. Pt cathodes were cut from a spectroscopi
cally pure Pt wire of diameter 1 mm. They were directly 
sealed to glass and were then cleaned with chromic acid 
followed by conductance water. In some experiments the 
bulb technique was employed.2 NaOH solutions were pre
pared from pure crystallized NaOH (under H2) by dilution

(1) J. O’M. Bockris, I. A. Ammar and A. K. Huq, T his Journal, 
61, 879 (1957).

C2) E. Wicke and W. Weblus, Z. Elektrochem., 56, 159 (1952).
(3) E. Yeager, T. Oey and F. Hovorka, T his J ournal , 57, 268 

(1953).
(4) Associated with Tafel line slopes of 0.19-0.3 v.; cf. J. O’M. 

Bockris, Chem. Revs., 43, 525 (1948).
(5) S. Schuldiner, J. Electrochem Soc., 101, 426 (1954).
(6) J. O’M. Bockris and E. C. Potter, J. Chem. Rhys., 20, 614 

(1952).
(7) J. O’M. Bockris and B. Conway, J. Set. Instr., 25, 283 (1948).

with conductance water (K  =  5 X  10~7 ohm-1 cm .-1) and 
were pre-electrolyzed in a separate cell before being trans
ferred by H2 pressure to the overpotential cell, and pre
electrolysis was again carried out at 10-2 am p./cm .2 for 
25-30 hours. A further increase in the time of pre-elec
trolysis had no effect on overpotential. A successful ex
periment was characterized by the constancy of y, at a con
stant current density, with time and by the agreement be
tween the “ up”  and “ down”  Tafel lines.8 The electrolyte 
concentration was checked by titration after each experi
ment. The direct method of measurements was employed 
up to about 10 -3 am p./cm .2 making use of a luggin capil
lary. Stirring had no effect on tj at low current densities, 
but it decreased it at high current densities (e.g., above 10-3 
am p./cm .2). Most of the measurements were, therefore, 
carried out in unstirred solutions, and only for measurements 
above 10-3 am p./cm .2 was the solution stirred. At low 
current densities, the current was checked by measuring 
the p.d. across a standard 0.1 megohm resistance. The 
apparent surface area was used to calculate the current den
sity. Anodic activation was carried out at various quanti
ties of electricity. After activation, the electrode was cathod- 
ieally polarized, at the highest current density used for 
overpotential measurements, with H2 vigorously bubbling 
in the solution. The electrode potential was then meas
ured as a function of time, and the steady-state value was 
attained in 20-30 minutes. Following this the Tafel line 
was measured.

Results
An example of the results for non-activated elec

trodes (sealed in air) is shown in Fig. 1 from which 
it is clear that the Tafel slope b is 0.26 v. It is also 
clear that the departure from linearity occurs at an 
appreciable overpotential of about 0 . 2  v. The 
“up” and “down” Tafel lines are identical, and p 
is not affected by stirring. Although the measure
ments at low current densities indicate a linearity 
between p and the current density up to a value of 
about 50 mv., yet the value of the electron number 
X9 calculated for this electrode is about 0.2. X is 
defined as the number of electrons necessary to com
plete one act of the rate-determining step and it is 
related to the stoichiometric number v by9

A =  2 / v

Neither the above value of X nor the value of the 
Tafel slope correspond to any theory of overpoten
tial. The mean parameters of six separate results 
obtained under similar conditions are given in 
Table I, together with the corresponding mean de
viation from the mean.

Anodic activation of Pt electrodes (sealed in air) 
was carried out at 10-3, 10-2, 10_ 1  and 5 X 10_ 1  
coulomb/cm. 2 of the electrode surface. The current 
was varied and the time of activation was kept con
stant at 2  minutes. The mean results are given in

(8) Tafel lines measured from low to high current densities and 
vice versa.

(9) J. O’M. Bockris and E. C. Potter, J. Electrochem. Soc., 99, 169 
(1952).
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T a b l e  I
P a r a m e t e r s  o f  H y d r o g e n  E v o l u t io n  o n  P t  E l e c t r o d e s  S e a l e d  in  A ir

Condition
No. of b 
expts. (mv.)

Ï0
(am p./cm .2) A

io-<
am p./cm . 2

77 (mv.) at 
3.16 X

io-< 10 -2
N on-activated 6 250 ±  10 (2.7 ±  0.4)10- 6 0 . 16 ± 0 .02 385 ±  6 508 ±  12
Activated at 10 " 3 4 161 ±  5 (8 .0  ±  0.6)10-® .24 ± .07 173 ±  2 254 ±  4 333 ±  8

coulomb/cm.2 
Activated at 10^2 11 114 ± 1 1 (6.8 ±  0.7)10-» . 92 ± .18 32 ±  5 76 ±  9 133 ±  13
Activated at 10 11 116 ± 1 4 (2.2 ±  1 .5)10-s ,56 ± .27 97 ±  14 152 ±  12 209 ±  15
Activated at 5 X 6 127 ± 7 (1.5 ±  1 .1)10-5 .38 ± .06 131 ±  22 200 ±  10 271 ±  3

10- 1

T a b l e  I I

P a r a m e t e r s  o f  H y d r o g e n  E v o l u t io n  o n Pt E l e c t r o d e s  S e a l e d  in H;

Condition
No. of b 
expts. (my.)

io(amp./cm.2) X
10-4

amp./c m . 3

77 (m v.) at 
3.16 X

■ 10 - ‘1 10 -s
N on-activated 4 168 =b 10 (2.1 ±  0.2)10-® 0.48 ±  0.06 280 db 6 364 ±  9 445 ±  7
Activated at 10 “ 2 4 111 ± 5 (7.3 ±  1.2)10-» 0.91 ±  0.13 128 ±  7 183 ±  6 239 ±  5

coulomb/cm.2

Fig. 1.— Hydrogen overpotential on Pt in 0.1 N  NaOH at 
25°: I, activated at 10"2 coulomb/cm.2; II, activated at 
10 “ 3; III, non-activated.

Ta.ble I, and two examples of the results for elec
trodes activated at 1 0 - 3  and 1 0 - 2  coulomb/cm. 2 
are shown in Fig. 1 for comparison. It is clear from 
this figure that the values of q and b for the elec
trode activated at 1 0 ~ 3 coulomb/cm. 2 are smaller

than the corresponding values for the non-activated 
electrode, and a further decrease in q and b is ob
served for the electrode activated at 1 0 ” 2 coulomb/ 
cm.2. Anodic activation also decreases the over
potential at which the Tafel line departs from lin
earity (Fig. 1 ). Above 10” 2 coulomb/cm.2, both q 
and b increase (Table I). The relation between 
the exchange current in and the quantity of elec
tricity passed during activation, Q, is opposite to 
that between q and Q. The maximum value of A is 
observed for electrodes activated at 1 0 - 2  coulomb/ 
cm.2. Since in alkaline solutions the rate-deter
mining step is the discharge from water mole
cules610 which is characterized by a slope of 0.118 v. 
at 25° and by a value of A = 1, the results for elec
trodes activated at 1 0 - 2  coulomb/cm. 2 represent the 
best approach of the experimental results to the 
theoretical requirements. No iR  drop is observed 
in these results (c f. curve 1, Fig. 1), and stirring 
effects are negligible up to 10- 3  amp./cm. 2 For 
this reason iR  correction was not necessary for the 
present investigation.

The mean results for electrodes sealed in H2 are 
given in Table II which indicates that both q and b 
decrease, while in and A increase, for activated elec
trodes as compared with the results for non-acti
vated electrodes.

The effect of anodic activation on q may be at
tributed to changes in the nature of the surface 
such that, at low values of Q, the heat of activation 
for the discharge reaction is decreased with the con
sequent increase of the exchange current and the 
decrease of 77.11 This may be visualized if anodic 
activation cleans the electrode surface from impuri
ties and exposes sites of adsorption for the cathodic 
hydrogen evolution reaction. At high values of Q, 
however, oxidation may take place, and the pres
ence of oxide films increases q .12 Although, before 
the measurements of q, the activated Pt electrode 
was made the cathode for 20-30 minutes at the

(10) R. Parsons and J. O’M. Bockris, Trans. Faraday S o c . .  47, 914 
(1951).

(11) B. Conway and J. O’M. Bockris, Nature, 178, 488 (1956); 
J. Chem. Phys., 26, 532 (1957).

(12) A. Frumkin, Disc. Faraday S o c ., 1, 57 (1947).
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highest current density used for overpotential meas- might have been incapable of reducing the surface 
urements (cf. Experimental), yet this procedure oxide film probably produced at high values of Q .

THE EXPERIMENTAL CHECK OF THEORIES OF THE VISCOSITIES OF
SOLUTIONS'

B y  W ladimir Philippoff and Frederick H. Gaskins

The Franklin Institute Laboratories for Research and Development, Philadelphia, Penna.
Received July 7, 1958

The solutions of the synthetic polypeptide, poly-y-benzyl-L-glutamate (PBLG), reported ty  Yang2 are practically mono- 
disperse either as tightly wound a-helixes (similar to rigid ellipsoids) in m-cresol as a solvent or random coils in dichloro- 
acetic acid. This gives the experimental possibility of testing the existing theories of the viscosities of suspensions without 
the disturbing influence of polydispersity. The theory for rigid ellipsoids requires a departure from the initial viscosity ?j0 
at low rates of shear D with the square of either the shear stress r or of D, rather than linearly with r or D. This was con
firmed for the ni-cresol solutions of PBLG. The dichloroacetic acid solutions, however, gave a linear dependence on t. 
This shows that even monodisperse solutions of random coils give a linear deviation from t;0. This may be the result of an 
“ internal polydispersity”  for each single coil in the sense introduced by Rouse3 for the dynamic behavior of polymer solu
tions. The normal linear departure from tjo for polymer solutions is therefore very probablj caused by polydispersity in a 
general sense.

I. Introduction
At present two theories treating the viscosity of 

suspensions are applicable to solutions of high 
polymers: the theory of rigid ellipsoids (rods) and 
the one of coiled molecules. Both theories have 
been extensively treated; also, the dependence of 
the intrinsic viscosity on the molecular weight of 
the polymer has been tested experimentally. 
However, the theoretical relationships are explicitly 
valid for infinite dilution and usually for a rate of 
shear approaching zero. Until recently all polymer 
solutions were more or less polydisperse. This 
polydispersity influences the relationships derived 
for monodisperse solutions, but one had no way of 
eliminating it.

The solutions of the synthetic polypeptide 
(PBLG) reported by Yang (ref. 2) are practically 
monodisperse, either as rods or random coils de
pendent on the solvent. They give the possibility 
of testing experimentally the existing theories of 
the viscosities of suspensions without the disturbing 
influence of polydispersity.

The dependence of viscosity on the rate of shear 
(non-Newtonian viscosity) has been theoretically 
treated for both models. The results of the theory 
of rigid ellipsoids require * he viscosity to be an 
even-powered function of the rate of shear; in 
other words, the decrease of viscosity from its 
limiting value at low rates of shear must be propor
tional to the square of the rate of shear 1). Until 
now, in practically all of the investigated cases, a 
linear decrease of viscosity with D  was found. 
This discrepancy cou'd possibly have been caused 
by polydispersity, but it was impossible to check the 
validity of the theory since there were no monodis
perse high polymers. The conditions for coiled mole
cules with regard to the non-Newtonian viscosity 
have not yet been calculated to make definite predic
tions in this respect. The PBLG gave us the experi
mental possibility of testing the departure of the

(1) Presented at the Meeting of the American Chemical Society, 
September, 1957, New York City.

(2) J. T. Yang, J. Am. Chem. Soc., 80, 1783 (1958).
(3) P. E. Rouse, Jr., J. Chem. Rhys., 21, 1272 (1953).

viscosity from the “initial” viscosity (Newtonian 
viscosity) at low rates of shear for both rigid rods 
and coils of the same material in monodisperse 
solutions.

The experimental check described below showed 
that the requirements of the theory of rigid rods 
are indeed fulfilled for monodisperse systems. 
Investigation of the monodisperse coils showed that 
their behavior is qualitatively different from the 
one of rigid rods, since the solutions of random coils 
give a linear deviation from 770-

II. Experimental
The material used was a synthetic polypeptide, poly-y- 

benzyl-L-glutamate (PBLG), which has been described by 
Yang in reference 2. We investigated several concentra
tions of PBLG: 0.5, 0.8 and 1.1%-by-weight in m-cresol 
(M C) and 0.5 and 0.82% by weight in dichloroacetic acid 
(DCA). All of these were measured at 25°; in addition, 
the 0.5%  m-cresol solution was measured at 15 and 35°. 
Yang has reported these data with the exception of the data 
at 15 and 35°.

The viscometer used is a h.gh pressure capillary viscome
ter4 for which the principle of operation has been summarily 
described.5 We could use two calibrated capillaries inter
changeably at the rates of shear D required for this investi
gation, which ranged from 4 to about 350,000 sec. -1 (a 
range of about 100,000 to 1) corresponding to shear stresses 
r of 6 to 65,000 dynes/cm.2 (a range of 10,000 to 1). The 
precision of the measurements was in the mean ± 1%  as 
determined by the deviation from a smoothed curve.

III. Results
The flow curves (log D  vs. log r) have been given 

as Figs. 2 and 3 in Yang’s paper; therefore, they 
will not be repeated here. In Fig. 1, we have 
plotted the specific viscosity

where 170 is the soln. viscosity
ijs is the solvent- viscosity

linearly as a function of log r (in dynes/cm.2). 
This plot allows a large range of shearing stresses 
to be plotted in a limited space, but tends to

(4) J. G. Brodnyan, F. H. Gask ns, W. Philippoff and E. G. Lendrat 
Trans. Soc. Rheology, II, in print (1958).

(5) W. Philippoff, F. H. Gaskins and J. G. Brodnyan, J. Appl. 
Phys., 28, 1118 (1957).
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Fig. 1.— Specific viscosity vs. log shear stress for 1.1% 

PBLG in m-cresol at 25.5°.
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Fig. 2.— Specific viscosity vs. log shear stress for 0.5%  PBLG 
in dichloroacetic acid at 25.5°.

magnify the errors in 7?sp. The values shown are for 
the 1.1% PBLG in MC at 25.5°. In Fig. 2, the 
results similarly plotted for the 0.5% solution in 
DCA are shown. In Fig. 3, the measurements at 
different temperatures are shown for 0.5% PBLG 
in MC, plotting T?ap vs. log D  (in sec.-1). In the 
range of temperatures used (15 to 35°) the curves 
are distinctly separated in the entire range of D  
used. In Fig. 4, the latter values are plotted 
against log r. In this case the data at the three 
temperatures form a narrow' band around a mean 
curve. Beginning from about 300 dynes/cm.2, 
there is no detectable temperature effect in a large 
range of shearing stresses; below this limit a slight 
temperature coefficient was measured on a 0.54% 
solution by Yang in an Ubbelohde viscometer;
i .e . , the r/sp dropped slightly with increase in tem
perature which is a normal behavior for solutions 
of high polymers.

The specific viscosity data for the various solu
tions are listed in Table I. Here t)sp is calculated 
according to equation 1; however, the initial or

T a b l e  I

S pe c ific  V is c o sit y  D a t a  f o r  PBLG So lu tio n s

Solution
Temp.,

°C.

Initial
vis

cosity
Vo,

poise

Solvent
vis

cosity
Vs,

poise

Specific
vis

cosity,
Vsp

1 .1 %  PBLG in m-cresol 25.5 1.515 0.123 11.31
0 .8 %  PBLG in m-cresol 25.5 0.857 .123 5.97
0 .5 %  PBLG in m-cresol 15.0 .901 .230 2.92

25.3 .451 .127 2 55
34.3 .289 .0819 2.53

0 .82%  PBLG in DiClAc 25.5 .140 .0630 0.123
acid

0 .50%  PBLG in DiClAc 25.5 . .105 .0630 0.660
acid

“zero-shear” viscosity of the solution is used in this
C9/S6.

In Fig. 5, all the data obtained at 25° with MC 
and DCA have been reduced to a common curve 
taking the ratio of the measured (apparent) vis
cosity to the initial viscosity at low-' rates of shear 
plotted vs. log r. Here the values form two 
narrow' bands, one for each type of solvent; the 
concentration influence is very small in this plot, 
therefore, the results are directly applicable to 
[ij]. Whereas, the flow curves for the same solu
tions are widely different.

IV. Discussion
The figures show that the solutions of PBLG 

have a very pronounced non-New'tonian viscosity 
w'hich in all cases at low rates of shear reaches a 
limit: the initial viscosity. The effects are more 
pronounced for solutions in MC where the PBLG 
is present as rigid rods. In Fig. 5, the viscosity 
r/sp decreases by a factor of 20 in the range measured, 
even for the 0.5% solution where the specific vis
cosity w'as 2.5 at low rates of shear. This would 
also hold for rjsp —*• 0 or for [??]. The paper by 
Yang shows that the values of Fig. 5 replotted as the 
intrinsic viscosity [ij] vs. log D  can be directly 
compared with the results of the theory of rigid 
ellipsoids calculated by Scheraga.6 The coinci
dence is as good as could be expected and illustrates 
that the complicated mathematical development of 
the theory of rigid ellipsoids can indeed be verified 
w'hen suitable systems are used. A suitable system 
in this sense is a suspension of monodisperse rigid 
rods of submicroscopic size.

In the comparison just discussed, there is no 
difference in the plot of t/sp either vs. log D  or vs. 
log r since the values become reduced to infinite 
dilution when Tjap —*■ 0 and shearing stress and rate of 
shear are proportional to each other. For any' 
finite variable 5?sp, as has been showm in Figs. 3 and 
4, both plots are qualitatively different except in 
the region of initial viscosity (ijsp =  constant).

The results with rigid rods as seen in Figs. 1, 4 
and 5 wrere then mathematically analyzed as to the 
manner in which the initial viscosity changes to the 
non-Newtonian viscosity. The purpose of this 
was to establish definitely whether the non-New'- 
tonian behavior of monodisperse rigid rods begins as 
a linear or as a quadratic function of the shearing 
stress. To be more explicit, it has been often 
stated that the rate of shear D  should be a series of 
uneven pow'ers of the shearing stress r in order to be 
independent of the direction of flow'

D =  a.r +  a3r 3 +  djr5. . . (2)

This leads to a viscosity as a function of the shear 
stress

 ̂ D o.i 4- u3t2 -f- (1st4. ..  ̂ ^
It is how'ever known experimentally that

D =  CL\T -f- Ct2T2 -J- (1st3 -f- (7.4T4. . . (4)
which leads to a viscosity

ai -\~ H- 0-3t2 -f- . . .

(6) H. A. Scheraga, J . Chem. Phys., 23, 1526 (1955).
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Fig. 3.— Specific viscosity vs. log rate of shear for 0.5% PBLG in m-cresol at several temperatures.

Fig. 4.— Specific viscosity vs. log shear stress for 0.5% PBLG in m-cresol at several temperatures.
Considering, as a first approximation, the terms 

with a2 and a3 only, the problem is to ascertain if a2 
exists under our conditions. a 2 (and a4.. .) means 
that a change of + r  to — r would give different 
values of D , which is not observed experimentally. 
This difficulty has been circumvented with no real 
theoretical justification by substituting the absolute 
value of / r /  in equation 2 and 4.

In order to test these relationships, as has al
ready been done in a previous publication,7 we 
first discussed the form of the equations to be used. 
The equations shown (no. 2 to 5) apply to the 
absolute viscosity. However, we are more

(7) W. Philippoff and F. H. Gaskins, J. Polymer S c i 21, 205
(1956).

interested in the increase in the viscosity due to the 
polymer, i .e ., the specific viscosity of the solution. 
Therefore, we graphically fitted the experimental 
curves to the equations

Vbp
1 +  X 2

v = 1 +  X

(0)

(7)

We have experimental data with small TjBp, where 
the viscosity of the solvent has a marked influence. 
Physically a viscosity of the solution lower than 
that of the solvent is not possible (or has never been 
observed). Therefore, it seems logical to proceed 
in the manner outlined above. Should we use
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Fig. 5.— Specific viscosity vs. log shear stress for PBLG in m-cresol and in dichloroacetic acid at 25°.

equations 2 mid 7, a drop of viscosity below that 
of the solvent is possible (negative %p). Practically 
for the more viscous solution the difference within 
the first part of the drop in viscosities is very 
small. In order to evaluate the results, we intro
duced as r/sp the value of the initial viscosity of the 
solution and shifted the curves [1/(1 +  .r)] and 
[1/(1 +  .r2)] along the log r axis until a best fit 
was achieved in the top part of the curve. The 
difference between the two curves up to about 
10% viscosity decrease is exceedingly small. 
Therefore, the decision as to which curve fits better 
in this range requires enormous precision in the 
measurements which has not yet been achieved in the 
required large range of shearing stresses. How
ever, we found that up to a value of 40% viscosity 
decrease the two functions deviate considerably, 
much in excess of the experimental scatter.

As seen in Fig. 5, the “linear” function [1/(1 +  
,r)] fits the curve of the MC solutions only up to 
about 8% decrease in viscosity. This is especially 
well seen in Fig. 1 where the linear function fits 
only the first 5% of viscosity decrease, in which 
range the two curves are indistinguishable. How
ever, the “square” function [1/(1 +  .r2)] fits the 
curves both in Fig. 5 and in Fig. 1, up to a viscosity 
decrease of 40%. This means that almost a ten
fold increase in coincidence is achieved by using the 
quadratic function. This points out that the 
theoretical formula, equation 1, fits the data for1 
monodisperse rods considerably better than equa
tion 3. We also performed a statistical analysis of 
the mean errors occurring in the curve fitting and 
got the same results as stated above.

Concerning the solutions in DCA where PBLG 
exists in the shape of random coils, the situation 
is reversed. The quadratic function is only an 
approximation of the first 5% of viscosity decrease 
where both functions are practically indistinguish
able; whereas, he linear function is valid up to 
about 35% as seen in Figs. 5 and 2. In other

wmrds, equation 3 is the one valid for solutions of 
random coils.

Due to the particular properties of the PBLG 
we are sure that the polydispersity with regard to 
the molecular weight (“polymolecularity”) is not 
present and therefore cannot cause this marked 
qualitative difference. Should, however, a number 
of sizes and molecular weights be present, it is 
logical to expect that the curve for the rods as 
shown in Fig. 5, will be “flattened out.” A similar 
behavior has been found experimentally for a 
mixture of solutions of high polymers some time 
ago.8 The measurements wflth mixtures of poly
peptides are entirely feasible but have not yet been 
made. They should give a final decision as to how 
the polydispersity changes the non-Newtonian 
viscosity decrease, particularly wflth regard to the 
constant a2. Not having these measurements as 
yet, wre can only consider the result as being highly 
probable.

The behavior of the coiled molecules can be dis
cussed as being due to a superposition of a number 
of elementary mechanisms in the wray suggested by 
Rouse (ref. 3). As has been done by Pao9 this 
would lead to a behavior of coiled molecules even 
wflthout a “polymolecularity,” similar to poly- 
disperse systems. For the dynamic behavior of 
solutions of coiled high polymers, this idea has been 
introduced by Rouse and can be termed the 
“internal polydispersity” of coiled molecules.

Real high polymers are neither rigid rods nor 
completely flexible coiled molecules; their flexibility 
depends on the chemical constitution. As has been 
mentioned the decrease of their viscosity from the 
initial viscosity follows equation 4 meaning that 
the constant a2 is present. It is very probable that 
this is due to the polymolecularity and/or to the

(8) W. Philippoff, Ber. Chem. Ges., 70, 827 (1937,1.
(9) Y. H. Pao, unpublished paper presented at APS meeting (High 

Polymer Physics Div.j, Phila., March, 1957 (See J. Appi. Phys., 28, 
591 (1957)).
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“internal polydispersity” o: the polymer molecule. 
This problem could be studied now using, for ex
amples the recently available “monodisperse” 
polystyrenes and their mixtures.
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the American Viscose Corporation, Marcus Hook, 
Pennsylvania, whose assistance is gratefully ac
knowledged.
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The flame velocity, quenching distance and minimum ignition energy were determined for dry stoichiometric carbon 
monoxide-oxygen mixtures containing small quantities of hydrogen or deuterium at one atmosphere pressure. The amount 
of added hydrogen or deuterium was varied from 0.006 to 2.0%. The carbon monoxide and oxygen for making the mix
tures were used only if they contained less than 10 parts per million equivalent hydrogen. The gases were dried before 
mixing by distillation over liquid nitrogen. The equivalent hydrogen content of each “ dry”  gas sample was determined 
by measuring either the minimum ignition energy or the burning velocity of a stoichiometric mixture prepared from the 
samples. Equivalent hydrogen was considered to be less than 10 p.p.m. if either the burning velocity was less than 3 cm ./ 
sec., or the minimum ignition energy was greater than 500 millijoules. Velocity data were taken in a spherical bomb using 
central ignition. Only the first portion (constant pressure) of the burning was used and space velocities were converted to 
normal burning velocities using theoretical expansion ratios. Quenching distances and ignition energy data were taken 
in a cell similar to that described by Lewis and von Elbe.1 The data indicate that the flame properties of pure dry stoichi
ometric C O -02 are: flame velocity, less than 3 cm./sec.; quenching distance, greater than 0.4 cm.; and minimum ignition 
energy, greater than 0.5 joule. The data best fit the assumption that hydrogen atom diffusion controls the propagation 
process. Ignition energies and quenching distances show no effect of isotopic substitution when compared to each other 
and flame velocity. The data indicate that hydrogen atom diffusion and deactivation at the wall are not important to the 
quenching process. The behavior of the quenching data at the larger distances indicates that the C O -0 2 flame is much 
thicker than a hydrocarbon flame with the same burning velocity.

Introduction
The carbon monoxide-oxygen flame has at

tracted much interest in the past. In particular, 
the large dependence of burning velocity on small 
concentrations of hydrogen-bearing compounds has 
led to many determinations of burning velocity as 
a function of hydrogen or water vapor content.2 
In this investigation we attempted to prepare ex
tremely dry and pure carbon monoxide-oxygen mix
tures to determine the flame behavior at the limit 
of zero hydrogen addition. After successfully pre
paring these pure gases we used them to study the 
effect of added hydrogen or deuterium on the burn
ing velocity, quenching distance and minimum ig
nition energy of the stoichiometric flame.

Apparatus.— Flame properties were measured in one of 
two different bombs. A spherical bomb 5 inches in diame
ter with central ignition was used for determining the burn
ing velocities. The flame was photographed using a repeti
tive spark schlieren system. Space velocities were measured 
from the first 2 inches of travel on these photographs and 
converted to burning velocities by dividing by 8.17, the 
theoretical expansion ratio for a stoichiometric CO-O2 flame. 
While this ratio varies slightly with H2 or D 2 concentration, 
the change is less than one-half per cent, for our concentra
tion range. The ignition spark used in this bomb has a 
calculated energy (E  =  ’ / 2C F 2) of 1.2 joules. However, 
the actual energy received by the gas is much less than this 
because the spark was fired through a thyratron circuit 
for synchronization with the camera.

Minimum ignition energy and quenching distance were 
determined in a 3-iuch bomb similar to the one described by 
Lewis and von Elbe.1 The spark electrodes were Vic-inch 
diameter stainless steel rods with hemispherical tips. They 
protruded slightly from the center of the 1-inch diameter 
parallel glass quenching plates. The grounded electrode 
was mounted on a micrometer to measure plate separation 
when the spark occurred. The occurrence of an explosion 
was detected by watching through a glass window. The

(1) B. Lewis and G. von Elbe, “ Combustion, Flames and Explosion 
of Gases,”  Academic Press, New York, N. Y ., 1951, p. 392-425.

(2) E. F. Fiock and H. K. King, N.A.C.A. Report No. 531, 1935.

apparatus was used in a conventional manner and showed 
good agreement with Lewis and von Elbe’s data1 on some 
selected hydrocarbon systems.

Preparation of the Gas Samples.— Carbon monoxide was 
generated by dropping formic acid into hot (160°) phos
phoric acid. It was dried and purified by passing it through 
a water condenser, Ascarite, calcium chloride and Linde 
molecular sieve adsorbent. The generator and drying 
columns were never opened to the atmosphere except on a 
few occasions when it was necessary to change the drying 
agents because of caking. The CO was condensed and 
fractionally distilled over liquid nitrogen. The second of 
three equal fractions was saved and used in the experiments. 
Tank oxygen was collected with a liquid nitrogen trap and 
fractionally distilled by the same procedure used for CO.

Every gas sample used was tested for dryness by making 
a stoichiometric C O -02 mixture and sparking it in either of 
the bombs. In these mixtures the minimum ignition en
ergy varied from 50 to 500 millijoules and the burning ve
locity from 8 to 3 cm ./sec., with some mixtures not exploding. 
Comparison of these data with Fiock and King’s work,2 
and later with the results of our work indicates that these 
“ dry”  mixtures contained flame-propagating compounds 
at concentrations equivalent to a hydrogen content of 0.01 
to 0.001 mole % . Those samples with the higher equiva
lent hydrogen content were used for preparing mixtures 
containing more than 0.5%  H2 or D 2. The drier samples 
were used for low'er H2 or D 2 additions.

Mixtures were prepared using the method of partial pres
sures. The smaller additions of H. or D 2 were made using 
a thermal conductivity gauge to measure the low pressure. 
This gauge was calibrated against a McLeod gauge for both 
H2 and D 2. The mixtures were transferred to the explosion 
bombs using mercury leveling bulbs.

Results and Discussion
The data are listed in Table I. Figure 1 shows 

the dependence of flame velocity, S , on the concen
tration of added H2 or D2. The best fit straight 
lines are given by the equations S h 2 =  7 8 . 0 ( X h 2) ° - 41) 
and (Sd 2 =  6 2 . 5 ( X d 2) 0-40 where J h , or X d s repre
sents mole per cent, of added H2 or D2. These 
equations yield an isotope effect ratio, S a J S n , =
1.22 ±  0.03.



990 R o b e r t  W i r e s , L e l a n d  A. W a t e r e m i e r  a n d  R o g e r  A. S t r e h l o w Vol. 63

PERCENT H2 OR D2 ADDED.
Fig. 1.— Burning velocity of the dry stoichiometric CO-O2 

flame with small additions of hydrogen or deuterium.

This experimental information is compared to 
theory by first assuming that some one mechanism 
completely controls the propagation process. Three 
general types of mechanisms are available. These 
are: (1) heat conduction, (2) diffusion and reac
tion of an active species, and (3) a controlling 
chemical steady state in the flame.

T a b l e  I
F l a m e  P r o p e r t ie s  o f  t h e  S t o ic h io m e t r ic  C a r b o n  

M o n o x id e - O x y g e n  F l a m e  
(Pressure equal to one atmosphere)

%
addition

Flame 
velocity, 
cm ./see.

Quenching
distance,

cm.

Min.
ignition
energy,
mjoules

<0.001 <3.0 >500
.006 H,_ 10.6 0.30 40
.008 D2 9.9 .34 54
.015 H2 13.1 .29 26
.018 D2 12.7 .33 27
.050 Ho 25.9 .25 6.2
.050 D2 22.8 .30 10.5
. 10 Ho 33.7 .23 3.2
.10 D, 28.8 .27 4.6
.25 H2 42.7 .18 1.25
.25 D2 37.0 .22 1.90
.50 H2 54.3 .12 0.60
.50 D2 38.3 .14 .96

1.00 Ho 87.4 .11 .50
1.00 d 2 66.2 .13 .70
2.00 H, 91.3 .085 .25
2.00 D2 79.5 .10 .35

A simple thermal theory does not explain these 
results. As a matter of fact, this flame system 
was chosen because it lacked a thermal explanation 
and also because it allows one to study a chemical 
effect under nearly ideal conditions, namely, con
stant flame temperature, thermal conductivity and 
expansion ratio.

The consequences of forward diffusion and reac
tion of active species controlling flame propagation 
has been analyzed by Tanford and Pease.3 Their 
theory may be simplified to consider only one active 
species, i, as rate controlling and in this form yields 
the velocity correlation equation 

S  k (kiPiDi)0-6

where D  is the diffusion coefficient, p  is the equilib
rium partial pressure at the flame temperature, 
Tf, and k is the reaction rate constant at some lower 
temperature.

Assume hydrogen atoms are the rate-controlling 
species and that the reaction rate constant shows 
no isotope effect. For equivalent concentrations 
of H2 and D2 the diffusion coefficient ratio yields 
$ h2/ $ d2 =  1-19. Under the same conditions, »Sh2 
<x [H]°-6and/SD2 œ [D]°6 where the brackets [] repre
sent equilibrium concentrations in the flame. At 
the high temperature which exists in this flame the 
hydrogen atom concentration is not a simple func
tion of the amount of hydrogen added to the flame 
because water vapor and hydroxyl radicals are also 
formed in quantity. From calculations for various 
H2 additions we determined that [H] cc (ATn+^and 
therefore that jSh2 œ (X h2)°-36 and S o , œ (X d2)0-36- 
This is quite close to the experimentally observed 
behavior.

If diffusion and reaction of OH were considered 
to be the rate-controlling step the results would be 
as follows. From our calculations, using the zero 
point energy difference of OH and OD, the reaction 
rate constant ratio is kon/koo  =  1-42 at 0.7T{ if 
identical activated complexes are formed. The 
temperature 0 . 7 T f  is used as an average reaction 
temperature in the flame front. With Doh/D od =
1.01 our simplified equation yields the ratio S h J  
&d2 =  1-20, which again agrees quite well with the 
experimental data. However equilibrium calcula
tions yield [OH] « (Xu,)0-42 and therefore predict 
that îSh2 œ (Xh2)0-21. This does not agree well with 
the experimental results.

Gilbert and Altman4 have found that the rate 
of flame propagation in H2-Br2 flames is controlled 
by the steady-state molecular hydrogen concentra
tions in the flame zone. If this same mechanism is 
assumed for our system and our flame temperature 
is used, we find a &h,A d, ratio of 1.36. This ratio, 
in turn, yields a flame velocity ratio of 1.16. The 
Gilbert-Altman theory further predicts the rela
tionship S  cc (X h2)0-8.

Of the three mechanisms which predict the Sh2/  
»Sd2 found experimentally— H atom diffusion, OH 
radical diffusion and reaction, or a steady-state 
mechanism based on molecular hydrogen concen
tration in the flame—the H-atom diffusion mech
anism alone predicts the correct concentration de
pendence. However the other two simplified theo
ries predict concentration dependencies fairly close 
to experiment and we are therefore unable to say 
that only the hydrogen atom diffusion controls the 
flame. Friedman and Cyphers5 found that their 
data on the wet C 0 -0 2 flame at 2010°K. could best 
be correlated (empirically) with the expression 
S  cc ([H] + 0 .1 5  [OH])0-5. This suggests a small 
contribution from the Oil to the over-all mecha
nism. While Gilbert and Altman’s theory fits our 
data fairly well it does not explain the fact that wa
ter vapor is just as effective as hydrogen in enhanc
ing the burning velocity. A check of Fiock and 
King’s data taken on the stoichiometric flame at one

(4) M . Gilbert and D. Altman, ibid., 25, 377 (1957).
(5) R . Friedman and J. A. Cyphers, Westinghouse Scientific Paper 

60-94459-1-P2, Aug. 15, 1955.(3) C. Tanford and R. N. Pease, J, Chem. P h y s 15, 861 (1947).
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atmosphere shows that the substitution of water 
vapor for hydrogen at constant mole fraction of the 
additive does not change the burning velocity of a 
stoichiometric C 0 -0 2 flame. It is therefore un
likely that the first step of either H2 or H20  decom
position is the rate-controlling step in the C 0 -0 2 
flame since these initial decomposition rates are 
necessarily quite different. Furthermore McDon
ald’s6 data, taken with an 80% CO +  20% 0 2 mix
ture and added H20  or D20  agrees with our data at 
the higher H2 and D2 concentrations. This suggests 
that the propagation velocity is relatively inde
pendent of C 0 -0 2 concentration in the stoichiomet
ric region and agrees with the assumption that H 
diffusion or OH reaction controls the propagation of 
this flame.

A comparison of McDonald’s data and ours indi
cated that his “dry” gas (£b = 34.6 cm./sec.) con
tained flame-propagating components equivalent 
to 0.12 mole %  hydrogen. McDonald’s first 
anatysis and Scheller’s7 extensive theory using his 
data is based on the subtraction of 34.6 cm./sec. 
from the experimental burning velocities before 
comparisons are made. Since we found burning ve
locities as low as 3 cm./sec., an extensive re-evalua
tion of Scheller’s theory is indicated.

Both minimum ignition energies and quenching 
distance show the effect of isotopic substitution (see 
Table I). However, when these properties are 
compared to each other and to the burning velocity 
(see Figs. 2 and 3) the isotopic effect disappears (the 
section of Fig. 3 above d  =  0.25 cm. will be dis
cussed later). Simon and Belles8 have derived an 
equation for quenching controlled by active particle 
diffusion to the wall and capture at the wall. If 
one assumes that diffusional loss of one active spe
cies is the main factor in quenching the flame, their 
equation for quenching distance reduces to the form

Sbd a D

where D  is the diffusion coefficient of this species in 
the gas. Assuming hydrogen atoms to be the most 
important quenching species produces the theoreti
cal ratio

(Sbd)H2/(<Sba’)D2 =  -Dh/D d = 1.4 
Since our experimental ratio is unity, hydrogen 
atom capture by the wall is not important in 
quenching this flame. The importance of hydroxyl 
radicals or other active species cannot be separated 
from the effect of thermal conductivity since their 
diffusion coefficient ratios are close to unity. We 
feel that quenching is probably a thermal process 
in this flame even though quenching bjr hydroxyl 
radical deactivation is not ruled out in the above 
discussion.

In Fig. 3 the data for the smaller quenching dis
tances follow the relationship H  =  cd 2 where c is a 
constant. This relationship is of the same form as 
the relationship that Lewis and von Elbe1 report 
for a variety of hydrocarbon flames. However, 
the data above 0.25 cm. acts differently. Since the

(6) G. E. McDonald, “ Effect of Water on the Carbon Monoxide- 
Oxygen Flame Velocity,”  NACA RM E53L08, Feb. 5, 1954.

(7) Karl Scheller, “ Sixth Symposium on Combustion,” Reinhold 
Publ. Corp., New York, N. Y., 1957, pp. 280-288.

(8) D. M. Simon and F. E. Belles, NACA Report RME51L18, 
March, 1952.

Sjj cm/sec,
Fig. 2.— Comparison of burning velocities and minimum 

ignition energies for the dry stoichiometric C O -0 2 flame with 
added hydrogen or deuterium.

H MILLIJOULES.
Fig. 3.— Comparison of minimum ignition energy and 

quenching distances for the dry stoichiometric C O -02 flame 
with added hydrogen or deuterium. Quenching distance de
termined using l-inch diameter plates.

quenching distance in this range is less than pre
dicted by an extension of the lower portion of the 
curve the plates must be less effective in quenching 
the flame. Therefore any additional diffusion and 
radical deactivation process in this low-hydrogen 
concentration range is ruled out since any mecha
nism of this type would cause an increase in quench
ing distance. The asymptotic nature of the data 
suggests that the quenching plate diameter of 1 
inch was insufficient to correctly quench a CO-02 
flame at separations above 0.25 cm. However we 
found that we could measure hydrocarbon quench
ing distances at least as large as 0.6 cm. with our
1-inch plates. A comparison of our data with 
Lews and von Elbe’s hydrocarbon data indicated 
that the constant c. in the equation H  =  c d 2 is five
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times larger for the CO-O2 flame. This explains 
the existence of two distinct quenching limits for 
the two systems if one assumes that the minimum 
plate diameter for effective quenching is related to 
the minimum ignition energy, not the quenching 
distance. This is probably true since the minimum 
ignition energy of any particular system is related 
to the flame thickness and, therefore, to the dis
tance a flame must travel before it settles down to a 
steady state. This evidence points to the existence 
of a very thick flame zone in the C 0 -0 2 flame.

Conclusions
Pure dry stoichiometric carbon monoxide-oxygen 

flames have been studied with added hydrogen or 
deuterium. The driest mixtures contain less than 
10 p.p.m. of equivalent hydrogen before H2 or D2 
addition. The data indicate that the burning

velocity of a pure dry stoichiometric C 0 -0 2 mix
ture is extremely low— certainly less than 3 cm./' 
sec. We also found that other limiting values for 
dry mixtures were: ignition energy, greater than 
0.5 joule, and quenching distance, greater than 0.4 
cm. The data further indicate that the burning 
velocity is best correlated to hydrogen atom dif
fusion ahead of the flame. However, a slight con
tribution from an hydroxyl radical reaction in, or 
ahead of the flame has not been eliminated by this 
study. Ignition energies and quenching distances 
show no effect of isotopic substitution when com
pared to each other and flame velocity. The data 
indicate that hydrogen atom diffusion and deactiva
tion at the wall is not important to the quenching 
process. Our data indicate that the C 0 -0 2 flame 
is much thicker than a hydrocarbon flame with the 
same burning velocity.

CRITICAL PHENOMENA IN THE CYCLOHEXANE-ANILINE SYSTEM: 
EFFECT OF WATER AT DEFINITE ACTIVITY1

By Frank R. M eeks, R am G opal and 0. K. R ice 
Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina

Received August 18, 1958

Water at controlled activity has been introduced in the cyclohexane-aniline system by allowing the solution to remain 
in contact with a mixture of Li2S04 and ITSOcIRO. The critical temperature is raised about 0.3°. The shape of the 
coexistence curve is altered, and the flat portion at the critical temperature has largely, if not completely, disappeared.

Introduction
Critical phenomena in the cyclohexane-aniline 

binary liquid system and the shape of the co
existence curve in the vicinity of the critical point 
have been investigated by Rowden and Rice2 
and Atack and Rice.3 It was shown that the 
coexistence curve is flat and horizontal within 
experimental error over a range of aniline mole 
fraction from Ü.43 to 0.465, in work for which the 
temperature control was 0.001°. Small amounts 
of water raise the separation temperature, and 
careful drying over calcined CaO was necessary to 
get reproducible results. Atack and Rice4 made 
preliminary measurements on the effect of water, 
and suggested that it is negatively adsorbed at the 
interface. In the present work we have examined 
the effect of introducing water at a controlled 
activity, by adding a mixture of approximately 
equal weights of lithium sulfate monohydrate and 
anhydrous lithium sulfate to each sample and ob
serving the new transition temperature. To 
find the actual concentration of water, further 
experiments on the introduction of small, known 
amounts of water into samples of varying compo
sition will be necessary, and will be reported later.

(1) Work supported by the Office of Ordnance Research, U. S. 
Army.

(2) R. W. Rowden and O. K. Rice, “ Changements de Phases,”  
Société de Chimie Physique, Paris, 1952, p. 78; J. Chem. Phys., 19, 
1428 (1951).

(S) D. Atack and O. K. Rice, ibid., 22, 882 (1954); O. K. Rien, 
ibid., 23, 104 (1955).

(4) I). Atack and O. Iv. Rice, Disc. Paradai/ Soc., 15, 210 (1958).

Experimental
Aniline was purified by distillation in air, followed by 

vacuum distillation using a drying tube and aspirator, re
crystallization and drying with CaO on a vacuum rack. 
Purified samples of approximately 20 cc. bearing no tinge 
of yellow color were stored in sealed ampoules.

National Bureau of Standards cyclohexane, Sample No. 
209a-25, was used without further purification in prepara
tion of all mixtures but two.

Baker and Adamson Reagent Grade lithium sulfate mono
hydrate from a single bottle wras used in all the work re
ported here. The lithium sulfate was insoluble in the cy
clohexane-aniline mixtures; evaporation of a sample W'hich 
had been in contact rvith the salt left no residue.

Mixtures wore prepared by measuring out the aniline at 
a known temperature into a tube with a pipet, freezing with 
Dry Ice-acetone, then measuring in the cyclohexane6; the 
opening in the top was sealed immediately with a torch. 
After thorough evacuation and degassing, the mixture rvas 
distilled successively into four tubes each containing several 
grams of freshly calcined CaO and allowed to remain on the 
CaO for several hours at room temperature. After dis
tillation into a sample tube provided with a breakseal, the 
sample was sealed off from the drying train. A correction 
(of 0.001 to 0.002 mole fraction aniline) was made for 
evaporation of cyclohexane into the volume above the 
liquid.

A large, well-insulated thermostat was controlled by a 
specially designed thermoregulator to ±0 .001°. Tem
peratures were measured wdth a platinum resistance ther
mometer which had been calibrated against a similar 
N .B .S .-calibrated thermometer. The scale appears to 
differ from that used by Atack and Rice3 by about 0.17°, 
but temperature differences are. of most importance. The * 1950

(5) Density, at 28°, of cyclohexane and aniline, 0.7710 and 1.0149, 
respectively. J. Timmermans, “ Physico-Chemical Constants of Pure 
Organic Compounds,” Elsevier Publishing C«., New York, N. Y.,
1950.
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bridge used had a small sensitivity to ambient, temperature, 
but relative temperatures of different samples were con
trolled to about 0.001°, as in previous work in this Labora
tory, by frequently observing several samples simultane
ously.

Separation temperatures were observed for the pure sys
tems, as described previously,3 by lowering the temperature 
to a certain point, allowing it to remain for a half-hour, then 
raising the temperature to clear the opalescence in order t.o 
see if the phases had separated. The drying process was 
repeated until the separation temperature for the mixture 
remained constant from one drying to the next. The mix
ture was then distilled onto a 0.2-0.3 g. mixture of lithium 
sulfate monohydrate and anhydrous lithium sulfate, thor
oughly degassed, sealed off, and the separation temperature 
determined. All transfers were done in a vacuum of the 
order of 10-5 mm., but it was ascertained that a half hour’s 
pumping on the monohydrate reduced its moisture content 
very little, and the hydrate was kept chilled as much as 
possible with liquid air.

In the case of the samples with the hydrate, the tubes were 
allowed to stand for two hours or longer at the separation 
temperature, rather than a half hour, before observing the 
separation, and many careful observations w-ere made on 
each tube. The more detailed examination was dictated 
in part by difficulty in observing the appearance of the 
meniscus in the presence of the hydrate, especially for the 
cyclohexane-rich samples where the meniscus reappears near 
or at the bottom of the tube.

It is possible that the longer “ settling”  time allowed for 
the monohydrate samples, along with the more detailed 
investigation of single specimens, would permit the observa
tion of differences in the separation temperatures of samples 
where such differences would be obscured by the shorter 
settling time, i.e., half an hour or so. The question of 
settling rate is a matter which remains somewhat indeter
minate at present. When tubes are left for several hours in a 
thermostat which can fluctuate by even 0.001°, however, 
there is no certainty that the temperature has not drifted 
farther downward at some time during the process than is 
indicated by intermittent temperature measurements on the 
bridge. However, the fact that many measurements were 
made with several tubes observed simultaneously minimizes 
the likelihood of “ drift”  error.

Sometimes there were erratic results in which either the 
change in temperature wdth addition of water wras only a 
few hundredths of a degree, or else it was considerably 
larger than approximately 0.3°, the usual value. In 
either case the values followed no discernible pattern but 
were scattered. Aberrations of the former type might be 
attributable to too great a proportion of anhydrous salt in 
the mixture, and those of the latter to too small a propor
tion . In either case the sample was redried and a new mix
ture of hydrate and anhydrate was introduced.

Numerous samples were rejected because their pure- 
system separation temperatures could not be brought to a 
low enough value to agree wdth the others. This criterion 
of rejection was applied equally to tubes of the previous 
W'orker and to the freshly prepared tubes of the present 
worker. (Atack’s 0.390, 0.448 and 0.457 had to be re
jected because of yellowing; subsequent redistillation re
moved the tinge but they continued to disagree both among 
themselves and wdth other tubes. The Atack tubes of 
aniline mole fractions, 0.46(1 and 0.445 were not available.)

Results
The results are given in Fig. 1. X  a  is the mole 

fraction of aniline, T  is the separation temperature 
of the pure system, and T '  is the separation tem
perature in the presence of the hydrate.6 Most

(6) The temperatures for aniline mole fractions 0.4275 and 0.4435 
have been arbitrarily adjusted by subtraction of 0.027 from each 
T' and T; the measured values were high due presumably to their 
having been prepared with a sample of cyclohexane other than the
N.B.S. material. Of course these were not subject to comparison with 
the others, but the adjustment is felt to be justified by the fact that 
their temperature increments are in accord with those for other 
samples. The values of X\  for Atack’s samples are slightly different 
than previously reported,3 because the space above the liquid was a 
little greater in our tubes, and the correction for evaporation of cyclo
hexane was correspondingly increased. Also the correction was

28.89

•29.88

29.87 6
0

O 0»3 H 5
9o
5H O •

3 ?

A a.
Fig. 1.— Coexistence curves (black circles, Atack’s mix

tures). The numbers under the circles give the last 
significant figure in the temperature. Thus, for the lowest 
point, T =  29.569.

Fig. 2.—Effect of salt hydrate on transition temperature 
(black circles, Atack’s mixtures).

striking are the shift of the critical region of the 
upper curve to lower aniline mole fraction and the 
relatively narrower mole fraction range which it 
covers. If there remains any flat portion at the 
top of the coexistence curve its presence cannot be 
proved by these data. It should be noted, how
ever, that the meniscus seemed to reappear within 
the tube, for samples with hydrate, from aniline 
mole fraction 0.417 to 0.436. It seemed to appear 
at the top for tubes more concentrated in aniline 
than 0.436, and at the bottom (as far as could be 
discerned, considering the presence of the lithium 
sulfate monohydrate in the bottom of the tube) for 
those of aniline mole fraction less than 0.417. 
The change in shape of the curve produced by a 
small amount of water (less than 2 X 10 ~6 mole 
per cc. or 2 X 10~3 mole per mole of mixture, 
according to Atack and Rice4) reemphasizes the 
caution which is necessary in the interpretation of 
curves of this sort; a flat top could be missed easily 
on account of impurities.

In Fig. 2 we have plotted T ' - T  against mole
inadvertently omitted by Atack and Rice3 in the samples reported as 
mole fractions 0.4656, 0.4376 and 0.4296, and these values should be 
increased by about 0.0010.
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fraction of aniline; this diagram brings out the 
fact that a given activity of water has a greater 
effect on the transition point the richer the system 
is in the substance, cyclohexane, in which water is 
less soluble. Since the activity of a given concen
tration of water is expected to be greater the richer 
the solution is in cyclohexane, the effect would be 
enhanced if one considered a given concentration 
rather than a given activity of water. A further 
thermodynamic analysis must await the completion 
of the experiments mentioned at the end of the 
Introduction.

The differences shown in Fig. 2 may be more 
accurate relative to each other than the individual 
measurements. If this is true, Fig. 2 practically 
eliminates the possibility of a flat top for the co
existence curve in the presence of the hydrate, for 
it is seen that almost all the horizonal portion of

the curve in Fig. 2 lies beyond the end of the criti
cal region of the dry cyclohexane-aniline mixture, 
which occurs3 at about 0.425 aniline mole fraction. 
If the flat portion of the coexistence curve, indi
cating a range of critical concentrations, is caused, 
when it exists, by the vanishing of the interfacial 
tension while the two phases are still of different 
composition,4 addition of water at fixed activity 
can be expected to alter the critical temperature, 
for at any given temperature there will be a definite 
amount of adsorption at the interface, and hence a 
definite change in interfacial tension, corresponding 
to the controlled activity. But a g r a d u a l  change in 
the activity of the water could not cause a s u d d e n  
change, or vanishing, of the range of critical con
centrations; this suggests, therefore, that these 
experiments should be repeated with a salt pair 
having a considerably lower aqueous tension.

A CALORIMETRIC MEASUREMENT OF THE HEATS OF SOLUTION OF THE
INERT GASES IN WATER

By D. M. A lexander1

Contribution from the Department of Chemistry, University of Canterbury, Christchurch, New Zealand
Received September 2, 1958

A microcalorimeter is described which has been used to measure heats of solution of inert gases in water. Calorimetric 
values in kcal./mole of the standard enthalpies of solution of neon, argon, krypton and xenon are at 25°, —1.4 ±  0.4, —2.9 
±  0.2, —3.8 ±  0.2 and —4.1 ±  0.2, respectively.

Introduction
The heats of solution of gases in water have in the 

past been calculated from the temperature varia
tion of solubility.2 3 In view of the experimental 
difficulties associated with accurate solubility meas
urements and the poor agreement between the re
sults of different workers, it was thought that direct 
calorimetric measurements should be made of the 
heats of solution of the inert gases in water. No pre
vious measurements of this sort appear to have been 
made with any gases apart from those of very high 
solubility, such as ammonia, hydrogen chloride and 
acetylene.

The design of the calorimeter had to be such that 
the temperature rises of 10~4 to 10-2° could be 
measured with some precision. Such measure
ments can be made by using a Paschen galvanome
ter and a suitable thermopile.3 It was necessary 
also that as much gas as possible should dissolve 
in the shortest possible time and that the heat pro
duced by mechanical stirring be very small. It was 
essential that no solution should occur before or after 
the mixing process, and that the quantity of gas 
absorbed should be measured.

Experimental
The Calorimeter.—Twin Pyrex glass calorimeters were 

used, enclosed in an underwater air jacket. Each com
(1) Chemistry Department, University of Queensland, Brisbane, 

Australia.
(2) (a) D. D. Eley, Trans. Faraday Soc., 35, 1281 (1939); (b)

H. S. Frank and M. J. Evans, J. Chem. Phys., 13, 507 (1945).
(3) F. T. Gucker, H. B. Pickard and R. W. Planck, J. Am. Chem. 

Snc., 61, 459 (1939).

prised a spherical bulb and cylindrical bottom bulb of equal 
volumes, the bottom of the top bulb and the top of the bot
tom bulb being connected by a narrow capillary and a ground 
glass joint. The top of the top bulb was connected to the 
top of the bottom bulb by capillary tubing and a tap.

The top bulb of one calorimeter was filled with the solvent, 
gas-free wrater and the tap closed. The bottom bulb was 
filled with gas, saturated with water vapor.

The top bulb of the other “ blank”  calorimeter ŵ as filled 
with a saturated solution of hydrogen in water and the bot
tom bulb with hydrogen saturated with water vapor. Both 
taps were opened together so that in both cases the liquid 
displaced the gas. In the first case solution occurred to the 
extent of about one third saturation as the water flowed 
from the capillary. In the "blank”  calorimeter no solution 
occurred. The resulting difference in temperature between 
the bottom bulbs would then be a measure of the heat change 
associated with the solution of the gas, if the top bulbs were 
initially at the same temperature.

The top bulbs were of 100-ml. capacity and matched in 
volume to 0.5% . The capillaries at the bottom of each top 
bulb were planned to allow the top bulb to empty in a fixed 
time. One calorimeter took 11 min. and 25 see. to drain, 
the other 11 min. and 35 sec. Three way taps were used, 
one side being connected to the top bulb and the other side 
having one stem open and the other connected to the bottom 
bulb and to a gas buret in a subsidiary thermostat. Glass 
columns in each of the bottom bulbs gave surfaces over 
which the water could trickle.

The bottom bulbs were 5.3 cm. in diameter and 4.3 cm. 
apart. Heaters were sealed into the bottom of these bulbs. 
Each was of 10 ohms resistance, the element being a curved 
coil of nichrome wire spot welded to tungsten wire leads 
0.03 cm. in diameter and 3 cm. in length. These were 
welded to copper leads which were connected to current and 
potential leads. Thermostated glass capillary leads con
nected each calorimeter to the gas buret.

Bakelite supports held the calorimeters in an air jacket 
totally enclosed in a thermostat, similar to that used by 
Gucker, et al.3 The thermostat bath was lagged with 
kapok enclosed in wood and covered with a metal plate and



June, 1959 Heats of Solution of Inert Gases in Water 995

a similarly lagged lid. The whole thermostat was situated 
in a large wooden air thermostat operating at one degree be
low the bath temperature, to allow the calorimeters to be 
filled at a fixed temperature.

The thermostat was suspended by counterbalances in an 
angle-iron frame, so that while running, it could be raised to 
the fixed calorimeter assembly. The large brass plate from 
which the underwater jacket and stirrers were suspended 
was fixed by four narrow iron strips to the iron frame. The 
lid was also counterbalanced and moved in the frame. 
The regulator comprised an acetone filled copper coil, sealed 
to a small glass head in an external lagged box. Two stirrers 
driven from the same motor were mounted at the ends of the 
submarine jacket. A symmetrically spread bare wire was 
used as a heater, consuming 10-40 watts. Over a trial 
period of two days the bath temperature was constant to 
10~3° or less.

The taps were turned on by 3akelite clamps connected 
through Perspex spacers to brass rods. These passed 
through the brass plate, calorimeter cover and air thermo
stat roof.

The thermopile between the bottom bulbs was connected 
by shielded lagged leads in series with a Paschen galva
nometer. It was of 40 junctions of 25 S.W.G. constantan 
and 41 S.W.G. copper, 4.5 cm. long, and was mounted 
vertically in two halves on sheets of mica 4.5 cm. high. 
The ends were set in nickel troughs with paraffin wax and 
mica insulation. These troughs were made to fit into nickel 
slots which were soldered on to polished nickel sleeves fitting 
round the bottom bulbs. The leakage modulus of the sys
tem was found to be 0.01/min. The minimum observable 
change in temperature across the thermopile was one micro
degree. The galvanometer could be shunted with copper 
resistances in an oil-bath.

Filling Techniques.— Gas was removed from solvent by 
refluxing under reduced pressure. The calorimeter was 
completely filled with water by evacuating it and using the 
vapor pressure of the heated solvent to force water into it 
through a cooling coil. With the calorimeter tap turned off, 
the bottom bulb was filled with gas by displacement of water. 
The caps at the bottom of each calorimeter had to be placed 
in position as the last drops of liquid emerged and as the gas, 
which was under pressure slightly above atmospheric, began 
to emerge. Consequently the ground glass surface of the 
cap was wet. Excess water was wiped off carefully and the 
cap sealed with wax.

The “ blank”  calorimeter was completely filled with a 
solution of hydrogen in water by displacement of hydrogen. 
This solution had been prepared previously at 25° in a sepa
rate vessel which was connected to the bottom of the cal
orimeter by a connection through which hydrogen flowed. 
Hydrogen was passed into the top of this vessel and allowed 
the solution to flow into the calorimeter.

The calorimeter tap was then turned off and the bottom 
bulb filled with hydrogen by displacement of this solution.

Calorimetric Procedure.—A series of six “ blank”  ex
periments was carried out at 25°. using a saturated solution 
of hydrogen in each top bulb and hydrogen gas in each bot
tom bulb. This showed a fairly constant heat effect of 
0.0835 ±  0.009 cal. in one calorimeter. This resulted from 
an initial constant difference in temperature between the 
top two bulbs.

The filled calorimeters were allowed 30 hours to reach tem
perature equilibrium. After this time the thermopile zero 
was read on the galvanometer scale. There was usually a 
small fixed e.m.f. in the thermopile. The gas buret was 
then opened to the calorimeter, and a volume reading noted, 
using the telescope of a cathetometer.

The resultant pressure change upset the temperature 
equilibrium and a series of volume measurements involving 
smaller volume changes was mace until equilibrium was re
stored, and were continued for about 20 minutes after this. 
The gas buret was shut off and the taps tinned on slowly, 
together. As soon as the water had run through, 12 minutes 
after turning the taps, readings were made on the galva
nometer scale and continued every three minutes for 40 
minutes. It was found that the plot of the logarithm of 
the galvanometer deflection against time was linear. At 
the same time the gas buret was again connected to the cal
orimeter and volume measurements made. These were also 
continued for some time. Volume readings before and after 
the experiment were extrapolated to the time at which the 
solution process had just ended, to give the volume dissolved.

The galvanometer reading plot was extrapolated to a time 
three minutes after the taps had been turned on. In both 
cases the estimate of the time to which the extrapolation 
should be taken may be a few minutes in error. This error 
would be insignificant in the case of the volume measure
ments.

After equilibrium had been restored, the calorimeter was 
calibrated electrically. The electrical energy was judged 
to reproduce closely the heat of solution of the gas. Again 
a plot of the log of the galvanometer deflection against time 
was linear. This calibration was repeated. The plot was 
extrapolated to a time halfway through the heating period, 
and by comparing this deflec .ion with that obtained in the 
original measurement, the heat evolved in the original meas
urement was calculated by proportion. By subtracting or 
adding the “ blank”  heat effect (0.0835 cal.) the heat 
evolved on solution of the gas at constant volume was cal
culated. The method of extrapolation was calculated to 
compensate for thermal leakage. It was found that the sen
sitivity of the calorimetric system sometimes changed after 
the system had been disassembled and reassembled, but was 
constant for each assembly.

Experiments were made using each of the calorimeters 
in turn as "blank”  and it was found that results when cor
rected for the “ blank”  heat effect wrere the same. This was 
a check on the constancy of '.he “ blank”  heat effect. For 
the more soluble gases accuracy was limited by the poor re
producibility of electrical calibrations which differed by as 
much as 4% . Usually, the slope of the linear cooling plot 
was almost the same after a lalibration as after solution of 
the gas. This suggests that soon after the electrical heat
ing the same steady cooling state had been set up as existed 
after solution of the gas. In some cases a steeper plot was 
observed and these calibratiois were discarded. In a series 
of trial calibrations it wras found that for a fixed electrical 
energy, variation of heating period from 9 to 18 min. gave 
no significant variation in the galvanometer deflection, 
using the extrapolation metheds described above.

An attempt to heat the 1 quid electrically as it flowed 
down the column failed because all the heat generated was 
not transmitted to the flowing liquid. The best position 
of the heaters, giving the correct cooling curve, was found by 
experiment. Before the heating period the current was 
passed through a dummy resistance to stabilize the current.3

T alle  I
C alorimetric E nthalpies of Solution of G ases in 

W ater  a t  25" ( kcal . / mole)
Neon - 0 .9 ,  - 1 .1 ,  - 2 .1 ,  

- 1 . 6
Av. - 1 . 4  ±  0.4

A rgon -2 .6 8 ,  -3 .1 1 ,  - 2 .8 4 Av. - 2 .8 8  ±  0.2
Krypton -3 .5 4 , -3 .6 5 ,  -3 .6 1 ,  

-3 .8 9 ,  —3.87, 
-3 .9 6 ,  - 3 .9 4

Av. - 3 .7 8  ±  0.2

Xenon -4 .2 5 ,  -4 .1 7 ,  - 4  16, Av. - 4 .  12 ±  0.2
- 4 .1 3 ,  —3 .03

T able  II
C omparison of C alorimetric E nthalpies with T hose 

D erived  from V arious Solubility  M easurements 
(kcal / mole)

Ne A Kr X e

Calorimetric - 1 . 4 -2 .8 8 -3 .7 8 -4 .1 2
Valentiner“ -1 .8 3 -2 .7 4 -3 .6 9 -4 .2 9
Law*”
Beckwith'

-0 .9 9 -2 .5 2
-3 .1 1

Lannung,i -0 .8 1 -2 .5 9
<* S. Valentincr, Z. Physik, 42, 253 (1927). '• .J. T . Law, 

Thesis, University of New Zealand, 1949. CJ. Beckwith, 
Thesis, University of New Zealand, 1949. d A. Lannung,
J. Am. Chem. Soc., 52, 68 (1930).

Results anc Conclusions
The heat effect measured in the experiment was 

an integral internal energy change of solution. The 
internal energy change per mole of gas absorbed
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was converted to an enthalpy change by the rela
tion

AH  = At/ -  R T

Each enthalpy value quoted thus represents the 
enthalpy change on solution of the gas at one at
mosphere pressure to form a solution about one- 
third saturated at one atmosphere pressure.

The errors quoted in Table I are each calculated 
by summing the probable error of the mean of re
sults obtained, the probable error of the blank cor
rection, and the maximum error thought likely due 
to wrong extrapolation methods in correcting for 
heat loss.

The heats of solution calculated from solubility 
measurements are quoted for comparison. If it be 
assumed that the activity coefficients of the solutes 
do not change over the range of concentrations used 
(up to 10-2 M ), then both the calorimetric enthalpy 
and the enthalpy calculated from solubility data 
represent the standard enthalpy of solution, or the 
differential enthalpy of solution per mole of gas in a 
solution in which the activity coefficient of the sol
ute is that for infinite dilution and is defined as 
unity.

Indirect evidence indicates that this assumption 
is justifiable. Consideration of the heat of dilution 
of sucrose3 and the partial molal volumes of

solutions of gases4 leads to the conclusion that in the 
range of concentrations concerned differences be
tween the two sets of values would be insignificant, 
compared with experimental error.

In general, agreement with results calculated 
from the data of Valentiner is good, but agreement 
with other results poorer. Valentiner’s data is 
smoothed from the results of earlier workers over a 
range of 50°, whereas the solubility data of Lan- 
nung cover a range of 23° and of Law and Beckwith 
cover a range of 30°. It is likely that the greater 
temperature range of Valentiner’s solubility figures 
leads to an increased accuracy in the derived heat 
of solution. However, the absolute accuracy of 
solubility measurements cannot be verified by 
calorimetric measurements.
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A useful apparatus for determination of solvent activities of aqueous and non-aqueous solutions is described. The method 
consists essentially of determining the temperature difference of a solution and its solvent when brought into quasi vapor 
equilibrium in an evacuated enclosure. The theory and the basic limitations of the procedure have been explored. For 
aqueous systems both theory and experiments show that near thermodynamic temperature rise can be expected for even 
temperatures ranging below 25°. For non-aqueous systems sizable temperature rises were obtained for solvents having 
vapor pressures as low as that of tetralin (0.5 mm. at 25°). The method was found to be inapplicable to essentially non
volatile solvents such as hexadecane at room temperature. The inability of solvents of high volatility to attain exactly 
100% of the thermodynamic rise under the imposed dynamic situation was attributed mainly to apparent liquid films 
present at the surfaces which retard heat transfer through them. A novel modification was achieved when heat was exter
nally supplied to the solution to counteract its heat loss. This procedure appeared to provide essentially equilibrium data. 
Solvent activity and molecular weights were determined directly.

Introduction
Thermometric determinations of molecular 

weights under quasi-isopiestic conditions have been 
carried out by several workers with systems of 
non-volatile solutes in various volatile solvents.3-9 
In the various methods used, a steady-state tem
perature above the ambient temperature is ob
tained in a partially isolated solution phase ex-

(1) Presented at the 133rd Meeting of the American Chemical 
Society in San Francisco, California, April 13 to 18, 1958.

(2) California Research Corporation, Richmond, Cal.
(3) R. H. Muller and H. J. Stolten, Anal. Chem., 25, 1103 (1953).
(4) B. R. Y. Iyengar, Rec. trav. chim., 73, 789 (1954).
(5) A. P. Brady, H. Huff and J. W. McBain, T his Journal, 55, 

305 (1951).
(6) S. B. Kulkarni, Nature, 171, 219 (1953).
(7) G. B. Taylor and M. B. Hall, Anal. Chem., 23, 947 (1951).
(8) A. V. Hill, Proc. Roy. Soc. (London), 127A, 9 (1930).
(9) E. J. Baldes, Biodynamica, 46, 8 (1939).

posed to the solvent vapor in air. The tempera
ture rise of the solution caused by the vapor con
densing on its surface is the basis of the determina
tion. The activity of the solvent for the unknown 
solution is obtained by carrying out the experiments 
for a known solute.

This temperature differential is, however, ordi
narily a fraction of the theoretical rise necessary to 
overcome the vapor pressure lowering effect of the 
non-volatile solute, the less than equilibrium rise 
being due to the proportionately large heat loss 
from the solution phase by convection, conduction 
and radiation.

The relative precision and accuracy of measure
ment of such dynamic systems would be expected 
to be less than those achieving thermodynamic rise 
in temperature for several reasons. The absolute
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value of the temperature rise will be less. Such 
temperature changes as are noted, furthermore, 
would be susceptible to greater errors resulting from 
random variations in the rates of heat and mass 
transfer. It is apparent that a considerable im
provement in the general method can be expected 
by making the measurements under conditions 
such that nearly a thermodynamic temperature 
differential exists between the solvent and solution 
phases.

In this report results of a study of such systems 
are presented. An apparatus which achieves near 
thermodynamic temperature rise is described in 
detail and some of the important variables of the 
method are discussed. The general procedure is 
suited to a study of thermodynamic behavior of 
solutions of non-volatile solutes in volatile solvents 
and to determination of molecular weights of 
organic and inorganic compounds in aqueous and 
volatile non-aqueous solvents.

Apparatus.— The setup based on the use of thermistors 
for detection of the temperature differential is a modification 
of that used by Muller and Stolten.3 The special features 
of the present apparatus, shown in Fig. 1, are that (1) the 
chamber may be evacuated to remove permanent gases and 
hence eliminate gas phase diffusion barriers, and (2) the 
solvent and solution phases are continuously stirred to 
maximize compositional and thermal homogeneity.

Two glass cups, A, are suspended in a water jacketed glass 
chamber capable of being evacuated. A thermistor is 
mounted in each cup. An alternate arrangement involves 
using a vacuum jacketed cup, A ', in place of one of the other 
plain cups. Both cups as well as the solvent reservoir, B, 
in the bottom of the chamber are furnished with a stirring 
magnet. The chamber temperature is held constant to 
±0.001° during a single measurement and to ±0 .01° over a 
series of experiments by means of a Sargent Thermonitor 
regulator. Changes in ambient temperatures of 0.01° re
sult in less than a 2-ohm error when closely matched ther
mistors are used.

The particular type of magnetic stirrer used in connection 
with this apparatus consisted of six fixed electromagnetic 
poles, two of which are shown in Fig. 1. The poles are 
mounted horizontally around the chamber on a common 
soft iron base by upright iron straps. They are activated 
through a commutator by a 12 volt full-wave battery charger. 
The magnetic poles are activated in pairs, opposite poles 
being activated simultaneously in such a way as to provide 
a horizontally revolving magnetic field of sufficient strength 
to spin all three stirring magnets.

Two Western Electric 14A Thermistors are connected in 
parallel with two 0.100 ±  1% megohm IRC manganin 
wirewound resistors in a Wheatstone bridge. A 111,110 
Leeds and Northrup 5 decade resistance box placed in 
series with one of the thermistors completes the bridge. 
The detectors employed are a Rubicon lamp-and-scale 
galvanometer with a sensitivity of 0.00065 microamp. per 
mm. for routine measurements and a Varian G -ll  strip 
chart recorder for transient studies. A 0.2 megohm po
tentiometer is connected in series with the input to allow 
adjustment of the current flow to 30 microamps. The 
power dissipation is thus kept low and constant, eliminating 
heating effects due to the circuit. Under these conditions 
a less than one ohm change in a thermistor of about 100,000 
ohms is detectable with either the recorder or the galva
nometer.

Procedure. A. Steady-state Method.— The thermistors 
used in the solution cup were calibrated in a rapidly stirred 
bath against a Beckmann thermometer over a 2° range in 
the vicinity of the desired jacket temperature. All of the 
thermistor resistances were found to be about 100,000 ohms, 
and the temperature coefficients of resistance about 5000 
ohms/°C.

The experiments were performed in the following manner.
Three-ml. volumes of the solvent and solutions are placed 

in the cups. Thirty ml. of solvent is agitated in the bottom 
of the chamber by means of the magnetic stirrer which also 
activates the magnets in the cups. Glass wool saturated

with the solvent is placed in the region F (see Fig. 1). 
The chamber is closed and evacuated. While initially 
there are some bubbles escaping in the cups, boiling occurs 
mainly in the solvent reservoir at the bottom sweeping out 
any remaining air from the chamber. Analyses of the 
solution cup before and after the runs showed negligible 
solvent losses due to boiling. The stopcock to the vacuum 
pump is closed after about 10 seconds of boiling and the 
system allowed to reach a steady state. The resistance 
change, AR, necessary to return the detector to the null is 
recorded. The evacuation step is repeated until a constant 
AR is obtained. Generally one or two evacuations sufficed 
for the volatile solvent systems (water, benzene and diox- 
ane), while two to three were necessary in the cases of xylene 
and tetralin. Even small air leaks led to irreproducible 
results. This may be explained by postulating that an air 
blanket or film created by the drag on the air molecules by 
the condensing vapor molecules gave rise to an appreciable 
resistance to mass transfer.

The experiments were carried out at various concentra
tions up to solute mole fractions AT? ~  0.02 for the following 
systems: water-urea, benzene-naphthalene, dioxane-bi-
phenyl, xylene-naphthalene, tetralin-dibutyl phthalate 
and hexadecane-methyl docosanoate.10 The data were 
fitted to the expression

to = K N ,  (1)
where rc is the temperature rise and K  is a constant for a 
given solvent.

B. Isopiestic Method.— For concentrations greater than 
about Nz ~  0.02, the rate of dilution of the solution phase 
was important. This effect was observable as a steady 
decrease in the A R after the end of the transient period 
(Fig. 2). A 30 ohm heating coil was placed in the solution 
cup. The current was supplied by a storage battery and 
measured with a voltmeter. By adjusting the power input 
to such a value that no dilution was observable, it was pos
sible to obtain an essentially thermodynamic temperature 
rise. This modification was particularly applicable when 
Nz was large.

(10) To ascertain the lower limit of the range of solvent volatility 
tetralin and hexadecane were tried, both at only one concentration of 
Nz =  0.0115 and Nz =  0.0094, respectively.
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T a b l e  I
C o m pa r iso n  w it h  E q u il ib r iu m  Ca s e  an d  O t h e r  I n v e st ig a t o r s

Solvent
system

To.
°C. K RTo2/&H

%
Theory M-S& Iyongar'

Benzene 26.40 20.5 22.1 93 19 57
Benzene” 20.00 19.0 20.9 91
Dioxane 26.40 16.4 18.9 87 44
W  ater 26.40 16.2 17.0 95 22 62
Xylene“ 20.00 13.7 16.8 81
Tetralin 26.40 8.9 14.6 61
Hexadecane 26.40 0 0

“ These experiments were carried out using a plain glass solution cup, and in all others a vacuum jacketed cup was used. 
b Müller and Stolten’s %  theory.3 c Iyengar’s %  theory.4

Fig. 2.— A typical recording of a differential thermal 
signal from the apparatus. The ordinate (ohms) corre
sponds to the temperature rise.

for steady state attainment will be inconveniently 
great.

The results for benzene with the jacketed and 
unjacketed cups indicate some improvement on 
the per cent, theory with the former, although not 
sufficiently perhaps to warrant its special construc
tion.

Table II gives results of determinations of the 
molecular weights of various substances in water

T a b l e  II
M o le c u l a r  W e ig h t  D e t e r m in a t io n s  in  W a t e r

Solute and 
mol. wt. Nt

Mol. wt. 
(detd.)

Sucrose (342.30) 0.00634 340
Glucose (180.16) .00680 182
Phenol (94.11) .00900 567
Citric Acid (192.12) .00939 192

Results and Discussion
Steady-state Method.— Figure 2 shows a typical 

recording of the output from the bridge after an 
evacuation. The time for attainment of steady 
state was 5 to 10 minutes for benzene, dioxane and 
water solutions, about 10 to 15 minutes for xylene 
solutions, and 30 to 40 minutes for tetralin. No 
signal was detectable with the hexadecane solu
tion.

Straight line plots of rc v s .  N i  were obtained 
with standard deviations in K  about 0.001°. 
This roughly corresponds to about a 0.5 to 1.0% 
uncertainty in the molecular weight determination 
of a 0.01 mole fraction solution. For higher con
centrations the uncertainty is proportionately less. 
Except for tetralin where the reproducibility was 
about 5 ohms, different runs on the same samples 
were reproducible to about 2 ohms.

Table I shows experimental K  values compared 
with the theoretical thermodynamic quantity 
R T o ^ / A H ,  where T 0 is the temperature of the 
solvent phase, A H  is the molar heat of vaporiza
tion, and R  is the gas constant. Near thermody
namic rise was obtained for water and the more 
volatile organic solvents. It is clear that it is 
possible to obtain a temperature rise that is much 
greater than previously reported,3'4 and that it is 
possible to obtain sizable signals from relatively 
non-volatile solvents such as tetralin.

The value of K  —  0 for hexadecane is tentatively 
attributed to insufficient evacuation although it is 
expected to be near zero. Solvents with vapor pres
sure much lower than tetralin (vapor pressure 
~0.5  nun.) are not desirable for study as the times

based on a urea-water calibration. These results 
were obtained with a jacket temperature variation 
of ±  0.01° employing an on-off regulator. Some
what greater accuracy is indicated with the pres
ent temperature control. A slightly lower value 
for the apparent molecular weight of citric acid 
than that obtained would have perhaps been 
more reasonable due to some ionization of the 
acid (iia~ 8 X 10~4). The apparently anomalous 
value for phenol points out a limitation of the 
general method. The vapor pressure of phenol 
in aqueous phenol solutions is great enough to 
counteract measurably the thermal effect of the 
condensing water vapor. Approximately, the 
situation may be described by a volatility ratio

_  P( solute)
AT;P( solvent)

where P  is the vapor pressure of the indicated 
component. For the phenol case r^0.85 and only 
one-sixth of the expected rise was obtained. For 
a naphthalene-xylene solution r~0.03 and the 
expected rise was observed in this case. Thus it 
appears that if r  was less than about 0.03 the solute 
volatility could be neglected.

The theory of the method which explains the 
inability of the solution phase cup to achieve 100% 
rise has been investigated.11 It was assumed that 
thermomolecular effects were negligible in the gas 
phase and N 2 was small. Taking into considera
tion heat and mass transfer rates both inside and 
outside the solution phase the following approxi
mate relation for rc was obtained.

(11) Unpublished results.
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+  (2)

P oM A D C cA H tc ( l  +  p j j

Here h a and h c are the coefficients of heat transfer 
corresponding to the surface-to-environment and 
the solution-to-environment rates, respectively, 
t and s are the thicknesses of the effective liquid 
films for heat and mass transfer, respectively, W  
is the thermal conductivity of the solution, D  is 
the diffusion coefficient of the solute in the solution, 
A  is the surface area of the solution phase, M  and 
p are the molecular weight and the liquid density 
of the solvent, C c is the concentration of the solute, 
P o  is the equilibrium vapor pressure of the pure 
solvent at T 0, and k  is the mass transfer coefficient 
which, in the absence of permanent gases in the 
system, is

, ttA
~  { 2 v M R T o ) 'P

with a  the condensation coefficient.
It may be shown easily by means of (2) and 

choosing suitable parameters that in the limit of 
very volatile solvents (benzene) tc is largely de
termined by the rate of heat transfer through the 
liquid. This explains why the per cent, theoretical 
for water is greater than for benzene. In the limit 
of relatively non-volatile solvents (tetralin) the 
volatility becomes the determining factor.

Isopiestic Method.—In Table III are given 
results of direct solvent activity determinations 
with benzene-biphenvl solutions. Here N i is the 
benzene mole fraction determined by evaporating 
the solutions to constant weight. The values are 
slightly lower than those determined by other 
investigators.12 The sensitivity for these experi
ments was such that the temperature rise was 
measurable to about 0.1%. The time taken for a 
single determination was between 15 and 30 min
utes.

T a b l e  III
A c t iv it y  of B e n ze n e  in  B e n ze n e - B ip h e n y l  So lu tio n s

T,
°C. JVi a a (lit.)12

36.2 0.762 ± 0 .2 0.766 0.770 ± 0 .0 0 2
33.8 0.849 ± 0 . 2 0.849 0.854 ±  0.003

Because this method is relatively insensitive to 
the volatility of the solvent, it may be advantageous 
over the usual manometric methods for investi
gating systems which involve relatively non-

(12) E. A. Guggenheim, “ Mixtures,”  Clarendon Press, Oxford, 
1952, p. 236.

Fig. 3.— Apparent absolute molecular weight of tri- 
phenylamine and m-dinitrobenzene as functions of solution 
concentration determined under isopiestic condition.

volatile solvents such as tetralin. Also the short 
duration of an experiment makes the procedure 
well suited for studies with solutes which may 
normally decompose too rapidly.

When the necessary power (for isopiestic rise) 
was plotted against the temperature rise, AT, a 
straight line was obtained over the entire range
0 <  A T  <  4°. The data for such plots were ob
tained by the no dilution criterion (constant signal, 
AR ,  on the recorder) for the large A T  values and 
by assuming Raoult’s law at small A T  values. 
The slope of the line, which is the coefficient of 
sensible heat loss, was about 20 milliwatts per 
degree for the present apparatus.

Figure 3 shows the results of determinations of 
apparent molecular weight obtained by this method 
as a function of concentration of triphenylamine 
(mol. wt. 245.8) and m-dinitrobenzene (mol. wt. 
168.11) in toluene solutions. These were ob
tained using a curve mentioned above of power 
v e r s u s  A T .  It can be seen that triphenylamine is 
essentially ideal in toluene solutions whereas 
m-dinitrobenzene associates to some extent. The 
molecular weight at infinite dilution, obtained by 
extrapolation of the curve, is however the true 
value for m-dinitrobenzene.
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THE ANION EXCHANGE OF METAL COMPLEXES.
III. THE CADMIUM-CHLORIDE SYSTEM1-*
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The anion-exchange method described in the previous communications was applied to a study of the cadmium-chloride 
complex system. The distribution of the cadmium between Dowex-1 chloride resin and the solutions was measured by the 
“ batch”  method with the aid of the tracer Cd115. Formation of mononuclear complexes up to 10 ~3 M  cadmium was con
firmed. The distribution curves were determined in the range 0.04 to 9.0 M  lithium chloride and 0.01 to 9.4 M  hydro
chloric acid. These curves coincided up to 0.2 M  chloride. Above this concentration the hydrochloric acid curve is lower 
but both show a maximum around 4 M  chloride. Construction of “ ideal”  distribution curves, valid for constant resin- 
ligand activity, made possible the evaluation of the complex s3rstem in terms of the species C dC lq CdCh, CdCl3-  and 
CdCl42-, with HCdCl3 forming also in hydrochloric acid. The successive formation constants found: log ki* =  1.95, 
log ki* =  0.55, log fo* = —0.15 and log kt* =  —0.70, agree with published values. The acid dissociation constant of 
HCdCl3 is about unity.

Introduction
The cadmium-chloride system is a typical exam

ple of a divalent complex system to study by the 
anion-exchange method2 after the univalent silver- 
chloride system.3 It already has been studied by a 
variety of methods, and constants for the succes
sive equilibria have been derived (see Table V). 
They may be used to check those obtained by the 
present method.

Anion exchange also has been applied to the cad
mium chloride system. Leden4 found that the an
ion-exchange resin Amberlite-400 absorbs cadmium, 
and rather better from 0.5 M  sodium chloride and 
0.01 M  cadmium chloride than from 0.01 M  cad
mium chloride alone. He assumed that the species 
on the resin is CdCl3~. Kraus, Nelson and Smith6 
reported that in 6 M  hydrochloric acid cadmium is 
so strongly absorbed that it is able to displace the 
strongly absorbed palladium from Dowex-1 anion 
exchanger. Jentzsch and Frotscher6 found that 
some anionic complex (CdCl3~, CdCl42- or CdCl64-) 
is absorbed from hydrochloric acid solutions on the 
anion exchanger Wofatit L-150, and is not eluted 
till the acid is diluted to 0.05 M .

Fomin and co-workers7 published some distribu
tion coefficient data for potassium chloride solu
tions, using them to calculate ratios of activity 
coefficient functions, employing published complex 
formation constants for the cadmium chloride sys
tem. They did not, however, go the other way 
round and try to obtain the complex formation 
constants. They assumed the resin species to be 
RCdCl3, since in the 1-2 M  potassium chloride in 
equilibrium with the resin this happens to be the 
predominant complex.

In a recent publication, Kraus and Nelson8 pre-
(1) This work is taken from a part of a Ph.D. thesis submitted to 

tKe Hebrew University, Jerusalem, Israel, 1955. It was presented in 
part at the 132nd Meeting of the American Chemical Society, New 
York, September, 1957.

(2) Part I, Y . Marcus and C. D. Coryell, Bull. Research Council, 
Israel, 8A, 1 (1959).

(3) Part II, Y. Marcus, ibid ., 8A, 17 (1959).
(4) I. Leden, Svensk Kern. Tidskr., 64, 147 (1952).
(5) K. A. Kraus, F. Nelson and G. W. Smith, T his Jo urnal , 58, 

15 (1954).
(6) D. Jentzsch and I. Frotscher, Z. anal. Chem., 144, 17 (1955).
(7) Y. V. Fomin, L. N. Fedorova, V. V. Sinkovskii and M. A. 

Andreeva, Zhur. Fiz. Khim., 29, 2042 (1955).
(8) K. A. Kraus and F. Nelson, “ Proc. Int. Conference on Peaceful 

Uses of Atomic Energy,”  Vol. 7, p. 113, 1956. This was published 
after the present work was completed.

sented a curve for the distribution of cadmium be
tween Dowex-1 anion-exchange resin and aqueous 
hydrochloric acid. They maintain that cadmium 
is not eluted even with 0.01 M  acid (although zinc 
is), but dilution to less than 0.001 M  is necessary to 
remove it.

It seems from the published data that there is 
some lack of clarity about the species absorbed, and 
about the concentration of chloride necessary to 
remove cadmium from the resin which would imply 
a distribution coefficient around unity. This sug
gests that the cadmium-chloride system merits fur
ther investigation. The magnitude of the complex 
formation constants, the availability of activity 
data for chloride in the resin (Fig. 1 in ref. 2 and 
Fig. 2 in ref. 3), and finally the availability of the 
convenient tracer Cd116 made the system attractive 
to investigate.

Experimental
Cadmium solutions were prepared by dissolving weighed 

amounts of cadmium metal foil containing the radioactive 
isotope Cd116 in warm dilute hydrochloric acid, with the aid 
of a few drops nitric acid, precipitating the cadmium as car
bonate, dissolving the latter in the stoichiometric amount 
of 0.002 M  hydrochloric acid and boiling to remove the car
bon dioxide.

Radioactivity was assayed by a dipping G .-M . counter. 
Cd116 has two isomers, one of 54 hr. half-life, the other 43 
days. The specific activity of the former is much larger 
than that of the latter soon after the irradiation, and as 
much as possible of this work was done in the lifetime of the 
former. Care was taken to measure the radioactivity of an 
aliquot of the solution -which had not been contacted with 
the resin at the same time as an aliquot which had reached 
equilibrium with the resin. The distribution coefficient 
D (liter kg.-1) was calculated using the difference between 
the two counts, and the results were thus not affected by 
the decay of the Cd115.

Lithium chloride solutions containing 0.01 M  hydro
chloric acid were prepared. Impure commercial lithium 
carbonate was dissolved in hydrochloric acid, about 9 M , 
and the iron impurity was removed by passing the solution 
through a Dowex-1 anion-exchange column.9 Lithium 
chloride was twice crystallized from the solution. Flame 
photometric analysis showed only lithium lines in the pure 
crystalline product LiCMRO.

Chloride was determined by titration with silver nitrate. 
In lithium chloride solutions the Mohr method was used and 
in hydrochloric acid a potentiometric method.

The anion exchanger used wras Dow^ex-l chloride, 10% 
cross-linked, of mesh size 40 to 100. It was air dried and 
had a capacity of 2.3 meq. per g.

Portions of solution and resin were shaken together for

(9) K. A. Kraus and G. E. Moore, J. Am. Chem. Soc., 72, 5792
(1950).
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16 to 20 hr. at 17 ± 3 ° .  Relative amounts of solution and 
resin were chosen so as to have about half of the cadmium in 
the resin at equilibrium.

The error of the chloride determination was about ±0.003 
M , which affected the accuracy only at the lowest concen
trations. The average statistical error of counting was 
± 1 .5 % , causing an error in the distribution coefficient of 
± 3 % , except in extreme cases, where it was larger. Pos
sible errors in the relative amounts of resin and solution were 
within ±  1.5%. The total expected error in the distribution 
coefficient D is ± 5 %  for most cases.

Results
Table I shows the effects of varying the cadmium 

concentration in the range 10 " 6 to 10-s M .  The 
relatively low specific activity of the cadmium did 
not allow lower concentrations to be tested. This 
caused rather high loading, but in no case was it 
higher than 3%. The results show that the distri
bution is unaffected by changes in the cadmium 
concentration. This is a strong indication that in 
this range, and presumably also at higher concentra
tions, the complexes are mononuclear.3

T a b l e  I
T he  E ff e c t  o f  C a d m iu m  C o n c e n t r a t io n  on  th e  A n io n -

iange D istribution  in the 
System  

log of Cd

C ad m iu m - C h lo r id e

Appr. equil. distr. coefr. HC1 concn.,
Cd concn., log D, muci

10-*, M I-/kg. (molarity)
0 .4 2.38 0.144
1.4 2.42 .144
7.1 2.39 .144
0 .2 2.79 1.08
0 .7 2.78 1.08
3 .4 2.77 1.08
0 .3 2 .25 7.00
1.6 2.27 7.00
8 .3 2.23 7.00

Table II shows the distribution of cadmium be
tween the resin and lithium chloride solutions in the 
range 0.04 to 9.0 M ,  while Table III shows the ab
sorption from hydrochloric acid solutions in the 
range 0.01 to 9.4 M .10 The cadmium concentration 
was about 10~4 M  initially, ensuring low loading, 
and negligible consumption of chloride ions in 
complex formation. Values for the activity func
tion for the chloride ligand, a =  mnciTitHCD or 
a =  wiLici7±(LiCi) as the case may be, in the hydro
chloric acid and lithium chloride solutions, were 
obtained from Harned and Owen's compilation.11 
The results appear also in Fig. 1 as curves of log D  
vs. log a.

Discussion
A detailed derivation and discussion of the math

ematical relationship between the distribution coef
ficient D  and the ligand activity function a is pre-

(10) Kraus and Nelson8 presented a curve for the distribution of 
cadmium for the same nominal conditions as in the present investiga
tion. These authors probably refer their data to “ anhydrone dry" 
resin, not to “ air dry”  resin as in the present work. This would 
account for the constant factor of 2.5 found between their values for 
the distribution coefficient and those found here in the range 0.01 
to 3 M  hydrochloric acid. This does not affect the slopes, and hence 
the calculated solution complexity constants. The divergencies 
beyond the above range could not be explained.

(11) H. S. Harned and B. B. Owen. "Physical Chemistry of Elec
trolyte Solutions," 2nd Ed., Reinhold Publ. Corp., New' I  ork, N. Y., 
1950.

Fig. 1.— The anion exchange distribution curves (log D) 
plotted against the logarithm of the chloride activity func
tion (log a =  log o t h c i  - f  log 7±(Hci) or log a =  log t o l i c i  +  
log 7i(Lici)) for the absorption of cadmium by Dowex-1 
chloride from hydrochloric acid and lithium chloride solu
tions. Dots (LiCl) and open circles (HC1) are the experi
mental data, solid curves are calculated with the constants 
found (Table V).

log aci.
Fig. 2.— The “ ideal”  anion exchange distribution curves 

(log D °), using the parameter p =  2 for the predominant 
resin complex R 2CdCl4, plotted against the chloride activity 
function (log a) for hydrochloric acid and lithium chloride 
solutions. Dots (LiCl) and open circles (HC1) were calcu
lated from the experimental data using eq. 7, solid curves 
are calculated with the constants found (Table V).

sented elsewhere,2 and only the main equations are 
given here.

Consider the complex cadmium species to be 
formed from the uncharged complex

CdCl2 C dC lp-i +  iC\~ (1)
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T a b l e  II
A n io n  E x c h a n g e  o p  C a d m iu m  fro m  L it h iu m  C h lo r id e  So lu tio n s

LiCl
concn.,
WILiC!,

M

Log of Cl 
activity 
function 

log a

Log of Cd 
distribution 

coefficient 
log D (l./kg.)

LiCl
concn.,

TTZLiCI.
M

Log of Cl 
activity 
function 

log a

Log of Cd 
distribution 

coefficient 
log D (l./kg.)

0.040 - 1 . 4 2 1.52 3 .55 0.75 3.57
.100 - 1 . 2 2 2.21 4 .30 1.00 3.59
.200 - 0 . 8 2 2.45 5 .00 1.20 3 .60
.400 -  .49 2.72 6 .00 1.45 3.51
.700 -  .21 2 .94 7 .00 1.70 3 .46
.900 -  .13 3 .06 8 .00 1.95 3.42

1.40 .10 3.13 8 .50 2.05 3 .32
2.70 .50 3 .43 9 .00 2.17 3 .34

T able III
A nion E xchange op Cadmium  from H ydrochloric A cid Solutions

HCl
concn.
TOHCl,

M

Log of Cl 
activity 
function 

log o

Log of Cd 
distribution 
coefficient 

log D (l./kg.)

HCl 
concn. 
mac l, 

M

Log of Cl 
activity 
function 

log a

Log of Cd 
distribution 
coefficient 

log D (l./kg.
0.010 - 2 . 0 - 0 . 3  ±  0 .2 2 .00 0 .30 2 .88

.020 - 1 . 7 0 .8  ±  0.1 2 .70 .55 2 .90

.030 - 1 . 6 1.02 3 .30 .73 2.81

.060 - 1 . 3 4 1.85 3 .90 .90 2.77

.100 — 1.15 2 .15 4 .70 1.11 2 .57

.144 - 1 . 0 0 2.40 5.40 1.30 2.83

.170 - 0 . 9 3 2 .38 6.60 1.65 2 .48

.270 -  .73 2.49 7.00 1.74 2 .25

.400 -  .53 2.55 8 .30 2.03 2.15

.510 -  .40 2.65 9.40 2 .25 1.82
1.080 -  .05 2 .78

i  is the charge on the complex, ranging from log -D3 =  log D — P J'\ =  log Kr' -  log 2/3/* a ~ ‘
+ 2  for the hydrated, uncomplexed cadmium ion, to 
negative values for anionic complexes. The total 
concentration of cadmium will be given by

2ra / =  a0' 2/3,'* a - i  (2)
where a0' is the thermodynamic activity of the neu
tral species CdCl2, and + '*  are complexity parame
ters involving the thermodynamic equilibrium con
stants and activity coefficient functions, which are 
assumed independent of a (see discussion in 2).

Let the charge of the cadmium in the resin be 
designated by i  — — p , which may be the average 
charge or the charge of a predominant resin species. 
The concentration of cadmium in the resin will be 
given by an expression analogous to (2)

rill p =  rd0 r/3 *—p rttP (3)

Using the same standard state in both phases, it 
is easy to see that Ta '0 =  a '0, and thus the distribu
tion coefficient D , which is the ratio of the quantities 
given in eq. 3 and 2 will be given in logarithmic form 
as
log D =  log (rm'p/’Sm'i) =

log rP'*-p +  -p log ,a — log 2/3/* a - * (4)
The resin ligand activity function, ra =  

r«iMcirT±Mci, where M is the cation Li+ or H +, may 
be related to its solution analog a by the rela
tion2’ eq26

log rd =  log a +  Vsflog rWlC! -  log rMtl) (5) 
and is a measurable quantity. Calling its value 
Ta° at a =  1, a correction function rFa is defined as

rA. =  log rd — log rd° (6)
Putting K t ' =  Tp ' * - P TaGp we finally define a cor
rected or ideal distribution coefficient by

(7)
Lithium Chloride Solutions.— Chemical con

siderations predict that the limiting complex in 
solution would be CdCL2-. The predominant 
resin complex would then most likely be R2CdCl4, so 
that p  =  2. Taking values of rFa from Fig. 1, ref. 
2, a log D °  vs. log a curve was constructed, and is 
shown in Fig. 2. The average charge number i 
and the average ligand number n  were obtained 
from the slopes (see eqs. 31, 43 and 44c cf ref. 2)

d log L °/d  log <2 — 1 =  2 — n (8)

In the range of experimental data the slope ranges 
from +1.5 to exactly —2.00 (from 4.5 M  lithium 
chloride onwards). This integral limiting slope is 
considered as justification of selecting p  — 2 , since 
other reasonable values of p  would give fractional 
limiting slopes, which would be difficult to inter
pret. Bjerrum’s “half-integral l, or n ”  method and 
Sillhn’s “curve fitting” method12 were used to ob
tain the successive formation parameters l c /*  or 
k n* , and the over-all complexity parameters /V* °r 
i3n*13 for the complexes CdCl2i-i(f =  2, i — 1 and —2) 
or CdCl„2_7i (n = 1, 2, 3 and 4) which are shown in 
Table IV.

Hydrochloric Acid Solutions.— Consider now the 
D °  curve for the hydrochloric acid solutions. It 
follows exactly the lithium chloride curve up to 0.2 
M  chloride, but is lower thereafter. The author 
has shown14 for the iron (Ill)-chloride system that 
differences between the distribution coefficients of 
iron for lithium chloride and hydrochloric acid

(12) L. G. Silldn, Acta Chem. Scand., 10, 186 (1956).
(13) The relationship of the starred parameters ki'*, etc., to the ther

modynamic equilibrium constants is discussed elsewhere.2
(14) Y. Marcus, Bull. Research Council Israel, 4, 326 (1954).
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T a b l e  IV
T h e  C o m p l e x  F o rm a t io n  P a r a m e t e r s  f o r  t h e  C a d m iu m  C h lo r id e  Sy ste m  in  L it h iu m  C h lo r id e  So lu tio n s

Species n i log kn*
Cd2+ 0 2 0.00
CdCl+ i 1 1.95 ±  0.08
CdCL 2 0 0.55 ± .15
CdCL- 3 - 1 ■ ,15± .05
CdCL2- 4 — 2 —■ .70 ± .05

solutions occur at concentrations above 9 M
chloride15 and are due to chloro-acid formation. 
No such differences were found below 9 M ,  and 
neither were they observed hi the silver-chloride 
system, as reported by Kraus and Nelson. 7

Considerable confusion has arisen concerning the inter
pretation of the "lithium chloride effect,”  which Kraus, 
Nelson, Clough and Carslton have subsequently reported.18 
The fact is that a given metal shows different distribution 
coefficients for different electrolytes with the same ligand- 
anion at a given value of the ligand activity function a. 
This behavior is readily explained in a qualitative way by 
noting that different electrolytes give rise to different rFa 
functions. However, it so happens that for Dowex-1 resin 
chloride, lithium chloride and hydrochloric acid have 
virtually the same rFa functions, as may be seen by com
paring the curves in Fig. 1, ref. 2, and Fig. 2, ref. 3. This 
consideration made Kraus and co-workers retract their 
former opinion that the “ lithium chloride effect”  is due to 
differences in resin and solution activities between the two 
systems,18 in favor of chloro-acid formation.8 Formation 
of chloro-acids of moderate strength was proposed also by 
Jetzsch and Frotscher6 to explain differences in absorba
bilities of some metals from alkali chloride and hydrochloric 
acid solutions.

Recently, however, serious difficulties have arisen with 
this explanation, in particular in the cases of gold and gal
lium in concentrated chloride media.17 The author feels, 
however, that the explanation in terms of chloro-acid forma
tion may still be valid in many cases. It is suggested that 
the non-observance of a “ lithium chloride effect”  for silver 
and iron(III) below 9 M  chloride, and its observance for 
cadmium at a much lower concentration, may be interpreted 
in terms of non-absorbed, undissociated chloro-cadmic acid. 
This would be similar to the well known chloromercury 
acids18 and species HSnCL postulated by Lachman and 
Tompkins19 to explain their kinetic results. Accepting this 
postulated species, a parameter describing its formation can 
be obtained as follows.

The slope of the D °  curve (Fig. 2) changes from 
+  1.5 to —2.1. The same parameters ft*', ft*' and 

were derived for hydrochloric acid solutions 
as those appearing in Table IV for lithium chloride 
solutions. However, for slopes more negative than 
— 1 , a different d - 2 *' is obtained by the curve-fitting 
method12: log /3 - 2 *'(HCli =  —0.07 against log 
/3 - 2 * '( L íc d  =  —0.85. Remembering that j8 - 2 *' is 
the constant for the reaction

CdCl, +  2L CdChU; /S_2*' (9)

where L is the symbol for a ligand, it may be inter
preted as applying to the sum of the reactions

CdCl2 +  2C1- CdCL2-; /S_2*'(líci> (10)
and

CdCL +  H+ +  C l-  + ± :  HCdCL; ,0 . ,* '  (11)

The equilibrium expressions for both eq. 10 and 11
(15) Y. Marcus, paper submitted to J. Inorg. Nuclear Chem.
(IG) K. A. Kraus, F. Nelson, F. B. Clough and R. C. Carslton. 

J .  Am. Chem. Soc., 77, 1391 (1955).
(17) K. A. Kraus, private communication, August, 1957.
(18) K. Damm and A. Weiss, Z .  Naturforsch., 106, 535 (1955).
(19) S. J. Lachman and F. C. Tompkins, Trans. Faraday Soc., 40, 

136 (1941).

log ßn* log hi'* log ßi’ *
0 .00 - 1 . 9 5  ± 0 . 0 8 — 2 .50  ±  0 .15
1.95 ± 0 . 0 8 - 0 . 5 5  ± .15 - 0 . 5 5  ±  .15
2 .50  ±  .15 0.00 0.00
2.35  ±  .05 -  , 1 5 ± .05 -  , 1 5 ±  .05
1.65 ±  .08 -  .70 ± .05 -  .85 ±  .08

depend inversely on the second power of the ligand 
function a , since ra2ci72±(HCi> =  mH?reci72±(HciL =  
a2 in hydrochloric acid solutions. Subtracting 
/3-2*'(lîcd from |3-2*'(hcu yields the value of the 
equilibrium parameter for a reaction 11, the log
arithm of which is log =  —0.15. This hap
pens to be the same as log ß - i * ' ,  which means that 
the complex CdCl2 has in hydrochloric acid solutions 
equal chances to add Cl-  to give CdCU-  or to add 
H+Cl- to give HCdCls.

If one wishes to assume for hydrochloric acid of the con
centrations involve (1 to 4 M ) that the single ion activity 
coefficients for H + and Cl-  ions are equal (thus equal to 
T im e») one can calculate the dissociation constant for the 
chloro-cadmic acid

HCdCL H+ +  CdClr; fc, (12)
log K  =  0.00 ±  0.25 signifying a moderately strong acid.

The limiting slope of the D° curve for hydrochloric acid is 
more negative than that expected for the limiting species 
CdCL2- and HCdCL- This may be interpreted either as 
formation of further undissociated chloroacids HCdCL-  
and H2CdCL, or as a breakdown of the assumptions concern
ing activity coefficients. The first suggestion calls for a 
further parameter applying to a power of a more negative 
than —2. Formally, the parameter i/3_2* 'is  the coefficient 
of a -3 in the sum in the denominator of the expression for 
D° (eq. 42, ref. 2), and a value of —2.1 for log i/3_2*' makes 
the calculated curve fit the data. With our present meager 
knowledge about concentrated electrolyte solutions it seems 
however unwise to stress this interpretation, and the error 
caused by neglecting a “ correction term”  involving o -3 is 
not very great.

Resin Complex Formation.— It remains to con
sider the parameter AY which describes the inter
action of CdCl2 in the resin complex, assumed to be 
R2CdCl4 . The value of log AY =  3.17 ±  0.05 was 
obtained by the curve-fitting method.12 Values 
of the experimental and the ideal distribution coef
ficients D  and D °  were calculated by eq. 7, utilizing 
this value of AY, the complex formation constants 
listed in Table IV and the values for the chloroacid 
formation constants given in the previous section, 
for both lithium chloride and hydrochloric acid solu
tions. The curves of log D  and log D °  v s . log a  are 
shown in Figs. 1 and 2 as solid lines. They agree 
very well with the experimental points.

The value of k T' thus checked may be used to cal
culate the equilibrium constant for the reaction

CdCL(aq) +  2RC1 R 2CdCh (13)

by dividing K /  by the 2nd power of the reference 
state ra°. This gives log A /  — 2 log ra° =  3.17 — 
2 X 0.46 =  2.25 for the logarithm of this constant. 
This value may be compared with the value for the 
corresponding reaction in the solution, log ß - 2* '  =  
— 0.85. It is seen that the resin stabilizes the cad
mium complex about 1300-fold.

Comparison with Published Constants.—Table V 
gives a comparison of complex formation constants 
for the cadmium-chloride system obtained in the 
present investigation with those obtained by a
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T a b l e  V
C o m p l e x  F o r m a t io n  C o n st a n t s  t o r  th e  C a d m iu m - C h l o r id e  Sy ste m

Author Method Medium log ki log k2 log k3 log k,
Riley20 Potent, titr. KCl, varying 2.00 0.60 0.11 0.30
Leden21 Potent, titr. 3 M  NaClO. 1.59 .66 .18
King22 Solubility 3 M  NaClO, 1.40 .81 .18
Korshunov23 Polarography .78 .30
Vasil’ev24 2.18 .43
Strocchi25 Polarography 2 M  NaNOs 1.57 .08 .24
Golub26 Potentiometry 2.1 M  KNO:i 1.77 1.45 -  .25 -  .05
Eriksson27 Polarography 3 M  NaClO, 1.54 0.52 .40
Vanderzee28 Potentiometry 3 M  NaClO, 1.54 .66 .08

Extrap, to zero ionic, str. 2.00 .70 -  .58
1.95 .55 -  .15 -  .70

This work anion exchange LiCl, varying HC1, varying, in addition to above also log ,/3-i' =  —0.15

number of authors using various different methods, 
ionic media and medium concentrations. Compari
son is valid only if due cognizance is taken of dif
ferences in the activity coefficient functions in
volved.2’3 It may however by pointed out that 
the parameters obtained by the anion-exchange 
method are most similar to the thermodynamic 
complex formation constants reported, those ob
tained for zero ionic strength.

(20) H. C. Riley and V, Gallafent, J. Chem. Soc., 514 (1932).
(21) I. Leden, Z. physik. Chem., 188A, 160 (1941).
(22) E. King, J. Am. Chem. Soc., 71, 319 (1949).
(23) I. A. Korshunov, N. I. Malyugina and M. O. Balabanova, 

Zhur. Obshchei Khim., 21, 620 (1951).
(24) A. M. Vasil’ev and V. I. Proukhina, Zhur. Anal. Khim., 6, 218

(1951).
(25) P. M. Strocchi and D. N. Hume, Abstracts 123rd Meeting 

Am. Chem. Soc., March 1953, p. 4P. The values quoted in Table V 
are those corrected for nitrate complex formation, cf. Vanderzee and 
Dawson.26

(26) A. M. Golub, Ukrain. Khim. Zhur., 19, 205 (1953).
(27) L. Eriksson, Acta Chem. Scand., 7 , 1146 (1953).
(28) C. E. Vanderzee and H. J. Dawson, J. Am. Chem. Soc., 75, 

5659 (1953).

Further values for comparison are : log fc1( by con
ductometry and extrapolated to zero ionic strength, 
Righelatto29 and Davies30 2.00, Harned31 1.95; 
Brühl,32 from considerations of activity coefficients, 
appr. 2.5, and Turv’an33 2.30. For log Knobloch34 
found by potentiometry in KC1 solutions 2.93, while 
Korenman36 found in HC1 solutions 1.7 to 2.5. 
For log h h  (=  log (3-2 ') Bourion36 found by ebulli- 
oscopy at 100° appr. 0.0.

Acknowledgment.— This paper is published by 
the kind permission of the Director of Research, 
Israel Atomic Energy Commission, to whom thanks 
are due.

(29) E. C. Righelatto and W. C. Davies, Trane. Faraday Soc., 26, 
592 (1930).

(30) W. C. Davies, Endeavour, 4, 114 (1945).
(31) H. S. Harned and M. E. Fitzgerald, J .  Am. Chem. Soc., 58, 

2624 (1936).
(32) L. Brühl, Gazz. chim. ital., 64, 615 (1934).
(33) Y. I. Tury’an, Zhur. Neorg. Khim., 1, 2337 (1956).
(34) W. Knobloch, Lotos, 78, 110 (1930).
(35) K. M. Korenman, Zhur. Obshchei Khim., 18, 1233 (1948).
(36) F. Bourion and E. Rouyer, Ann. Chim., [10] 10, 263 (1928).

KINETICS OF GRAPHITE OXIDATION. II
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The kinetics of the oxygen-graphite reaction in the 800 to 1300° temperature range and 1 to 100 p pressure range are in
vestigated. Above 1000° the true surface reaction is half order with respect to oxygen and the activation energy is small. 
The effect of the diffusion of oxygen into the pores of the graphite sample is elucidated. Absolute rate theory together with 
the observed kinetics is used to develop a mechanism for the reaction.

Introduction
In the previous paper1 the reaction of oxygen 

with graphite in the 600 to 800° temperature range 
and one to one hundred p  pressure range was pre
sented. Here the data for this reaction from 800 
to 1300° are given and discussed. The data for the 
two temperature ranges were taken concurrently. 
The division into two temperature ranges is done 
purely for convenience in discussing the results. 
In the 600 to 800° temperature range the observed 
reaction has a constant activation energy and is 
one-half order with respect to oxygen. Above 800° 
the plot of the log of the reaction rate v e r s u s  the

(1) G. Blyholder and H. Eyring, T his Journal , 61, 682 (1957).

inverse of the absolute temperature is no longer 
linear. The observed order of the reaction also 
changes above 800°.

Experimental
Since all the data were gathered at the same time the ap

paratus is that described in the first publication.1
The graphite samples were prepared from the same batch 

of spectrographic electrodes manufactured by the National 
Carbon Company that was used for the low temperature 
data. The details of the sample preparation are as reported 
in the first paper. The geometric areas and thickness of the 
samples are given in Table I.

Experimental Results
For previously stated reasons the reaction 

rate changes in a regular manner from one similar
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T a b l e  I*
Sample Area (cm.2) Thickness (cm.)

1 6.94 0.1
2 1.77 .1
4 1.4 . 1
9 1.12 .1

10 1.32 .1
11 1.04 .1
14 9.88 2 X  IO“ 4

“ Samples which were used in both the high and low tem
perature range bear the same number in both publications .

run to the next. In order to obtain meaningful 
results, a set of conditions for a run were selected 
as standard. A standard run is then made between 
successive runs in which the conditions are varied. 
The results are then normalized so that all the 
standard runs are the same. After this adjustment 
the true relationship among runs at varying condi
tions is seen.

The temperature dependence of the reaction at an 
0 2 pressure of 26 p is shown in Fig. 1. Samples 
numbered 1, 2, 9, 10 and 11 were used to obtain 
these data. Using samples numbered 2, 9, 10 and 
11 the pressure dependence data shown in Fig. 2 
were obtained. In order to place all of the pressure 
dependence data for one-mm. thick samples on the 
same graph, one rate from the data for each tem
perature was multiplied by a factor which would 
place it on the R  =  k P 3̂  line in Fig. 2. All of the 
data for a particular temperature were then multi
plied by the same factor. The results of this are 
the experimental points in Fig. 2. The result of a 
pressure dependence study on sample number 14, 
which had a very thin layer of graphite, is shown 
in Fig. 3. Due to the small amount of graphite in 
the thin layer of this sample the amount of graphite 
and consequently the rate of oxidation decreased 
rapidly from one run to the next on this sample. 
This particular set of data is therefore probably not 
as reliable as the rest of the data.

The results obtained by making runs with the 
copper oxide catalyst cold are recorded in Table II. 
By comparing the results of these runs with pre
vious runs under the same conditions the amounts 
of carbon dioxide in the product gases can be 
determined. The percentage of carbon dioxide in 
the product gases is given in the last column of this 
table. These results were obtained using sample 
number 4.

T a b l e  I I

R esu l ts  w it h  C a t a l y s t  C old
Rate of production of 
CO +  CO2, in ¡if 3 min. 

into a 0.404 1. 
system at 300°K.

Oi pressure, 
li Temp., °C. % C 02

17 27 804 3
63 27 900 6

149 26 1008 11
174 17 1107 22
344 16 1205 39
57 28 800 10

Interpretation of Results
In the first paper it was established that, in the 

600 to 800° temperature range, carbon monoxide 
is the primary product of the reaction of graphite 
with oxygen in the one to one hundred y. pressure

O2 pressure, m-
Fig. 2.— Pressure dependence.

O2 pressure, m-
Fig. 3.— Pressure dependence of thin layer at 900°.

range. In the temperature range from 800 to 
1000°, the results shown in Table II indicate that 
carbon monoxide is the primary product. At 1100 
and 1200° the results show about 20 and 40% C 02,
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respectively, in the product gas. We believe that 
this increase in the C02 percentage is due to the 
secondary reaction

2CO +  0 2 — >  2C03

The equilibrium constant for this reaction greatly 
favors the formation of C02. The rate of this 
reaction is apparently too slow for much C02 to 
be observed at any but the highest temperatures 
studied. We shall therefore continue with the 
assumption, which has been demonstrated over 5/7 
of the temperature range studied, that CO is the 
primary reaction product.

The role of pore diffusion in the reaction of oxygen 
with the artificial graphite used in this study was 
established in the first paper. Pore diffusion 
enters into the kinetics of a reaction of a gas with 
a porous solid when the reaction of the gas with the 
surface is fast enough that the concentration of gas 
in the pores of the solid is less than the concentra
tion of gas outside the pores. This condition was 
demonstrated to be true in the 600 to 800° tempera
ture range. Since the surface reaction in the 800 
to 1300° temperature range is faster than in the 600 
to 800 range, pore diffusion will be a factor in the 
reaction in the 800 to 1300° range.

The model developed by Wheeler2 for the re
action of a gas in the pores of a solid will be used. 
One of the results of this model is that when pore 
diffusion affects the reaction, if the true order with 
respect to the gas of its reaction with the surface is 
n , the observed order will be (n  +  l)/2 . With 
samples 2 X 10~4 cm. thick, it is seen from Fig. 3 
that at 900° the true surface reaction is y 2 order 
with respect to oxygen. Using n  =  1/ i in the ex
pression (n  +  l)/2  gives an observed order of 3/ 4 
for reaction plus pore diffusion. From Fig. 2 it is 
seen that for samples 0.1 cm. thick the observed 
order of the reaction is indeed 3/ 4 at 900°. This 
confirms the conclusion that pore diffusion is a 
factor in the reaction.

Another result of Wheeler’s model is that the 
observed activation energy for pore diffusion plus 
reaction will be one-half of the true activation 
energy for the surface reaction. This condition 
has been shown to be true at 800°. From Fig. 1 
it is observed that above 800° the reaction rate no 
longer increases with the same exponential factor 
as the temperature is raised that it did from 600 
to 800°. In the temperature range from 1100 to 
1300° the activation energy has dropped to 1 kcal. 
per mole. Figure 2 shows that the observed order 
with respect to oxygen of the reaction on 0.1-cm. 
thick samples is 3/ 4 from 900 to 1300°. Taking 
pore diffusion into account, this leads to the con
clusion that from 900 to 1300° the true surface 
reaction is y 2 order with respect to oxygen.

The true surface reaction is given by the ex
pression

R =  KC' /« (1)
where

R  =  rate per unit area
K  =  constant
C =  gas phase oxygen concn.

(2) A . Wheeler, “ Advances in Catalysis,“  Vol. I l l ,  Academic Press,
Inc., New York, N . Y ., 1951, p. 250.

The rate, taking pore diffusion into consideration, 
is obtained from the following equation given by 
Wheeler.

Ate
nr*D y y  -  2nrR (2)ax1

where
r =  pore radius
D  =  diffusion coefficient
x =  coordinate along pore length

Wheeler did not consider the case where R  is given 
by equation 1. Substituting equation 1 into 2 
yields

d2f' =  2nrKC'h (3)

This is the fundamental differential equation to be 
solved. The boundary conditions are C  =  C 0 
at X  =  0 and d c / d x  =  0 at X  =  L. The latter 
boundary condition is found because by symmetry 
there is no net flow through the cross section at 
X  —  L .  The reaction rate per half pore is the rate 
at which oxygen flows into the pore, which is r r 2D  
times the concentration gradient at X  = 0. This 
gives

*■ - ” 'D (!L <4)
where R p is the rate per half pore. The problem 
is to evaluate ( d c / d x )  from equation 3.

Equation 3 may be integrated once to yield

where B  is an integration constant. Unfortunately 
this equation cannot be integrated in closed form. 
Also the boundary conditions as given are not 
applicable to equations 5. Considerable simpli
fication results from letting C  =  C l  at X  =  L ,  

where also d c / d x  =  0. With these substitutions 
equation 5 may be solved for B  to yield

B =  -  4 /3 ^  Cl!A (6)

Substituting the value for B  into equation 5 gives

At x  =  0 this yields

(e L  -  2 V i® (c,v’ -  <7>
where Co is the oxygen concentration outside the 
solid. In the reaction from 600 to 800° it was found 
that a zero-order surface reaction became an ob
served half-order reaction when pore diffusion 
affected the reaction. This means that at X  =  
L ,  Cl =  0 for the reaction in the 600 to 800° range. 
Since the surface reaction is even faster in the 800 
to 1300° range, it is valid to replace Cl by 0 in 
equation 7. Substituting dc/dz*=o from equation 7 
into equation 4 yields

Rv =  2nr - y P “  C„*/4 (8)

Having a value for the rate per pore the total rate 
of the reaction may be calculated.

R t ~  ripRp (9)
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where
H'i =  rate per sq. cm.-sec.
np =  no. of pore mouths per unit area

According to the model used

where
O' =  0.4 =  porosity of sample2

Since the mean free path of the gas is much greater 
than the pore diameters, the diffusion coefficient is 
for molecular flow. This is given by

D  =  ~  ?  (ll)

where V  is the average molecular speed given by

V =  =  2.;9 X  103 V f  (12)

in which m  is the molecular mass of oxygen. Assum
ing a perfect gas yields

c„ =  9.65 X  1018 ~ (13)

where P  is in mm. of Hg. At 26 n pressure and 900° 
the use of equations 10, 11, 12 and 13 in equation 9 
gives

% R t =  5.3 X  1012V A  (14)

This expression for the rate taking pore diffusion 
into consideration may be checked by finding the 
value for K  from a measurement of the true surface 
reaction and placing this value in equation 14 and 
comparing the result with the measured reaction 
rate. From Fig. 6 of the paper2 on the results in 
the low temperature range the rate of the true 
surface reaction at 900° and 26 n  pressure is found 
to be 2.7 X  1013 molecules of O2 per cm.2-sec. 
Using equation 1 this gives a K  value of 2.5 X 106. 
From equation 14 the calculated rate is given by 

/¿healed.) =  8.4 X  1016 molecules per cm.2-sec.

From Fig. 1 the observed rate is 6.5 X 1015 mole
cules per cm.2-sec. which is in good agreement with 
the calculated rate.

We now wish to inquire into the sort of kinetics 
necessary to obtain a half-order surface reaction. 
A slow step of the gas phase equilibrium dissocia
tion of oxygen molecules into atoms followed by a 
fast reaction of the oxygen atoms with the surface 
would produce half-order kinetics. Due to the 
high heat of dissociation of oxygen molecules, the 
number of oxygen atoms in the gas phase is strongly 
temperature dependent. Any process depending 
on this as the slow step would then be strongly 
temperature dependent. This is clearly contra
dictory to the experimental evidence, so this mech
anism is eliminated. We must then turn to a 
consideration of processes taking place on the 
surface.

If the adsorbed oxygen is assumed to be immobile 
the kinetic expressions yield only rates which are 
either independent of pressure or are proportional 
to the first power of the pressure. Since this is 
contradictory to the experimental results this 
mechanism is eliminated.

If the oxygen atoms are able to migrate on the

surface, the following expression is obtained
An
^  =  2(1 -  eypk i -  2k-tf* -  ke (15)

where
0 — fraction of sites covered by absorbed oxygen atoms
k\ =  rate constant for formation of surface oxide 
k- 1 =  rate constant for 0 2 leaving surface 
k =  rate constant for oxygen atoms on the surface re

acting to produce CO 
P  — gas phase oxygen pressure

Making the steady-state assumption that dik'd) =  0 
yields

(4Pk, +  k) -  \Z{iPki +  k)1 +  8/iJk,(2t_, -  2Pkx) 
- 2 ( 2 k -i  -  2P h )

(16)
In order for 6 to be real and not greater than one it 
is necessary that the minus sign be chosen in equa
tion 16. In evaluating the square root, if the first 
of the two terms under the square root sign is 
allowed to dominate the second, the result is kinet
ics which are either zero or first order. This is 
contrary to experiment. If the second term under 
the square root sign dominates, the expression for 
6 becomes

If now k ~  1 k i P  the result is

* - v £ pv' <is>
The rate of production of CO is now given by

R =  kBN =  kN P lA (19)

where N  is the number of carbon sites per cm.2 
which is 3.5 X  1016. This result is in accord with 
the experimental order of the reaction.

The rate constant Jc will now be considered in 
some detail. In order to obtain the correct pres
sure dependence for R ,  it was necessary to assume 
that the oxygen atoms on the surface progress from 
site to site on the surface rapidly enough that the 
distribution of oxygen atoms on sites is random des
pite the arrival of the oxygen atoms in pairs. In 
the temperature range from 600 to 800° where the 
reaction is zero order, it seems likely that the stable 
surface oxide is one in which the oxygen atom is 
attached to the surface by a carbonyl type bond. 
In the high temperature range it seems not unlikely 
that the oxygen atoms which are capable of rapid 
movement over the surface are less firmly attached 
to the surface than a carbonyl bond implies. For 
example, it may be that an oxygen atom is on the 
surface as a singly negatively charged ion which is 
attached to a carbon atom by a single bond. The 
movement of the oxygen atom over the surface 
could then be accomplished by the ion forming 
another single bond with an adjacent carbon atom 
and then breaking the bond with the original 
carbon atom to become an ion on a new site. Using 
this model an oxygen atom appears first on the 
surface as an oxygen ion which hops around until it 
forms a carbonyl type bond with a carbon atom. 
This carbonyl surface oxide then decomposes to 
produce a carbon monoxide molecule. The process
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represented by the rate constant k  now becomes 
a two-step process. Step one is the formation of a 
carbonyl type surface oxide. Step two is the de
composition of this oxide to give CO. If /3 is the 
fraction of the oxygen atoms on the surface which 
have carbonyl type bonds with the surface, we have

^  =  f e ( l  -  p )  -  ¿ -2 /3  -  h i 3 (20)

where
¿2 =  rate of formation of carbonyl type oxide
k- 2 =  rate of reverse of process for k2 
¿a =  rate of decomposition of carbonyl type oxide to 

carbon monoxide

Making the steady-state assumption that d /3 /d t  =  
0, the equation (21) is obtained

In equation 26, k  may now be replaced by fc3/5, so 
that

R  =  fa-V/3 P 'h  (22)

There are three different expressions for R  depend
ing on which term in the denominator of equation 
21 dominates the others.

If fc3 dominates k 2 and fc_2, the result is that B =  
k î / k s  with /3 'C l. The rate is given by

R = k2N  P 'A (23)

In this case the carbonyl surface oxide decomposes 
as soon as it is formed to give a carbon monoxide 
molecule.

Since there is a fairly detailed model in each of 
the three cases, the absolute rate theory of Eyring4 
may be used together with the measured activation 
energies to calculate rates for each of the three 
cases. The calculated rates then may be compared 
with the experimental rate to determine which 
model best fits the data. In general a rate con
stant k ' is given by

k' =  k e-EVRoT
h f  -,

where
k =  transmission coefficient 
kb =  Boltzmann constant 
T =  temperature, °K. 
h =  Planck constant
/ +  =  partition function for activated complex 
fi  =  partition function for reactants 
E° =  activation energy, cal. per mole at absolute zero 
Ra =  gas constant, cal. per mole-deg.

It will be assumed that the transmission coefficient 
is the same for passage in both directions over the 
potential barrier since the activated complex is also 
the same for passage in either direction. Vibra
tional partition functions are assumed to make a 
negligible contribution. These assumptions yield

p -  =  ÜW8 e -(£»,-£•>m/BY (24)
K-1 /o 2G

where
/o =  partition function for mobile oxygen atoms on sur

face

/ 02G =  partition function for gas phase oxygen molecule 
/o iG  =  ( / t r ) 3( /r o t ) 2 =  3.2 X 1032 at 1600°K.

where
f tr =  translational partition function 
/rot =  rotational partition function

In addition

k2 = Ko « - « V S T  (25)
h /u

Since / 2+ involves only vibrational partition func
tions it is assumed to be one.

In the use of equations 24 and 25 to evaluate 
equation 23 /o disappears from the final expression 
for R .  The final result using the experimental 
activation energy at 1600°Iv. is

H2k =  6.4 X 10I2P>A (26)
In this expression for R  the value of the trans
mission coefficient k2 must be considered. For the 
model of oxygen on the surface that has been 
proposed the transmission coefficient x2 is for the 
reaction of a singly negatively charged oxygen 
atom with one bond with a surface carbon atom 
undergoing an electronic rearrangement to become 
an oxygen atom attached to the surface carbon 
atom by a carbonyl type bond. Thus both the 
initial and final states have their own potential 
energy surface. Therefore the reaction must 
involve a transition from one potential energy 
surface to another. For reactions involving a 
transition from one potential surface to anot her the 
transmission coefficient may be expected3 to be 
small. A value for /c2 of 10-6 would not be un
reasonable.

The experimental reaction rate may be evaluated 
from Fig. 1. At 1600° K. and 26 n

Rt =  2.8 X 1016 molecules 0 2/cm .2-sec. (27)
By use of an equation like (18) but evaluated at 
1600°K. and 26 ¡j. pressure, the true surface reaction 
is evaluated as

R =  3.1 X 107 P*A molecules 0 2/cm .2-sec. (28)
or R =  6. 2 X 107 P 1 A molecules CO /cm .2-sec.

This experimental rate may be compared to equa
tion 26 where the pressure, as also in equation 28. 
is expressed as molecules per cm.3. The calculated 
rates for the cases where k 2 and A'_2 dominate the 
denominator of equation 21 do not agree with the 
experimental data. However, the case considered 
with a reasonable value of the transmission co
efficient fits the data quite well. It is thus con
cluded that the rate-determining step in the 
oxygen-graphite reaction above 1000° in the 1 to 
100 n  pressure range involves the transition of an 
oxygen atom in a semi-mobile state on the surface 
to a carbonyl-like structure which quickly de
composes to yield a CO molecule.
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CALORIMETRIC DETERMINATION OF THE SURFACE 
ENTHALPY OF POTASSIUM CHLORIDE1

By P. Balk2 and  G. C. B enson

Division of Pure Chemistry, National Research Council, Ottawa, Canada
Received October 14, 1958

Heats of solution of KCl in water at 25° have been measured for powders with specific areas ranging from 0 to 60 m.2 
g ._1 The data yield a value of 252 erg cm .~2 for the surface enthalpy at 25°. Comparison is made with other experimental 
information and with the values obtained in theoretical calculations. It appears that the experimental surface enthalpy 
is considerably higher than predicted by theory for the {100} face; possible explanations of this discrepancy are considered.

I. Introduction
A knowledge of the force field and crystal struc

ture in the surface regions of a solid is of importance 
in any fundamental consideration of physical and 
chemical phenomena occurring in or near the solid 
surface. Some information about this force field 
and the surface structure can be obtained from the 
experimental measurement of thermodynamic prop
erties of the substance as & function of the specific 
surface area combined with the development of a 
consistent theoretical model.

The alkali halides seem to provide a very suitable 
class of materials for surface studies. Their simple 
lattice structures have been the subject of numerous 
theoretical investigations and a great deal of prog
ress has been made in formulating models which 
lead to an understanding of their bulk properties. 
Since the early calculations of surface energies by 
Madelung3 and by Born and Stern4 nearly forty 
years ago, the surface properties of the alkali halides 
have also received considerable theoretical atten
tion. However, in this case the applicability of 
the proposed models has yet to be established due 
to a lack of reliable experimental data.

The measurement of surface thermodynamic 
properties of solids is generally difficult because in
herently it involves a study of small differences be
tween relatively large quantities. Until recently 
this was particularly true in the case of the alkali 
halides due to the fact that these materials had not 
been prepared in a suitably fine state of subdivision 
to make the surface contributions significant. In 
the past five years a method for preparing alkali 
halide powders with surface areas as high as 60 m.2 
g.-1 has been developed and a study of the surface 
properties of these materials is now more feasible.

Jura and Garland6 have pointed out that in sim
ple cases all the surface thermodynamic properties 
of a crystalline solid can be obtained from a 
knowledge of the surface heat capacity as a func
tion of temperature, together with a value of the 
surface enthalpy at a single temperature. In the 
case of the alkali halides some experimental work 
has been done on the heat, capacity of small par
ticles of NaCl6'7 but no definite value could be as-

(1) Issued as N.R.C. No. 5114. Paper presented in part at the 
“ Symposium on Energetics of Surfaces and Interfaces”  sponsored by 
the Division of Colloid Chemistry, 134th National Meeting of the 
American Chemical Society, Chicago, 111., September 9, 1958.

(2) National Research Council of Canada Postdoctorate Fellow 
1956-1958.

(3) E. Madelung, Phys. Z , 20, 494 (1919).
(4) M. Born and O. Stern, Physik-math. Kl. Sitzber. preuss. Akad. 

m ss., 48, 901 (1919).
(5) G. Jura and C. W. Garland, ./. Am. Chcm. Soc.. 74, 6033 (1952).

sociated, in a strict thermodynamic sense, with the 
surface. The other quantity referred to by Jura 
and Garland, the surface enthalpy, can be obtained 
most directly from experimental determinations, in 
a suitable solvent, of heats of solution of powders 
having different specific surface areas. This ap
proach was first used for alkali halides by Lipsett, 
Johnson and Maass,8 9 10 11 12 13 14 15 and has been adopted in a 
number of succeeding investigations.9-16 In all 
cases the alkali halide studied was again NaCl. 
However, it appears that the surface enthalpy of 
this compound determined experimentally at 25° 
and corrected approximately to 0°K., is much 
higher than the values predicted for the {100} face 
of the crystal by simple theoretical models. Ac
cordingly it is of some interest to obtain experi
mental results for other alkali halides and to at
tempt a similar comparison with theory.

In the present paper a value of the surface en
thalpy of KCl at 25° is reported. The next section 
contains some details of the experimental proce
dure. This is followed by a presentation of the re
sults of a number of heat of solution determinations 
on KCl with areas from 0 to 60 m.2 g.-1. In the 
last section the new value for the surface enthalpy, 
deduced from these data, is discussed in relation to 
other available experimental information and to the 
predictions of various theoretical models.

II. Experimental
Samples with high specific surface areas were prepared by 

electrostatic precipitation of KCl smokes. The apparatus 
for producing these aerosols differs somewhat from that used 
in this Laboratory in an investigation of the surface en
thalpy of NaCl16 and will be described briefly by reference 
to Fig. 1. The hemi-spherical Pyrex dome and platinum 
crucible are similar to the assembly used by Thompson, Rose 
and Morrison,16 but the baffle in the latter has been omitted. 
The carrier gas is introduced through two quartz tubes A 
and B. One of these (A ) ends in a slit orifice which directs

(6) D. Patterson, J. A. Morrison and F. W. Thompson, Can. J. 
Chem., 33, 240 (1955).

(7) J. A. Morrison and D. Patterson, Trans. Faraday Soc., 52, 764 
(1956).

(8) S. G. Lipsett, F. M. Johnson and O. Maass, J. Am. Chem. Soc., 
49, 925 (1927).

(9) S. G. Lipsett, F. M. Johnson and O. Maass, ibid.. 49, 1940
(1927) .

(10) S. G. Lipsett, F. M. Johnson and O. Maass, ibid., 50, 2701
(1928) .

(11) G. E. Boyd and W. D. Harkins, ibid., 64, 1190 (1942).
(12) J. E. Wertz, private communication mentioned in ref. 13.
(13) G. C. Benson and G. W. Benson, Can. J. Chem., 33, 232 (1955).
(14) E. Hutchinson and K. E. Manchester, Rev. Sei. Instr., 26, 364 

(1955).
(15) G. C. Benson, H. P. Schreiber and F. van Zeggeren, Can. J. 

Chem., 34, 1553 (1956).
(16) F. W. Thompson, G. S. Rose and J. A. Morrison, J. Sei. Instr., 

32, 325 (1955).
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1--MAIN BURNER
Fig. 1.— Diagram of salt evaporation apparatus.

-4, m2 g. >.
Fig. 2.— Plot of heat of solution ( A H,  cal. mole“ 1) at 

25° as a function of the specific area (A, m2. g .“ 1) for KC1 
powders dissolved in w-ater to form a 0.2 in solution.

the gas over the surface of the molten potassium chloride 
wdth a high relative velocity. The second tube (B) provides 
an auxiliary gas stream which assists in carrying the smoke 
out of the dome. With this apparatus it was possible to 
obtain materials with specific surface areas in the range 15 
to 60 m .2 g .-1, employing flow rates much smaller than those 
indicated by Young and Morrison17 and by van Zeggeren, 
Schreiber and Benson.18 Cylinders of commercial dry nitro
gen (99.7%  purity) were used as a source of carrier gas and 
a total flow rate of 14 1. min.“ 1 at room temperature and 
atmospheric pressure was adopted. The temperature of 
the bottom of the crucible, measured with an optical py
rometer, was in the range 890 to 950°. Samples with dif
ferent specific surfaces were produced by altering the cru
cible temperature and by varying the relative flows of gas 
through A and B keeping the total constant. In general 
lower temperatures and higher relative flow rates in tube A 
were used to produce the higher specific surface materials. 
The dimensions of the electrostatic precipitator were the 
same as those given in reference 18. All samples were col
lected with 7.5 kv. (60 cycles/sec.) between the central wire 
and the outer shim.

Recently attention has been drawn to the possible occur
rence of nitrate in salt powders prepared by electrostatic 
precipitation.18 In the present investigation a careful check 
was kept on the nitrate content of the IvCl samples. The 
analysis for nitrate was carried out with a photoelectric 
colorimeter and was based on the reaction with brucine in 
sulfuric acid.19 In all cases the nitrate, content (stated as 
weight per cent, potassium nitrate) was less than 0.015%. 
All the samples of “ fine”  KC1 were pure white powders and 
no indication of non-stoichiometry was observed in pH 
measurements on aqueous solutions prepared from them.

Electron photomicrographs were taken of a variety of 
samples of different specific surface areas, as used in the

(17) D. M. Young and J. A. Morrison, J. Sei. Instr., 31, 90 (1954).
(18) F. van Zeggeren, H. P. Schreiber and G. C. Benson, Can. J. 

Chew... 34, 1501 (1956).
(19) A.S.T.M. Standards, Pt. 7, American Society for Testing

Materials, Baltimore, 1955, p. 1419.

present work. The little crystals were in all cases approxi
mately spherical in shape and although there was a definite 
tendency to develop flat sides, very few pure cubes could be 
detected. In view of the failure to find cubic-shaped par
ticles the original form of the evaporation apparatus w-as re
stored (see ref. 16). This did not lead to any significant 
change in the particle shape of the product. After obtaining 
these results it seemed interesting to check on the shape of 
NaCl particles produced in this apparatus. The electron 
micrographs for this material turned out to be similar to those 
of KC1.

The calorimetric equipment was essentially the same as 
that used in the previous work on NaCl13'16 and has been de
scribed in detail by Benson and Benson.20 However, the 
mechanism for breaking the sample bulb w-as modified 
slightly to allow tipping of the calorimeter vessel before the 
reaction period. This change has been explained elsewhere 
in connection with the description of another calorimeter.21 
The experimental techniques for handling the fine KC1, 
measurement of the surface area by low' temperature nitro
gen adsorption and determination of the heat of solution in 
conductivity water at 25 ° were the same as in reference 15.

A number of heat of solution experiments wrere carried out 
with “ coarse”  (zero area) KC1. Analytical reagent grade 
material which had been recrystallized three times from 
conductivity water and dried by heating under vacuum 
was used for this purpose.

III. Results
The final concentrations in the heat of solution 

determinations for both “coarse” and “fine” ma
terial were in the range 0.1 to 0.2 molal. The 
heats of dilution given by Lange and Leighton22 
were used to correct all the heats of solution to a 
standard concentration of 0.2 m. The results are 
shown in Fig. 2 where the A H  in defined calories (1 
defined calorie =  4.1840 absolute joules) for the 
process

1 mole KC1 +  5000 g. water — >  solution

at 25.00° is plotted against the BET area A  of the 
salt in m.2 g.-1 (based on 16.2 A.2 for the area oc
cupied by the nitrogen molecule).

The twelve open points (there are two nearly 
coincident results at 59.3 m.2 g.-1) were obtained 
in “fine” salt experiments. Of these the ten in the 
range 15-60 m.2 g.-1 represent work with samples 
made directly by precipitation of smokes in eight 
independent preparations. The material used for 
the two points at low area was obtained by sintering 
high area material through exposure to water vapor 
followed by heating to 200° under vacuum.

The results of nine runs on “coarse” salt all fall 
in the range 4205.7 to 4214.4 cal. mole-1 indicated 
on the ordinate axis. The mean of these results 
is 4209.6 cal. mole-1 with a probable error of 2.8 
cal. mole-1.

The solid line plotted in Fig. 2 was obtained by a 
least square treatment of the combined data for 
“coarse” and “fine” salt. The equation of this line 
is

AH =  4207.4 -  4.486/1

The probable error of the intercept is 1.0 cab mole-1 
and of the slope 0.03.3 cal. mole-1 (m.2 g.-1) -1.

IV. Discussion
Interpolation at m  — 0.2 in the table of thermo

chemical data for aqueous KC1 solutions at 25°
(20) G. C. Benson and G. W. Benson, Rev. Sci. Instr., 26, 477 (1955).
(21) G. C. Benson, E. D. Goddard and C. A. J. Hoeve, ibid., 27, 

725 (1956).
(22) E. Lange and P. A. Leighton, Z .  Elektrochem., 34, 566 (1928).
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T a b l e  I
S u m m a r y  o f  E x p e r i m e n t a l  a n d  T h e o r e t ic a l  D a t a  o n  t h e  S u r f a c e  E n e r g y  o f  KCl a n d  NaCl

-------------- Theoretical surface energy at 0°K., erg era.-2------------- '  Surface ten-
Quantum sion of the

Surface enthalpy, erg. cm.-2 .----------------------------Classical---------------------------- • mechanical liquid, dyne
25° 0°K. {1001 face {100} face {110} face {100} face cm .-1 0°K.

(exptl.) (estmd.) undistorted distorted undistorted undistorted (extrapolated)
KCl 252 239 163 131 352 184 173
NaCl 276 262 188 124 445 187 190

compiled by the National Bureau of Standards23 
leads to a value of A H  =  4204 cal. mole-1 for 
the solution process. The agreement between 
this result and the intercept of the least square line 
is quite reasonable in view of the heterogeneity of 
the data on which the N.B.S. table for KCl is 
based. Further evidence that the N.B.S. values for 
KCl are too low has been reported recently by 
Gunn.24 Using the heats of dilution of reference 
22 a value of A H  =  4210.2 cal. mole-1 at m  =  0.2 
can be derived from Gunn’s data.

The surface enthalpy of KCl at 25° obtained from 
the slope of the line in Fig. 2 is 252 erg cm.-2 with 
a probable error of 2 erg cm.-2. Comparison of 
this result with other experimental and theoretical 
data available in the literature can only be made 
rather indirectly. For solids at ordinary pressures 
it is customary to neglect the variation of the sur
face Gibbs free energy with pressure and to iden
tify the surface enthalpy with the surface energy. 
Most theoretical models used for calculating the 
surface energies of the alkali halides pertain to 
0°K., whereas measurements of enthalpy are car
ried out for the material at 25° and specific heat 
data are needed to obtain the value at 0°K. Im
plicit in this approach is the assumption that each 
separate crystalline particle is in a state of thermo
dynamic equilibrium.

In attempting a comparison between experi
ment and theory it is of interest to consider the 
corresponding information for NaCl at the same 
time. The data are summarized in Table I. Col
umn 2 contains the experimental values of the sur
face enthalpy of KCl and NaCl.15 The correction 
to 0°K. in the next column involves a rather un
certain estimate of the quantity

where Cs is the surface heat capacity. For NaCl6’7 
an upper limit of the value o: this integral appears to 
be 10 to 20 erg cm.-2 16 or 3.5 to 7.0% of the surface 
enthalpy at 25°. In the case of another crystal 
with the same type of lattice structure, magnesium 
oxide, Jura and Garland5 obtained a value of 50 erg 
cm.-2, i . e . ,  a 4.6% correction. A value of 5% has 
been adopted for both salts in calculating the fig
ures in column 3.

The theoretical estimates for the energy of the 
{100} faces (columns 4 and 7), which occur pre
dominantly in macrocrystals of NaCl and KCl, 
were obtained in classical25’26 and quantum me-

(23) “ Selected values of chemical thermodynamic properties,”  Cir
cular of the National Bureau of Standards, 500, U. S. Government 
Printing Office, Washington, D. C., 1952, p. 487.

(24) S. R. Gunn, Rev. Set. Instr., 29, 377 (1958).
(25) R. Shuttleworth, Proc. Phys. Soc. {London), A62, 1G7 (1949).
(26) F. van Zeggeren and G. C. Benson, J. Chem. Phys., 26, 1077 

(1957).

chanical27 considerations of the problem, respec
tively. In the classical treatment the model was 
essentially the same as used by Huggins and 
Mayer28 for calculating the cohesive energies of the 
alkali halides. The energy of interaction between 
ions was taken to be a sum of electrostatic, van der 
Waals and repulsive terms. In the quantum me
chanical calculation there were no terms corre
sponding to the van der Waals interactions but con
tributions from exchange, overlap of the charge 
distributions and many-body forces were included. 
In both calculations it is assumed that the relative 
positions and the states of polarization of the ions 
in the surface regions of the crystal are the same as 
those of ions far in the interior. It is likely, how
ever, that the surface regions are distorted; cor
rections due to this effect have been estimated re
cently29 and the resulting values for the surface en
ergy are given in column 5. In the quantum me
chanical calculation27 the neglect of distortion ef
fects compensates in part for the omission of terms 
corresponding to the van der Waals interaction.

From a comparison between the theoretical fig
ures for the energy of the {100} faces and the experi
mental values it is apparent that there is lack of 
agreement for KCl as well as for NaCl. This di
vergence, combined with the information obtained 
from the electron micrographs, might be inter
preted by supposing that the crystals are not in a 
state of thermodynamic equilibrium at 25° but that 
their surfaces are partly made up of {110} faces. 
The surface energies for the {110} face have only 
been calculated classically25-26 and are given in col
umn 6; computations on the surface distortion of 
these faces are in progress, but values are not yet 
available. Assuming the distortion energy to be 
equal for the {100} and {110} faces the experi
mental results would imply that on both the KCl 
and the NaCl crystals roughly 55% {110} face is 
present. Moreover, it is not impossible that the 
material investigated experimentally may contain 
other non-equilibrium structures frozen in from the 
preparation at elevated temperatures. The work 
presented in this paper and in references 13 and 15 
indicates that the contribution from the {110} face 
and other non-equilibrium structures, if important, 
must be statistically reproducible and proportional 
to the specific surface area.

The possibility'- that higher index faces are pres
ent on the crystals used in this work is rather sur
prising in view of the fact that some authors30-32

(27) F. van Zeggeren and G. C. Benson, Can. J. Phys., 34, 985 
(1956).

(28) M. L. Huggins and J. E. Mayer, J. Chem. Phys., 1, 643 
(1933).

(29) G. C. Benson, P. Balk and P. White, Ibid., in press.
(30) A. G. Keenan and J. M. Holmes, T his Journal, 53, 1309 

(1949).
(31) A. Craig and R. McIntosh, Can. J. Chem., 30, 448 (1952).
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have reported predominantly cubic-shaped parti
cles prepared by essentially the same procedure, 
volatilization of the molten salt in a stream of dry 
carrier gas. It should be mentioned, however, 
that in one of the papers referred to above31 there is 
evidence that at high surface areas departures from 
the cubic shape do occur. The only explanation 
that can be offered for these conflicting observa
tions is that the crystal shape obtained may de
pend rather critically on certain geometrical and 
operational conditions in the apparatus which are 
not fully understood at present.

For the sake of completeness it should be pointed 
out that the accuracy of the experimental value of 
the surface enthalpy is to a large extent dependent 
on the reliability of the method used for measuring 
the surface area of the samples. However there is 
considerable evidence, which has been reviewed by 
Emmett,33 that the BET method provides a fairly 
trustworthy value of the surface area in the case of 
non-porous solids, and it seems very unlikely that

(32) L. G. Harrison, J. A. Morrison and G. S. Rose, T his Journal , 
61, 1314 (1957).

(33) P. H. Emmett, “ Catalysis,”  Vol. I, Reinhold Publ. Corp., 
New York, N. Y ., 1954, see Chapter 2.

the inaccuracy in this value could be large enough 
to alter the results in a significant way.

At 0°K. the surface enthalpy and the surface 
Gibbs free energy become equal; also the surface 
tension of a liquid is numerically equal to the sur
face Gibbs free energy. Thus surface tensions for 
molten salts, extrapolated to 0°K., have sometimes 
been compared with surface energies calculated for 
the solid state. The entries in column 8 were ob
tained by extrapolation to 0°K. of surface tension 
data measured by Jaeger34 for the molten salts over 
a range of temperature above their melting points. 
It should be noted that these extrapolations are 
very long and even if accepted there is still consid
erable ambiguity in such comparisons since the 
difference in the surface Gibbs free energy which 
may be expected in passing from the liquid to the 
solid state is unknown.
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The solidification kinetics of benzene were investigated as well as the effects of small amounts of impurities, heat transfer 
and growth anisotropy on these growth kinetics. Measurements were made at various undercoolings between 0.01 and 1.5° 
using zone-refined benzene vacuum sublimed into drawn glass capillaries, and data taken to determine the relationship be
tween the growth velocity u and the undercooling AT. The observed dependence of u on AT is given by u =  (1.08 ±  0.08) 
X  10_1(A D  (1-64 * °-0,) cm./sec. The zone-melting process used could refine benzene to a triple point of 5.527° as com
pared with the highest literature value of 5.525°. Small amounts of dissolved impurity were found to cause deviations from 
the above growth law which were shown to be due to their effect on the melting point of the sample. Heat transfer effects 
were shown to be negligible. There was no observable growth anisotropy. The form of the growth law indicates that 
growth proceeds by the addition of new material to the crystal only at steps caused by the intersection of one or more screw 
dislocations with the crystal surface. This mechanism, proposed by Hillig and Turnbull, has been shown to apply to a num
ber of other substances.

Solidification of a pure molten substance is 
fundamentally an interface controlled reaction. 
Accordingly the factors determining the growth 
rate can be expected to include: (1) the driving 
force for the reaction, i .e . , the difference in free 
energy between the solid and liquid states; (2) 
the mobility of the liquid molecules at the interface;
(3) the roughness or perfection of the crystal inter
face; (4) the appropriate surface free energy;
(5) the crystallographic orientation of the advanc
ing interface; (6) molecular shape and dimensions; 
(7) the effect of foreign substances at the growing 
surface; and (8) heat flow considerations.

Three distinct freezing mechanisms have been 
proposed, each leading to a different dependence 
of the growth rate u  upon the undercooling A T . 
The earliest model was proposed by Wilson2 and 
later made more explicit by Frenkel.3 It assumes

(1) Department of Chemistry, Rensselaer Polytechnic Institute, 
Troy, New York.

(2) H. A. Wilson, Phil. Mag., 50, 238 (1900).
(3) J. Frenkel, Physik. Z. Sowjetunion, 1, 498 (1932).

that the rate-controlling process is the molecular 
rearrangement of the disordered liquid molecules 
which can occur anywhere at the interface. This 
corresponds to growth on a molecularly rough 
surface and at small undercoolings results in the 
relationship u  =  C iA T , where Ci is a non-arbitrary 
constant calculable from independently known 
physical constants of the system.

The second mechanism assumes: (1) the inter
face is molecularly smooth, i .e . , perfectly planar;
(2) that growth can only occur if there are steps of 
molecular height on such a perfect surface; (3) 
that the lateral growth of such a step is a rapid 
process. The controlling step is the nucleation 
of a new step, in the form of a pillbox of unimolec- 
ular height. The energy barrier for this process 
arises from the energy that must be expended to 
form new surface. The growth law for this case is 

u = G fe x p -C a /A T )
In the Volmer and Marder4 treatment, C2 is a

(4) M. I. Volmer and M. Marder, Z. physik. Chem., A154, 97 (1931).
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constant to be empirically determined. How
ever, according to Kaischew and Stranski,8 C 2 
is itself a function of A T ,  one that is more slowly 
varying than the exponential term.

The third mechanism, that proposed by Hillig 
and Turnbull,6 assumes that because of lattice 
imperfections a situation intermediate between the 
two above cases exists, i . e . ,  the surface can be con
sidered to be partially rough, and that growth 
occurs at these sites of roughness. In particular, 
they assume that screw dislocations7 intersect the 
surface and produce steps of one or more molecular 
diameters in height. These steps are pinned to the 
center of the lattice disturbance, and hence during 
growth these steps wind themselves into spirals. 
For a single dislocation the spacing between spiral 
turns is inversely proportional to A T ,  leading to the 
growth law

u =  C, AT2
where C4 is a non-arbitrary constant involving the 
surface free energy, which may or may not be 
known. This relationship neglects the interaction 
between dislocations and heat flow effects both of 
which act in the direction of making u  a somewhat 
less sensitive function of A T .

Experience on a limited number of substances 
shows that the growth kinetics can generally be 
described adequately by the equation

u =  CsAT1-7 ± «-1

where C 6 and the exact exponent of A T  are func
tions of the substance (and orientation presum
ably.)6 This A T  dependence approximates most 
closely the theoretical one based upon the screw 
dislocation model. Comparison of experimental 
constants C 6 with the predicted ones C4 based on 
this model shows varying agreements. Substances 
having molecular shapes of low symmetry and/or 
existing as associated liquids in the molten state 
are in best agreement, whereas the observed growth 
rate constant for the highly symmetrical P4 mole
cule and for tin metal is about 3 orders of magnitude 
greater than predicted.

In order to distinguish between the various 
growth mechanisms, it is necessary to know the 
experimental limiting growth law at small under
coolings. Of course, the substance must be free 
from any impurities which may influence the inter
face kinetics. Very little information on growth 
kinetics is available subject to the above restric
tions. Therefore, it was the purpose of this in
vestigation to provide such measurements under 
conditions in which the effects of heat flow can be 
minimized. A substance which has a known crystal 
structure and a well-defined molecular shape and 
which forms a non-associated melt was needed. 
Benzene was selected as a suitable material not 
only because of its convenient melting point and its 
availability in fairly high purity, but also because 
of packing of the flat hexagonal molecules in the

(5) R. Kaischew and I. N. Stranski, ibid., A170, 295 (1934).
(6) W. B. Hillig and D. Turnbull, J. Chem. Phys., 24, 914 (1956).
(7) A screw dislocation is a type of lattice defect in which parallel 

crystallographic planes are joined together forming a single topologi
cal surface in the manner of a spiral ramp. A density of about 10s 
to 1010 of such dislocations per sq. cm. have been found for metals and 
LiF, for example.

solid is such that all crystal planes might be suffi
ciently rough for the Wilson-Frenkel mechanism to 
occur. In order to eliminate kinetically active 
impurities, a method of purification involving solidi
fication was adopted.

Experimental
Materials and Apparatus.— The benzene used was Phil

lips Research Grade Benzene initially 99.93% pure and 
further purified by vacuum sublimation and zone refining as 
described below.

Refining of the sample was carried out in a vacuum sys
tem which included two cold fingers to allow successive 
sublimations in a degassing process, a vertical tube in which 
zone melting was carried out, and a manifold on which the 
capillaries for containing the sample were pulled. The re
fining tube was cooled with a denatured alcohol refrigerant 
pumped through the surrounding vacuum-jacketed tube. 
Refrigerant temperature was maintained near 0°. Four 
stages of purification were obtained by using four separate 
resistance heaters in series. Current to the heaters was 
regulated by a Variac, and the heaters were lowered at a 
rate of 2 cm. per hour.

Kinetic measurements were made in a refrigerated con
stant temperature-bath capable of controlling temperature 
during the course of the measurements to ±0 .001°. This 
bath was regulated with a Princo “ Magneset”  thermoregula
tor which was used to provide a high-low type current con
trol to a 250 watt infrared lamp which served as a heat 
source. Temperature in the bath was measured with a 
Beckmann thermometer which had been calibrated against 
a Bureau of Standards Certified platinum resistance ther
mometer. Sample tubes were held either in a Lucite rack 
capable of holding five tubes at a time or at large under
coolings in a holder set into the bottom of the bath through 
which growth could be nucleated from outside.

The capillaries for containing the samples were about 30 
cm. long, 0.5 to 1.0 mm. inside diameter, and 0.2 to 0.3 
mm. wall thickness. Silver capillaries, used for compara
tive heat transfer measurements, were made by soldering a 
section of silver capillary tubing to two pieces of drawn glass 
capillary and attached to the vacuum system for filling. A 
few capillaries were made with bends in them such that the 
growing crystal had to traverse a 90° bend of 5 mm. radius. 
These were for determining any growth anisotropy.

Purification and Sample Preparation.—The purification 
system described above was initially evacuated, flamed out 
to a residual pressure of less than 0.01 m and filled with dry 
nitrogen. The benzene was run into the system through a 
silica gel filter and then frozen with liquid nitrogen. The 
opening through which the benzene was admitted then was 
sealed and the system pumped down to below one micron 
pressure.

Dissolved gases were removed by four sublimations be
tween the two cold fingers, the first two with liquid nitrogen 
in the finger, the last two using a Dry Ice-acetone mixture. 
Pumping was continued throughout the first sublimation 
and recommended at the conclusion of each succeeding one. 
After this degassing process, the benzene was melted and 
condensed into the refining tube, where it was again frozen.

The zone melting was then begun. After each pass of the 
heater, all residual vapor in the system was frozen out with 
liquid nitrogen onto one of the cold fingers and isolated 
from the rest of the system. The top inch of the solid ben
zene column was melted and a sample condensed into one of 
the attached capillaries. The sample was frozen in liquid 
nitrogen to a predetermined level and all residual benzene 
vapor in the system frozen out on the other cold finger with 
liquid nitrogen.

The sample tube then was sealed off. Before the next 
refining pass was started all material frozen out in the 
sampling process was pumped out of the system. As ex
pected, the rate of purification dropped off rapidly from one 
pass to the next, and after four passes a point was reached 
where no further purification could be observed.

The procedure detailed above was evolved to eliminate 
the problem of contamination of the sample with impurities 
formed through pyrolysis of benzene vapor in the course of 
sealing off the sample tubes. When the refining process 
was first attempted, the sample was simply evaporated into 
a capillary and the capillary sealed off with a torch. As a 
result, there ivas an uncontrolled accumulation of pyrolysis
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Fig. 1.— Distance vs. time for one tube at various under
coolings.

products and each successive sample was less pure than the 
preceding one had been as the amount of impurity added by 
pyrolysis was greater than that removed by the zone melting.

Less thorough purifications of benzene by zone refining 
have been reported by Rock8 and by Wolf and Deutsch.9 
The effectiveness of zone refining in removing the impurities 
present in the benzene used in the present work was dem
onstrated in the observation of a similar process in the 
course of kinetic measurements; it was observed that in the 
course of repeated melting and freezing in a capillary the 
melting point of the benzene in which pyrolysis had oc
curred rose by as much as 0.02°.

Kinetic Measurements.— The melting point of each 
sample was taken to be the highest temperature at which 
no visible melting occurred in 15 minutes.

Depending on the undercooling, two slightly different 
procedures were used in measuring the kinetics. At under
coolings less than half a degree the sample tubes were set in a 
lucite rack, five at a time, and freezing nucleated by im
mersion in liquid nitrogen. The rack was then placed in the 
bath to a depth of about eight cm. until all tubes had frozen 
to the same height, that of the water surface. The rack was 
then lowered and measurements begun. At larger under
coolings only one tube was measured at a time. It was 
placed in a holder in the bottom of the bath and freezing 
nucleated by applying Dry Ice to the holder. Measure
ments were begun immediately after nucleation. In all 
cases the position of the leading edge was the point meas
ured.

For all tubes measurements were begun at 1.0 to 1.5° 
undercooling and AT  decreased by approximately one third 
after each run until the value 0.01° was reached. Observa
tions were made at time or distance intervals such that ten 
to twelve points could be taken within the length of the tube 
or within one hour whichever took less time.

Measurements in silver capillaries were made by observing 
the growth velocity in the glass sections as usual, and for the 
silver sections noting the time in and time out of this section 
and its length. Measurements in bent capillaries were made 
similarly to those in straight glass tubes but with a special 
cathetometer stand which measured distances both hori
zontally and vertically.

(8) H. Rock, Naturwiss., 43, 81 (1956).
(9) H. C. Wolf and H. P. Deutsch, ibid., 41, 425 (1954).

With the system used it was possible to measure distance 
to ± 0 .5  mm. temperature to ±0 .001°, and time to ± 1 .0 %  
of the time interval used. The time and distance error is 
not cumulative, as each point was measured with reference 
to zero time and the height at zero time.

Results
Purification.— Initially the amount of impurity 

added by pyrolysis of the benzene during the seal
ing-off operation exceeded the amount removed by 
the zone melting. When this difficulty had been 
overcome through use of the procedure described 
above, it was possible to bring the sample benzene 
to a degree of purity corresponding to a triple point 
of 5.527 ±  0.001°. This point was reached after 
three or four passes of the heater, and additional 
zone melting effected no further improvement. 
The degassed starting material had a triple point 
of 5.523 ±  0.002°. These values are to be com
pared with the highest literature value for *he triple 
point of 5.525°.10

Kinetic Measurements.—The data from each 
kinetic run were used to make a plot of distance v s .  
time of the type shown in Fig. 1. The crystalliza
tion velocity is the slope of this curve. For all 
samples at undercoolings over 0.1°, these distance 
v s . time plots were linear. Below 0.1° under
cooling, especially for less pure samples the velocity 
tended to decrease with time. A plot showing this 
effect is given in Fig. 2. Data for three tubes of 
varying purity, all at the same bath temperature, 
are given. The dotted curve is the extrapolated 
zero-time slope, which was used to determine the 
velocity in such cases. Justification for this pro
cedure is given below.

When the velocity in a given tube had been ob
tained for at least seven different undercoolings, a 
plot was made of log u  v s .  A T ,  both corrected for 
impurity effects as discussed later. In all cases 
this plot was a straight line. This linearity can be 
seen in Fig. 3 which is the log-log plot for one of the 
tubes measured.

The equation of the line of the form u  =  A A T n 
was calculated for each tube measured. Results 
of this calculation are shown in Table I. The 
average of all tubes gives for a rate equation

u =  (1.08 ±  0.08) X  10-1(A7’ )1-64i<i-06 cm./sec. (1)

where the limits of error shown are the greatest 
observed departures from the average value given.

T a b l e  I
S u m m ary  o f  G r o w t h  L a w  C o n st a n t s  f o r  a l l  T u bes

Tube no.a
No. of
meas. n A, cm./sec.

Initial sample 5.484 13 1.69 0.116
0 pass, 6/12/57 5.513 7 1.58 .106
0 pass, 8/22/57 5.527 32 1.64 .105
1 pass, 9/6/57 5.507 7 1.56 .102
2 pass, 9/9/57 5.516 14 1.69 .107
3 pass. 9/11/57 5.523 15 1.70 .116
4 pass, B9/17/57 5.523 10 1.64 .111
1 pass, B10/11/57 5.526 7 1.69 .101
0 pass, 10/9/57 5.522 7 1.60 .105

Av. 1.64 ±  0.06 0.108 ±  0.008
“ Tube number designation— number of passes and date 

sealed off. The four tubes 1 pass 9/6 /57— 4 pass-3 9/17/57 
form a series of consecutive passes.

(10) G. D. Oliver, M. Eaton and H. M. Huffman, J. Am. Chcm. Soc.f
70, 1502 (1948).
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The measurements made in silver capillaries 
when plotted in the same manner, give the rate law 
for growth in silver

mas =  1.91 X  10_I(AZ')1-64cm./sec. (2)
The growth in the glass sections followed the 

same law as did the all-glass capillaries.
Two tubes identical except for the fact that one 

contained air at atmospheric pressure over the 
benzene and the other contained only benzene 
vapor over the liquid, showed a difference in melting 
point of 0.034°. The melting point change due to 
this pressure difference calculated from the Clausius 
-Clapeyron equation is 0.034°.

Discussion of Results
Validity of the Dislocation Mechanism.—The

observed growth law for benzene is of the form 
u  =  A ( A T ) n with n  approximately 1.7. This is the 
same as for all other substances measured which 
apparently freeze by the dislocation mechanism.6 
The observed value of A  agrees with the theoretical 
one to within an order of magnitude.

The form of the dependence on undercooling at 
once rules out the possibility of growth by a two- 
dimensional nucleation mechanism, which would 
require a dependence of velocity on undercooling of 
the form log u  =  — K / A T .  Likewise, any mech
anism based on heat transfer is ruled out by the 
only slight dependence of the velocity on heat 
conductivity of the capillary material used.

Impurity Effects.—The melting point lowering 
caused by dissolved impurities is the source of two 
effects noted in the course of this work. The first 
of these is seen when growth in several tubes of 
varying purity is observed at one bath tempera
ture. The purer samples have higher melting 
points and thus are at a greater effective A T  and 
show correspondingly greater growth rates than 
less pure samples. This effect can be seen in Fig. 2. 
In the calculation of the crystallization velocity, 
allowance was made for this effect by measuring the 
melting point of each sample tube used, rather than 
calculating A T ’ s  from a standard literature value of 
the melting point.

This effect may be used to calculate the melting 
point of an unknown sample from the known melt
ing point of a previously measured sample. The 
ratic of the velocities in the two tubes should be 
equal to the ratio of their undercoolings raised to 
the 1.65 power. This relationship has been tested 
on pairs of the samples used in this work and has pre
dicted the unknown melting point to within 0.005°.

At undercoolings less than 0.10° a second im
purity effect appeared, v i z . , a time dependence of 
the growth velocity. This effect arose from the 
partial rejection of impurities at the solid-liquid 
interface as freezing progressed. This rejection 
caused an accumulation of impurity at the inter
face which in turn decreased the undercooling as 
time passed and thus decreased the velocity. 
In order to correct for the ambiguity in the velocity 
in these cases, the initial slope of the d  v s . t curve 
was used to determine the velocity, as this is the 
point at which the melting point was measured.

The progressive redistribution of impurities in 
this process is the source of another error, as the
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Fig. 2.— Distance vs. time for three tubes at Tb =  5.489°: 

tube (1), m.p. 5.525°; (2), 5.523°; (3), 5.512°.

melting point will be cnanging with each freezing 
and melting cycle, and thus an undercooling cal
culated from a melting point measured at the end 
of a series of measurements will be somewhat in 
error. Practically, by starting measurements at 
large undercoolings and progressively decreasing 
them, and then measuring the melting point after 
the last kinetic run, the errors due to this effect are 
negligible.
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Heat Transfer Effects.—-Heat transfer effects 
account for two experimentally observed phe
nomena. The first is the more rapid growth in 
silver capillaries than in glass. Throughout this 
work it has been assumed implicitly that the tem
perature of the solid-liquid interface is the same as 
that of the bath. This would be the case only if 
heat transfer from the interface to the bath were 
perfect. Actually this is not the case, and T i ,  
the temperature of the interface at the capillary 
wall (where the growth front was measured), will 
be somewhat above the bath temperature, T b. 
The magnitude of this difference will be propor
tional to the thermal conductivity of the capillary 
used. Thus the silver capillary with a thermal 
conductivity about one thousand times as great as 
that of glass would be expected to minimize the 
difference (T, — T b) and thus permit a greater 
growth velocity at a given bath temperature than 
is observed in glass. That the observed difference 
in growth velocity is so small compared to the 
difference in the thermal conductivities indicates 
that the original supposition ( T i  =  T b ) is a good 
approximation.

The observed conical shape of the interface and 
the change of this shape with increasing under
cooling may also be explained in terms of restricted 
heat flow. At an infinitesimal undercooling the 
velocity u  and hence the heat produced Q  would be 
very nearly zero; in the absence of any growth 
anisotropy, a planar interface should result. As the 
undercooling is increased slightly, u  and corre
spondingly Q  become finite and increase as AT71-66. 
The driving force for heat transfer, however, in
creases only as the first power of A T .  Thus, in 
order to dispose of the increasing amount of heat 
liberated the area for heat transfer, in this case the 
area of the interface, must increase. Since heat 
transfer is most efficient at the capillary wall, where 
the resistance to heat transfer is least, a conical 
interface develops, extending into the solid to a 
depth such that the area available for heat 
transfer is sufficient to carry away all the heat 
liberated. As the undercooling is further increased 
still more area is required, and the depth of the 
cone increases correspondingly.

Anisotropy Measurements.— On the basis of 
observations made on other materials, it was 
thought that the growth of benzene might be 
anisotropic, with one crystallographic direction 
showing a larger growth velocity than any other. 
If this were the case, then this direction would 
invariably be oriented along the long axis of the

tube as growth proceeds, for, of all the nuclei 
formed upon nucleation, those having this orienta
tion would, through their greater growth velocity, 
outstrip all nuclei of less favorable orientation.

Optical measurements were made on the benzene 
crystals grown, using polarized light to determine 
the orientation of the major crystallographic axes 
within the tube. These measurements showed the 
orientation to be random, and thus no favored 
orientation for growth exists in benzene. A check 
on these results was made by observing the growth 
of a benzene single crystal around a 90° bend of 
small radius.

If growth were anisotropic, then one would 
expect that when the growth front reached the bend 
and the fast growth direction was blocked by the 
tube wall, either the growth rate would decrease as a 
less favorable orientation became rate controlling 
or a new, favorably oriented crystal would be 
nucleated. Careful observations of crystals as they 
grew around bends of 5 mm. radius showed that the 
crystal maintains constant growth velocity and 
unchanged orientation as it grows around the bend.

Summary.— In conclusion, it may be stated that 
the growth rate of benzene in glass capillaries can 
be represented by the formula

u =  (1.08 ±  0.08) X  lO-KAlF)1-64*0 0' cm./sec. (3)

for undercoolings ranging from 0.01 to 1.5°. Under 
coolings outside these limits were not investigated. 
This growth rate relationship supports the dis
location theory of crystal growth in pure liquids.

Benzene can be purified to some extent by zone 
melting, provided sufficient care is taken to elimi
nate contamination by pyrolysis of the sample.

The only noticeable effects of impurities on the 
growth law stated above can be explained in terms 
of the melting point lowering caused by dissolved 
impurity. When corrections were made for these 
effects, the kinetic law above was obeyed for all 
samples tested within the limits of error stated 
above, and the variation in results from tube to tube 
showed no relation to the purity of the sample.

There is no favored crystallographic direction for 
growth. The orientation of the crystal within the 
capillary is random.
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ISOTOPIC EXCHANGE BETWEEN ETHERS AND 

DEUTERIUM ON METALLIC CATALYSTS1
B y  J oan  M. F o rrest , R obert  L. B u r w e ll , J r ., and B enjam in  K. C. Shim

Contribution from the Department of Chemistry, Northwestern University, Evanston, Illinois
R ec e iv e d  A u g u s t  2 1 , 1958

The oxygen atom of an ether blocks the propagation of the isotopic exchange reaction between an ether and deuterium 
on a rhodium, a palladium and a nickel catalyst. For example, in one period of residence on the surface, the most exchanged 
product of propyl ether is C3D 7CC3H7. A large part of the rhodium surface is covered with ether adsorbed at the oxygen 
atom. This species does not lead to exchange and much reduces the rate of exchange of the ether. The presence of an 
ether markedly reduces the rate of exchange of alkanes introduced with or just after an ether. Sweeping the catalyst with 
hydrogen at reaction temperatures (usually 150°) restores the original rate of alkane exchange. The presence of an ether 
alters the shape of the isotopic distribution pattern of heptane and probably that of cyclopentane. Isotopic distribution 
patterns are reported for propyl, isopropyl, ethyl butyl, methyl amyl and methyl sec-butyl ether, tetrahydrofuran and 
dioxane.

This Laboratory recently has studied isotopic 
exchange between deuterium and a variety of hy
drocarbons on metallic catalysts. 2 - 6  Extension 
of these studies to ethers appeared of general in
terest with one aspect being of particular interest. 
All hydrogen atoms in normal alkanes and methyl- 
alkanes are subject to isotopic exchange with deu
terium in one period of adsorption on a metallic 
catalyst. However, a gem-dimethyl group serves 
as a block to the propagation of the exchange 
reaction. 2 ' 3'6 For example, with 3,3-dimethylpen- 
tane, the most exchanged species which is formed in 
one adsorption period is C2D 6C(CH:0 2 C2H6; 
whereas with 3-methylhexane, the most exchanged 
species is C7D16. It appeared of particular interest 
to discover whether an oxygen atom in an ether 
would also serve as a block, i.e., would but one of 
the two alkyl groups in an ether be subject to ex
change?

This paper reports the results of the isotopic ex
change of several ethers on rhodium, nickel and 
palladium catalysts.

Experimental
C a ta ly s ts  w ere cru sh ed  an d  siev ed  to  20-40 m e sh : 0.5% 

rh o d iu m  on a lu m in a  p e lle ts  (B a k e r  a n d  C o . ,  I n c . ) ,  n ic k e l -  
k ieselgu h r (H a r s h a w  C h e m ic a l C o m p a n y )  an d  3.3% p a lla 
d iu m  on 7 -a lu m in a . 5 C a ta ly s ts  w ere p retrea ted  w ith  h y 
d ro gen  or d e u te r iu m  at 350° fo r  10 to  20 h o u rs.

E th e r s , o b ta in e d  fr o m  c o m m e rc ia l sources or prep a red  b y  
th e  W illia m s o n  re a c tio n , w ere c a re fu lly  fra c tio n a te d  a n d , in  
th e  w o rk  w ith  rh o d iu m  c a ta ly s ts , ch eck ed  fo r p u r ity  b y  gas  
c h r o m a to g r a p h y .

In  t i e  c a ta ly tic  e x p e rim e n ts , m ix tu re s  o f  ether v a p o r  an d  
d e u te riu m  or h y d ro g e n  w ere prep a red  b y  p a ssin g  th e  gas  
th rou gh  a  th e rm o sta te d  sa tu ra to r  c o n ta in in g  e th e r . G en era l 
pro ced u res re se m b le d  th o se  p re v io u sly  u s e d . 2 - 6

Results
Hydrogenolysis.— Isotopic exchange between 

deuterium and alkanes occurs at temperatures well 
below those at which hydrogenolysis commences. 
However, as will appear, isotopic exchange of 
ethers requires distinctly higher temperatures than 
that of hydrocarbons. Since virtually nothing is

(1) This w ork was sponsored b y  th e  Office of Ordnance Research, 
U nited States A rm y.

(2) R . L . B urw ell, Jr., and W . S. Briggs, J .  A m .  C h e m .  Soc., 74, 
¿096 (1952).

(3) H . C. Rowlinson, R . L . B urw ell, Jr., and R . H. T uxw orth, T h i s  

J o u r n a l , 59, 225 (1955).
(4) R . L . Burw ell, Jr., and R . H. T uxw orth, ibid ., 60, 1043 (1956).
(5) R . L . Burw ell, Jr., B . K. C . Shim and H. C . Rowlinson, J .  A m .  

C h e m .  Soc., 79, 5142 (1957).

known about hydrogenolysis of aliphatic ethers,6 
we had to investigate this in a preliminary way. 
We employed hydrogen to ether ratios of about 2  
and ether flow rates of about 0.005 to 0.01 mole 
per cc. of catalyst per hour.

With nickel-kieselguhr, propyl ether exhibits no 
detectable hydrogenolysis at 205°. At 252°, the 
condensate shows carbonyl but not hydroxyl ab
sorption in the infrared. The off-gas contains 
methane, ethane and propane. Methyl sec-butyl 
ether undergoes detectable hydrogenolysis at tem
peratures of 112° and higher. At this temperature, 
hydroxyl absorption predominates in the infrared. 
At 179°, the major condensable products are meth
anol, sec-butyl alcohol and methyl ethyl ketone as 
determined by differential infrared absorption 
against synthetic mixtures. The last compound 
appeared to be the major product but none 
amounted to more than 2%. The initial reaction is 
probably
C H 3- 0 - s - C 4H „  +  H 2 =  [ C H „  C J h o l  +

[ C H j O H ,  s - C , H sO H ]

The alcohols may then dehydrogenate. In the 
presence of one-half atmosphere of hydrogen, the 
ratio of methyl ethyl ketone to sec-butyl alcohol 
would reach 1 . 0  at about 180°.7

With palladium-alumina, detectable cleavage of 
methyl sec-butyl ether occurs at about the same 
temperature as with nickel-kieselguhr.

When the rhodium-alumina experiments were 
run, gas chromatography had become available. 
Ethyl ether exhibited no hydrogenolysis at 150° but 
traces of products (about 0 .1 %  hydrogenolysis) 
were observed at 200°. The products of exchange 
of the other ethers studied on rhodium were all 
chromatographed. No signs of hydrogenolysis ex
ceeding 0.1% at 150° were seen except with isopro
pyl ether in which case the total degree of hydro
genolysis was about 1 % .

Isotopic Exchange.— Exchange experiments on 
rhodium were run at a mole ratio of deuterium to 
ether of 3.0. On the other catalysts the ratio was 
about 2. All experiments on rhodium were run on 
one sample of 0.5 g. of catalyst. The catalyst was 
occasionally retreated with hydrogen at 350°. As 
tested by the exchange reaction between 2 -methyl-

(6) R. L. Burwell, Jr., C h em . R ev s ., 54, 676 (1954).
(7) H. J. Kolb and R. L. Burwell, J r„  J . A m . C h em . S o c ., 67, 1084 

(1945).
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1 2 3 4 5  6 7 8  <J 10
No. of deuterium atoms.

Fig. 1.—Isotopic exchange of ethers with deuterium on 
rhodium. Conditions of the runs are given in Table I.

2 4 0 8 10 12 14 10
No. of deuterium atoms.

Fig. 2.—-Isotopic exchange on rhodium. Conditions are 
given in Table I. Curves J and K are tetrahydrofuran, B 
and H are heptane.

pentane and deuterium at 150°, there was little 
change in the activity of the reactivated catalyst 
over a period of six months. Results of isotopic 
exchange runs are given in Figs. 1 and 2 and 
Table I.

Mass spectrographic analyses of the products of 
exchange on rhodium were obtained on a Consoli
dated mass spectrometer at the Institute of Gas 
Technology, Chicago. Those on the nickel and 
palladium catalysts were obtained on a Westing- 
house instrument in the Department of Chemical 
Engineering at Northwestern University. In al
lowing for a carbonium ion peak one unit below the 
parent peak, it was assumed that probabilities of 
loss of a hydrogen or of a deuterium atom are pro-

T a b l e  I

I s o t o p i c  E x c h a n g e  o n  t h e  R h o d i u m - A l u m i n a . C a t a l y s t

Run Com pound
T e m p ., 

°C .
Flow
rate“

E x
change, & 

Vo

A Ethyl butyl ether 120 1 0 6.4
E Ethyl butyl ether 150 1 0 12.9
C Propyl ether 150 1 0 11.4
D Isopropyl ether 150 25 5.2
F Methyl amyl ether 150 10 5.8
B Propyl ether + 150° 10 10.9

G
heptane

Heptane“4 150 15*
1.9
2.6

H Heptane 100 20 4.3
I Heptane/ 150 10 69.0
J Tetrahydrofuran 150 2.5 3.2
K Tetrahydrofuran 150e“'' 5 2.0

L
+  eyclopentane 

Cyclopentane 75 25
1.7

40.0
M Cyclopentane 100 25 87.5
N Dioxane 150 2.5 5.0
«In cc. of deuterium per minute. The mole ratio of

deuterium to compound was 3.0. 6 % of molecules with
any degree of deuterium introduction. c Temperature of 
saturator and the ratio of ether ¡hydrocarbon in the satura
tor so adjusted that ether: hydrocarbon: deuterium was 
about 1:1:6 in vapor stream. d Followed immediately 
upon preceding run. 6 D2 :heptane about 6.0. /  Despite
extensive isotopic dilution, the isotopic distribution pattern 
was clearly of the type of run H.

portional to their numbers in the particular ex
changed species with the probability of loss of deu
terium being 0.75 that of hydrogen. V/hile this 
procedure cannot be exactly correct, it would in
troduce no substantial error into the analysis ex
cept for ethyl butyl ether, methyl amyl ether and 
tetrahydrofuran for which the carbonium ion peaks 
are 22, 23 and 92% of the parents. Even here, any 
change in the shapes of the isotopic distribution 
patterns would be minor.

Two mixtures of ether and hydrocarbon were 
passed over the rhodium catalyst with deuterium 
and then separated into the two components for 
analysis. A mixture of propyl ether and heptane 
was separated by extraction of the ether with sul
furic acid at 0 °. The sulfuric acid layer was di
luted and the ether swept from it into a cold trap 
by a stream of air (run B). Tetrahydrofuran was 
removed from cyclopentane by extraction with wa
ter. The ether was recovered by saturating the 
aqueous extract with potassium carbonate. Any 
residual ether was removed from the cyclopentane 
by a final extraction with 85% phosphoric acid.

Discussion
On the rhodium catalyst, as shown in Fig. 1, the 

exchange reaction cannot propagate past the ether 
oxygen atom. In run C with propyl ether, the 
concentration of exchanged species reaches a maxi
mum at C6H7D7O which corresponds to C3D7OC3- 
H7 . The small concentrations of more highly ex
changed species are about those to be expected 
from adsorption and exchange of a molecule which 
has already exchanged once. Similar results were 
obtained with isopropyl ether, run D. Run A with 
ethyl butyl ether exhibits two maxima, one at db 
and the other at d9 corresponding to the species, 
C2D5OC4H9 and C2H6OC4D9.
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Isotopic exchange between propyl ether and deu

terium on nickel-kieselguhr at 205° also demon
strates that the exchange reaction cannot propa
gate across the oxygen atom. However, the con
centrations of the exchanged species declined stead
ily from C6Hi3DO to C6H7D 70  in a fashion which 
seems characteristic of this catalyst. 2 - 4  Exchange 
of methyl sec-butyl ether was analyzed at mass 73 
because of the weakness of the parent peak. This 
species is (CH3— 0 = C H C H 2CH3) +. On both 
nickel-kieselguhr at 1433 and palladium-alumina 
at 104°, the most exchanged species corresponded 
to (CH3— 0 = C D C D 2CD3)+.

Thus, the exchange patterns of R— 0 —R and 
CH3

R—C—R are similar and the oxygen atom of 
CH3

an ether and a gem-dimethyl group both block prop
agation of the exchange reaction. However, al
though the latter group has no large effect upon the 
rate of the exchange reaction, the ethers exchange 
very much more slowly than the analogous alkanes. 
Does this marked reduction in the rate of exchange 
result from a reduced rate of cleavage of the carbon- 
hydrogen bonds in ethers or from the surface of the 
catalyst being largely covered with strongly ad
sorbed ether?

If a stream of 2-methylpentane and deuterium is 
substituted for one of propyl ether and deuterium, 
the first sample of alkane examined exhibits much 
less exchange than would be observed on a freshly 
activated catalyst. However, if hydrogen is passed 
over the catalyst for one hour before alkane is in
troduced, nearly normal exchange of the alkane is 
observed. Thus, ether seems to act as a temporary 
poison for the exchange of alkanes.8 Dioxane 
is a much stronger poison. Immediately after its 
use, exchange of 2 -methylpentane is almost com
pletely inhibited. However, passage of hydrogen 
over the catalyst at the same temperature (150°) 
for 35 hours restores the activity to that of a freshly 
reactivated catalyst. Tetrahydrofuran resembles 
dioxane but is probably removed somewhat faster. 
Immediately after its use in a run like run J of 
Table I, the exchange of 2-methylpentane was 
largely inhibited. Passage of hydrogen for three 
hours largely, but not completely, restored its ac
tivity for exchange of 2 -methylpentane.

Thus, ethers are strongly adsorbed on the surface 
of the rhodium catalyst and reduce the access of al
kanes to the surface. The following mechanism is 
suggested: the strong adsorption of ethers involves 
a dative bond between the oxygen atom and the 
surface

R R

I

R—O CITjCHj R—0  CII3
\  /  \  /CH CH—CH -,

Ha Ilia
It—o —ch 2 ch 3

\  /
CH —

R- -O—CH2

lib

CH—CH2

R—OCH2CH2

/
ch 2

m b He
The species

R
\+ /  O—CH
/  \

ch2ch 3

©*
IV

and its analogs are forbidden since they would per
mit isotopic exchange to propagate across the ether 
oxygen atom. Similarly, species I cannot proceed 
to species II or III, return to I and desorb. Appar
ently, species II is formed directly from the gas 
phase (or from a van der Waals layer). Thus, 
ether poisons its own exchange as well as that of al
kane.

Exchange of methyl amyl ether is shown in Fig. 
2, run F. One might expect that maxima at d% and 
du would be observed analogous to the results with 
ethyl butyl ether, run A, Fig. 1. Although no 
exchange is observed beyond dn, no discontinuity 
follows d3. But, in the mechanism above, the 
CH30 -  group cannot be converted to the CD 30 -  
group. Initial adsorption as *-CH2OR can only 
lead to CDH2OR since species III cannot form. 
This result is analogous to that with neopentane 
which gives (CH3)3CCH2D as the primary product 
of isotopic exchange. 3' 10 Neopentane exchanges 
much more slowly than other pentanes and methane 
exchanges much more slowly than ethane and ethane 
than propane. 11 Reactions of organic molecules 
which proceed much more slowly at primary posi
tions are characteristic of reactions in which some 
positive charge is transferred to the carbon atom. 
This suggests that monoadsorbed alkane may be 
somewhat polarized

\ l /C s+
s~

If so, adsorption adjacent to the oxygen atom of 
ethers would be favored because of stabilization by 
some contribution of the following form to the 
resonance hybrid

Exchange of the ether proceeds as with alkanes by 
alternation between mono- and diadsorbed spe
cies, 6' 9 for example, with propyl ether

(8 ) This behavior is reminiscent of the detoxification experiments 
of Maxted, in particular, removal of diethyl sulfide as a poison on 
platinum by flushing with inert gas, E. B. Maxted and M. Josephs, 
J . C h em . S o c ., 264 (1956).

R—O R'
% /CH*

(9) J. R. Anderson and C . Kemball, P r o c .  R o y .  S o c . {L o n d o n ), 2 2 3 A , 
361 (1954).

(10) C. Kemball, T ra n s. F a ra d a y  S o c . , 5 0 ,  1344 (1954).
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Thus, the large value of d\ in methyl amyl ether 
may result from considerable contributions of CH2- 
DOCsHn. The concentration of d\ was also very 
large in the exchange of methyl sec-butyl ether on 
nickel-kieselguhr and palladium-alumina.

Although we made no attempt to measure exact 
rates of exchange, the data indicate that ethyl bu
tyl ether, propyl ether and isopropyl ether ex
change at about the same rate at 150°; dioxane, 
about 0.1 and tetrahydrofuran, about 0.07 times as 
fast.

The slowness of exchange of dioxane and its 
rather strong poisoning action suggests that the 
inhibitory species I may be held at both oxygen 
atoms. 12 Also, the strength of binding in species I 
should reflect the basicity of the ether. As an es
timate of this, it would be interesting to study the 
degree of inhibition of the exchange of reference al
kanes in the presence of a series of ethers.

We have performed two experiments somewhat 
related to this. In one, a mixture of deuterium 
and ethyl butyl ether and its alkane analog, hep
tane, was passed over the rhodium catalyst (run 
B, Table I). The condensed ether and heptane 
were separated and analyzed by mass spectroscopy. 
The exchange pattern of the ether was like that of 
ether run alone (compare runs B and C in Fig. 1), 
and the rate of exchange of the ether was little af
fected by heptane. Heptane exchanged about one- 
sixth as fast as the ether. The ether-heptane-deu
terium mixture was then replaced by heptane-deu
terium (run G). As shown in Table I, the rate of 
exchange of heptane was about twice that in the 
mixture when one makes allowance for the in
crease in flow rate but only one-thirtieth that of 
heptane on a freshly reactivated catalyst (run I). 
Thus, the ether decreases the rate of exchange of 
heptane by about a factor of sixty.

The distribution pattern of exchanged tetrahy
drofuran which is shown in Fig. 2, run J, exhibits a 
marked break between d4 and db and resembles that 
of its analog, 1 ,1 -dimethylcyclopentane on palla
dium-alumina (Fig. 2 of ref. 5) although the con
centrations of species ds to ds are smaller with tetra
hydrofuran. The surface-carbon bonds in diad- 
sorbed tetrahydrofuran (species III) must be cis. 
Thus, alternation between II and III can only ex
change one side of the tetrahydrofuran ring. The 
problem is similar to that with cyclopentane5’ 13 
but on our catalyst at 150°, the probability of that 
species which leads from one side of the cyclopen
tane ring to the other side6 is low.

In the exchange patterns of dioxane at 150°, only 
traces of species d6 and up were observed; again, the 
oxygen atom acts as a barrier to propagation of the 
exchange reaction. The concentrations of the less 
deuterated species in run N were: du 3.64%; dit 
0.48%; ds, 0.18; dt, 0.65. One might expect di
oxane to resemble cyclohexane.8 It has been pro-

(11) K. Morikawa, N. R. Trenner and H. S. Taylor, J . A m . Chetn . 
S o c ., 59, 1103 (1937).

(1 2 ) Strong adsorption of dioxane may be rather general. Its intro
duction into the mass spectrometer resulted in the release of consider
able material from the walls of the instrument and once introduced, 
dioxane pumps out very slowly.

(13) J. R. Anderson and C. Kemball, P r o c .  R o y .  S o c . (L o n d o n ),  
226A, 472 (1954).

posed that diadsorbed alkane, species III, must be 
in the eclipsed conformation. 6 If true, species III 
in dioxane would involve cis carbon-surface bonds. 
As with cyclopentane, some other species is re
quired to reach that species III which involves re
moval of the other two hydrogen atoms on the same 
ethylene group and a discontinuity should separate 
di and d3. It is not clear whether the observed pat
tern represents this situation.

Run J with tetrahydrofuran alone was followed 
immediately by one in which a mixture of this 
ether with cyclopentane was employed (run K). 
The rate of exchange of tetrahydrofuran was little 
altered and the shape of its isotopic distribution pat
tern was nearly identical to that in run J as shown 
in Fig. 2. The concentrations of species d6 to ds are 
not shown for run K but they are in the same pro
portion to those in run J as are the concentrations 
of di to di. Thus, a large fraction of d-„ to d8 is the 
product of one residence on the surface and not the 
result of two successive periods of residence. Only 
a tenth as many molecules of cyclopentane ex
changed in run K  as did molecules of the ether. 
Yet cyclopentane exchanges so rapidly on a reac
tivated catalyst that we could not make measure
ments at 150°. Extrapolation of run L and M to 
150° suggests that tetrahydrofuran depresses the 
rate of exchange of cyclopentane by a factor of at 
least 1 0 0 0 .

In the isotopic exchange pattern of cyclopen
tane, run in mixture with tetrahydrofuran (run 
K) the concentrations of all species save the 
most extensively deuterated are low; that of 
¿ 9  is 0.030% and that of dm, 0.073%. All others 
add to but 0.07%. No discontinuity separates d6 
and d6. At 75°, cyclopentane run alone gives a 
very different pattern (run L). The concentra
tion of di-d6 is much greater than d6-di0 and the 
discontinuity between d$ and ¿ 6 is large. Cyclopen
tane exchanges so rapidly that exchange patterns 
at 1 0 0 ° and up are too close to equilibrium to be 
interpretable. It seems unlikely that the pattern 
could alter so drastically between 75 and 150° al
though this cannot be excluded. It seems more 
likely that the presence of tetrahydrofuran exerts 
a marked effect upon the exchange pattern.

With cyclohexane at 100°, an evaporated rho
dium film gives a pattern much like that of cyclo
pentane on the reactivated rhodium-alumina cata
lyst, but, of course, the discontinuity separates d6 
and (¿7.5 However a poisoned film gave a pattern 
much like that of cyclopentane in mixture with tet
rahydrofuran: no discontinuity and prevalence of 
extensively exchanged species.

The exchange pattern of heptane in the mixture 
with propyl ether is B in Fig. 2. The pattern of the 
run with heptane alone which followed immediately 
resembled this except for an increase in the value 
of ¿is by a factor of 1.2 and of du by 2.0. In hep
tane run alone at 1 0 0 ° on a freshly reactivated cata
lyst (run H, Fig. 2), the exchanged species are al
most entirely either d18 or d16 and the maximum at 
¿ 9  observed in runs B and G is entirely absent. 
The pattern at 150° is similar to that of run H. 
Thus, there is no doubt that the presence of propyl
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ether causes a marked change in the heptane pat
tern.

We have too few results of this type to attempt a 
detailed interpretation but three effects may be 
instanced as of possible importance: steric, elec
tronic and that resulting from heterogeneity of the 
catalyst surface. As an example of a possible steric 
effect, if the surface is largely covered by propyl 
ether, the heptane pattern may be influenced by re
strictions upon rotations about carbon-carbon 
bonds in species II. In the extreme, this might 
make one set of secondary hydrogen atoms (one per 
carbon atom) more exchangeable than the other. 
More than one type of electronic effect is possible.

A high concentration of species I would consider
ably affect the structure of the d-band of the cata
lyst. The mere effect of species I in charging the 
metal negatively or the presence of the surface di
poles in species I might affect the degree or even 
the direction of polarization of species such as II. 
Finally, the ether might poison the more active 
sites or crystallographic planes and transfer activity 
to sites or planes which ordinarily make little con
tribution to exchange. We believe that investiga
tion of the effect of a more strongly adsorbed mole
cule upon the exchange pattern of another molecule 
provides a hitherto unexploited source of informa
tion about the nature of chemisorbed species.

NOTES

THE SOLUBILITY OF BENZENE IN WATER
By D. M. A l e x a n d e r

C h em is try  D ep a r tm en t, U n iv er s ity  o f  Q u een sla n d , B r isb a n e , A u s tr a l ia  

R ece iv ed  S ep tem b er  2 , 1 96 8

The solubilities in water of a series of aromatic 
hydrocarbons, including benzene, have been de
termined by Bohon and Claussen1 at temperatures 
between 0 and 43°. These authors have calculated 
heats of solution for the solution of one mole of 
liquid hydrocarbon in water. Herington2 has 
used their results and combined them with vapor 
pressure values for the pure hydrocarbons to calcu
late the free energy change for the solution of one 
mole of hydrocarbon vapor at 1 mm. pressure to 
form a solution of unit mole fraction. He finds a. 
plot of this free energy change against temperature 
to be linear, which means that the derived heat of 
solution is constant over the temperature range. 
This is unexpected since ACP values for all gases in 
water are known to be large.

For benzene Glew and Robertson3 4 using the same 
data and the same standard states calculate for ACP 
a value of 78 cal./deg. mole. Similar high values 
are calculated for other aromatic hydrocarbons. 
Examination of the plot referred to above does re
veal a slight curvature larger than could be ac
counted for by experimental error. However, it 
was thought that a measurement of the solubility 
of benzene over an extended temperature range 
would greatly decrease the uncertainty in this ACP 
value.

Experimental
Analar benzene was shaken with mercury and purified 

according to the method of Mail', et al.* The method of 
solubility measurement was based on that of Bohon and 
Claussen.1 The flask used for preparing the saturated 
solutions was not fitted with taps but with two glass U tubes 
containing mercury so that the solution should not come

(1) R. L. Bohon and W. F. Claussen, ./. A m . C h em . S o c ., 7 3 , 1571 
(1951).

(2 ) E. F. G. Herington, ib id ., 7 3 , 5883 (1951).
(3) D. N. Glew and R. E. Robertson, T h i s  J o u r n a l , 6 0 , 332 

(1956).
(4) B. J. Mair, D. J. Termini, C. B. Willingham and F. D. Rossini,

J . R esea rch  N a tl. B u r .  S tan d ard s, 3 7 , 229 (1946).

into contact with tap grease. It was filled with water, a 
little benzene and a little mercury to allow better stirring. 
Saturation was attained after 24 hours gentle shaking and 
it was found that constant solubility results were obtained 
when the solution had stood for five hours after this. How
ever at each temperature further shaking periods were 
allowed and at least one long period of standing of about 24 
hours to ensure saturation and complete separation of the 
two phases.

Samples were collected in a calibrated dilution flask 
filled wdth mercury and a known volume of water. The 
saturated solution was forced out of the solution flask by 
a head of mercury and collected over mercury in the dilution 
flask at the temperature of the experiment. The volume 
of the diluted solution was observed when it had reached 
room temperature. This solution was transferred to a 1 
cm. quartz absorption cell again by displacement of mer
cury, to prevent evaporation of benzene from the solution.

The optical densities were determined wdth a Beckman 
model D.U. ultraviolet spectrophotometer at a number of 
peaks in the benzene spectrum and compared wdth the opti
cal densities of a series of standard solutions of benzene in 
water.

Results and Discussion
The results agree well with those of Bohon and 

Claussen. 1 A(?° values were calculated for the 
change
benzene vapor (fugacity = 1 m m .)---- >

soln. of benzene in water (M.F. = 1, hypothetical)

Values for the vapor pressure of benzene5 were 
converted to fugacities by using published values 
of the second virial coefficient. 6 The vapor pres
sure of benzene above a saturated solution of water 
in benzene was calculated by Raoult’s law. This 
involved an extrapolation to other temperatures of 
the results of Joris and Taylor7 for the solubility of 
water in benzene.

The values of AG°, the standard free energy of 
solution, may be represented by the equation 

AG ” =  -29389 +  541.273T -  169.000T log T

where T is the absolute temperature. Values of 
AG° calculated from this equation are given in col
umn 4 of Table I. The value of ACP corresponding

(5) A. F. Forziati, W. R. Norris and F. D. Rossini, ib id .,  4 3 , 555 
(1949).

(6 ) P. G. Francis, M. L. McGlashen, S. D. Hamann and W. J. 
McManamey, J . C h em . P h y s . , 2 0 , 1341 (1952).

(7) G. G. Joris and H. S. Taylor, ib id ., 1 6 , 45 (1948).
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to this equation is 73 cal./deg. mole. It is esti
mated that the error in c, the concentration, could 
be ±0 .5% , in each AG° value ±0 .1%  and in the 
ACP value ±  5 cal./deg. mole.

Table I
Solubility of Benzene in Water

t. c. A(?°, cal./m ole
° c . g ./l. Obsd. Calcd.
0 . 8 1 .8 4 » 60 37 60 32
9 . 4 1 .7 9 64 96 65 0 0

1 6 .8 1 .7 7 6893 68 94
2 4 .0 1 .8 0 7259 7259
3 1 .0 1 .8 3 76 06 7603
3 8 .0 1 .9 2 79 36 79 36
4 4 .7 2 .0 3 82 4 0 8242
5 1 .5 2 .1 4 85 44 85 42
5 8 .8 2 .3 4 88 56 88 54
6 5 .4 2 .5 7 9121 91 20

° In some experiments at 0.8° benzene (m.p. 5.5°) was 
present as the supercooled liquid. This figure refers to 
these experiments. In others solid benzene was present 
and its solubility found to be 1.71 g./l. at this temperature.

THE TIM E LAG IN DIFFUSION. I l i
By H. O. Pollar and H. L. Frisch

for Ci >  Co and 0  <  x <  1 , then F'(c) would be posi
tive for all c. (4) is equivalent to

y{co) vM  
p(xco) — v>(xd)

or, if Ce = eso, c 1 =  e*1, x =  e- “, and
In ^(e») =  g{y) (5)

to
!/(s») -  oOso -  u) <  g(s0 -  g(Si -  u) (6)

for any s0 <  si and u >  0. But (6 ) is equivalent to 
g'(y) being an increasing function, i.e., g is convex. 
We have thus proved the following theorem: If

In SD(it) dw = g {y ) (7)

is a convex function of y, then F'(c) >  0  for all 
positive c.

The physical importance of this result stems from 
the fact that if F'(c) >  0  and

lim ID(c) = Do, a constant 
c—>0

then the inequality stated by equation 15 of ref
erence 2  can be replaced by the stronger

§ *  *  | M
B e l l  T e lep h o n e  L a b o ra to r ies , In co rp o ra ted , M u r r a y  H il l ,  N ew  J e r s e y  

R ece iv ed  N ov em b er  29 , 1958

This note is concerned with deriving a sufficient 
condition that the reduced time lag1’ 2 for the (one
dimensional) diffusion of a species through a 
membrane (with fixed surface concentrations c and 
0 , respectively, and initially free of the diffusing 
species) under the concentration dependent diffu
sion coefficient D(c) is a non-decreasing function 
of r.

The reduced time lag F(c) has been shown to be2

F (c) =
I wiD(w) I 3)(u )du  dw J  0_______ J  w__________

c £>(«)

Integration by parts shows this to equal

1 / ; ( / > > - )

(B

F (c ) = 2c
( / ;  du)

dw

' r -  (2 )

Setting

<p(w ) = / ; £)(m) du

and
w = x c

we find that (2 ) becomes

d x (3 )

Our aim is to test whether F'(c) >  0. This will 
certainly be true if F(ci) >  F(c0) if cx >  c0. Thus 
if it should be the case that

v (x c i) > 1 - <p(xco)
<p(co)

(4 )

(1) H. L. Frisch, T h i s  J o u r n a l , 61, 93 (1957).
(2) H. L. Frisch, ib id .,  62, 401 (1958); the nomenclature and 

definitions used throughout this paper are in accord with those of 
reference 1 , 2 .

This is true for example if D(c) is a polynomial (or 
infinite series) with positive coefficients bj

n

®(c) = Yj hi°’
3 =  0

Then

and

exp [?(!/)] = e» E b,-

U oi  +  1

em

a"(v)
jbj e’v

> 0

since the numerator by the Schwarz inequality is 
non-negative.

ADSORPTION OF CETYLPYRIDINIUM 
CHLORIDE ON GLASS

By A. E. Westwell and E. W. Anacker

C h em is try  D ep a r tm en t, M o n ta n a  S tate C o lleg e, B o zem a n , M o n ta n a  

R ece iv ed  O ctober 2 8 , 1 9 5 8

In a recent light scattering study1 of cetylpyri- 
dinium chloride (CPC)-sodium chloride-water 
mixtures, two breaks in the scattering curve at low 
surfactant concentrations were found. This is illus
trated in Fig. 1. The usual behavior at low surfac
tant concentrations is indicated by the broken line. 
Since all solutions had been filtered through fritted 
glass prior to the fight scattering measurements, 
adsorption of CPC on the filter was suggested2 as a 
possible explanation of the observed departure from

(1) E. W. Anacker, T h i s  J o u r n a l , 62, 41 (1958).
(2) By referee of 1.
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Fig. 1.—Scattering of dilute cetylpyridinium chloride 
solutions 0.525 molar in NaCl.

until blue litmus was not affected by the filtrate. Two 
hours usually were required for the rinsing.

Results and Discussion
In Fig. 2 are shown the results of experiments in 

which 9.3 X 10~ 6 molar CPC solutions (0.00 to 
0.50 molar in NaCl) were filtered through the 
fritted glass. Absorbances are plotted relative to 
a zero value for water. Although the absorbance 
of water is only slightly changed by the addition of 
NaCl, the absorbance of a CPC solution may be 
changed appreciably. This can be seen through a 
comparison of the heights of the short horizontal 
lines representing the absorbances of the unfiltered 
solutions. Apparently the addition of NaCl be
yond the 0.25 molar level is of little effect.

The number of moles of CPC adsorbed on the 
fritted glass may be estimated from (A'/A){V/ 
1000)(c). A ' is the area between an absorbance 
curve and the horizontal line corresponding to the

Fig. 2.—Ultraviolet absorption (260 npz) of solutions, originally 9.3 X 10~6 molar in cetylpyridinium chloride and 0.00 
to 0.50 molar in NaCl, after passage through an ultrafine, fritted Pyrex glass funnel. A, B, C, D and E indicate absorb
ances of the unfiltered cetylpyridinium chloride solutions 0.50, 0.25, 0.10, 0.01 and 0.00 molar in NaCl, respectively.

expected behavior. This suggestion has now been 
explored.

Experimental
CPC solutions containing varying amounts of NaCl were 

filtered through an ultrafine, fritted Pyrex glass funnel. 
The adsorption of CPC on the fritted glass disk was followed 
by the spectrophotometric analysis (260 m,u) of small filtrate 
fractions emerging from the funnel. Before each run the 
funnel was cleaned with hot concentrated sulfuric, nitric 
and hydrochloric acids and rinsed with hot distilled water

absorbance of the solution placed on the fritted 
glass, A  is the area between the horizontal line just 
referred to and the sample number axis, V is the 
volume of the solution in cc. passed through the 
filter, and c is its CPC molarity. Implicit in this 
expression is the assumption that there is no ad
sorption of NaCl on the filter. That this may not 
be the case is suggested by the apparent leveling
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off of the absorbance curves (sample numbers 30 to 
34) at heights lower than those corresponding to the 
unfiltered solutions. A correction for adsorption of 
NaCl on the filter should be made in an accurate de
termination of the amount of CPC adsorbed. 
However, we do not feel that our data warrant such 
a sophisticated treatment as this. According to the 
above expression 1.1 X 10- 6  mole of CPC3 is ad
sorbed by the fritted glass from 150 cc. (34 sam
ples) of 9.3 X  10“ 6 molar CPC in 0.50 molar NaCl.

In one experiment the fritted glass funnel was 
cleaned with concentrated sulfuric and nitric acids 
and then washed with distilled water as before. 
Approximately 80 cc. of 12 N  hydrochloric acid was 
then filtered through the fritted glass. Following 
this a 9.3 X 10 6 molar solution of CPC was slowly 
passed through the filter. The absorbance curve in 
Fig. 2 for this run shows a maximum well above the 
absorbance level of the unfiltered solution. Since 
the addition of FIC1 to CPC-FRO mixtures did 
not appreciably affect the ultraviolet absorption of 
these mixtures, it was concluded that concentra- 
of the CPC had taken place.

The failure of scattering intensities at very small 
CPC concentrations in the presence of NaCl to 
lie along the extrapolated (broken) line in Fig. 1 can 
be explained as follows. Since solutions were fil
tered in order of increasing concentration, the ad
sorption of CPC on the filter removed a relatively 
high fraction of the surfactant present in the first 
few solutions. The measured scattering intensi
ties therefore corresponded to lower CPC concen
trations than those for which they were plotted. 
After the filter became saturated, solutions came 
through unchanged in concentration and the meas
ured scattering intensities were plotted correctly. 
The extrapolation of the upper linear portion of the 
scattering curve to the concentration axis represents 
the correct critical micelle concentration.

In working with cationic surfactants at low con
centrations, one should either reverse the order of 
filtration (start with the most concentrated solu
tion) or pass large quantities of the dilute solutions 
through the filter before collecting samples for tur
bidity measurements.

Acknowledgment.—This research was supported 
by a grant from the Petroleum Research Fund 
administered by the American Chemical Society. 
Grateful acknowledgment, is hereby made to the 
donors of this fund.

(3) According to D ra ke and R itte r ,4 the surface area of fritted  
glass, ultrafine porositjc is 0.69 m .2/g. Since our fritted  glass disk 
weighed 3.3 g., i t  presum ably had a surface area of 2.4 X 1020 A .2 If 
1 .1 X  10 -6 mole of C P C  occupies this area, each C P C  molecule holds 
title  to  36 A .2 on the average.

(4) L. C . D rake and H. L . R itter, In d . E n g. Chem., A n al. Ed., 17, 
787 (1945).

A USEFUL ADSORPTION ISOTHERM
By O. R e d l i c h  a n d  D. L. P e t e r s o n

Shell D evelopm ent Com pany, E m eryville, C aliforn ia  
Received Decem ber 20, 1958

Freundlich’s adsorption isotherm is well known 
to give an excellent representation of many data

for moderate partial pressures or concentrations. 
It is not a reasonable relation, however, for dilute 
vapors or solutions, notwithstanding some recent 
contentions. 1 For low concentrations Langmuir’s 
equation is sound and well confirmed. Strangely 
enough, combinations2 of the two relations ap
proach Freundlich’s equation as a limit for low 
concentrations and Langmuir’s for high ones.

As expected, we found that a relation with the 
opposite kind of limits represents some data on 
Molecular Sieves quite well. The amount q of 
a normal paraffin adsorbed on Molecular Sieves 
(Linde Type 5A) is given as a function of the partial 
pressure p of the adsorbate by the relation

q = A p / (  1 +  B p ” ) (1)
containing the three empirical coefficients A, B, g. 
The value of the exponent g lies between 0 and 1. 
At high pressures the relation becomes

q =  ( A / B ) p 1~° (2)
and at low pressures

q =  A p  (T
in accord with the low pressure limit of Langmuir’s 
equation. An example is shown in Fig. 1. The

p, mm.
Fig. 1.—Adsorption isotherms of a-pentaae on molecular 

sieves (type 5A). The broken line represents a Langmuir 
isotherm; Freundlich’s equation is represented in this 
diagram by any straight line.

coefficients can be suitably expressed as functions of 
the temperature and the carbon number of the 
paraffin.

In analogy with Langmuir’s equation for mix
tures, the relation

qi = -'.?>■/( i + £  Btpfi) ( 4 )
j

has been found to be useful for mixtures of ad- 
sorbable substances. According to this relation, 
the separation factor

(3 = SiPr/ffrpi = A J A r (5)
is independent of the concentration.

This relation is believed to be applicable to a 
large class of adsorptions, far beyond the field of 
Molecular Sieves.

(1) A . E . H irschler and T . S . M eries, In d . Eng. Chem ., 47, 193 
(1955). A lso in  “ C hem istry of Petroleum  H ydrocarbons,”  V o l. 1, 
Reinhold P u b l. C o rp ., N ew  Y o rk , N . Y . ,  1954, p. 155.

(2) R . Sips, J . Chem. P h ys., 16, 490 (1948); 18, 1024 (1950). Cf. 
T . Verm eulen in “ A dvances in Chem ical Engineering,”  V o l. 2, A ca 
demic Press, In c., N ew  Y ork, N . Y . ,  1958, p . 147.
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RAPID FLOW TITRATION AND THE RATE 
OF THE ACID EXPANSION OF BOVINE 

SERUM ALBUMIN 12

B y  R e x  E .  L o v r i e n 3 a n d  C h a r l e s  T a n f o r d

D epartm ent o f  Chemistry, State U niversity o f  Iow a, Iow a City, Iow a  
R eceived D ecem ber 3, 1968

Bovine serum albumin (BSA) and hemoglobin 
undergo superficially similar configurational 
changes in acid solutions. Both reactions involve 
an expansion of the protein molecule and a steep
ening of the titration curve, so that protons are 
bound far more readily than an extension of the 
neutral part of the titration curve would lead one to 
expect. Both reactions, moreover, are reversible. 
The major reported difference between them lies in 
the reaction rate, that for hemoglobin being meas
urably slow, while that for BSA has been found to 
be instantaneous by all methods of measurement 
used so far, none of which, however, has included 
measurements made less than one minute after 
preparation of a solution of given composition. 
Viscosity and titration data reported from this 
Laboratory generally were obtained about 10 to 15 
minutes after preparation of a solution.

This note reports a titration curve of BSA, each 
point of which was obtained within one second of 
the time of mixing of the protein with appropriate 
amounts of acid. The apparatus used is similar to 
that of Steinhardt and Zaiser, 4 except that it em
ployed a bulb type glass electrode (Beckman In
struments, Inc., electrode type 40285) in a chamber 
illustrated by Fig. 1. Junction with a salt, bridge 
leading to a saturated calomel electrode was made 
through a very fine capillary, as shown in Fig. 1.

& L R S S
ELECTRODE

F R O M
ij M IX IN 6  
J CHAMBER

K C I B R ID & E

Fig. 1.—Glass electrode chamber for flow titration.

The apparatus was tested by repeating Stein
hardt and Zaiser’s rapid titration of ferrihemoglo- 
bin, 6 with the results shown in Fig. 2. The results 
are seen to deviate from those of Steinhardt and 
Zaiser in the direction to be expected from the fact 
that our measurements were made roughly one 
second after mixing of a solution, whereas Stein
hardt and Zaiser’s were three second measurements.

The results obtained with BSA are shown in Fig.
3. There is no difference at all between the titra-

(1) T h is w ork w as supported b y  research grant G-1805 from  the 
N ational Science Foundation, and b y  research gran t RG-2350 from  the 
N ational In stitutes of H ealth, U . S. Public H ealth  Service.

(2) Presented a t  th e  133rd m eeting of the Am erican Chem ical 
Society, San Francisco, A p ril, 1958

(3) A bstracted  from  th e  P h .D . thesis of R ex  E. Lovrien, State 
U niversity  of Iow a, 1958.

(4) J. Steinhardt and E . M . Zaiser, J . B iol. Chem. 190, 197 (1951).
(5) J. Steinhardt and E . M . Zaiser, J . A m . Chem. S oc., 75, 1599 

(1953).

?H.
Fig. 2.—Flow titration for ferrihemoglobin, ionic strength 

0.02, 25°. The calculated curve is based on parameters 
which fit the titration curve of the native protein.

3 4 5 6
p H .

Fig. 3.—Flow titration for BSA, ionic strength 0.01, 25°- 
Similar data were obtained at higher ionic strengths. No 
distinction is made between “ static”  ( i .e . , 5 minute) and 
flow data because identical pH values were obtained for 
every solution. The calculated curve is again based on the 
properties of the native, unexpanded protein.

tion curve measured within one second of mixing 
and that determined in the usual way after a lapse
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of several minutes. The barely detectable differ
ence between the titration curves here obtained and 
the corresponding curve published earlier6 is not 
significant since the relative amounts of acid and 
protein, calculated, as they are here, from rates of 
flow of two separate solutions, must be subject to a 
considerable experimental error.

It must be concluded that the configurational 
change of BSA is a very fast reaction, with a half- 
life considerably less than one second. This con
clusion is quite independent of the mechanism as
sumed,7 since, over the pH range of interest, the 
expansion of the molecule, which is primarily re
sponsible for the steepness of the titration curve, 
must be the final step in any assumed sequence of 
reactions.

It should be noted that the present considera
tions do not, of course, give any information about 
the very slow reactions, such as aggregation, of 
which BSA which has previously undergone expan
sion is capable.

(6) C . T anford, S. A . Swanson and W . S. Shore, ibid ., 77 , 6414 
(1955).

(7) F or exam ple, K . A ok i and J. F . Foster, ib id ., 79 , 3385, 3393 
(1957).

A PHOTOELECTRIC METHOD FOR 
OBSERVING SEDIMENTATION AT LOW 

CONCENTRATION 1

B y  D . A . I .  G o r i n g 2 a n d  C a r o l  C h e p e s w i c k  B r y s o n

Received N ovember 17, 1958

In the ultracentrifuge, certain naturally occurring 
polyelectrolytes probably sediment as networks at 
concentrations above about 0.2% . 3’ 4 The sedi
mentation constant s is dependent on concentration 
but not on molecular weight. At lower concen
trations the network breaks up and molecules 
sediment separately. It is under these conditions 
that dispersion in s most readily occurs. Schlieren 
or interferometric methods are insensitive at such 
low values of concentration. Recently an ultra
violet absorption technique has been used with 
nucleic acid. 6 Many macromolecules (e.g., poly
saccharides) do not absorb in the ultraviolet.

The present note describes a simple modification 
of a Spinco Model E ultracentrifuge which permits 
sedimentation to be observed by means of the 
absorption of visible light. The macromolecule 
under study was sodium carrageenate, the sodium 
salt of a polygalactose sulfate prepared from the 
seaweed, Chondrus crispus. Color was intro
duced by the adsorption of a small quantity of a 
basic dye on to the molecule. The various un
certainties of photographic analysis were avoided by

(1) Contribution from the A tlan tic Regional Laboratory, N ational 
Research Council, H alifax, N .S . This w ork was done three years ago. 
A t the tim e it  was fe lt th a t publication should aw ait further study. 
Since a certain am ount of interest has been shown in  the technique this 
brief account has been subm itted.

(2) Pulp  and Paper Research Institute of C anada, M ontreal, Que.
(3) D . A . I . G oring and C . Chepesw ick, J . Colloid S ci., 10, 440 

(1955).
(4) J. H. Fessier and A . G . O gston, Trans. Faraday S oc., 47, 667 

(1951).
(5) K . V . Shooter and J. A . V . B utler, ib id ., 52, 734 (1956).

scanning the image during the run with a phototube 
connected to a suitable recorder.

The ultracentrifuge was modified as follows. The cylin
drical lens and schlieren bar were removed. The image of 
the cell was scanned by a 1 mm. X 22 mm. slit cut in the 
standard Spinco plate holder. The side panel of the ma
chine was removed. A hole was cut in the back of the plate 
guide exposing 6.8 cm. of the back of the plate holder. A 
phototube in a light-tight box was mounted on the plate 
holder behind the slit. The scanning time was increased 
from about 7 to 22 sec. by cutting the drive-rod and inserting 
a 3 to 1 reducing gear box. The longer scanning time was 
necessary because of the lag in the recorder.

The necessary photoelectric sensitivity was obtained by 
use of an IP2I photomultiplier with 90 v. per dynode stage 
and 45 v. between the ninth dynode and the anode. The 
anode was grounded across a precision variable resistor 
(10,000 or 100,000 ohm Helipot) and the potential generated 
was measured on a Bristol recording millivoltmeter. Uni
form illumination of the cell was difficult. This was tested 
by scanning the cell at the end of each run when the sedimen
tation was assumed complete. With a non-absorbing 
liquid in the cell a fairly constant response of the photomulti
plier could be obtained by adjusting the lateral alignment 
of the lamp housing of the centrifuge.

The principal objective of the dye-mixing procedure was 
to make a polyelectrolyte-dye complex in which the mo
lecular dispersion was essentially unchanged from that of the 
original polyelectrolyte. This was achieved by using only 
enough dye molecules to combine with about Vio of the 
-OSO~3 groups on the carrageenate. The procedure 
evolved after much trial and error was to mix equal portions 
of solutions of sodium carrageenate (200 p.p.m.) in water 
and crystal violet (24 p.p.m.) in aqueous Na2HP04 (200
p.p.m.). The dye-phosphate solution was added drop wise 
to the carrageenate with vigorous stirring.

The dye-carragenate solution was then centrifuged at 
51,000 r.p.m. The image was scanned at intervals of five 
minutes over a period of 2-3 hours. Three pictures from a 
typical chart are shown in Fig. 1. The top, meniscus and

Fig. 1.—Recorder charts obtained from the first, seventh 
and final scan of image. Vertical distances are proportional 
to the output of the photomultiplier.
base of the cell are clearly defined by vertical marks of the 
pen. Some residual uneveness of illumination is shown in 
the final scan (No. 28) where the light intensity through the 
liquid is slightly greater than that through the air above the 
meniscus. The optical density at any particular level in the 
cell was obtained by assuming that the ordinate at that level 
in the final scan corresponded to 100% transmission.

The above data were obtained at a concentration of 100 
p.p.m. carrageenate. It was possible, however, to make 
measurements down to 10 p.p.m. of the polyelectrolvte, 
such concentrations being inaccessible by conventional 
methods.

The authors wish to thank Dr. J. W. Lorimer for 
help in preparing the manuscript.
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