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FCRENORD

The Chemistry Department of Brookheven Hational Laboratory is.sponsor-
ing, from time to time, a series of small informal conferences on épecific
toples, at which individual workers present the results of research in
progress. - The particular subject taken up at any one conference is deter-
mined by the active research intercst of the Department. We hope these
conferences will serve as a stimulus to the research program of the Depart-
ment, and invitations for pancrs are cextended to individuals actively
engaged in work from which wo feel such benefit may be derived. e hope of
course that our speakers and others attending the conferences will profit
fron thevopportunity for intensive discussion which these meetingé-present.

The first conference in this series was held at Brookhaven on August
19 and 20, 1948 and dealt with the chemical effccts of nuclear transforma-
tions @eften called hot-atom cheristry). This report is a collection of the
naners givén, as submitted by the authors after the conferenée. Uﬁfortunate-
ly, it has not been vossible to include the many interesting and valuvable
corizents and discussions Which contributed greatly to the success of the

meeting. ..@ should like to cxpross our anpreciation to the speakers for

thelr contributions, which made this conference possible.

Committee on BNL Chemistry Conférences
N. Elliott
W.W. Miller
E. Shapiro

G. Friedlander, Chairman
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INTRODUCTORY RENARKS
R. W. Dodsonf

Sinee I have been given the privilege of making introductory remarks at
the start of this conference on hot atom chemistry, I should'like to make some
?bservations about the backeround of the subject and to indicate some of the
problems which appear to be of p{esggt iﬁterest.

It is probably a safe generélizéﬁion to say that most of the thousands
of known nuclear transformations have significant chemical ef}ects. This is
automatically true for those reactions in which the nuclear charge changes, since
then the product is a different chemical element. Whether or not this occurs,
it is also the case that the net energy evoived is usually large compared to
chemical bond energies and activation energies, so that one may expect bond
rupture and other chemical reactions'to occur if the energy is properly distri-
buted among the various degrees of freedom. The energy is usuvally concentrated
first on the particular atom in which the nuclear event occurred. The resulting
energetic atom is called a " hot atom'l, which term has given the name to our
conference.

It is appropriate to reflect on the reasons for our interest ip the chemical
behavior of hot atoms. It is easy to state a number of such reasons. First, the
phenomena are interesting in themselves. Secondly, they are connected with pro-
blems in other branches of science, i.e. in reaction kineties, in nuclear physics,
and possibly in biclogy. And thirdly, the phenomena are of obvious practical
importance in a technology based on nuclear reactions,

The first hot atom studies were made early in this century. The early
workers with thé natural decay series observed and studied the hot atoms which
were physically displaced by receil in alpha and beta decays The first recorded

+#Columbia University and Brookhaven Fational Laboratory,
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observation knovn o me is that of Miss Brooks in 1904 (Harriet Brooks, Nature

10, 270 (lSOH), vho found that an icnization chamber became contaminated with

RaB and Ral when a source of RaA was placed inside it. It was apparently Ruther-

ford who suggested that the RaB was set free by recoil in the alpha decay of Rad.

In 1909 Hahn and others began an exploitation of the technigque of recoil separa-

tions which turned out to be very important in unravelling the complexities of the
natural dccay series.

Proceeding to later developments, we take note of the historical contribution
of Szilafd and Chalmers in 1934 (Nature 134, 462 (193M)).,They reported that
radioiodine formed by neutron capture in ethyl jodide could be separated by
agqueous extraction. They interpreted the result in terms of bond rupture caused
by neutron capture, with the formation of free iodine atoms or ions. It seems
from their paper that they were looking for a recoil effect dve to the momentum
of the captured neutron; however it was soon realized that the momentum of the
emitted gomme ray is itself sufficient io cause bond rupture by recoil. This
fact was specifically noted by Fermi and co-workers (Amaldi, et. al., Proc. Royf
Soc, 149, 538 (1935)), who used the Szilard-Chalmers technicue in their early
studies of neutron induced radiocactivity.

It was also soon discovered (by Gluckauf and Fay, J. Chem. Soc. 390, (1936))
that the not atoms produced in the Szilard-Chalmers process may not remain free,
but may enter into chemical combination, re-entering molecules of the parent type
or synthesizing new substitution produects. They also showed that the probability
of reentry into the parent molecule was reduced by dilution with an indiffefent
solute. Iu and Sugden (J. Chem. Soc. 1273 (1939)) studied these hot atom
reactions further, and developed methods of increasing the yield of ﬁhe Szilardf
Chalmers separation byladding diluents whoée reactions ﬁight QOmpete-with the“&

reactions leading to non-extractable compounds. Iu and Sugden also proposed:the
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operation of the 'liquid cage'!effect to account for the fact that a large frac-
tion of activity is found in the parent molecule although the gamma recoil
energy is about 100 times the bond energy and should cause bond rupture in every
case. These ideas have been extensively developed by Libby, who has given a
theoretical treatment of hot atom reactions in terms of the liquid cage.

Bond rupture and hot atom formation also happen in cases where recoil is
insufficient to cause them, an effect discovered simultaneously by DeVault and .
Libby and by Segre, Halford, and Seaborg for the isomer transition in Br 80.“in
this case, bond rupture results from ionization caused by internal cénversion and
subsequent Auger processes. It has been rather convincingly shown in experimeﬂts
of Friedlander, Kennedy, and Sezborg that internal*gonversion‘is a necessary and
sufficient condition for bond rupture, and one feels that the primary process is
understood qulte well in its generai outlines, Feverthéless it is a bit dis-
concerting to realize that no oﬁe_has yet (prior to this conference) given con-
vinciné experimental evidence that the initial fragments are positively charged.

When we look at nuclear transformations inﬁolving the emission of a charced
particle from the nucleus, we find that rather less is known about the hot atoms
produced thereby, In the case of alpha decay one can readily calculate the
kinetie:-energy of the recoiling atom; it is of course rather high, say about
100 Kev,f The initial state of ionization is somewhat unc¢ertain; it appears that
three or four orbital electrons are ejected from the emitting atom as the alpha
particle moves out. In beta decay the recoil encrgy is comparablo to that in
gamma emission, with the~complicatipn that recoil energy is diétributed over an
unknown spectrum determined by the angular correlation between ﬁhe‘beta particle
and the neutrino. Here again, the state of initial ionization is ﬁncertain, al-
though the initial charge must be at least plus 1.

The chemical effects of induced nuclear reactions in which heavy particles
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are emitted have been studied but little. An interesting contribution has been
made by Yankwich, Rollefson, and iorris who measured the yield of various com-
pounds containing C-14 formed by ¥-n,p. The rather complicated results were
plavsibly rationalized by qualitative chenical arguments, but I believe the authors
would be the first to say that only an initial step has been made in understanding
what really happens in these systems, The chenical point of view adopted by them
is quite different from the physical, billiard-ball-collision, -liquid-cage picture
uvsed by Libby. It will be»iﬁteresting when more and bétter data are at hand to
see which point of view, or what combination of them best interprets the facts.,
It is perhaps appropriate to close these introductory remarks by summarizing
the types of knowledge we now have about the subject and the types of questions
it would be well to ask of experiment and theory in order to amplify and extend
this knowledge. Ve know!
(a) That recoil from the particle or quantum emitted by a nucleus (or for
that matter, captured by a nucleus) may cause molecular fragmentation,
(b) ionization within the emitting atom may cause molecular fragmentation,
(¢) some proportion of the hot atoms produced may react with the environ+
ment, especially in condensed phase,
Questions on which we would like more detailed information, gualitative and
gquantitative, are
(1) In what manncr is the energy evolved in the nuclear process
communicated to the atom, i.e, by recoil, or by electronic loss
or excitation, or by both?
(2) How is this energy distributed over the various degrecs of freedom
of the moleccule?
(3) Does the molecule dissociate - if so into what fragments?

(4) Are the fragments ncutral or charged?

o




(5)

(6)
(n

(8)

What are the kinetic energies of the fragments after dissocia-
tion, and what ié the angular correlation of their motions?

In what fashion do the fragments lose encrgy?

In what chemical reactions do the hot atoms participate as
they descend the energy scalel

Finally, in what stable states of chemical combination do the
fragments eventually find themseclves after they have been

degraded to thermal energies?

It is our hope that this conference will make known to us what problems

are being undertaken, vhat sort of results are being obtained, what problems

various workers in the ficld consider to be significant and suitable for study,




CURRENT WORK IIT HOT ATOi! CHEMISTRY AT THE
UFIVERSITY OF WISCOFSIN

Gerrit Levey, Robert iilham, William Rice and John E. Willard*

The work to be discussed here is work which is currently in progress at
the University of Wisconsin, Results which are as yet incomplete or fragmentary
will be included.in the belief that exchange of such information among those
working in a field is mutually helpful. The topics to be dealt with are:

(1) Chemical properties of monatomic sulfur formed by the Glss(n,p) ge8

reaction;

(2) Investigations of the chemical nature of Br®® and Br®? formed by the

(n,Y) reaction on alkyl bromides;

(3) Reaction of low concentrations of HBr and Br2 with rosiduai

impurities in purified reagents.

1. GChemical Properties of Sulfur Formed by the Glss(n.p) 835 Reaction

Discussion of Results

1

It has been observed in our laboratory” and independently by Edwards and

2 and possibly by others that the §%% produced in crystals of KCl as a

Coryell
result of the C1%% (n,p) $3° reaction appears as SO4= when the crystals are
dissolved in water, The sulfate is obtained even when the water contains macro
amounts of §, suspended S, and SOS= as carriers and has been carefully degassed
priof to dissolution of the KCl. Three possibdle hypotheses to account for the
pppearance of sulfur in this oxidation state are:

(1) +the oxidation state of 6 is‘somehow stabilized by the KC1l lattice;

(2) 'the sulfur is oxidized by elemental chlorine produccd from KC1l by the

action of neutrons and gamma rays;

(3) atomic sulfur, Sl (in contrast to the molecular forms (Se) which are

*Department of Chemistry, University of Wisconsin.
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ordinarily dealt with at room tomperaturc) is oxidized to sulfate
by watcr.

None of the three hypotheses suggested is wholly satisfying. From
considecrations of ionization potentials alone it seems unlikely that the g9
atoms are held in a KCl lattice in a state which will produce sulfate by reaction
with water, unless the water acts as an oxidizing agent. vHowever, in order to
test the hypothesis, we have determined the chemieal form, after water extrac-
tions, of S°®° formed by neutron bombardment of liquid and gasecous 0014 and -of
gaseous HOl, In cach case the major portion of the §3° has been found $0 de in
the form of sulfate, In thcse tests considerable care was takenifc exclude
oxygen during bombardment and until the bombarded materiél had been extracted
with degassed water containing S=, suspended S and SOS'== as carriers, These
results seem to prove that the sulfur does not require a crystal lattice to pre-
serve it in a form which will become sulfate when exposcd to water, ~ It has been
suggested that the tracer amounts of $°° formed in these liquid and gas phase
experiments might be oxidized by the small amounts of oxygen remain;ng in a
system after even the best evacuation. Such an explanation does noé appear sate
isfactory to explain the production of sulfate since the oxidation would ordinarily
stop at SO3 rather than procecding to SOS. |

In considering the second hypothesis, it is difficult to estimat@ the amount
of elemental chlorine which will be produced by radiation.decompositibn of KC1 by
gamma rays because of the very great uncertainty as to the relation between
gamma ray energy lost and frec chlorine produced. A rough estimate pgn be made
of the amount of free chlorine produced in the irradiation of CGlGQ;f it is
assumed that the number of gamma rays entering a sample in the Oak'Ridée pile or
in the thermal column of the Argonnc heavy water pile is equal to the number of

neutrons and that one ion pair is formed per 30 ev of absorbed gamma ray cnergy -
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(taklng ‘the average gamma energy as 1 Mev and the average rate of absorption as
107% of .the total energy per cm. of air equlvalent) and that sach ion pair re-
sults ‘in the production of a 012 molecules If these assumptions are valid the
number of moles of Glz produced will be hundreds or $housands of times greater
thanrthe moles of §3%, Additional 012 will be fbrmed by other pfocesses such as
thoﬂaissﬁpation of energy from (n,Y¥) and (n,p) recoils in the system. Chlorine
so formed may result in the formation of SBCla' SClzand SCl4 but none of these
compéunds is known to hydrolyze in lsrge percentage of sulfate ahd so they alone
cannot belain the fact that a large fraction of the §9% appears as SOGé, The
possibiiity that €10, formed by hydrolysis of Clz, oxidizes an appreciable
fraction of the g3% aftor the bombardment sample is extracted with water, is
very”improbable, since in thesc tests the tracer amounts of 8% werc protected by
macro amounts of § and SOS; in the water solutions. Experiments are planned
to test the effect, if any, of clemental chlorine in investigations of this typece
by, determining the chemical form of ;ho sulfur produced by neutron irradiation
of mixtures of HCL and Hg, by irradiation of 62014 and by irradiation of 0123 In
the first case any chlorine produced may be expected to react with Hz to reform
HC1 and in the second it may Yo expocted to be removed by reaction with the
double bond of 02014.

Monatomic sulfur, like monatowic o3 wygon and monatomic ehlorine mlqht be
expected to be much more reactive than the molccular form (Sé) of the element.
To the best of our knowledge no one has over had tho'opportunity of observing the
propertics of freec sulfur atoms at room temporature except as they have been pro-
duced as isolated atoms by the transmutation of atoms of another element, The
standard frec cnergy change for the reaction S + MHQO->2ﬁ+3+'SOQ= + 3H2 may how-
ever be calculated from cxisting date. It is -6000 cal/mol and the actual free

energy change at the concentration of § atoms present in the work discusscd here

"




would be a much larger negative number. It is therefore possible that the 83504=
obtaincd is due to the dircct oxidation of S atoms by Hzo, and this secms to be
most attractive hypothesis available at prescnt.

Experimental Method and Data

Our initial observation, that the 5% formed by the €12% (n,p) $°° reaction
in KCl crystals appcars as 53504= when the crystals are dissolved in water, was
made on a shipment of KCL from the Clinton Laboratorics, which had been irradiated
with a total exposure of 1.3 x 108 ncutrons/em®, Some of the crystals tested
were as large as 2 mm. on a side. The ratio of $2%° atoms in the crystal 1o
K" and C1” ions was sbout 107%. In no casc was loss than 90 percent of the §°°
found as SO4=. Sulfide carrier was removed from the water solution by precipita-
tion as Agzs or CuS, and Soé= was precipitated asg BaSOé, In some cases the bom-
barded crystals wcre ground with a solution of S in CSg, with ¢arborundum prescnt
as an abrasive, before being shaken with water, When the 082 was evaporated and
the residual sulfur counted it was found to contain 0.5 percent of the Ssslfrom
the KC1 sample. In some of thesc tcsts dissolved air was rcomoved from the solvents
before adding KC1 and in one case NHBOH was added to the HBOQ

Irradiation of gascous 9014, HC1 and HZS and of liquid CG}.4 as well as
samples of other chlorides and sulfides not yet analyzed has been carricd out in
quartz tubes 10 cm. long and 6 mm. i.d. in the thermal column of the Argonne
heavy water pile for one hr. The irradiation was sufficiont to cause considerable
darkening of the guartz tubcs. Thesc tubes are opcned by breaking the tip in an
evacuated, degasscd system under the surface of solvents containing aporopriate
carriers. Usually tolucne Qas pfosent, together with S%. S, and SOS= in alkalinc
aqueous solution. The mixturc was shakon while still under vacuum and the water
tolucne and any other volatile components werc distilled off in thosc cascs where

there was reason to believe that a significant fraction of the S35 might be present
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in volatile form, as for example, in the bombar@ment of CSS. The solid residue
was then opened to the air and dissolvod in water and toluene. The two layers

were separated and the counting‘ratc of the elemental sulfur determincd from an
evaporated portion of the toluene, IiS and NiSO3 werc procipitated and filtered

from the water solution and BaSO4 was procipitated from the filtrate after adding

SO4 carricr, The NiSOs was separatcd from Hias by washing with NH4OH.

Under the conditions used it was not found possible to obtain quantitative
reproducibility of the amount of 535 rocovercd from idontical samples exposed to
the samc bombardment or of the distribution of the 5% between different chemical
forms., The results are, however, in qualitative agrecment in indicating that the

major portion of the S3° produced from gascous 0014 or HC1 is in the form of

SO4 after water cxtraction. They also indicated (on the basis of the limited
ovidence afforded by one experiment) that a large portion of the S3° formed by
the 5%%(n,Y)s%® reaction on gascous st appears as elemental sulfur, while a
large part of that formed from-CS2 is found in volatile sulfur compounds. Thesc
data arc given in Tablc 1, The last column gives the ratio of the 5%% recovered
in all chemical fractions of cach tube to the total S%% recovered from the
irradiation tubc which yiclded the greatest ambunt of §35 por unit amount of
chlorine irradiated. Sincec all the samples listecd were irradiated at the same
time in the samc container, the §85 /Cl_ratio should be constant. The variation
may bo due in part to variations in counting losses duc to self absorption and

" gelf focussing! of the counting samples (since only qualitative or semi-quanti-
tative information was being sought in this work) and in part to incomplete
romoval of S§°° from irradiation tubes (although cach tube was heated with NaOH
solution). The column labeled “804= supnt " indicates that in some cxperiments
$%% remained in solution after NiS, 1\TiSO3 and Ba804 had been precipitated. Until

proven otherwise we are assuming that this is from S, S0 , or SO which escaped
3 4
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o Chemical Form of Sulfur Produccd by Clggzn,p)SSSReéction on CC1
. ' end HC1 and by S%%(n,V)s3® Reaction on HES and CSB 4
- = = = = i Relative amt, of %
‘ S, 1 s, soa, SO soé’ §35 recoggrod v
- ! " 4 - .
7o % % % Swont per Cl
%pnt irradiated
001 gas 2.8 2.k 72.2 0.9 | 1.00
" 12 6 3.6 384 40 0.27
" 3.3 3.3 0.5 92.5 0 0.58 5
" 1.6 25.7 1.7 59 1,7 0.06
" 0.8 1.9 0.5 11.4 8l 0.25
" 0.1 0.1 1.3 9%.8 4.5 0.63
n 0.1 0.1 0.2 £7.0 12.k 0.39
HCL gas 6.5 5.5 0.5 56.9 30.5 0.82
HzS gas , , 0.k 98,2 O.L4 0.2 1.1
OS2 1lig. 1.7 9 0.5 L4 0 :

* 19% of 3% appeared in water washcs of quartz irradiation tube.
' . apneared in volatile sulfur compounds.

iiSﬁ% of §3° appcarcd in volatile S compounds.,




precipitation.

2. Chomical Nature of Br®® and Br®® Formed by the (n,Y)»Reaction on

Alkyl Bromides

It is well known that following irradiation of liquid alkyl bromides with
neutrons part of the Br8° and Br®? formed by the (n,¥) reaction is in organic
combination and‘part may be removed from the parent organic liquid by water
oxtraction. The possible chemical forms of the water-extractable radiobromine
would seem %o be limited to Br, HBr and Erz. As far as we know, no one has
establishcd which of these spocies are present in such systems, It might be
supposed that tracer amounts of H3r and Brzor Br in 02H43r2 could be distinguished
by the preferential rcaction of Br2 and Br with Hg or Cu. However, Lg rcacts
with CZH4Br2, and tests which we have made indicate that HBr as well as Brg
reacts with freshly reduccd Cu. These tests wore made by mixing HBr formed by
the action of phosphorie acid on neutron irradiatcd KBr with purified degassed
CZHéBrz in the gas phase, passing the mixture through P205 supported on glass
wool, and then through Cu turnings which had been reduced in a stream of hot
hydrogen and prescrved under vacﬁum. until exposure to the HBr--CzHQBr2 stream.

A total of 6.7 mg, of HBr was passcd through the train. Six pcrceﬂt of the
radiobromine was found in the P205 and glass wool, 66 percent on the Cu and
28 perecent in CzﬁéBrz condensate on the effluent side of the train.

It may be that metallic silver could be uscd to effcet a separation betwecen
elenmental bromine and HBr, er that Hg would be a satisfactory rcagent for the
purpose in the presence of less reactive organic bromides than CQHQBrz‘ A
quite differcnt method of distinguisiing between Br, Bra. and H3r would be on
the basis of the characteristic activation enorgy of each with the parent solvent.

It should be possible to determine the activation energy for the reactions of

12~




HBr and of Bra with CQH4Br3 to producc organic bromine compounds. It should
also be possible to detcrmine the activation energy for the reaction with
02H43r2 of the water qxtractable bromine formed by the (n,Y) reaction on
CZH43r2 simply by heating sealed tubes of purified degassed neutron irradiated
CquBrz at different temperatures before extraction with a water solution of
Bf” oY SOS=. If the " Szilard Chalmers bromine" is HBr the activation cnergy
.for its rcaction should be the same as that obtained in the trial runs with
HBri, and if it is Bra it should correspond to that found in the trials with
Brzi. If it is Br it should be different thanyfhat obtained in either of the
tests with available specics..

As a preliminary indication of conditions under which Brg. HBr and Szilard
Ohalmofs bromine will react with 02H43r2 we have asscmbled in Tables ?, 3 and 4
pertinent data from past cx@orimonts which wo have donc on these systems, The
data of Table 2 suggest that whon HBr is present in presumably pure and degassed
02H43r2 at s concentration of about 107 ° moles/l, an apprceiable fraction of the
brominc may cnter organic combination at room temperature and that this amount is
independent of times of standing‘for periods over two hours. This bechavior
suggests the presence of a small amount of residual impurity'such as an alcohol,
and recmphasizes the role which impurities may play in '" rctention'! experiments
even at concontrations much higher than thosc met in work with Szilérd Chalmers
bromine. Theo data for the cxzperiments at 100° suggests that the exchange
rcaction of brominc in HBr with brominc in 02H43r2 occurs at a mcasurable rate
under these conditions. The columns labeled ' 1st ext.?', "2nd oxt.“énd " 3rd
ext." in Tables 2 and 3 show the percentage of the radiocactive bromine which was
removed by each of three successive extractions of 10 ¢c of the 0234331'a with

10 cc of water containing 0,06 M SOS_«ion, These lattor data indicate that the

extraction was esscntially compléte in each cxperiment, and that the extractant
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TABLE 2
Reaction of‘HBr in Purifled C,H,Br, Solution
HBr .| Treatment |  Time between B :
m/1x10° Mixing reagents |j--—-.-Distribut .a‘_gf Activity e
; and extraction, 27y PT
| hrs 1st ext, | 2nd ext. 3rd ext, } layer
! 7.4 dark, R.T. i ltﬂ 5«:5 ’7 2,.4 1.0 i 3’7 9
|9 2 hr. at 100° i 36 44.3 1.6 | 0.4 ‘ 53.8
L9.2 4 hr, at 100° | 35 22.6 1.8 0.5 | 75,0
i
L 9.2 dark, R, T. 38 61.0 2.1 0.4 | 36.4
z ! ,
- TABLE 3
"Reaction ofBr2 in Purified CquBr2 Solution
(Conc., approx, 2 x 1073 molar)
Treatment ! Time between Distribution of Activity,
| mixing reagents | %
| and extraction, CH BT,
! hrs. ‘ 1st ext, 2nd ext, 3rd ext) layer
: N BRI ARSI S - _
dark, ReT, 14 93.5 3+0 0.3 3.1
2 hrs. illuminationx 14 56.8 1.9 0.5 41,1
dark, 2 hrs, at 105% | 14 | 83.2 3.1 1.8 12.1
dark, 4 hrs, at 115° 89 53,8 2.7 0.5 43.0
| *1000 watt Mazda lamp at .2 feet {
oSO OSSR SN SR — i
TABLE 4

Retention of Bromine Produced by Br79(n,Y)Br8°(4.4 hr)

Conditions Retention in CszBr2 layer
I I8 %
o NMM;;;raé;;d 1mmed1ately 35
stood & hrs. with pentene at R.T, 50
2 hrs. at 100% 40
2 hrs. at 130° o1
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did not cause approciable liberation of water soluble bromine from the organi-
cally bound bromine.

The data of Tablc 3 indicate that there is very slight reaction of Bra with
02343r2 in the dark at room temperature when the Brz is presont at 1072 molar
but that rcaction occurs in the light, or in thc dark above 100°. In considering
possible coffects of impurities it must be noted that the concentration of brominc
in the éxPerimcnts of Table 3 is more than 100 timcs that in the HBr oxperiments
of Table 2.

Szilard Chalmers dbrominc produccd by ncutron irradiation of purificd
degassed 02H4Br2 reacts, at least in part, with‘poﬁfono and at tompéraéufes above
100° cnters into organic combination whon dissolved in CzHéBra, ac¢cording to the
data of Table U4,

Various investigators have made obscrvations on the Szilard Chalmers
bromine produced‘in alkyi bromides, which appcar to be inconsistent with the
suprosition that it i§ in anj one of thc threc forms HBr, Bra or Br. Such ob-
scrvations include the fact that the water-cxtractablc brominc sometimes remains
ags a residuc when tho alkyl bromide is cvaporated on a glass plate (Hamill and
Davis), the fact that the radiobromine is not fractionated from the alkyl bromide
by bubbling a strcam of incrt gas through the solution (Libby and Friedman) and
the fact.that the radiobromine migrates to the anode if electrodes are placed
in the alkyl bromide. Thesc obscrvations suggest that frace amounts of impuritics
may play a major role in determining the form of the wator-extractable bromine.
Apparcntly impurities do not often play an important part in determing the per-
contage of the Br®© and Br®? yhich is organically rectained, sincc retention

valucs are qualitatively speaking quitc reproducible.

3. Rcaction of Low Concentrations of HBr and Brz with Residual

Impuritics in Purificd Rcagonts

-15-
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The data of Table 2, discussed in tho preccding section, suggests that the
CzHéBrz used may have containcd about 3 x 10 © moles/1 of an impurity with which
HBr could rcact rcadil& aﬁ room temperaturc in the dark to form an organic
bromine compound. The 3 percent rcaction of Br2 with CzﬁéBrz in tho dark.shown in
Tablé 3 ﬁayf ropresent reaction with an impurity. When some tests in which low
concontrat?;ns of radiobromine wofé placed in supposcdly very puré 0014 resulted
in the production of ofganically bound bromine, we undertook a serics of experi-
ments to determine how the amount of such rcaction varicd with the method of
preparation of the CClé. thcléoncentration of thc bromine and the time of contact.

- In Tableo § tﬁo data for the cxporimenté made with CCl4 purificd by different
methods arc diffcrentiated by the numbors 1, 2, 3, 4 and 5. In all except the
last cgée (Technical grade 6014) four tests were ron, tﬁo at a low concentration
where the bromine was allowed to stand with the«0014 for 10 minutes and 40 hours
réspectively and two at o higher concentration for the same two lengths of time.
In each case the councentration of Brz. thé total counting rate (at aboutv3 percent
counting yield); and the distribution of the radiobromine between three successive
11 cc pqrticns of aqueous extractant cqntaining 0.06 m SOS=, and the remaining
organic phase are given. The final figure in each column shows the moles/1l of
bromine which were not extractable with sulfite solution and therefore may be
assumed to have entered organic combinafibn, The amount of bromine which could
enter organic combination would be expected to be the same for both concentrations
of bromine in GCl4 if a limited aﬁoﬁnt of impurity is being complétely brominated.
This is approximately true (within a factor of 2) for all four types of CCl4
which were tested at two concentrations of bromine, if the results for the longer
times of contact are compared. However, the full explanation of the resulté is
not clear.‘ It may be noted that the only one of the five 0014 preparations which

was not distilled from ons showed the smallest reaction with Brz. To tcst the
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hypothesis that the Brg reacts with some substance introduced from the Paos'
35 cc of 0014 which had been purificd by illunination with ClO2 and 013 were
distilled fron about 15 grans of PZO5 (Merck Reagent grade such as was used in
the tests of Table 5). The liquid was divided into three fractionst! the first
third in the distillate, the seecond third in the‘distiilafe, and the remaining
third which was removed from the distillation flask without distillation. Iach
of the three fractions was divided into two portions, to one of which was added
o drop of water, Each portion was allowed to stand with radiobromine for 2U
hours and then thoroughly extracted. From 1 x 1077 to 3x 1077 moles per liter
of Brg entered organic combination in the several cases, with no trend that
could be ascribed to the added water or to the properties of the separate
fractions.

It must be concluded that amounts of bromine of the order of 107€ - 10°7
moles per liter react with something in carefully purified CGl4 to form organically
bound bromine. This cannot be due to a reaction of the type Br8 + QCl;—>0013
Br + BrCl since extensive studies on this reaction by A. A, Miller of our
laboratory show that it has an activation energy of about 4O kcal/mole and does
not proceed at a readily measuréble rate below 150°C. It seems highly improbable
that the reaction indicated by the data of Teble 5 is a rcaction between Brg and
CGl4 induced by the radiations from the decaying Br®?, since it may be calculated
that only about 10710 moles/liter of ion pairs would have been formed by this
means in the 40 hour ecxperiments, where between 1077 and 107® noles per liter
of bromine were observed to react.

References

1. Paper presentcd before the April 1946 lceting of the American Chemical
Society at Atlantic City.

2. Private communication.




SOME COUSIDERATIONS 0 RETEFTION IX THE LIQUID PHASE

J, M. Miller and R. W, Dodson¥*

This discussion will be concerned only with the hot atom chemistry that
comes about as a consequence of radiative neutron capture. In particularvwe
shall be interested in the neutron capture dby 170137 in the chemical form of
0014.

Although there is little doubt that essentially all captures break up the
molecule that contains the absofbing nucleus, nevertheless a good fraction of
the radioactive chlorine is ultimately found as carbon tetrachloride, This
fraction is known as '"RM, the retention. Our task will be to predict how this
fraction "R'" is influenced by the addition of other molecules to 0014.

The initially energetic (200ev) Cl atoms resulting from the breskup of the
molecule must have a probability of exchanging with CCl4 that is consistent with

he observed value of '"R'. This reaction may involve atoms that are still being
" cooled!', or it may involve atoms that are in thermal equilibrium with their
environment. Ve shall say that the reaction occurs with atoms having an energy
distribution governed by the slowing down process rather than by thermal
equilib:ium. This statement can bq subétantiated by experimental evidence which
unfortunately cennot be examined here.

"R" can be calculated in the event of a steady state,\i. e. in the case
that the number of atoms having a given encrgy is not a function of the time.

If X(E)AE is the number of collisions mnde per unit time by radioactive chlorine
atoms having an energy between E and E+GE, P is the vprobability of hitting a
Cl atom at a CClémolecule in a given collision, w(E) is the probability of a
collision between an active Cl atom with an energy E and a'CG}.4 molecule giving

*Department of Chemistry, Columbia University
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substitution of the atom in the molecule, and the retention is expressed as the
number of atoms being retained per unit time per hot atom formed in unit time;
one can immediately write

(1) R=0J’QOI\T(E)‘PW(E)G.E

If *y is the activation energy of the exchange reaction and E the maximum energy

0
of the Cl atoms, then w(E) vanishes for E.<v, and N(E) vanishes for E>E .

o
Equation (1) can be rewritten in the more useful form
(1) R=VIE%(E)PW(E)dE
To proceed it is necessary to make assumptions concerning the nature of the
collisicns in a liquid and the mechanism for theAexchange of active Cl atoms with
CClé. Initially let us use the assumptions given by Libby (1) to enable us to
express explicitly these two functions of the energy. Briefly these assumptions
arc as follows:

(2) Every (n,Y) process produces a free recoil atom. The kinetic energy
of this atom is such that it cannot participate in stable chemical combination
until it has lost energy.

(B) Energy is lost solely by elastic collisions which are " billiard ball'!
collisions, Indeed, until chemical combination occurs, the recoil atoms behave
as if they were travelling through an assemblage of frge.atoms and colliding with
one atom at 2 time.

(C) -1f sufficient energy is transferrcd in a given collision the struck
molecule:will be dissociated into free radicals. Retention results from the
combination of the recoil atom with one of these free radicals. However, this
can occur only when the radical is trapped along with 'the radioactive recoil
aton in a M.liquid cage™.

(Dl~;1f, after a given collision which dissociated: the struck molecule, the

recoil atom has a kinetic encrgy less than a critical amount € , it will be trapped
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in a cage and react with the rodicnl tranped with it; otherwlse 1t will esééﬁe
and make more collisions which canhléad to retontioﬁ. If it has an energy below
v it cannot react in the subsequent coilisions and will bhe extractable withlwéter.

If a particle of mass M and energy Ei undergocs a ''billiard ball% collision
with a stationary particle of mass m, the energy of the initial particle after
collision will be given by

(2) %= p M+ m® + 2lincos®
£ 4 (ir+m)*®

where @is the angle of scattering in the ceanter-of-mass system. Further, since
the scattering is spherically srmmetric in the center-of-mass systeﬁ, the pro-~
bability of an angle © is given by the solid angle at 0

(3) P(O)d ©=1/2sin O 4 @

By combining (2) and (3) it can be seen that the probability of a particle with
energy By to have an energy E after collision is given by

(4) P(E)aE= 4B ' v = (=m)?
(1-Y 551 (¥t+n E

and is independent of B, This means there is uniform probability of the particle
having any encrgy betwcen By and Y E;. It is also clear that an atonm with an

energy greater than Y. cannot be cooled below V- in a collision with an aton of

Y
mass consistent with Y. If the enorgy is less than V but greater than V , the
. Y
probability of the encrgy falling below y in a collision is evidently
(5) vy-YE
B(1-Y

Trus the masses of the atoms will have 2 decisive influence upon the form of w(E).
To illustrate this ahd its consequencos we shall treat four cascs.
Case T ~Pure 0014

If we consider the collisions t0 be only with Cl atoms and express the

steady state condition, we get




o
(6) H(Ey)dEy = & (Ty-EgldBy+ [ 01»?(::)
El

d}?“

off

The term on the left represents the number of atoms leaving the energy range

Ey to B, + dElper unit time, and the second term on the right gives the number

of atoms entering this energy range from highef energies per unit time. The first
term on the right is a Dirac Delta function and represents the source of hot

atons at an energy Eo' (For simplicity we shall assume that this is a given
energy le§61 of essentially no width.) T™:is function vanishes for‘all values of

E different from E, and becomes infinite at E=E_, with the area under the function
being unity. ZIxpression (8) re w@ily yields the solution

(7) #(By) =8 (8,-B,) + 1 (normalized to one hot atom formed per unit
time.)

et
-

Case II CCl -5iCl,

If we again consider only collisions with Cl atoms the result is identical
with Case I. |
Case IITI ©CC1 -7

The "?"represents a diluent for whose atoms z;,Eo , hence any one

collision with the diluent can remove the Cl atom from the reactive range of

energies. The steady state c0ﬂdition applied here gives
B
0

(8) W(Ey) 0B, = 8(8,-F,)as+ P/ Yo, £)dZ,an + 1P J  o(B)gE, 4%
Ty i 1Y B 3

The term on the left and the first term on the right have the same significance
as in (6), the second and third terms on the right represent the slowing down of

Cl atoms by CCl. and the diluent respectively. IZquation (8) has the solution
o=PY
(9) #(2y) =05(8,-B,) + 1= PY(L\ VL
=Y 5

-

1
Case IV CCl,-Cgi,,

There are collisions of the hot Cl atoms with C1l and i atoms, but in

- =32-




collisions with the latter only a small part of the energy of the hot Cl atom can

be transferred. In this system the steady state condition is
I By /Y

.-30

(10) T(Ey)aBy = §(By-Bol)dBy + P f T(E)dE1dE + 1-P [ W(Z)dE; 4GB
E T 1-Y By iz
1

It is iéportant to realize that the woper limit of the second integral on the
right becomes By if By . E, . This physical aspect of the problem makes it

Y n~-1 =n
necessary to solve (10) in regions, i.e. EO~VEO,YEO~Y2EO. oY Bo=Y Bg,.es
The solution in any of these intervals will depend upon the solutions in the
preceding intervals. This method of solution of (10) for the CliH atom system
involves about fifty intervals and therefore will not be undertalen at this time.
For the moment we will take an oz mimtotic solution, shich, 25 will bt dis-
cussed in detail below, gives the correct form of R as a function of P. Hence

we can write as a first ap-roximation to the solution of (10)

(11) £(5) =5 (BaBg) *+ 1/ 1\
K °  \Br(ce vy Y

According to the criteria outlined above for the. exchange of a hot ClL atom
with CCl, in a collision, the energy of the Cl atonm must fall from a value
greater than V to one below the energy € necessary to penetrate the liguid cage.
Using these criteria it 1g possible %o express the retention in another way, viz.
the number of atoms with enerzies falling below ¢ per unit time due to collisions

with Cl atoms in CCl, divided by the number of atoms with energy falling below

wper uanit time ag a consequence of any possible kind of collision. At steady

state this latter quantity must be equal to the number of active atons formed
in unit time, Zence, in the two component systems we have mentioned, the re-
tention can be written as

Il

#9 _.
(12) B = P Jyi(®) § dE

Using (7), (9), (11), and (12) R can immediately be written down for the four
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cases of interest.

(13) Case I R =¢gfv

(14) Case IT R=P ¢gfyv
1-P)
(15) Case IIIR=P ¢ (go'\ 1-Y
v v/
(16) Case I¥ R=P ¢ (1 ) for l cecl
y (FH1-P)-Y)) By

The last three coscs are plotted in Pig. 1) There it is secen that the diluent
that is most efficient for cooling the hot Cl atoms is also the most efficient
in lowering the retention. It is evident that diluents that differ in mass from
the Cl atoms can effeoctively reduce the probebility of collision with 0014. but
they also increase the number of collisions per unit energy interval and hence
cannot reducc the retention by a factor P, but instcad by a smaller amount,
Therefore all curves of the type given in Fig. 1 rust be concave downward for
diluents that differ in mass from the hot =tom, Indeed, as the mass of the
diluent approaches either zero or infinity this family of curve approaches a

Rorizontal line at R v = 1.
€

Experiments

Experimontak verification of the prediction for this modcl was sought by
investigating the retention of C1 activity in 0014 as a function of composition
in two binary systoems CCl4 -SiCl4 and CCl4 -CsHlo. Some preliminary results
will be presented,

Case II 0Cl =5iCl
— 4 4 ,

The solutions were prepared in vacuum and bombarded with ncutrons from the

Columbia cyclotron in sealed containers. After irradiation the solution was

slowly dropped into a concentrated NaOH solution; thus the 81014 was hydrolyzed

*For case III Y was taken equal to 0.0l and B Jv= 100.
For case IV Y was taken cqual to 0.9.

..2 4—.




G 94nbi4
0i 80 90 ¥0 20 o
L { I 1 y
—zo
~v0
—9°0
Y109, —s0
ol
2 04nbig
N
01 80 90 0 20 0
I ¥ I ] 1 !

o 4
-120
-0
-190
To -18°0

4 4

ol
1}
8 i

474

4 94nbi 4 ¢ einbiy
d
20 0 o1 80 90 0 20 0
L] b- L] — 1] — L] — — €
: A 2. o -
Hzo (o 20
~¥0 -1v0
10y 4 7190 °u/y
Buijioq seybly o ~go oo -180
Yoo 8 4 o -
IDjoy v " ol
] 84nbig
d
Ol 60 80 20 90 €0 +$0 €0 20 I0 O
‘
—+-— Al950) = \ 20
—— 1l 8s09 i .
— ||l 9sbn = / |.
=7 710 o
_¥ )4 Ay
=1 j 7 90
P
= e 80
|
——t
= e = O.—




and the unbound active 01 extracted from th090014. "Any Cl activity that was
absorbed on the wall of the container was recovered by a rinse of the container
with a strongly alkaline aqueous solution. The organic and aqueous phases were
thén separdﬁéﬁ and diluted to a known volume., The two liguids (organic and
aqueous) werc counted in thin walled jackets placed around an ordinary silverod-
glass thinwall counter. The counting rate was corrected for the inevitable dif-
fofdﬁc%é émong the fackets and for the density of the solution being counted.
The rosultéiﬁfé‘given grophically in Fig. 2, where the retention at mol fraction
T of CCl4 divided by the retention of pure 0014 is plotted vs., N. It remains
to transform from the variable ¥ to the variable P, To do this the reclative
magnitude of the collision cross section of C1 atoms in SiCl4 and CCl4 mist be
kndﬁﬁ; Fron (14) it can be shown that this quantity is eéual to the slope at
thé intercept divided by the intcrcept of a plot of 1/R vs, mol fractionvSiOlé/
mol fraction CC14' The value is found to be 1,96. By use of this number to
calculate P from ¥, the points in Fig. 3 are obtained. The experimental points
in Fig. 3 show fair agreemcnt with the straight line that represents the prediction
of equation (14).
Casc IV C014~06H13

The solutions of known concentration werc prepared in soft glass bBottles by
the addition of measured volumcs of the two components, After irradiation 6f
WaOH was added and the mixture thoroughly agitated, thereby extracting unreacted
Cl from the organic phasc and adsorbed activity from the wall, After scparation
of the phases 0631;Cl was added to the organic phase and this organic solution
was fractionated, The bound activity was hence soparated into two fractions,
one of which was 6014 and tho other a higher boiling fraction. (The higher
boiling active fraction has bcen tentatively identified as indeed being cyclo-

hexylchloride.) The counting of the three liguids was done in the same way as




descrided aboves The reéults are given in Fig. U where (A) the total retention,
(B) the retention as 0014. and (C) the retention as higher boiling compounds are
a2ll plotted vs., mol fraction 0014. The dotted portions of the curve are interpow
lated to the situation that exists for pure CClé. These data illustrate strikingly
that small quantities of cyclohexane are very efficient in lowering the retentions

This is inconsistent with the predictions given above. Further, it is to be

noted that the decrease in retention of active Cl atoms by GCl4 is not completely
compensated for by the reaction of Cl atohs with cyclohexane to give unextractable
organic halides, In this connection, it is ihterosting to see that the fraction
of the active atoms forming cyclohexylchloride scoms to be essentially independent
of the composition of the fombardcd solution over a large range of concentrations.

If the data on‘this system are treated in thé»samo mannér as the SiClG—CC14
system in conncction with the relative cross sections of these two compounds, it
is found that the cross scctioh of cyclohexane is 6.25 times that of carbon
tetrachloride. Using this number to transforn from ¥ to P, the curve in Fig. 5
is obtained. The lincarity of the experimental points is quite apparent, However,
it must be pointed out that this line extrapolates to a valuc that represents
only about é the retention of purc corbon tetrachloride.

A comparison of the quantities in (1) with the experimental results can
lead %0 the conclusién that I'(E) must be diminished in the region of energy where
w(E) makcs its predominant contribution, Even with the abandonment of tho
M Hilliard ball' collision ideca, it is not casy to sce how small quantities of
cyclohexane can diminish N(E) so markedly unless the notion of chemical capture
of the Cl atéms by cyclohexane is introduccd. This reaction could be of the
following well known sord _
(17) €1 + E-H HCL + R* (R* rcpresents a free radical.)

If this reaction occurs with good efficiency for Cl atoms with an cnergy higher
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than that where w (E) is large, then the rapid reduction in retention is to be
expected., This approach can be treated mathematically by using essontially the
same mathematical apparatus as illustrated above except that a term corresponding
to»chemicél capturc must be introduced and w(E) rust be modified. (4 capture tern
has to be added to the term for the " billiard ball' collisions to calculate
(E), and w(E) is said to be a constant over some encrgy range and zero elscwhore. )
The result of this troatment is a retention curve that can fall off as rapidly as
is desired by adjusting the many parémeters available, 3But thc curve is certainly
concave upwards instead of downwards,

There is anothcr approach that is at lcast qualitatively consistent with
the data. This treatment asserts that the number of collisions made by Cl atoms
in the cnergy range in which exchange can occur is independent of the composition
of the solution. If we take 0.01 as the probability of the rcaction in any one
of these collisions, then to be consistent with the retention of pure 6014 the
nurber of collisions in this range comes out to be about scven, When cyclohcxane
is addo%, if it is then asscrtoed that reaction (17) occurs with a greater proba=
bility per collision in this energy range than 0,01, the rctention as CGlé is
again decrcasecd quite rapidly. These simplce considerations give for the retention

(18) B= [1—(1-Py -(-P)v ) MEN
- 5 PN +(1-P)Ve

i, is the probabiiity of reaction of Cl with CCl4 per collision, Wz is the

probability of reaction with cyclohexane per collision, and 7 is the number of

collisions made by Cl atoms in the encrgy range in which reaction.can OCCUr.
Reference

(1) Vv. P, Libby, J,A.C.S., 69, 2523(1947).
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CHEICAL COVSEQUEICES OF THE (n,Y) PROCESS
FOR GASEQUS BROMIDES

R. R. Williams and W. E. Hamill¥*

This work is a preliminary survey and conclusions are tentative., It was
our intention to rcpeat and verify part of Suess's work before progressing to
other related investigations of the (n,Y) process for gascous bromides.

For ncutron bombardment a 300 nme Ra~Be source, with pnfaffin moderator, was
centrally located within a 2,51 soft-glass bottle surrounded by water and shiclded
from light. The bottle was connccted by rubber stopper to a simple vacuun line
with mercury manomcter. Exposurcs lasted 10 nin. unleoss otherwisc stated,

Exposed samples were condensed into a fiask, containing measured amounts of wator
and ethyl bromide as required to bring each phose to approx. 3.5 ml volume, and
provided with a ground joint and stopcock. The flask was removed from the line,
the contents were melted and well shaken, and each layer counted in a jacketced
G-} tube. Background averaged approx. 100 cpm (due to the exposed source) and
sanple counts averaged 1500 during 4 min. (~-300 cém above background.) The
Jjocket was rinsced with ethanol aftor removal of each sample. All count rates
were extrapolated to the time of removal from the source and corrected to a
conmon volurie and density of liquid sanmwle. Tho major gascous component was
always added last to purge the line of minor componcnts. Pressures refer to
those prevailing in the 2.5.. bottles Hatheson 02H4 and HBr were twicce frozen
and pumpecd on the line. ZEastman-Kodak purc cthyl bromide was similarly treated,
then distilled from ons'

In tho scries "Et Br" (Fig., 6), Pygp - = 48 ~ 50mn, Pgip, = 180-190 mm,
ch H, varies as shown. In the scrics " HBr'™ (Fig.6) Pgigy = 4-6 mm, Py
T, P02H4 varies as shown. During noutron bombardment the tcemperature of the

sample was 20 - 25°C,

. 170~190

% Dopartment of Chenmistry, University of Wotrc Dame
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Our kinetic treatment is based upon Suess's, but explicitly includes the
(n.Y) process in steps 6, 7 and retains all terms in (HBr). Ve postulate that
the processes 1-7 are nece«sary and sufficient to account for our present results.

In these equations A refers to C,¥, or C,H,, S« refers to CyHBr" or C 4.5r"

U,
ky
HBr + Rr* 5> IBr*
A+ Br® 52 apr
& >
k3
* kq, *
ABr "+ HBr 7 AHBr
kg
ABr «+ EBr 5 ABr + HBr*
*
: kg HBr
HBr <
k, H+ Br*
as*/at = k,(ABr*)(HBr)
AHBr Y/dt = ky (Br*)(HBr) + k,(HBr) + kg(A™F )(H%r)
(ABr+) = k (A)(Br+#)
: ky + (i, + l:B)(I—IBr)
gBr #at = 0 = k,(EPr) + k,(iBr %) -k, (Br*) (@r) -k, (4)(3r*)
(Br#) = k- (H3r)
kp(A) + &k (EBr) = ks (A)
kyt+ (i, + kg ) (HBr)
S+ = Kk (A) /lkt (k4 k) (EBr)]
EBr* | | kekp(h) . ke(A) + 15 (Br) - kaks(d) / et (kat ke) (B3r)]
17 kgt (o, k) (H3r) 6 ko (HBr)
. . A)
R= = = o 3..5.) (ot ks)(B30)) 4 X5 /1 + Es K+ Koy
r Lo k7/ kg A F k, kg k'
-kiks g kg (ko kg) %= X5 o= ke
kpk, ' kglt, ’ k, " ke

W)/R = [v+8Er)] (1 + ) + H(l+p+ p/i)(a)

From scme of our experiments at constent (A) and variable (H®r) we find,




contrary to Suess,'that B = 0.027, not zcro, Using this constant with the

results which appear in Fig. 6 we hove (orzprossing concentrationg in pressure

units)
for tho series "Bt Br" (H3r) =50 mm, b = 8.7
for the sories " I¥3r', (HBr) =185 m1, b = &,0"
average b = 8.4
Assuniing 0= 0 for the sories " Bt Br!
M (1t +o/1) = Q31 o = 0-08 '

M 0.205

If the (n,Y) process fails to fu?ture the HBr bond in 1/10 of all cascs for
Brf0 (18m.) it is possible that one may obtain a diffcront rosult for BrPo
(4,5 n.) or Br®?, We have tosted only the former possidbility,

Using the procedure descrived above we porforned two ndditional experiments,
In the first we introduced Bmm of Bt 3r, Jmn of 02H4, 366 mn of HBr and in the
sccond 6mm-of T Br, Smn of CGH4 and 415mn of HBr. Both samples werce exposed
to the sovrce for 61 min., From the first we obtained for the ratio of the
cournting rates at an arbltrary zoro time referred to the cnd of exposure

cpn (18m) = g
cpn (%.5h) 18.1

using tho aqueous laycer. From the sccond we obtaincd, sinilarly,

8“) 5 c o] =
_E%TYﬁ o) 15.86 (seco Fig., 7)

From the ratio of these ratios we have

[epn (18n) | [ ‘_E” op)—’ = (A)/R
tcpﬂ (4.5h)] Aqucous icpn(ﬂ 5V)J Organic e
y [
i8n.
Qualitetively it is covident that p > 0
‘ isn, 4.8h

#This figurc is a second approxinc.tion, anticipating the result p= 0,085.




Considering the poor procision of the " It Br' and ¥ HBr" seriecs of cxperinments,
we can only expect qualitative agrecniont betwoen the two types of experiment.
- We find adequate agrecment by choosing, as 2 minimum Ca h= 0 and so predict
’ ’

the ratio of counting rate ratios as~1.23 which agrees adequately with the

experimental ratio 18.7 = 3,18,
15.8

Supmarx
There is cvidence, based upon kinctic postulates, for failurc %o rupture
the HBr bond during the (/n.Y) proccss forming Br®0(18m) in a small fraction of
such events. Corroborative evidence, independont of any kinetic postulates,
follows from the experinental fact of uncqual Br20(18m) /Br®o(l,5n) rotios
for different chemical specics. Wo do not find it necessary to attribute ex-
ceptionally high encrgics or durations to atomic Br®0 as a roactant in the gas

phase.
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THE HOT ATOM CHEMISTRY OF THE PROPYL BROMIDES*

‘Lewis Friodhani and W, F. iibby***

"Abstract |

The chemical effeets of the recoil from the caﬁture gamma, radiation
produced by the (n,¥) reaction on bromine 81 in both:normal and isépropyl
bromides have beon investigated. It is found that the principal part of the
radiobromine resisting aqueous extraction, that is, organically comﬁined, is
propyl bromide, The ratio of normal to isopropyl bromide formed by irradiation
of either normal or isopropyl bromide is found to be about 2.5. Thebirradiation
of propyl bromide cooled to liquid nitrogen terperaturcs produced no change in.
the yield of normal and isopropyl radiobromides, as comparcd with the results
fer the liquids at room tomporaturc. In direct contrast, however, the yicld
of the dibromides requiring hydrogen substitution was much lnrggr in the case
of the low tomperaturc solid, the percentage yicld of dibron rising about three-
fold. Thesc results arc intcrpreted as cvidence that the bronine substitution is
a reaction occurring largely in the energy range where the chenical bonds in-
volved are nogligible, and that the hydrogen subsﬁitution occurs in the lower
cnergy range whore the recoiling bromine atoms collide with the molecule 2s a
whole in an inclastic manncer rather than with a single aton, as is postulated in
the high encrgy fango. The differcnce in tcomperature dependence of the two
types of substitution recaction would appcar to arise from the diffcrence in
magnitude of the energies involved. The fact that the irradintion of isopropyl
bromide pr@ducos 2.4 tinmes as much normal bromide as iso bromide, and the same

#This work wos assisted by the Office of Faval Research under Task Order III
of Contract Nbori20 with the University of Chicago.

seetInsbitute for Fuclear Studies, University of Chicago.
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relative anounts are obscrved in the irrndiation of nornal propyl bdronide, is
taken as furthcr evidence of the exztroncly qnorgotic_naturc of the bronine sub-
stitution reactiqn. the free radical apparcntly having sufficient cnergy to
isoncrize before recombinntion occurs in the solvent U cﬁgc“.

Introduction

The eapturc of a slow nicutron by bromine 81 to form 34-hour bromine &2
involvos the emission of the drdor of 8 million volts cnorgy as gannn radiation
ncarly instantancously, It is not known whether this cnergy is emitted in the
fornm of onc gammn ray or vhother there are several involvod. If onc is involved
the recoiling brominc will possess an cnorgy of about 420 clectron volts. If a
cascading proccss ocecurs the recoil cnorgy will vary between this linit »nd zero,
tho chance of =zero rocoil cncrgy being extronely small unless a very large nunmber
of garmn rays orc involved in the cascode. It is well known that the radiobromine
stons arc cjected fron the wmolceules in which thoy resided bofore the ncutron
copturc 120.6dve T 4no ovidence being thnt the irrndistion of a liquid organic
hnlide allows nbout holf of tho rodiohnlide to be cxtracted into an adqucous
solution 1a,b,d) and thaﬁ the irradiation of 2~ gnscous organid halide allows the

xtraction of over G5%MC»C»T

and that the irradintion of a dilute solution of:

an organic halide in an organic solveant rcduces the fraction of thé radichalide
found in the nother moleculce to zero as the concentration is decronsedl®s@, Dhe
nochanisn by which thc radionciive halogen atoris arc rcincornorated into organic
nolccules nay be of considerable interest both in radiochenmistry and indiroctly
in cheniecal kinetics. It has boen proposcd 1d,es2 gung tho broad fentures of

this type of renction can be cxplained by a nochanisn which considers the chemieal
bonds tp be of sbrongth negligible with respoct tp the oncrgy of the rccoiling
broriinc aton, and that the re-ontry proccss consists of an essentinlly head-on
collision of the rocoliling bromine aton with a bound broninc aton.‘tho radio-

active bronine ~ton tronsforring its
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nonentun nearly completely to the inactive aton and being itsclf left with a
éélativoly small encrgy in the inmediate vicinity of the froe radieal formed by
the renoval of the non-radioactive aton, both the free radical and the radio-
bronmine atom being contained in the sanme solvent "cago"3 and being frec to rccom-
bine, with a dissipation of their cxcess cnergy to the solvent through the cage.
Substitution for hydrogen atons in an organic halide haos bcén explained as
occurring near the end of the range of the rocoiling brormine atonm, where the
cnergy is still somevhat larger than the chonical bond cncrgy but not a zreat
deal lerger; that is, ﬁhc cnergy is sufficiont to cause both to rﬁpiuro,but is
insufficient to warrant treatnent of the collision as a process occurring
cssentially between frec atoris, This allows the rmolecule as a whole to act in
an inelastic nanner to stop the radiobroninc aton in the samc solvent M cage'™ and
to itself dissociate, for ozamplé, by losing a hydrogen atom, the whole process
resulting in a rcplacement of hydrogen by brominc to form a rore highly halogenated
product. This type of process can be domninant apparcntly whon the nediun contains
a very low concontration of either combincd or free halogen, as Rcidu has shown
by studying VOry dilute solutions of iodinc in pentane and cstadblishing that 385
of the radioiodine appenrs as anyl icdide. This result has beon confirmed in this
laboratory by NMr. W. H. Johnston, who found 37% under sinilar conditions and
obscrved that no significant decreasc in iodinc titre occurred. A sinilar ex-
perinent with 0.10 gns of Br, in 100 cc of liquid pontane was performed, and a
retention of 31% obscrved. The yiclds of hydorgen substitution products‘reported
in the literature for the organic halides in general arc considcerably le#s than
this, though they vary with cxporinental conditions, as we shall sce later in
this paper. It appcars thdrefqrc to be nceessary $o explain the incrense in
cffectiveness of tho hydrogen substitution reaction with dininution in halogen

concentrationa Such an explanation scems to follow from the collisional type of

3
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theory roferrcd to above. According to this thoory hydrogen catry can occur
only for thosc halogen atons which posscss an cnergy betwoen onc and scveral
tincs the bond cncrgy. If thorc arc no hrlogen atons in the solution, cnergy

. loés occurs cntircly by collisions with rmuch lightor atons, so that evory halogen

atort will movce through this critical encrey rangc, thercby having an opportunity
to substitute by the inclastic moleccular collision mechanisn described. If,

- howover, an approcinble fraction of the cooling collisions occur with atons of
cqunl mass, the chance of the atons junping discontinuously thfoﬁgh this encrgy
interval is apprecinble, and the result is a considerable fraction of the atons
having no opportunity for hydrogon substitution. The vhole problen is analogous
to that of rosonance capture in ncutron physics.

In addition to thesc processes in the hot or high cnergy ronge and in the
1 to 4 or 5 chencial bond cncrgy range, which we night call M epitherral" in
analegy t0 thc noutron nononclaturc, we may have reactions procceding in the

. therrinl range botween the solution and thosc halogen atons which do nanage to
entor the theornal range without chenieal corbination, i.c., halogen atons are
notoriously recactive and tho‘possibilitics of their corbining with impurities,
walls, and the principal spocics in the solution nay be considerable, and carc
muist be tal-en in work in the ficld of hot aton chenistry to guard against nis-
intorpreting such phenoricna as occurring in the hot or epithermwl ranges. A
further type of reaction which is not charactoristic of or to be attributed
directly to the hot or cpithermel chenistry is the type of recaction discovered
by SugdonS, in which the addition of small anounts of anilinc'to an orgnanic
halide greatly reduced the rctention in organic forms. This has been intor-

) protedld’c’e as a reaction botweon the excited, roformed orgonic halide and

. aniline proscnt in the solution in such concontrations as to have a good choance

of collision with tho oxcited organic halide beforc it cools. It is to be
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cxpected that this type of recaction will be fbund to be quite cormon., Fortunatce~
1y, the result can generally be predicted by cxporincnts with macroscopic
quantities,'fpr oxanples the ability of anilinc to react with organic halides

to form aniloniun salts in which the halozen is ionically bound is well known.
This reaction is known to occur at elevated teripcratures in ordinary organic
systens. In addition, a third typc of cssentially fﬁormal rcaction which must

be borne in nind in the interpretation of experinents on hot atom chemistry is
thermal exchange rcactions between halogen atoms and organic halides. It is
probable that in most cases studied so far this effcct has been negligible, but
it is not unlikely that in certain cascs, for example the benzyl or allyl halides,
this cffect will be expected to be serious,

The present research was undertaken to clucidate some of the doubtful points
in the theoretical structurc described above. The 34~hour bronine activity was
scleccted because of its convenieont half life, and the dvail&bility and stdbility
of the organie bromides. The propyl bronides were sclocted fron the various
organic bromides for the case of scparation of the products by distillation
techniques, at the sane time refaining the possibility of isomerization.

Experinental

Pure normal propyl bronide and isopropyl bronide samples werc obtained
fron Paragon Testing Leboratory. Those woere redistilled and their refractive
indices found to cheeck with those for the purc products within 1 part por ten
thousand. The irradiations were conductcd in 500 ce soft glass bottles ncar the
cyclotron target with an intervening 10 cm. of paraffin for neutron noderation,
and 2 inches of lecad to elininﬁto radiochenical effects duc to ganma radiation.
Exposurcs usually lasted onc hour, at a nean flux of about 10® thormal ncutrons
per sqﬁaro centincter por sccond, The bean curront on the eyclotron usually

averaged 20 nicroamperes. A berylliun target was used. The bottle was
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approxinctoely 18 inches from the tergot. After exposurc, the samples were ro-
turncd inmediately to the chenical laboratory and cxtracted within 5 ninutes
with aquoous sulfitc containing bronide carriecr, after which 25 ce of the
irradiated liquid woas nized with 25 ce of the rono bron isomer, 25 c¢ of the
1,2-dibron propanc, and 25 c¢c of the 1,3 dibrom propanc. The distillation was
conducted by taking niddle cuts of 10 cc for each of the 4 constituents, The

1, 1 and 2, 2~dibron propancs wcre not added and apparoﬁtly wérc not forred in
any apprceceiable yicld beeausc the naterial balance obtained for the radiobronine
in the four cuts listed accounted within the accuracy for the entire radiobronine
content of the organic fraction left after the agucous extraction. The boiling
points of the 1,1 and 2,2 corpounds arc sufficiently differcnt to insure their
not being included in the center cuts for the four compounds uscd. The radio-
activity nmeasurcrents were nade with a standord type of liquid ceoll counter,

10 cc of liquid being neasurcd. Precautions were taken to allow the 18 ninute
and 4.5 hour broninc activitics to decay, and a lead shield of 2 nn thicknoss
was nscd as a corbination absorber of the 18 nminute radistion and radiator for
the 34 hour garnma radiation, for those cxperirents where the decay period was

in sufficient. Measureront of the rate of deeny of the radioactivity showed

it to be essentially purc 34 hour. Table I presoents the major portion of the
experinental results.

The upper half of the table rofers to experinents in which isopropyl
bromide was irradinted and the lower half to thosc belonging to normal propyl
bromide. The sccond colurn gives the percentases of the total 3U=hour radio-
bronine found in the varipus choniical forms indicated by thc designations in the
first colurn. The last row in cach half of the toble rofers to the total
retention in organic form as experinentally obscrved after the aquoous oxtp&ction,

the syrbol R boing uscd. The third colurnn of the table contains the data for




the czperinents at liquid nitrogen tormeratures, In general, the data in the
table arc accurate to about + 1 unit, c¢.7., the isopropyl fraction found in

normal propyl irradiations at. room terperaturc would be 12.0 + 1.

Table I

Principal Date on Propyl Bromide

Ieconronyl Retentions

In

bronine

2R0 -196° 1 g Br,/100 cc
Iso 10.0 11.2 7.9
Formal 23.7 23.5 2.6
1,2 Dibron 3.8 20.0 6.7
1,3 Dibron 4.6 11.5 4.¢
he.1 66.0 214

R

Forral Propyvl Retentions

Iso 12.0 11.% b.o
| Formal 30,6 25.5 5.0
1,2 Dibron 3.8 20.2 2.4
1,3 Dibrom 4.5 18.2 5.4
R 50.0 78.2 26,8

addition some study was nade of the effect of concontration of added

on totnl organic retention in the case of isopropyl bronide.. The nunbers
werae és follows: for 3.5 grams por 100 cc bronide a 22.7F organic retontion;
for 1,0, 21.L4; for 0,35, 26.5; and for 0,035, 39,4, Thus it is seon that the
cffect of added bronine is essontially saturated at 1 gram per 100 cc and has
essentially disappcarcd at 0,035 grans pmer 100 ce. The fourth colurm of Table I
contains thc detailed retention data for this concentration. Choeks on loss of
titre of elemental bromine were nade and very little loss of titre occurred
during the course of the erworinent.

It was neccssery to extract the irradiated hnlides irmcdiately after oz
posure in order to avoid a very considerable incrcase in the obsorved retention.

For cxample, allowing a solution irradiated at room temperature to stand overnight
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yould reosult in rotentions'of aboutHZO%, and in a ?chcrwirroproduciblo fashion,
ard 1% was discoverced that roproducibility could be obtained only by imncdiate
cxtraction after relatively short czposurc. To test the efficacy of our adopted
procedure one experinent was performed in which cxtraction occurrcéd continuously
throughout the irradiation., The organic and agueoous laycrs werc placed togother
in o sesaled glasé tube which was rotated with a notor end over ond threoughout
the cxposure. Formnl propyl bromide was uvscd and the observed total organic
retontion was 50.07, in good agreconont with that obsorved. at the end of onc hour
of cxposure and a S-nminute cutraction intcrval, the bromide earrier in the
aqueous layer being less than 1% in the total dbromine in the system. The ro-
tention in this casc was neasurcd by cowp"rlph the activitics in the aquecous
layer with that in the organic layer,. in contrast to our usuel procedurce of
counting the liquid before and aftor aqueous extraction. The thought occurred
to us that the addition of Brg nmight well stebilize the syster, it being considered
pessible thet the slow growth in rctcntion was duc to the ronction of unusual
specics such as atonic bronine with impurities in the system. An experinent

was performned with nornal propyl dbronide in which 0.7 gra 15 of elcnentary
bronine per 100 cc was added. Qhé irradiation was conducted and the solution
allowed to stond in a dinly 1it roon for 24 hours, nearly the same conditions

of illuninntion being uscd as hnd obitaincd throughout the rescarch. The result
was an incrensc in retention from 28.8% to U2.8%, with a sharp increase in the
1,2 dibron yicld., A loss in titre of the Brg and a 'qg,croscopica]_ly obsorvéble
yield of 1,2 dibron propanc as indicated by a rofractive indox ncasurcnent was
found. The total distribution datn arc given in Table II bolow. This cxperience
1cd to the thought thnt the slow thormal rise in roctention might involve the

orescence of air in the solutions as well as the illunination, so an cxporinent

wrs porforned in which air was carefully czcluded, other conditions boing
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unchanged from the standard procedurc. These and the other data supplcementary
to Teble I arc given in Table II, and it is clear that the cxclusion of oxygen

hnd no cffcet within oxperinental crror.

Table IT

Supplenontary Data on Pronyl Bronide Retentions

A. Effcct of added Bry on Ketention; Isonropyl Bronide
Concentration (g/100 cc) 3.5 1.0 0.35 0.035
Rotention (%) 22.7 21.b 25.5 39.4

B. Effcet of Standing in Din Light 2l Hours aftcr Irradiation;

Yormnl Propyl Bronide with 0.7 g Bry/100 cc

Irmedinte 24 hr. Delay
(1.0 g Bra) (0,7 & Brs)
Iso 4.0 6.5
Fornal ¢.0 10.3
1,2 Dibron g 17.8¢
1,3 Dibron 5.4 8.2
R 28.8 2.8

siincroscopic yicld of about 1% 1,2 dibrormentanc
corrcsponding to obscrved loss in Bry, titrc was
obsaorved.

C. ZEffects of Excluding Air and of Continuous Extraction
during Irradintion;

Hornal Propyl Bronide

Usual Proccdurce Air Excluded Cont. BExtraction

Iso 12.0 9.7 -
Hornal 30.6 29.7 —
1,2 Dibron 3.8 3.8 —-—
1,3 Dibron 4.5 6,8 -
R 50.0 51.0 50.0

Experinents were perfornied with various anounts of lead shiclding and with
2 0.5 gran radiun~berylliun source, instcad of the cyclotron, which show the

retontion pattern to be indopendont of radiction intonsity. We take this as
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evidcenee that sccondary reactlons with free radicals geonerntcd by gamma rays
or fast ncutrons werc negligible.
Discussion

The type of cxplanation previously proposcd for hot ator phenoriens and
referred to above in the Introduction appears to be eapable of cxplaining nany
of the data obtnainced in this rcscnrch.

1. The tenperaturc indeopondonce of the yiclds of mone bron derivatives.

The data in Tnble I reveal that the yield of rono bron products is incdepen-
cent of the temperanture during cxposurc, in sharp contrast to the dibroﬁ dorivo-
tives. To rceapitulate, the cxplanation of the predominance of the reactions
lending to the re~formmtion of the borbarded molocule in the hot aton chonistry
of orgnnic compounds, porticularly the organic halides, has boen thnt the recoil-
ing halogen aton while s$ill in the 1ot rangc, that is, posscssing an cnorgy
scveral tiﬁos the chenieal bond cnorgy, nakes arnenrly headon collision with bound
brorine in an orgonic halide molcecule, driving the innetive broninc enwords with
a tronsfor of monentw: to it and leaving the radionctive bromine aton in the
sane solvent cnge with the free radical so produccd. In our casc this freo
radicnl would be propyl radical, and the radiobromine would be cxpoeted to re-

oribine with thc propyl rndicnl to form o nono bron derivative. It scens thot
the efficacy of the enge in this high cncrgy ronge st be o natter meinly of the
donsity of solvent nolecules in the cage wnlls rather than any adhosive forces
oporating between them, for the reason that the residual cnorgy of the broninc
aton probably is large corpn fvd to any such binding cnorgy. A rough thcorctical
calculation8 of thc bronine aton cnorgics‘involvcd indicatecs that these arc of

ho order of 1/2 to 2/3 tho chonical bond cnergy, which is large with r05poc£ to
the internolececular adhesive eacrgics. herefore, the only temperature offect

onc night oxpeet in this range is a slight differconce in nolccular density. It




would appear from thesc results that the depcndence on density is less than the
first poer in any casc, though one could hnrdly predict this thcorctically.

The re-cntry to forn the nono bron derivatives lenves the bronine so cnergetice

on thc average that the qucstion of whother it is roflected from the walls is

not conncceted with the question of how tightly the wall particles arc held to

onc another, but is o natter of roflcction’of the bronine on the individual wall
rolocules. These collisions probably arc sonowhat inclastic, the cooling of the
broninc atom occurring through nolccular cxcitntion of the wall nolccules. After
the cooling has procceded to o certain point, rccormbinntion oceurs, o cortnin
nurber of collisions with the wall having proceded the rceoribinntion. The
froshly ro-forned nmolccule is oxeited and then it in turn cools by wall collisions.

2. The formation of both the nornal and isopronyl isorcrs in ratio of

2.4 to 1 fror both normal and isopropyl nother noleculcs.

The data rovenl that the ratio of the yiclds of normal and isopropyl
bronide is.noarly the sarne for both normal and isopropyl bromide borbardnents,
the average valuc being 2.4 + ,2, and there being sone slight indieation thot tho
ratio for iso is slightly less than that for the normal, as though thoroe wore
indoed sone slight tondeancy to form that isorer idontieal with the mothor nolcecule
- o certain nerory for the configuration cxisting before the hot aton collision.
The explanntion proposcd for this obscrvation is that during the period of
oxistence of the frec radieal, that is, the interval botweon the initial collision
forning the frce radicnl and tho instant of rcco-bination after the cooling
period for the cnorgetic radiohronmine aton, the propyl radical’itsolf is freec to
isorcrize to essentially the cquilibriun stats it would hove at cxtrencly high
terperaturcs. It is thought probable thet the propyl rodieal will itsclf
rcceive considerable cxcitation cnergy in tho rupturing collision forning it

from the propyl bronidc, and that this cnergy of cxeitntion will be so high as

—42_




to pronote free isoncrization so that the radical rotains very little nerory

of its original configuration when forned, nnd thnt vhon rocombiantion docs
occur the final product will roflect only slightly the nnture of the origina
rodical, Somc slight menory is found due to thosce fow cascs whers cssontially
irmcdinte rocorbination occurs beeruse the broninc wns left rolatively cool by
virtue of a chance alnost cxactly hcnd-on collision. It would sceon that the
truly hish tcmperatvre distribution onght to be 3 to 1, since thore are 6 rethyl
hydrogen and 2 methylenc hydrogen positions. The fnacts that it is 2.4 to 1
instead and that there is cvidently sonme reme~ovrance of the naturc of the nother
rmolcenle probobly have the sanc oxnlanation.

3¢ Trho yield of the di bron derivatives is rweh lrrgor for the solids

at liorid nitrosen termerature thon for the lioguids at roon torporature.

<

Table I shows further that the yields of tho hydrozon substitution products
increase 3 to 5 fold on coeling, in shdrp contrnst to those for the halogoﬁ
substitution products, thoe only cicention being the 1,3 di bron formed fron
isopropyl for which the factor is 2.5 versus about 5 for 1.2 fron isonropyl and
both 1,2 and 1,3 from norrial propyl.

It_has beon proncscd trat hyirosen substitutfon in an ergnnic hnlido is

-

brought about by the hnloson ntom GOLiiding with the nolcculc as a wholc with an
cnergy which we have torned cnithermnl, and defined as being above the bond
cnergy but not cxtremely largo as compnred to it, aounting poerhaps to 5 tines
the bond cnorgy, though this linit is rathor indefinite. The cesential peint

is that as the halogon aton ronches the ond of its rangoe the collisions booome
loss a nattor of collision with individunl atons in the molecule ~nd nore =
~nnttor of inclastic collisions with the rolecule as o whole or grouvps thercof,

until the theranl range is recached vhen truly clastic collisions with the molcocule
v

~as o waole occur. In the ~plthormal roglon thie molocule is able to stop the

_43.-




bronine atori in the sanc solvent eage, ~nd duc to its high degrce of internal
cxeitation shed hydrogen and bronine atons and whole radicals®., With this nodel
onc notices that the residual oncrgy of the brominc is very likely to be ruch
less than in the casc doseribed sbove wherce the nono brom derivetives-arc formed,
and. that thorefore any change in thoe adhesive cnergics and densitics of packing
of the nolcculcs coﬁstituting the cage wall will be nore important. The grenter
dependonce on density and strongth of thoe cnge wall in the cnsc of thosc lower
cnergy atons can perhaps be scen best in the following way. In the highor cneorgy
casc the bronine has sufficicnt cncrgy to nelt or vaporize the whole cage in any
gasc. It nattors littlc thorofore in this cnsc whoether onc starts fron a solid
or fron a liquid, but in the cosc of the epithecrmnl processcs this probadbly is
not truc, and so the strongth of the cage and its gencral cfficacy will depend
considerably on whether tho cage is compact and nore tightly bound, as in the
low tcrperature solid, or whether it it nore attonuntcd and less tightly bound,
as in the liquid., ¥Further cxperinments must be performed at intcrnadiatc tgnporav
turcs to scttle whethor the density, i.e., the phnrsce, is more inportant than the
nean temperaturc, It scens not unlikely that if onc cools through thoe relting
point ~ rather abrupt change in the yiecld of the di brom derivatives nay occur,
Tho obscrvation that the increasc in yicld of 1,3 di brom product fron

isopropyl bromide at liquid nitrogen terperaturcs is less than for the 1,2 and
the sanc #s the 1,2 and 1,3 yiclds for the nornal propyl bronide appears to bo a
dcfinite rcsult. Onc notices that the formation of the 1,3 product from the
¥ Soric cvidencc has been obtained for this type of phenorenon in anothcr resecarch

or thc hot aton chenistry of dilutc broninc selutions in pentanc where a

smnll vield of propyl bronide has been observed, anounting to sonc L% of the

total broninc activity wherc the total orgonic retontion was 4o% . It rwst be

gaid, however, that no ovidence in the coursc of the rescarch on propyl bromide
hns appcarcd for the forrintion of such products as 1 or 2 carbon alkyl bronides.




isopropyl rcquircs o very considerable shuffling of the atons in the rolecule,
and particularly that the earbon-bromine bond  on the contral carbon aton rust

. be broken. This roguirencnt docs not occur for thc'other threce oascs, of the
1,2 fron the isopropyl and the 1,2 and 1,3 fron the normml propyl. With this
obsorvation in nind, an obvious oxplanation sccns to be that this shuffling
process ‘can occur only for the nost cncrgetic of the collisions, and that a good
fraction of then do not posscesssufficicnt cnergy to allow it. It night nlso be
taken as cvidence that the actual process involved in o good fraction of the
cascs is not only-thc cjoetion of a hydrogen ntom but also of the bound brorinc
~tori, and that then onc has an innctive bronine aton, the radioactive bromine
ator, and the propylenc di radieal all loosc in the eage and rcconbin~tion of
those thrce constitutcs the last stcep of the renction.

Y, The lowcr retcntion in isopropyl ns compnred to nornnl propyl -

irradiations.

It ig clear from Table I also that tho total organic rctontion in the
isopropyl casc appoars to be definitely loss than for the normal propyl case, and
that this ratio appnrontly is indepondent of terperaturc, both tomporaturcs
giving the value of 1.2 for thce rotio of the rctontions.

The nost obvious cxplanation of this obsorvation is thnt the dbronine is
soriowhat morc shiclded by thoe nothyl radicnl in isopropyl oronide than by the
cthyl radical in normal pfopyi bronide. Ixaninntion of Fischoer-Hirschfclder
- nodcls scems to bonr this out,

- 5o Very little 1,1 nné 2,2 di bhrom propane forned.

The agreerent between the total for the individual organic fractions as
scrarntely deternined with the exporimentally deternined total organic rotention
s a

shows that the yicld of 1,1 2and 2,2 di bron propyl products could not heve

czeceded 2 units in ony of the runs., It would scen quite clear thor:-forc thnt




particularly in the liguid nitrogen run thesc products arc cxcluded as being

ignificant componcnts.

]

Tiig result is in line with the well known difficulty of preparing those -
substances by ordinary broniantion of hydrocarbons ~nd orgn waic halides. It
appears the nmolocules would prefer to brominate to positions on other carbon
atone than thot a alroady bronminnted. This situation would be further accontunted
by the rclatively high toemperatures involved in the syntheses involved in this
rcscarch.

€. The prosonce of broninc in the irradinted organic bronide grontly

reduces the totnl rctontion, the main decrcnse occurrinz in the nono bror

derivatives.
Tnbles I and II show that the addition of brominc grently reduces the totnl
rctention, the nmain rcduction occurring in the prinmary products, with some in-
crecasce in the hydrogon substitution occurring. N
The cxplonation proposcd for this is thnt of oxchange occurring during the
cooling proccss cithor before or after thoe reformtion of the rolceulc, the
re-forrcd nmolcocule being exeited. It is well known that all orgonic halides
oxchange at sufficicntly high tomperaturcs with cither the halogen or the hnliéce

18.12 ¥ cal/nole for nornnl propyl and 22.94

,.u

ion, the activation cncrgics bc

o
I

for isopropyl azainst vronide 1on°. The exchange between broninc aton and bBr

is of coursc extrencly ronid, so we have tho intorosting possibility that if the
concentration of bronine is sufficicntly high so that cach solvent ¢age contnins
2 bronine molceulc or thnt a brorine noleeule be within onc or two layers of -
the solvent cage onc night oxpeet the radio~ctivity to be ' washed out " into

tre Br. and so rade wator-oxtractible with o conscquont reduction in the overall

2
rotention. It scons that oxchange of the bromine atom nust procesd only with o

broninc molecule in the solvent cage itsclf, in other words, occur only ~t the
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high bromine concentrations, but that the re-formed organic bronide nay rotoin
sonc of its energy of cxcitation for o sufficicntly long tine to bo able to
¢xchange with the Br2 within onc or two laycrs of the solvent cage. It is
intcresting to obscrve inm Table II that the cffcet scors to bo saturnted at about
C.5 grans of organic bronide per 100 ce of propyl bro-ide. Of course, at ruch
higher bromine concontrations another offcet will occur where on approciable
probability for collisions of the hot brominc with Brg itsclf will ontor, with

a nccessary rceducticn in orgaric bronicde rotention. The concontrntions uscd
hore, though, would involve not ovor 5% reduetion by this offcet.

7. The inversion by the proscnce of broninc during irradiation of the

uswal ratio of mormal to isopropyl vwroducts in the case of isoprovrl bronide.

The indications arc that the vsunl ratio of normal to iso products is une
changed in the easc of nornal vropyl bronide irrndiations by the addition of
broninc, but it is indced inverted in the cose of isopropyl broride.

The cxplenation of this point is not clear. It is possible that the lower
activntion cnergics of the ozchange reaction for the nornmnl product is inwvolvod,
it being renerbered that to forn the nornel from tho iso recuires thnat the freo
racical isomerize and thercforc thnt norc cnergetic proccsses be involwved than
in the dircet foraation of the iso.

€. The delayed rise in rotention.

The obscrved increasc in retention fror about 5@3 10 nonrly 80% on standing
‘for 2l hours in a dinly 1it roon At roon terperature is probably connceted with
photocherical or orygen provoted chain broainntions of the alkyl halide itsélf.
It is possible thnt the effcet is duc to impuritics in the alkyl halides nndﬁ
reactions of cithor atonic bromine or Brz or HSr with these., This type of offect
hns boen roported previously and is rather widely rocognizod by worlkers in hot

aton chenistry. It is quite clear from thoso rosults thot onc rumst be carcful




in working with BH hour brorinc ~nd weal noutron sources to clininate this
cffoct oceurring during long oxposurc. By using tho cyclotron it was pogsible

to obtain sufficicnt intensity with short cxposurscs.,

Sunmary

The study of the hot atom chenistry of the propyl bronides has rcvealed
evidence for isomcrization procccding during the formation of the nono oyom
dorivatives and of tomperoturc independence of the yicld of those jerivatives.
In dircct contrnst, thc formation of the di brom derivatives by hydrogen substi-
tution is cithor strongly torpernturce dependont or strongly dopondpnt on the
phase, for the yiclds obtaincd at licvid nitrogen tenporaturcs arc very ruch
lorger than thosc obtained in the liquid at roon torporaturc. In addition
bertain cffects of thc prescnce of Bfg during irraciation have been found.
These results scen to be ;cplicmble in the mein by a billiard b=ll typc of
collisional theory previously proposcd for other cnscs. Cortnin points scen
to strain this thoory considcrably, but for the prosent it scons to be the nost
tenable.

The authors would like to cxpress thoir indebtodnoss to Profossors Iharasch

and Urry of tho Chenistry Dopartment for oxtensive discussions of orgaric

chonical problens involved in this rescrorch.
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BETA DECAY OF Co** AS TUE ACTTYLACETOYATE T0 pri4s
R. R. Tdwards and C. D. Coryellk |

A study was undertaken of covalent bond rupturc in coriumn acctylacetonato E
on docay of ceriun to prascodyniun. Use was made of the 2754 Col=%, which
deeays by cnission of B-rays of 0.348 tov maxi~un cnergy to 17n Pri%%, which in
turn can be followed by menns of its 3.07 dMov B-rays. Tﬁo transformatioﬁ of
Ccl%* is not complicated by Y-rays or conversion oloctronsl.

Of the nony advantages found in this systen, onc of the rnost striking is the
spced with which studics mey bo made after the nediun for ceeay is selceted. In
a period of two hours, csscntially all of the Pr%% has boon roplaced by a new
growth, so thnt cxanincd after such a period is known to have beon forncd undcr
the conditions applicd. Following the deear period, a froctionntion yields
samples which will, if any chemical scparation is achieved, show cither radio-
active growth or deceay, and the oxtont of the growth or deeay to the coanstont .

144 34 n dircct ncasurc of the degroe of

activity in secular cquilibriun with Cc
cherideal scparation of Co and Pr. CGrophic oxarples of this detcrnination are
given below.

Sincc Cc ncotylaccton~te is obtoinable in crystnlline forn, this systor
presented an opmportunity for study of bond rupturc accorpanying 3 deeny ian the
solid state, as well as in orgnnic solutions. Bxtroctability of the Pr davghtor
by watcr, or its soparation to the vesscl walls were talkcen as criterin for bond

upture, although renctions of an cxzeited Pr rcectrlacetonnte -wolocule or ion with

natorials in the nedium could not be cxeluded in cvrry easc. -
. s I P N N .
The naximun recoil cnergy for the Pri4% in tho 2 doeay procoss will bo 1.8 ov

or 41 kenl/olc, which nay be noar the on~rgy of the Pr-0 bond in Pr acotrlacctonate. |

*Dent. of Chenistry and Leb. for uclenr Science and Engincering. . I. T.




- 2, . .
towever, 1f the cquation of Suess™ is applicd, assuming the threc acctylacetonate

frogrents net as a moss unit, woe find that only about 0.4 cv should be available

for intoernnl cxcitation. This almost certainly doos not ampronch the cuncrgy of
cven onG bond, so that disruntion in tho recoil process itsclf shouvld not be

highly probablc. Thus cxtensive bond rupture in the absonco of chenically dis—

turbing iaflucnces rust be attridbuted to o~ high degree of ionization in the
Geecny processcs, annlogous to the explanction offcred for rupture in iﬁoncric
transition reactions. Vhere reaetions with the mediun arc likely, howeveor, the
int&rn&l cncrey gnined in the recoil process nay scrve s activation cancrgy,
lending to scleetive reaction of the cxeited (radionctive) spcociocs.

saperinental

lés

Preparation of Go sectrlacetonate

In experinent 1, Ce rcotvlincetonnte wns prepared as follows: A solutien

of cerous nitrate (200 =g Co) in 20 =1 1 1 {03 wns prepared, ~nd nbout 1 :c of

jad

Co**% ag the Onk Ridge enrricr-froe tracer addod. Co was then procipitnted ad
the hydrous oxide by addition of an orcess of 16 I ¥,07. The precipitrtc was
centrifuged off, washced twice with 20 =1 Tt07 to renove most of the wator, and
thon 0.5 11 of acetvlacetone was added to for: a thick sludgc. About 20 1l of
tris mixture was then added to 5 =l C.P. OS¢ for the experinent.

The sarple Ce-AA-I wng preooarcd as follows: To n solution of ccrous nitrate

(10 g Co-ml; in 20 =1 1 ¥ HiOz wns nided 1 nl of a Co tracer solution containing

. e s . .' Iy
about 20 ue Co¥¥%, Dhe Co wes then precipitated ~s the hvdrous ozide by addition

of ~n cxecess of FH_OL. The procivitatec was rodissolved in o ninirun of 1 K
Hil0z. A solution of ~roniun ncetrlacctonnte (20 nl acetvlacctone, 20 nl 30,

and 20 ml 16 I THL0E) was thon added until o pl of & was roached. The rosulting
solution (about 20'm1) wos placed in a refigerator for 20 hours. The crystalline

precinitate that had forred was contrifuged off and washed twice with 3t0H to

-£1m




the sclution coentrifuged,

PR

renove water, then dissolved in 10 il worn CCl,
and the insoludle residue discarded. About 30 ml n-hoxane was thon addﬁd, and

N
the solution placed in the refrigerator overaight for crystallization, The
crrstals wore centrifuged off, washed once with n-heoxanc, ~nd dried in air,
Tuis preprration wvas cons lcrcd to be frec of exccss acetylacctonc.

The soviple Co-AA-II was preparcd in o sinilar manncr to that just described,
ezcent that the final precipitate was dissolved in €Sy immediantely nftor centri-
fugation.

For the final experinent of this sorics, the sample Ce~AA-IIT wns prepared
as followst A solution of 20 nl ccrous nitrate in 1 ¥ ZI0z was added to o

. 4
carricr-froe Colé?

solution containing about 1 we in 10 =1 of dilute HIOz. A
concentrated solution of arvionivr acctvlrcctonnte prevared as descridbed above
was then added to yicld the cryvetnlline Cec acotylacctonnto. The precipitate
was contrifu-od off, wnshed onecc with 10 =1 H:0, twice with 10 nl Et0Z, and
twice with 10 nl ethrl cther. Aftor dryving in air at rob: termperature, 20 nl
0Sz was ndded, and the nizture heated over stoan. The undissolved residuc was
filtercd off, and the saturated solution collected for use.

A sarple of innctive Pr ncetylacctonnte was propered fron a Pr nitrate
solution as just described for the Ce corpound., A satuyatod solution of this

matericl in CSy was also propored.

Erperimontal Procedurcs

tost of the cxperinents with the Ce-Pr pair wero conducted with nixtures

of orgonic solvent ~nd water, with the rodion~ctive Ce compound initially in the
orgnnic phase., The agsurption was made that Pr dsughter ~torms cjocted fron the
riolecules would favor the agucous phese, and that 'n zood seprration of bonded and

non-bonded. Pr would be obtained by scparating the two liguid phases. Consequent-

ly, samples of rodionctive Ce ncetvlaccton-te were dissolved in the specified
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orgtnic solvents, woter and, in sonc casns, crecss ncctylacetone wore added,

anpd the resulting nixturcé werc shaken riccharienlly in glase stopnored Erleon-
neycr flasks for poriods of tinc sufficioent %o =nllow cssentially conpletb ro~
wlacc"“lt ef the 17 Pr denghter, usunlly not loss than two hours. Aftor tbié‘
roriod, samples of the organic phase wore cveporated in 1 inch Al planchets for
counnting, Countsbworc taken with a thin nicn~window Geiger-lacllcer tube, with

0 ng/cmz of Al betwoen source and counter window, so that only the hmrdof

(3 hev) radintion of Pr*% was actunlly countod. In this nonner, o8 counte wore
taken ns function of time after sepnrating of the phnses, growth cvrves werc
obtaincd, which,lwhon‘cxtrapolnted to the tine of scporation, indicated the extont
of Pr ronoval fron the organic phase. ITvanorated sarvlos of th aqucous phnse
cxhibited deeny, but quantitativo interpretntion of the dnta was difficult

becnuse of the extent of hydrolvsis of the Ce cormpouad durins the coursc »f the
cxperinents. Onnsequently, the de~ta obiained from counting the swolcs of
orgenic paesce only ~re prosented here for nost of the orporinents.

Results

Sxmerirnent 1

The first expeoriment was designed simply to dotormine the partition of the
Pri** ¢nushtor betwson HeO and CSz. A sarmlc of 2 il CSz solution of Cel=%
acctylacetonnte, prppﬂrod ag deseribed In the ezperineatal soction, containing
excess nectrlacetone, was added to 2.4 ml He0 and shaloen nechaniecally for 2 hours.
At the end of this noriod, 1 1 of the CSz phose and 2 nl of the H;0 phasc were
evaporated separatcly in Al planchets, and countod for growth and decar, resnce-
tively. The results are plotted in Fizurce &, togother with the derived curves
extrapoloted to zero tine, showing that about 7000 c/ﬁ of Col<% wns in the ng
phnse at the end of the cxperinent, and thnt cssentially this a-ount of Pri¥%* hagd

been renoved from the organic phase. Only about 30% of the Pr counts missing
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fro: the organic phasc werc rccovercd in the aqucous phnse, indienting sonc loss
frorm the svster, perhaps by doposition on the vessel walls. In any casc, it

is clear that the Pr doughtcr wos cormpletcly ronoved from the CS; phase,
prosvmably as Pr ion, The oxtont of hycrolysis of the Ce corpound (obout 20%;

ig indicated by the cquilibriun valuc for the agucous phasa, 2600 c/n. Socnuse
of this hydrolysis n~nd thc poor materinl balance, the practice of counting cvapo-
ratcd sarples of the agucous phrsc was abandonced.

Exvporincnt 2

To doternine whother froe Pr ions fornad in thé deeny process survive in
CCls solution, a sarple of 2.& mg Cc-AA-I wns dissolved in § nl CCl, and allowed
to stand for onc hour. At the ond of this pcried, 1 1 was ovaporated in an Al
planchet ~nd counted as o function of tinc., o randioactive growth was obscrved,
indicating that ro soparatibn'of Pr to the vessel walls was cffected.

The remnining 4 ml of CCLl, solution wns oxtracted with 4 nl H30 in 30
seconds shaking, and 1 nl of the $Cls phosc gvaporated and counted as 2bove,

, indic-ting thet no cxtractoble Pr {free Pr ions)

o
1
i

Agnin no growth wns obsorve
existcd in the orgrnic phnsc after nore thon one hour of stonding.

BExpcrinent 3

The third cxperinent was designed to deternine whether Pri®® ions arc

forned in crystnlline Cot#%

acctylacotonnte. About 5 ng Co-AA-I wns dissolved
in 10 rl GClé. B ml %50 irmediontely added, and the mizture shoken for 30 scconds
in a separatory fumncl. The phnascs were then separated, and 2 nl of the CCL,
rhasc ovaporatcd for counting, ¥Fo growth wns obscorved, indicating cithcer that
no Pr ions arc forned in the solidc fo*#< acctylacatonnte, or thnt such ions

exchange with Ce carrier, assuning the central positions in acctylacetonate

rnioleecules.
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To detormine whether frooc Pr o ions arc formed and can exist in CS: solutions
for rcasonable periods of tine, about 10 ng Co-AA-I was dissolved in 10 nl G35,
and the solution allowed to stand fer 18 hours in o glass stoppercd Erleameyer
flask. A 2 nl-sa=ple of tho solution was then evaporated in an Al planchot for
counting. o growth Qas obscrvad, iandicating thnt no scmaration of Prlé& to tho
walls from CSz solution occurrcd.

The rceraining & nl of CSz solution was extracted with an equal volume of
30 in 30 seconis shalring, and 2 nl of the organic phose evaporated for comnting.
A doficicncy of 220 c¢/n of a total of 705 c/w wns sbscrved, indicating cither
(a) that 30% of the Pr existed in 0OS, as froe ions, or (b) that the Pr cormound
is mueh nore rapidly hydrolyzcd in its carricr-froc state than the Ce compound at
reasonable concentrations.

The fifth coxporinent was disigned to deterrine the offcet of oczcess
acctrlacetone on the Co-Pr soparation. Two sarmlces of Co-AA-I in cC1,. (10 mg
in B ml} wore proparcd, and 5 nl Jz0 ~ndded to oach. To onc of theso nixturcs
wos added 1 nl acetrylncetone, and thon both were shaken nechanically for
1 3/” hours. Sarmles of 1 nl of cach of tho ovganie lnyers wore cvaporated and
counted. o growth vas obscrved in the sample vhich wes froc of acotylacetone,
but growth indicating corml- te ronoval of Pri** fron the orsanic phasc was ob-
scrved in the sarnple vwhich hnd containdd cxcess acetrlacctone, sinilar to the
result obtaincd in experincent 1. Thus it is clear that an cxecoss of acctyl-

acctone assists in the Co-Fr scorration,

To compare the tine dependence of tho Pr cxtroctability with the period of

the maclear transforrnntion, an experinent was dcsigned to show the rate of
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disznpcar”nce of Pr’*‘ fron the organic ph*sc ag a fuﬂctzon of tinme after the
boginning of the shaking period. A sanple of 5 5 ml of thc CSQ solution of
Co-AA-11 was added t0 2 ™} B0 and 1 ml acetqucotone ina2f nl Erlcnmoycr

flask, and the nixture shaken nechanically. At various tincs, 0.5 nl samples of
the €S, phasc were takcn, and evaporatcd in Al planchets for growth detorninations.
Such sarples werc preparcd at 9, 20, 30, U5, 60, and 90 ninutcs #ftcr prepar~tion
of the nixture. Eoch of thcso sanples was thon counted as a function of time
after sampling, yeidling dﬂt which pernitted caluclation of the cxtent of de-
'plction of Pr in the organic phaso.i Figure 9 shows the results, plotted as the

144 ynhich was found there after verious

fraction of the equilibr%um value of Pr
tines of shaking. Troatndnt of thov ata in this nnnner involved sonc magnifico-
tion of tho ﬂxperiwcntzl (counting) crrors as indicated by tho‘bars on cach

voint, but it is scen that tho data arc not inconsistent with o 17 minute half-
life for the loss of Prt4% from the organic phase, corresponding to the straight

linc drawn in Figurc S.

Exporinent 7

The final cxperimcnt of this serics was designed to deternine whether the
cxtraction of Pri%% to the aqucous phnse was duc nerely to its rapid hydrolysis
in the carrior-freo statc, tosting the tacit assumpﬁion that the Cc compound
would scrve as its carricr. If this weorce the casc, then one would cxpect that
nddition of carricr anounts of Pr acctrlacctonate to the organic phasc would
provent the Ce-Pr separation, since little diffcronce is expected between the
rates or equilibrium valucs for the hrdrolysis of Cc and Pr acetylacctonates.

A solution was preparcd consisting o of 5 nl Ce-AA-III solution in CSp, H ni

#The crror given is the standard crroruﬁgt%tistic"l) for a given nurbor

of counts (), unorically caual toa” ¥ Subtraction of valucs onc from
the other, as perforncd with these d?t? incroases the error considerably.
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Pr acetylacetonate solution (see Experincntal), and 1 nml acctylnecetone., This
solution was addcd to 5 ml HpO in a 25 ml glnss stoppefed Drlcnneyer flask, and
the nixture shaken for two hours, One nml of thec CS, phasc wns then dvaporated in
an Al planchet, and counted for growth. The results, shown in Figure 10, again
show essentially complcte removal of radioactive Pr fron the organic phnsc,
although the Ce compound, and presunabdly therefore the Pr earrier conpound, was
only partially (about 60 ) hydrolyzed. Thosc data indicate sclective disruption
of the ' hot!' Pr acctylacetonate nolecules or ions in the presence of a normal
riolecular earricr.

Discussion

The results of this sofies.of ezperinonts seen to indicate (2) that no
extensive irrovorsible rupture of the acetylacetonzte nolecules occurs in the
solid or in dry organic solvente, and (b) that some chemieal change occurs when
Coles decays as the acctylacetonate in organic solvents in contact with water and
in the prosence of‘excess acetylacetonc. VWhether this latter combinstion of
conditions prevents rccombinntion of fragments or morely scrves as a nediun for
hydrolyrsis of the cxcited svecics is not clear,

On the basis of the rosults of experiments 2, 3, 4, and 5 it appears un-
likely "that the Pr dauvghtor is seprrated from the nolccular bonds at the instant
of decay, since scparation to the aqueous phose would have been expected in all
of these casecs, perhaps to varying desrces, Again, if this separntion of Pr
fron the molecule occurrcd in overy cvent, one would expoct that an cxcess of
acctylacetone would serve to aid in rocforning tho acetylncetonate nolecule, do-
creasing rather than increasing the probability that the Pr davghter will be
found in the agucous phase.

If, howeover, the separation of Pri¥% o tho aqueous phose is depcndent on

its selective hydrolysis, it is clear that the hydrolysis requircs cxcess

=57~




acetylacctone. This requivement is not readily coxplained chenieally, but it is

[
n

conceivable that somc intcrmediatc compound which is readily hydrolyzadle
forned between the 'hot' Proion and acetylacetone, whercas stabilization may
occur by other mochnnismg in the a2bsence of eoxcess acctylacctone. For cxample,
we raey assunc that the dceay process procceds with the ninimum of cheniceal
change, as ¢xprosscd by the cquation:

* * L

CoAy —»PrAy + B~
whcere A is the acetylacetonate ion. In the nabsence of acctylacetone, the nost

prominent solute in the organic phasc is CelAz, 2nd oxidation potcutinls arc

undoubtedly favorable for the stabilization reactiont

L
)

3L

3
"o+
Pr A g + Colg—> Pr Ay + CGA3+

In the cases wherce acetylacctonate was added, howover, its concontration was
much highor than that of Celdsz, so that the following reaction should have b;;n
highly probable:

Prab + mA — PrA, + E
In this casc thc PrA, night have bocan reasonsbly stobdle in the non-polar solvent,
but certainly would undergo reactions on ranching the agucovs phase.  Such
reactions should involve both hydrolysis and reduction, and My bb cxpressed for
exnanple by the cquation: |

Pri, + 3 E,0 =3 Pr0’ * UHA + OH" + O

Although the explanction offered hors is not;dctnilcd, it scems acceptable,

particularly ia view of the dissiﬁilarity of the " het'" Pr spocics and its
carricr and of tho low recoil cnergy (1.8 cv maxi-tn). Also, the results
presentod in the following paver indicate that no extensive ionization occurs in
the enission of low cncrgy B particles, so that the postulation of a PrAZ
frognont scems roasonable.

An additionnl possible explanntion of the results is that the acetylacctone
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serves as a water-carrier, transporting H,0 molecules into the organic phase

where the nuclear events occur. Water so transported would be capable particulare

1y of hydrolyszing the excited Pr daughiter species, since the recoil certainly

providcs an cnergy compareble with the activetion cnergy of a reaction which,

judging from the results of cxperinent 1, procceds at an appreciable ratc at roon
J ] DY

temperaturc,
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EFTECTS OF BUTA TRAVSIORMATIONS IN THE GAS PHASE

R. R. Edwnrds and C. D. Corycll®

Frtonsion of the studics of the chenical effects of beta deecay to gascous
systons follows logieally from the difficultics in interpreting the data from
1iquid systens. The ormipresent solvent rnoleenles in condensed media provide
roaction coges for the excited spocics to occupy for rclatively long periocds of
tine, and in many cascs thonselves undergo reactions with the newly-forncd
specics, obscuring the true nature of the effcets duc to thé tronsformation itsclf.

Recorbination of fragnents to fornm the parent compound in cases of ncutron
capturc and isomcric transition has boon discusscd in paper 6,and it was scon
that dilution of a liquid target with compounds of lightor elenents diminished
tris effect. Sucssa has studied thesc proccsses with Brf0 in gascous compounds
(EBr and CgHsBr) finding that rccorbination is negligible, and thot cssentially
211 of the radionctive atons (rosulting from (n, Y} rcactions or isoneric transi-
tion with internal conversion) arc ejected fron the parent nolccule.

It was thorcfore cxpccted that rmeh cleoarer results concerning the rupturc
of covalent bonds in the $ decay process could be ovtaincd with gascous comn-~
pounds. Bxtonsive bond rupture could be attridbuted to the encrgy of recoil, as

D) s

in the (n, ¥) rooctions, or to o high degroe of ionigzation, as in the internal
conversion process. In the gas phoso, particularly at low pressurcs, no obscurce
solvent reactiong con occur as in the Sc-3r casc, and no hrdrolysis or cnge-
ceombination cffcets 2r oxpceted, such ns those possible in the cerous acobyl-
acetonnte studics.
The radioactive pair PbélO—Bizlo(RaD—RaR) was choscn as the first system

for gas phesc study since the radio-mmclides arc roadily available, since their
racintion characteristics and half-lives arc favorable, and since both arc known
to form volatile allyl compounds. Experiments were planncd on the assunption that
#Dcpé. of Chenistry and Inb. for Fuclear Scicncc and Engincering, . I. T,
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the radioactive Bi fronm ruptured Pb(Ch3jé‘m0100ulos in the gns phasc would
deposit on the vessel walls and conld be detectod there by menns of its 8 radia-
t tions.

Tris systen has been stndicd previously by lortonsen and LoightonB, who
found that cssentially all of the 3i (FoE) daughter and Po (RaF) granddaughter
of RaD decaying ns Pb(CEs)s in the liquid state (presumably in the absence of
2ir) oxisted after tho dccay period as volatile coupounds. The conclusion fron
theso dotn that no Vond rupture occurs in elthcr of these transitions is, however,
vawarranted, since it has now been Cemonsiratod that o large fraction of the
products of nucloar reoactions reoforn the parent molecule in condensed nedia.

The 22y Pb210 ig readily obtained fronm ewont radon sceds. It deeays by the
cnission of 87 particles of maximun encrgy 0.025 Mev to the 5.0d Bi°0, Soveral

¥ roys accompany the transition, the priancipal one with an cnergy of 46,7 kov

rcported to appear in 2.8% of the traasitions, ond its conversion cloctron in

4 of the transitions. To information is 2vailsblc conccrning-ccnvcrsion of the
[
wenker Y rays, but five othors ore said to occur with cncrzics hotweea T and
L5 kev, all of relatively low intonsjtyn. Conversion in the X shell is impossible
for the known Y rays, snd conversion in the I shell arpparontly is not extensivo,
since the total intensity of Y rays ahove the L edze is about 1.8%, exclusive of
the principal Y ray montioned nbove.
Beeause of its low deeny cnerey PuR0 g perticularly svited for studics of
* bord rupture in the £ dceay wmrocess, sincc cither of two main proecsses my be
- responsible for the rupturce of bouds, viz. rocoil processcs or ioﬁizatibn. The
atter is o factor of unknown inportznce, since the disnosition of the orbital
. shrinkese onergy is not cstablished, and since no oxperircatal date concorning
lonigation src at hand, In the case of the decay of a muclide of mass 210, and
‘ .

B cacrzy 0.025 liov, however, the naxinun reeoil encrgy is ~bout 0.068 cv, which

~6.‘ v
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is boroly above thermal cnergics, so that no bond rupture duc to the recoil
process is possiblc; thus bond rupturc ovscrved in the deeny of PO ag
Pb(CHg), to0 Bi 210 nnn be atiriduted uncguivocally to ionization processces, what-
over thelr origin.

Dapendeace of the bond rupture on pressurc of the parcat cormpound, Po(CE,),,
or of the daughtor compound, Bi(CHg)s, aight be positive, ncgative, or absont,
dopending on the naturc of the irtmortant dond rupturing ond rcconbination pro-
cesses.  If bond rupturc deponds chiofly on intcrnolceular collisions between the

ormnl spocics (rot a likely condition whon the initial recoil encrgy

>

creited and v

s

ig far loss than the bond cncrgics), then the cxtent of rupbture would be oxpected
to increasc, with ineroments in the total prossure of tho system. If, on the

othcr hand, rcaction of freo davghter atons or lons with molecules of the parent

corpound, or with (carricr) rolcculcs of the dn corpound can reconstitute
an importnont froction of the ruptured molcculns, the amparcont bond ruvture would
docrensce with incrcosing pressurc., The third and sceningly nost attractive

possibilitity in the easc at hond is that collisions will contribute little to

the rupture, sizec kinctic onergics of the nowly-formed specics are <o low, and

£

little to rocormbination, since (1) no " caso¥ renctions can occur analogous to
thosc in condenseld rmodia, and (2) too little cnergy is available in the recoil
process to account for the rupturc of bonds in neighboring molecules necessary to
- produce reactive (alkyl) fregnerts to pnrtici;ate in tho rccorbination. If this
third coundition aprlics, littlc or no pressurc depeadonce of the bond rupture is
expoeted. Doperdence of the appsroat rupture on prossure of inert gases would of

coursc distinguish rupturc and rocombinntion effrcts if an inportent pressure

a2

dopendonce is found.
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Exporinental

Apparatus

An 2ll-Pyrox avparatus wns designed nnd built, with provisions for intro—
ducing and storing the gnscs in vesscls ﬁroviously cvacuated to 107% mn He.
Scven reection tubes of 50 co eapacity were provided for pressure variation
studies. The apporatus is shown schen~tically in Figure 11. Gascous natorials
were introduced at B from 50 nl distilling flnsks cquipped with 10/30 standard
tapcr joints, and storod tempornrily in the flasks A, The items marked B are
pyrex 4 mn oblique stopcocls, C arc 2 nn stovcocks, D arc 2 nn threc-way stop-
cocks, B are 29/u2 s£undard taper joints (onc ronction tube is shown in placc),
Fis a 19/38 standard tapcr joint, and G is o mercury manoncter. The trap
below T was uscd for condonsing the gascs renoved fron the systen after an cxperi-
nent. Sanmples of the grs adnitted to the systenm wore somctirnes collected for
condcnsation and analysis in a tuvbe attached to E at the 1cft of H. The system
was evacunted by a ncrcury diffusion pumn, supvorted by 2o Weleh Duo-Scal punp.
Prossures during the evacuation were detornined with the MeLeod gauge, while
rrossurcs in the cxperiments were deternined with the manonctor.

Preparntion of Matorinls

Load tetrancthyl containing the 22y Po®0 was preparcd by the nothod of
Calingaort5 involving reaction of dry PbClz with a rmothyl Grignard reagent, as
described below.

A sanple 70 g of Pb(TOSDQ coﬁtainin@ PH*10 ot a spoeific activity of about
180 c/m-ng at 20% geometry was dissolved in dilute Hil0, and nctathesized to the
chloridc by addition of a lérgc cxeess of concentrated HCl. The resulting
proecipitate was collocted on a Pucchner filter, washed several tincs with cold
water, and dricd in air at 110° for 24 hours.

Mothyl magnesium bronide was propored by passing CHgBr through a 16 inch
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CaCl, tube into 100 ml absolute cthyl cther containing 19 z Mg turnings (cooled
in an icc bath) to complete rcaction of the Mg. The nixzturc was then stirred
with a mercury scal stirrer, and 50 g PbCl, added slowly, with continucd cooling
in ice. The nizture woas thean heatcd on o stean bath for two houvrs under a roeflux
condenser. The cxeoss Grignnrd reagent was then decomposed with chipned ice,

and. the agueous and ethor phasce scparated. The ether phase wos dricd over
Coll,, and the cther distilled off over e stecam bath, The Pb(CHs)4 was thon
distilled over at o boiling torperaturc of about 10§-110°C, vicld nbout 7 nl

(14 ¢).

Annlytical and Rodionotric Procedurcs

(2) Annlysis of Pb(CHg), for Ei®0:

For the doetornination of the total amount of Bi®© prosent in o sample of
radiactive lead tetranmcthyl, 0.02 ml of the liquid was troated with 3r, in 2
CGlé solution, in the prescnce of a fow ml of 1 ¥ HIO3 containing about 10 ng
BiIII fron o standardizced solution to scrve ns corricr. The CCl, and Brs were
then.boiled off, and on cxcess of ncutral i phosphrte solution added to procipi-
tate BiPOg, which wns centrifuzed down, washed with HzO and Et0H, then tronsforred
to n tored Al planchot, dricd under an infra-rcd lasp, weighed, 2nd then nounted
for countingf The fraction rccovered was deternined by conparing the sample
weight with the standnrd weight of BiP0, obtoined from the aliquot of the carricr
solutions, thus allowing n corrcction for cheonical vicld of the annlysis,

In scveral crscs, attorpts were made to porform this analysis\on the mnterial
trammed out after n deery period in the gas phnse, but material balances ~nd
duplicntes were poor, so that this vroctice was abandoncd. This technious,
therefore, was uscd only to dcternine the Pi®l0 titor of the material usod in

the czperinents nt the tine of its wusc.
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(b) Counting of 3iPO. Sarmlos:
Sarmles preparcd as deseribed in (a) above were rounted on stondard white

cards, covcernd with a nolystyrcene filn, and counted in the first shelf (20%

goonctry) below a thin mica window Geiger-iucller tube. The B porticles of
53210 nre cnergetic cnough that a sample woight of 8-12 mg did not contribute

.

aporceiavle sclf-absorption.
(c) Dotorninntion of Bi”0 Dancsited on Vessol Walls:

In the oxpor wents designed to doternine bond rupturce in Pb(ChS) in the
gns phase, the naterinl was introduced into the B0 ce renction tubes n~t various
rrossurcs, and the Pb®0 gllowed to deeny for o period of scveral days to fornm
5110 in an appreceiable fractiod of the aronnt in scovlar cquilibriun. At the

cnd of this deecay noriod, the DL(CHS)é wng purmed out with the vacuun punp into

& trap cooled with liguid nitrogen. Alr wns then admitted to the rerction tubes,

and they were removed from the systerms The material doposited on the walls of

the vosscls was then counted in situ with a speceial counting arrangenient., A

glrss walled, 3/4 ireh eylindrical Geiger-iucller tube (Fek and Frobs, wall
thickness about 35 mg/cmz) was nountcd on a wooden basc concentrieally with a
25/42 standard taper joint (inncr part). The reaction tubos wore lowerod ovor
the G. M. tube and sonted on thoe ground glass joint for count:ab, with the whole
arrang.mcnt ploced inside a conventional eylindrical lend shicld. Whilc the
geonictry of this counting arrangenont rust have bocn nesr 506, tests with a sot
of stendard cv-moratnd RoE s~mplos indicated an offcetive geooretry of lBi&%,
including absorption in the tube wolls. The standard sarples worce proparcd by
cvaporation of Pp("O ), solutions coutaining o known amonnt of 3120 on the

walls of the 50 cc ronction tubes by irrndiation with an infro-reod lamp while the
tube wes undergoing slow nochanicnl rototion Four sﬁch samples werce preparcd
~nd counted, witﬁ an average devintion as shown above. Conscquontly vanlucs obitnincd

#*Sone additionnl crror wns probably introduced by non-unifornity of the
cvanoratcd sanplos.
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v counting the tubo walls werc rmltipiicd by the factor 1.33 (20/15) for
coparison with thosc obtained from counting solid BiPO, sarples ot 20% goonctry.
Resnlts

210 gaughtor

Two ciporimcnts were porfornicd to deternine the fraction of Bi
appcaring in non~volatile form aftor the decay of PbR10 ng gnasous Pb(CH3)é. In
onch cnse thoe liquid parcent corpound was frozcn in a 265 nl distilling flask
attached to the syston, and this flask cvacunted with the entire systen to a

iy
pressurc of 10 ¥ mm beforec the vapors were introducced into tho ronction tubes

he total anount of P“(C"ﬁ . in cnch reaction tube was determined from the pros-

o‘a

gurc-volune rclationsiip, and its specific activity with respeet to 330

wns
deternined by analysis of aliguots of the original liquid. By performing thesc

analyscs on scoveral days, it was found that the radionctive compound was

initinlly freoe of Bi®'0 aftor proporationt , so that in the first cxporireont,
whon the c0ﬁnouﬂd was frosh, all the Bi®0 wns forred in the gas phasz, In tho
sccond experirient, the preparation was two wooks old, and thus containecd a
considcrable guantity of thoe deughter. Since analysis of the residual gas

prchd impractiecnal, this foctor wns uninportant, rcquiring only the assurption
that thoe Bi CHS)S already cxisting in the preparation is not adsorbod appreciably
as such on the vesscel walls. This assurption is surrorted by comparison of the
results of the two cxmorinments.

The rosults of these two cxporinental sories arc shown in Table I. It is

intcresting to notc that althoush tubes 6 and € had adnitted air through stopcock

pur}

locks to near atmosphoric preossurcs (as deternined by the prossurc transnittod

to the entirc systen at the ond of experirent II) no significont differcnces in

the results wore obscrved.

Fhnrlysis of 0.01 nl (20 ng) aliquots of the liquid for Bi®Q gave the following
results: Fourth day, 134.8 c/n-mg Pb, 47.4% of saturation, thoorotical value-
g? 5; Bighth day, 196 c¢/n~ng Pb, 66.4% of saturation, thooretical value

[ OO,
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Counts were taken of the tubes from cxporinment I at intervals of a fow
days Tor about 20 deys (four Bi®0 half-lives) aftor completion of the coxperiment,
cnd no cvidence of long-lived contaninntion, which could have resulted fron de-
corposition of the parcnt cormpound, wns.detoctmblo.

It is clcar that, within the pressure linits and under the conditions
applicd, no pressure depondence of the bond rupturc is obscrved. The average
value of the percentage counted on the walls is #.7 + 1.6, where 1.5 is tho
probable deviation (509 error) in tho serics. If rocorbinntion were responsible
for the high rotention obscrved (about S1%), then some significant pressure
Gependenco within the linits applicd night have beon crpected.

210 forred in liquid

Soveral atterpts to det. reine the volatility of the Bi
lead totrarethyl (in ~ glass stoypored Trlenmover flask) lod to valucs which
irdicated considerably morc bond rupturc than.found in the gas phasc exporircnts,
and ruch nore than reportced by Hortonsen and Loightonj, whose cxperinents

apprrently wore performed in the abscnce of air. Two 0.01 nl sarples of the

Pb(CE

“s>4 (20 days old) wore cvaporated on 1 inch watch glasscs, (a) in air at

roon temperature, and (B) in air uader an infra-rod lanp. Inncdiately after
cvaporatior, (a) cxhibvited 539 of the theorctieal Bi®0 count, and (b) showod
59% . Theso samples dceayed with the charactoristic Bi2l0 malf-life. In
another czperimcnt, 2 sanpls éf Pb(CH3)4 was frozen in tho upright tube attachaod
to the systen shown iz Fizurc 11, and the entire apparatus cvacunted through the

trop at F. The trap was ther cooled in liquid nitrozon, nnd the sanple allowed

to wars up to roon torpernturc, thon tho eantire sanple was vanorized and purocd

into the tran for condensntion. Annlvsis of the trapped mateorial showed that only
about 5% of the Bi®*® had been trapped there, whercas the tube fron which the
Daterial was distillod shownd nbout 60% of the total. The filtratc fron the

BiPC, rrccipitate in the distillate showed n strong test for Pb (H,S), while
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that from the material in the distilling tube gave o nogative tost, indicoting

Vg

that osécntially all of the Pb was volatilizod ns Pu( Ha

The apporent boud runturc obssrved in the doear of PbP0 g Po(CH,)., in the
ligquid statc can scarcuely be attributed to the nuclcar transformntion, since no
corccivable processcs vicrcby rupture could be rmore oxtensive in the liquid
thazn in the gns mhase nre at hand. The rceults of tortensen and Lcightonz,
furthoriore, indicatc no cxtonsive rupture in the liquid stnte in the abscnce of
air. OConsifering thoe results of the £os phase exnerincats roported hore, however,
little offcet of air iz allowed. A -ore likely hyoothosis is that o small
anount of watcr was in solution in tho Pb(CHE\é, and. that tho carricr~froe
2i(Cha)s is hydrolyzod. A tost cxperinont with water showed that this hydrolysis
occurs readily.

The fraction of bonds rupturcd in the deeay of PbPiC g Pb(CHS)é to Bi®*O
in the gas phnase is romarkably indepcndent of the prcssurc of the parent compound,
end coineides rather closcly with thoe reported minimum cxtont of intorhal con~
version (€4) in the nuclear transition. Since it is known from oarlicr experi~
rents that ionization suffieicnt to sct up bond-rupturing clcctrostntic repulsions
occurs in the intﬁrnal conversion procees, and sinee prront-daushtor écpwrations
in this proccss are onsily effccted, it is r.oosonable to assume that gssentially
all of the bend rupture obscrved here was cffccted by ionization duc to internal
conversion procoséﬁs.

These considerations lead to tho conclusion that ionization ;n the 87 dceay
procass, at least for sueh o low cnergy particle (0.025 Mev). is not as extensivo
as in the conversion process, and probably not nearly so oextonsive, since con-

version is gencrally conceded to load to far rore ionization than nccessary to

rupture sinple chemical bonds. Considering only the prinmary effccts of the B~
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transition, onc would not prodict a higher degree of ionization in the case of
nore cnorgetic spectra,

The nuclide P20 ig of particular intercst with regard to tho orbital
gshrinkoge oncrgy, which must be about 10 kev. Since the maxi-un decay cnergy is
pot ruch above that value (25 kov) it is difficult to sce ﬁow intrractions ‘betweon
the departing B particle and the orbital cloctroas could lend to the formtion of
B1230 35 its (atomic) ground state, unless indecd the actual mass diffeorence
botweon the two nucliel is only about 15 xov. If the davghter is loft in a highly
cxcitod atomic state, dissipation of the stobilizatior encrgy rust lead to a
degroe of ionization which is imcompatible with the rosults reportcd here, Thus
for the prescont, the shrinkage process rust be considorod cither (a) adiabatie,
leading to the ground or a low-lying cxeltcd stato, or (v) non-ndiabatic, leading

to stabilization by cnission of very soft (non~ionizing) radiation.
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5B OXIDATION STATES OF CHROMIUM ARISING FROM POSITRON DECAY OF MANGAVESE
W. . Burges® |

Of factors which may influcnce the chenicnl properties of atoms afising
fron beta or positron decry, onc of the norc important is the reeoil cnergy
inparted to the deeaying aton by the dcﬁarting particlcs, the clectron and
neutrino, or the positron nnd antincutrino. Because of the present lack of
knowledge of ncutrino-beta angular corrclations, calculntions of recoil speetra
arc nenarly impossible.

A sccond factor which noy influcncoe the chemeial propertics of atome pro-
duced in beta or positron procosses, involves the rendjustneont of the orbital
cleetrons to the now nuclear chnrge. If the deeay process consists of independent
cjection from the nvclous of 2 beta particle or a positron, thon rendjustrent of
the orbital electrons to the now nuelenr charze will be duitc different for beta
decey than for positron decay. Iﬁ the former cnsey  tho eleetronic arrangenent
which describes the ground state of the parent, becores an oxeited stnte for the
daughter. In the latter, a sub-normal clcetronic state would résult. and cnergy
would nced to be introduced to bring tho clectrons up to the ground state for the
deughter aton.  The difficultics cncountered in picturing the g* decay in this
way are immodiaﬁoly obvious, and the truc picture involves sufficient interaction
of the electrons with the particles involved in the deeay process to leave the
clectrons in at least a ground state for the daughter atom. It =may also be
possible for somc of the olncﬁrons to be raised to excited levels, and even for
ionization to occur. Probabilitics of ionizntion from variocus levels for pro-
cesses involving both increase and decrease in nucleoar charge have becn calculated
by Migdall. A rore claborate ecalculation for probability of ionization fro= tho

E-shell has boen cerried out by Foinbcrgz.

Avother factor which may play on important role in determining the chenienl

*Departnont of Chenistry, Washington University
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properties of atoms undergoing beta or positron decay is the chemical oxidation
statc of the parent species. If the parcnt atons werce in o given oxidation
state, and no scrious cleectrornic disturbance werc 1o occﬁf'during deecay in a
chonically incrt mediun, then the daucghter of a bota omitter night be qxpocted
to cxhibvit an oxidation nurmber onc higher thnn that of its paront, whilq tho
dnughter of a positron emitter night be ezpected to have an oxidation numbep
one lower.

In nddition to the ~bove factors, which nay dircetly influcnce the chenieal
propertics of drughtcr atons of beta or positron enitters, there my also be
sceondnry or indircet frctors, which may play imrortant roles in doternining

fipnl chenicnl forms. As = rosult of the primary processcs, the dauvghter atoms

rny bo found ~t troacer concontrations in n chomical form not ordinarily oncountercd

at macro concentrations. Studics of such phenonena have been neager and 1little

s known about this subjrct called ' tracer solution chenistry'. FHowcver, if

such o cheriical specics could exist it could conceivably undergo further reactions
which could deternine the final chenical state of thc daughter. Onc of these
reactions night be exchange with another chernieal forn of the eclerent added as
carrier. Thus the bulk of the daughter atons origirally in onc statc would
vltinately exhibit the cheristry of another-the added carrier (providing this
particular carrior did not exchango with other carricrs also prOSOnt).

Another scbondary process of great importance in deteraining the ultimate
chenical fornm of the daughtor of 2 beta or positron emitter, is chemical reaction
of the daughter atons with the surrounding rodiun.  This may occur as a rosult
of onc or more of the primary proccsscs of ionization, clectronic excitation, or
high recoil cnergy, or as the rosuld of the appearance of the daughter in a
non-stable chermeial oxidntion statc. 3y allowing decay to occur in the gascous

statc at low prossures the inportance of such reactions may be nininigzed.
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However, cascous cxperinents may not always b possiblce, and reactions with
othcr noleccules rust often be tolerated.

From the preceding considerations, it is clecar that thc final chemienl
forns in which dnughter atoms of a beta or positron cnitter arc found may bve
deternined by onc or rore of scveral important and possibly competing factors.
The objoct of the prescnt investigation was to deternine the chemical forns
assuvncd by chromiun, when it is forned by positron decay of manganesc. - By
rdjusting variables such as the oxidation state of the mangencsc, the temperature,
the conposition of the mediun in which deeay occurred, ete., it was hoped to
learn something of the nature and importance of two of the factors which may
doternine the chenical form of the chromiun, viz. the oxidation state of the
prrent, and subsequent reactions of davghter atoms with other nolocules.

For this study the positron-deeaying nangancse isotope of nass number 51
was used. Enitting positrons of 2.0 nev. maxirun encrgy, this isotope decays
to Or51, which in turn decays by K-capturc to stable v5%, The lattor decay
also involves 0,32 nev gamna emission occurring in =bout 3—5% of the transitions.
Somie of these gamma rays are internally converted, and in this study thoe crs?
was detected by nocans of thesc conversion elcetrons and of the x-rays following
K-capture.

¥n®%, produced by deuteron~boubarduaent of netallic chroniun at the
Washington University eyclotron, was isolatcd from the tarzot and cleancd of
all Cr®! grown during the isolation proccdurc, and initially prcsent duc to a
compoting reaction. The ¥n®%, with added carricr, was placed in 2 definite
oxidotion state and allowed to dccay. In cascs of decay in solution, carricrs
for Or(III) and Cr{VI) were always present. For decay in the solid states, the
mangancse salt was pornitted to decoy in the absence of Cr carriers. To effcct

scparations the Cr carricrs were added afterwards when the salts wore dissolved,
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Cr(III) and Cr(VI) wore shown to undergo only a very slow cxchange of chronium,
SO 1O CITOT WNS introduced by this chhangc; Cr{II) w~s not looked for, bocause
of its expccted cxchange with or(11I), and becausc of the difficultics of Cr(II)
chonistry.  Scparation of tho dnughtoer Cr®Y q{nto Cr(III) and Cr(VI) fractions
was rade by vrecipitation of lcnd chromate at pH 2. After soparation, cxtcnsive

murificotion of cach fraction from forcign activitics was nccessary.

w

The rosults of the deeay oxporinents arc susnarized as follows! Decay of

0%t incorporated into solid dry ¥nCOz and thon dissolved (after deeny) in 0.1 f
aitric acid containing Cr carriers yiclded (70.2 * 2.1)% of the Cr® as Cr(III)
and (29.8 + 1.1% as Cr(VI).

Docar of ¥n®t as m@nganoué ion in agucous solutions produecd nearly all of
the Qrsl in the trivalent form, with only about 1% scparndle as Cr(VI). This
distribution botweon Cr{III) and Cr(VI) in n~oucous solution was independent of
the pHd of tho s5lution botweon pE 4.50 and 2 pd equal to that of 2,45 f nitric
acid, In each casc essentially all of the daughter Cr®! was in the form of
Cr{III).

Br cooling solutions to liquid air temporature and allowing decay to occur

nt that tormpoerature, then melting and sopnrating, the Cr{III) fraction was found
i - £

s}

to have (95.4 + 1. Y1 of the total Cr daughtor and tho Cr(VI) frdction to have
(4.6 + 0.6)%.

Another condition in which dcear of Hn®' as nanganous ion resulted in some
deughter activity boing in the higher oxzidntion state was obtained whon.thc
aqucous solution in which docay cccurred wes diluted with orgaric éolvonts. In

an acetonc-wator solution in which the mol fraction of acctone was 0.060,

(85.2+2.7)% of the daughter appearcd in the Cr(III) fraction while (11.8+1.4)%

o

of dioxanc was 0.56F the Cr(III) contained (&3.7+2.8 )% of the davghter atoms and

tho Cr(VI) contained (10.3+ 1.8)%,
==

ppeared in the Cr(VI) fraction. In o dioxanc solution in which the mol fraction
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Neeay of ¥n®t ns vnO in agueous solutions showcd that in all solutions
betwoon pi 1,17 and 0.2¢, (50+ 3)% of thc damghter appcarcd as Cr(III) and a
1ike anount as Cr(VI). While it is thernodynanically possible to oxidize Cr(III)
with ¥n07 2t the concentrations cmployed, spectrophotonctric studics showed
that this did not occour at a sufficicntly rapid rate to be important, Further,
beenvse no dencadence of the pnr cent of daughtcr in Cr(VI) fraction upon mnO
concentration was found, oxidation of dnughter by Mnoé" was shown to be uninpore-
tant. By froczing to 1iquid air tomporaturc the solution in which Mn®' as
¥n0,  deeay d, the ar f Cr{VI) incrensed f 0% to (G2.4 + 1.4)
itnQ, cecay occurred, the anount o r ; inercasc ron b to (b2.4 + 1.4)%
- . y . 1 s ar

Surmarizing the rosults, it can be said that decay of ¥n ' as dry MnCO4
vields a considorable fraction of the daughter atOﬁs(BO%) in a stote which, when
; . . = e .
dissolved, can forn, or cxchange with CrO, . When dceay of ¥n ' ion occurs in
solution, the water offcets chenical reduction of this 309 to a forn which
follows Or(III) chonistry. When the solutions nrc frozen to liquid air terpera-
turc o small fraction remains in an oxidized stnte. Likcowisc addition of organic
solvents rosults in loss reduction,

Docay of MnGéh leaves about onc-half of the doughter in a stotc which forns
CrOé_ or can cxchange with it. Again, froozing in liquid air reduces the fraction
of daughter atoms chenienlly reduced to n forn oxehanging with or carricd by
Cr(III).
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TEE EXTEUT OF INTTRIAL CONVPRSION IN Br®0

7. E. Hanill, R. R. Willinms and J. A. Young **
"

Chemical reactions indneed by isomoric transition in Br®®" have previously
given yiclds un to about 90%, indicating that iﬁtcrnal conversion rust be at
lcast this oxtonsive.1\2 Recontly reported physical mcasurcnments have indicated
that the transition proccods in two steps, one of which is completely convorfcd,
as ovidenced by failure to detcet the approprinte unconverted ganna rmy.B'u
Ve have attorpted two nothods of isomer sepnration sclected to provide, if
possible, a roliable estimate of the nmazirmm cxtont of conversion, and thorcfore,
of chonmical rcactivity.

Soparation of isomors by ion collection in an cleoctrostatic fiecld is an
obvious choice for such a doternination, since ionizntion can be cxpected only
with intornal conversion. Furthor wo wishod to usc o substance such as hydrozen
bronide, which would be cxpccted to show no separntion of o purcly chenieal
naturc, 3Briefly, the plan of the coxperiments was os follows: Gascous hydrogen
broride of high specific activity (4.bh 30" 4 placed in an cvacuated olectroly-
sis cho~ber coasisting of a cylindricnl outer cloetrode and an axial wire. In-
position of a high ficld at gas pressurcs such that the meoan free-path will e
at lcast as large as the clcetrode separction should renove ions fornmed in the
gns phasc during decay. The proposal was to romove and count the gnscous sanple
after an apnroprinte growth poriod, but this point wnas not attainable. Extonsive
loss of cctivity (4.5 h) occurrcd in the chanber, probably duc to absorption and

L P
chenical reanctions with construction matorinls, and it is feared thnt these cffocts

and the property of no ordinary chomienl scparntion of isoncrs may be inscparable.

#*Dopartront of Choémistry, University of Wotre Darc.
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The second method of attack consists in a choice of the nost favorable
conditions for a ohcmical-scpnration. This we belicve mecans gas phasc experi-
nents, to aveid cage cffeets leading to retention, 2nd the introduction of an
accertor molccule which will readily combinc or cxchange with nasccnt daughter

particles. TFinally, it rust be possible to remove BrS0 (12 n) and begin counting

Br®% (4,5 h) within a brief intcrval, since the ratio of counting ratos at zero
tine (nioment of sopnration)'ig a rensure of the conversion efficicncy. Tho
following vroccdurc proved to be satisfactory: Tho total Br¥# activity, as Ag3r¢,
wnas converted to AlBrsifand oxchanzod with CH Br; water wns ndded to destroy
AlBr, nnd CHaBr¥ was thon distilled from Py0g and Her (0-50 nolc% ) added. This
gascous nixturc remained at room torperaturc for two hours. Tho CHgBr¥ wns
transferred within an-intérval of ton scconds, 1o the cold finger of la’gas dample
holder surrounding = thin wall countor; HRBr wos reroved during transfor by an
intorposed soda=line tubo. . Counting of the gns sample, at o fraction of its
vapor pressure, started within thirty scconds and continucd through the deeay of
Tr8® (3& h). Ia the counting arrangenent used, the counting officicney of 3r®0
(4.5 h) is quitc negligible,and therofore its activity rust be roasurcd through
its 1€ n, daughtor.

After correccting for ~ snall 3r®2? (3L h) contribution and for background,
the residunl growth and deocay curve may be cxpressed ih the usunl cxponontial
forn. The annlytical rosults of ﬁhc data for four scprratc ruas arc given in
the accompanying table. Thoe figurcs given for scparation cfficiency rust be 1.00
or less. The average of the four valucs ney be given as 0.98 + 0.02, It is
intcresting to note that the experinent with no M3r also gives rnther complete
scparation, although this night be expected to bo low due to abscnee of the

accoptor. Although no atteormpt was nade to follow in detail the fate of the

~dnughtor particles, it was repeatedly obscrved that a considorable fraction of
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the 1€ m davghtor romaincd in the counting chamber after removal of CHyBr¢.

Surnary of Data

onditions Activitics 2t O tine Scparation

[{@]

meRr HBr L.4 h. 18 n Efficicncy
O —————— ———— et ey oot S

1R e gl 16 o Hg. 1478 e¢/n 0 to -230 ¢/n® 1.00

12 6 1328 -35 1.00

20 12 375 -15 0.96

15 0 1206 -15 0.96

Xineortainty énc to inndeguatce locetion of zero tinc.
Those czperironts agrce with the latost physical measurcnonts, in indicating
o conversion cfficicney of ncarly unity in this isomeric transition, and, as
further pointcd ovt by Dr. ¥W. F. Libby, deny the presence of an independent beta
doear of 4.5 n By B0¥, B
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RICOIL B=OMINT ATOMS I IZUDIOF CAPYULR 3Y GASZOUS ET-YL BROMINE*
Sol wezler and T.H, Tavies**

Ethyl bromide at several microns pressure was irradiated with neutrone in the
Argonne pile. Usually the container was a quartz ¢ylinder 2 cm. in diameter, 4o
cm, in length, lined with metal foil and containing a central metrl rod., After
irradiation n~ radiobrouine was detected in the gas phase, a result indicating in--
variable rupture of the C-3r bond on neutron capture. ZEvidence was odtained for
re-emission of the bromine recoils aiter collision with sev:ral ordinary meteol
surfaces, but attachment at first wall collision apparentl; occurs with foils of
amnalgamated copper, By varying the électric field imposel across the central rod
snd surrounding field, the distribution of radiobromine on the metal surfaces changed
as if 15-U0% of the recoil frogments resch the surfaces as positively charged par-
ticles, the remainder as neutrals, The proportion of cationic species found varied
with the particular bromine ilsotove studied. The results are tentatively ascribed

to internal conversion of soft v -rayc emitted in neutron capture. 1

* [niortunately, the complete manuscript for this paper is not available, and
therefore the abstract onl; is given.

**x Institute for huclear Studies, University of Chicago,
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