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PREFACE

The fo11owing   is a report    of the work completed during

the period February 15, 1967 to February 14, 1968.  These

studies were supported by the U. S. Atomic Energy Commission,

Division of Research, Contract No. AT(11-1)-1617 and the-:

Department of Chemistry of the University of Nebraska.  Most

of the material for this report has been accepted or submitted

for journal publication.  Because of the U. S. Atomic Energy

Commission's depository library system and the facilities of

the Technical Information Service at Oak Ridge, it is possible

to make available through a progress report the extensive

original data only summarized in journal publications and

results of unsuccessful experiments.  It is hoped that this

report will be of added value to workers in the field.
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I.  INTRODUCTION

Since the discovery of the short-lived isomers Br '  and
82  m 1-2

13OIm 3 it is now possible to do extensive studies of radiative neutron

capture and isomeric transition activated reactions of bromine and

iodine in organic media.  Willard in a recent review4 stated that

(1) the relative importance of kinetic energy and of charge in deter-

dominant among the questions to which answers are being sought are:

mining the chemical fate of the atoms studies; (2) the effect of phase

on the mechanisms which lead to chemical stabilization.

In our attempt to understand the mechanisms of halogen "hot atom"

interactions, we studied the reactions of bromine and iodine in gas-

eous, liquid and solid state hydrocarbon systems and the polyhalo-

methanes.  In all of these reactions systems the hot atom is not

.- initially bound to the target molecule.  The freeze-thaw technique5

was specially developed for these systems for determining organic

retentions of the short-lived bromine and iodine isomers.

The role of excess kinetic energy and thermal processes in the

828rm isomeric transition was determined using rare gas and bromine

additives.  Possible isotope effects were investigated between (n,y)

induced 80Br and 80Brm and between CH4 and CD4 target molecules.  The

"freeze-thaw" technique and (n,y) "in-reactor" technique were employed

in determining th6 828r organic yields.  The effects of He, Kr, Xe and

Br2 additives on the reaction of CH  and CD4 with 82 r activated'by

the (IT) process are presented.  The data appear to extrapolate, at
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zero mole fraction  CH4'  to  3.7 %   2   0.5 %  for  the  He,  Kr,  and  Xe  addi-
tives   and  to   0 % is formed via excess kinetic energy processes. and  that

3.7%    of the organic   82 r is formed via thermal processes.       It   is
-

concluded that Br2 is involved in charge transfer reactions with

bromine ions, probably the first three excited states of Br i Pl,
+1 3

and 3Po,  and  11)2'  and that  50%  of the 828r organic yield is formed

by excess kinetic energy while 50 %  of the organic yield results  from

Br ions via thermal (kinetic energy independent) processes in both

CH4 and CD40  The data suggest the absence of a target molecule isotope

82
effect between CH4 and CD4 in the   Br (IT)-activated process, but

does suggest a target-molecule isotope effect for (n,y)-activated

bromine reactions.  The data for bromine reactions involving excess

kinetic energy were analyzed using the kinetic theory of hot reactions.

The reactivity integral values, I, were found to be very low.  The

kinetic theory showed good internal consistency for (IT)-activated

bromine reactions.  Experimental data showed the absence of any isotope

80 m  80
effect between (n,y) induced   Br  and  Br reaction in CH4.  The use

of HBr as a source molecule was reinvestigated in the CD4 system and

found to give organic yields higher than those of Br2 systems at low

mole fractions.  This difference diminished at higher HBr concentrations.

128The organic yields of 130I + 130Im and    I activated by radiative

neutron capture are compared to those of I activated by isomeric
130

130_m 130transition*  The organic yields of (n,y) activated   1 + I are

consistently lower than the (IT) induced organic yields of I and130

(n,y) activated I. Radiogas chromatography analysis has indicated
128

the similarity of products, but differences in abundance of the
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82relative product yields of 128I, 13OI and   Br.  Similarities in yields

and product distributions between iodine and bromine isomeric transi-

tion induced reactions may indicate that radiohalogens mainly trace

their chemical environment.  The autoradiation hypothesis appears to be

the most satisfactory model to explain the chemical effects of nuclear

transformations of halogen atoms in liquid hydrocarbon media.

The organic yields of 130I + 13OIm activated by radiative neutron

capture and those of I activated by isomeric transition are found to
130

decrease for the systems studied in the order CH2Cl > CHC137 CFC13 >

((14 '- CC13 r. The organic yields of (n,y) activated 130Im + 130I

are consistently lower than the (IT) induced yields of I.  The130

products and their relative abundance were determined by radiogas

chromatographic analysis.  These determinations, together with other

considerations, suggest the observed results may be primarily ascribed

to variations in product stability which are related to variations in

steric interactions among substituents of product molecules.

The organic yields of bromine and iodine induced by radiative

neutron capture and isomeric transition were studied in polycrystalline

hydrocarbons  at  770  K. The reactor-irradiation technique was explored

in detail and the influence on the solid-state organic yields of

solvent purification, concentration of halogen and additive, neutron-

irradiation and post-irradiation times, and nuclear transformation were

investigated.

In particular, the effects of carbon dioxide as an impurity in the
3-

above systems were studied.  Various techniques (both physical and

chemical) for the removal of 002 from the hydrocarbon systems were
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studied. Bubbling helium through the liquid hydrocarbon before the

--               addition of halogen resulted in the most consistent organic yields.

Experimental results for the nuclear transformations of halogen

atoms in hydrocarbon matrices at 770 K gave useful information about

the state of aggregation and complexing in the solid state.  At dilute

concentrations of halogen the organic yields in systems studied are

"somewhat" constant   over an appreciable concentration range. Iodine

organic yields at greater than 2 x 10-5 mf
I2

decrease in the order

benzene cyclohexane n-hexane.  A model to explain these results

80  m
is being developed.  We did not find an isotope effect between   Br

by (n,y) and 82 r by (IT) nor between 128I, 130I + 130 mI  by (n,y) and

130I by (IT) in the aliphatic hydrocarbons studied.

The organic yields of 13% + 130Im by ( n, y), of   I +   Im by130 130

130 128
(n,y) and I by (IT), and of I by (n,y) were determined in liquid

(2980 K) and solid (770 - 90' K) benzene.  No significant differences

in organic yields were found in liquid benzene, however the organic

128yields of 130I by (IT) and I by (n,y) were found to be consistently

130 130 m
higher than those of   I+   I  by (n,y).  Attempts to determine

130
organic yields of I due only to the (IT) process were considered

unsatisfactory at this time.

Radiogas chromatography showed only one major product, iodobenzene,

regardless of the process or phase involved.  A larger percentage of low

molecular weight iodides, C95I and C3 7 , assumed to be due to radiation

damage, were found in the liquid phase.

130
Studies have been initiated in the gas phase reactions of    I

activated by (n,y) and (IT) processes with CH4. The effect of various



rare gases and molecular additives on 13II organic yields have been

investigated.



II.  FACILITIES AND INSTRUMENTATION

Neutron Irradiation of Samples-

All   irradiations   were   made   in the Triga   Mark II "swimming   pool"

nuclear reactor at the Veteran's Administration Hospital at Omaha,

-1
Nebraska.  A flux of 1 x 10" thermal neutrons cm.-4 sec. was present

at an operating power of 15.5 kilowatts.  Various positions in the

"lazy susan" sample holder were employed and the assembly was rotated

to ensure that all samples received the same neutron flux and radiation

dose.  In very short irradiations the assembly was not rotated, but

samples were all irradiated in the same position.  The radiation dose

17      -1    -1was approximately 3 x 10 e.v.g. min.   using Fricke dosimetry.  This

was confirmed by studying the 131.I organic uptake in c-C6H12' due to

radiation.

Most of the quartz bubblets containing the reaction systems were

packed in Kleenex tissues and sealed in plastic bags to prevent radio-

active gases from escaping if the bubblets were accidentally broken.

The bags containing the reaction system were inserted into Triga Tubes

which were specially designed for the Triga reactor.  Neutron irradi-

ation times varied between one and 1,800 sec.  In most reaction systems

1,

the organic yields were negligibly dependent upon the time of irradia-

tion, i.e., to radiation-induced reactions.  Only in systems with very

little scavenger was it necessary to correct for such reactions.

-6-
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After taking a sample from the reactor  it was immediately monitored

for beta and gamma radiation, and opened.  All handling was done with

remote handling equipment and an 19 inch pair of tweezers to minimize

personal radiation hazards.  Freezing of samples in liquid N2 was done

82        82     130 mto halt changes in organic yields due to   Brm (IT)   Br or I  (IT)

130I reactions (except in instances where the effects of these reactions

were being studied, in which case a definite timing procedure was

employed).  Samples, except those used for isomeric transition yields,

were kept frozen for approximately two hours while enroute from Omaha

to the radiochemistry .laboratory at the University of Nebraska. Samples

were extfaced directly from the frozen state into a two phase liquid

extraction system.

Radiochemistry Laboratory

All sample preparation and radioassaying were performed in a well-

equipped, specially-designed radiochemistry laboratory.  The hot labor-          r

atory contains two six-foot 'vak Ridge-Type" hoods, radioactive waste

sink, radiation safety equipment, three separate vacuum lines for pre-

paring gas and liquid state systems and the usual laboratory facilities.

The counting room is equipped with a radiogas chromatograph, two single-

channel analyzers with several  2" x  2" NaI crystals,  four. GM counting

stations, four gas-flow counters, and a Nuclear-Data 128-Channel analyzer

with a 31' x 3" NaI crystal specially housed in a concrete, cadium and

..              lead cave.  Details for the radiogas chromatograph may be found elsewhere.
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III.  NATURE OF ISOMERIC-TRANSITION INDUCED
I 1--

BRQK[WE-82 REACTIONS WITH CH  AND CD4
l

(J. B. Nicholas)

Introduction
CJ

82                                         .1,2
When the isomer of Br decays with a half-life of 6.2 minutes

to the ground state,   it   does   so  primarigy  by a highly converted  M3
1

transition of 46 keV .  Two weak branches in the proposed decay scheme

lead, by beta emission, to the 0.78 MeV level and the 1.48 MeV level of

82Kr. 828rm emits gamma rays of 0.046, 0.78 and 1.48 MeV, where the

first is not in coincidence with the latter two. Since these transi-

tions are so highly internally converted and consequently followed by

Auger electron emission, the resulting atom is left with a high positive
6-8 80  m

charge. For   Br , the charge varies from plus 1 to plus 13 with the

most probable value equal to plus 7.  As a result of the atom acquiring

a high positive charge the intramolecular electron transfer may result

in extreme coulombic repulsion causing the molecule to explode.  The

bromine atom can acquire an appreciable kinetic energy; for example,

for an original charge of plus 8 on the bromine atom, which is equally

divided between the bromine atom and its nearest neighbor in the molecule,

Kazanjian and Libby9 calculate a bromine recoil energy of 40.3 ev.

Therefore, the bromine atom may react by virtue of its kinetic energy

as well as by the positive charge and electronic excitation it may

possess after the isomeric transition.

-8-DO
b
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80

Although at least 18 % of the   Br atoms born by (n,y) are posi-

tively charged by kinetic energy and Auger electron emission, studies

10
by Rack and Gordus employing rare gas and molecular additives show

80
that the reactions of Br occur mainly by the kinetic .energy of the

hot atom and independent of any positive charge on the bromine atom.

This may suggest that the hot bromine atom losses its charge and

excitation energy before reaching the reaction energy range.

11
The reaction of fission-recoil bromine with CH4   appears to proceed

largely by a hot-atom process.  This is shown by a drop in the yield of

organically-bound bromine   with the addition   o f a moderator.

Because of the recent renewed interest in the reactions of bromine,

82                          5,11-13 .especially those of 828rm and Br in the condensed state, lt iS

of interest to determine the role of the activation process in isomeric

transition activated reactions.  By studying the gas phase reactions,

complicating contribut ions  due to bromine reactions with radicals  can

be eliminated.

This section represents the completed study of the influence of

rare-gas moderators on the (IT)-induced bromine reactions in.CH4 and

CD4' originally reported for the CH4 system in a recent communication.
14

We determined (1) the relative importance of kinetic energy, positive

charge, and electronic excitation energy of the recoil  atom for the  (IT)-
82

induced   Br reactions with CH4 and CD4; in particular we looked for

80      80  m
possible isotope effects between (n,y)-induced Br and Br  and between

CH4 and CD4 target molecules, and (2) the applicability of the Estrup-

Wolfgang kinetic theory to (IT)-activated reactions.

t



,

1

- 10 -

Experimental

Purity and Source of Reaments
-

Bromine prepared from Mallinckrodt reagent grade K2Cr207' KBr, and

H2S04 was used after three distillations over P2O5' collecting middle

fractions.  Phillips Petroleum Company research grade CH4' 99.65 mole

percent purity, was used directly.  The rare gases, Airco assayed reagent,

Helium, Krypton, and Xenon, and Mallinckrodt Nuclear CD4' 99 % reported

purity, were used directly.

Preparation of Reaction Systems

Radiative neutron capture and (IT)-activated gaseous reactions of

82
Br with CH4 and CD4 were studied in the presence of rare gas moderators

or bromine additive.  Quadruplicate ampoules, varying in size from 7 to

10 ml., were prewashed15 and filled with the reactants using vacuum line

techniques for all systems.  All samples contained 15 mm. Br2 vapor

except where indicated.  The total gas pressure of all systems was

approximately one atmosphere.  The samples were kept frozen in liquid N2

while wrapped in aluminum foil until prepared for neutron irradiation.

Exposure to light was minimized before, during, and after irradiation.

Neutron Irradiation

All irradiations were performed in the TRIGA Mark II nuclear reactor

at the V. A. Hospital in Omaha, Nebraska.  A thermal neutron flux of

11             -2     -110   neutrons cm. sec. was present.  The accompanying gamma radiation

17      -1    -1
flux was approximately 3 x 10 ev. g. min.   as determined by Fricke

dosimetry.

P
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Most of the irradintions for studying the (IT)-activated reactions

were   done   by a "freeze-thaw" technique. Before irradiation   each

sample was thawed in a dimmed room to the gaseous state.  The Br2 was

frozen in the ampoule tip by immersing the tip in a slush of acetone

and dry ice.  The samples were wrapped in aluminum foil and packed in

dry ice until irradiation.  All samples were irradiated, unless other-

wise indicated, with the tips of the ampoules in dry ice surrounded

with styrafoam insulation.

The selective freezing out of the Br2 restricted contact with the

gaseous CH  or CD4 during the neutron irradiation.  Therefore, very

little reaction (radiation or (n,y)-induced) could take place between

Br2 and CH4 or CD4 during neutron irraaintion.  To achieve an effective

(IT)-reaction separation, the Br2 was in the solid state during irradi-

ation while the other components of the reaction system were in the

gaseous state.

All samples which were irradiated at -78' C were exposed to the

thermal neutron flux for 30 seconds.  Approximately 50 seconds (exact

time for each sample was recorded for use in calculations) after the

beginning of irradiation, the sample was thawed to the gaseous state
82 m

to allow the Br  to decay in the gas phase.

Some  of the samples, especially those which were irradiated  to
82

determine (IT)-induced  Br organic yields from observed 82 r organic

80 m
yields and (n,y)-induced   Br  organic yields, were irradiated for 30

seconds at ambient temperature while in the gaseous phase.
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Extraction Procedure

All samples were broken in a separatory funnel beneath a two-phase

layer of ((14 and Br2 and 0.5M aqubous Na2S03.  All reaction systems

were at liquid N2 temperature when placed in the separatory funnel to

facilitate more efficient extraction.  The organic fraction was separated

from the inorganic fraction and each fraction counted at the proper

time in a well-type gamma-ray scintillation counter.  Due to the low

activity it was not necessary to correct for coincidence loss or relative
82

counting efficiencies.  By waiting 48 hours to count the Br activity

80
in the samples no correction was necessary for the   Brm activity which

82
was negligible relative to Br activity.

82
Determination of (IT)-activated Br Organic Yields

Two methods for determining Br (IT)-activated organic yields
82

which we have used include the "freeze-thaw" and "in-reactor "   techniques.

For most of the systems studied, the "freeze-thaw" technique

developed in the study of radiohalogen (IT)-activated reactions in hydro-

carbons was employed. A general expression was developed for "freeze-5,16

thaw" organic yields.

O.Y·99 = fR®-aRO/Be-Ait-1 - f (1-e-At) Ro/e-At-7  (1)

The constants a and B are the fraction of the total activity produced

directly by radiative neutron capture and the fraction of the total

activity born by (IT)-activated processes decaying in the gaseous state,

respectively. In systems involving 828rm, a and B are 0.09 and 0.91,

82respectively. 11    Rao is  the Br organic yield produced  in the gaseous

state (samples were thawed immediately after neutron irradiation in the
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solid state) after 99.9 % of 828rm has been allowed to decay to the

82
ground state.  R' is the   Br organic yield produced in the solid-state

by neutron irradiation. Using the above equation we obtained reproduc-

ibility of i 0.5 % for organic yields due to the 828rm (IT)
8

Process

in gaseous CH4 and CD4 0

In addition to determining 82Br organic yields activated by isomeric

transition employing the "freeze-thaw" technique described above, the

(IT)-induced 828/ organic yields were also determined by the "in-reactor"
82

irradiation technique.  Since 91 %2 of the   Br isotope was born in the

metastable state, the observed Br organic yields were predominately
82

the result of isomeric transition.  The observed organic yields were

82
corrected to give the organic yields due to   Brm isomeric transition using

relationship

O.Y. = fo.Y - 0.09(0.y.n, )-7 /0.91              (2)IT          'obs

By proper counting and calculation techniques,13  808rm organic yields

(O.Y. ) of the individual samples were determined for Eq. (2).
n,Y

1
Results and Discussion

82
Determination of   Br Organic Yields 1(I "In-Reactor" and "Freeze-Thaw"
Techniques

82
Table I presents the Br organic yields ( "in-reactor" technique)

in the CH4 system after reactor irradiation at ambient temperature.
82

The percent organic yield due to (IT)-activated Br reactions

with CH4' including all data from Br2 additive and Kr, Xe, and He

moderator studies, after irradiAtion  at   -780   C   (dry  ice) ( "freeze-thaw"
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technique) is given in Table II.

Comparison of the "in-reactor" technique·and "freeze-thaw" tech-

nique can easily be seen by plotting the bromine additive data of

Tables I and II.  It is readily apparent that the two techniques are

equivalent (+ 0.5 %).

The "freeze-thaw" technique has several definite advantages over

the "in-reactor" technique for determining (IT)-activated organic yields.

The selective freezing of the Br2 eliminates gas phase reactions induced

by radiation with tagged bromine or (n,y) gaseous processes from taking
r

place during neutron irradiation. Merrigan, et· al·5 have shown that

freezing the system in liquid N2 stops any changes in organic yields

82 m
produced by   Br  isomeric transition.  The "freeze-thaw" technique also

minimizes the role of radiation damage or radiation induced reactions

from occurring by irradiation in the solid state.  It has been found

that the organic yields produced in the solid state are very low (less

than 1 %) at bromine mole fractions greater than 0.1.

By extrapolating the data in Table II on a log-log plot of 82 r

organic yield versus mole fraction of CH4 at mole-fraction-additive less

than 0.1, we found that at zero-mole-fraction-moderator the extent of

82Br reaction was 7.4 3 0.5 %, comparing well with the value, 6.8 +

17    800.8, %, determinedby Spicer and Gordus     for Br activated by (IT)

processes.



1
-15-

TABLE I

82Percent Br Stabilized in Organic Combination in Methane

After Neutron Irradiation at Room Temperature

Pressure Pressure Mole Fraction Percent Br-82 as
Bromine Methane Bromine Organic

(Imn) (mm)              (a)           0 Y O.Y.IT(b)0 'obs

7.5 678.5 0.011 6.5 5.9
7.5 675·0 0.013 5.4 4.8

15.0. 670.0 0.022 6.4 5.8
22.0 649.0 0.033 4.9 4.4
29.0 658.0 0.042 4.4 3.9

36.0 644.5 0.053 4.7 4.4
49.0 642.0 0·071 4.1 3.8
70.0 638.0 0.099 3.3 3.0

104.0 613.5 0.145 3.5 3.3
119.0 600.0 O.166 2.9 2.8

121.5 531.5 O.186 2.9 2.7
117.0 298.5 0.282 1.6 1.5
72.0 124.5 0.366 1.3 1.3
79.5 92.0 0.464 1.2 1.2

100.5 47.5 0.679 0·58 0.55

120.0 25·5 0.825 0.48 0.47
131.0 13.0 0.910 0.46 0.48

(a)  Error 2 0.002

( b)    0 Y O.Y.obs - 0.09 (0•Y·n,y)' '(Ii) -
0.91

The (n,y) values  used  in the calculation were taken from Table  III.

These values represent the averages of at least three samples.  The

reproducibility was within 2 0.5 %.
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TABLE II       -

Percent 82Er Stabilized in Organic Combination in

a Gaseous Mixture of Additive and Methane a

 

Pressure Pressure Mole Fraction Percent Br-82
Additive Methane Additive as Organ*C

(mm) (mm)                (b)                  0:Y.IT (c)

Br
2

6.5 684.5 0.010 7.1
6.5 608.5 0.011 5.9

13.5 606.0 0.022 5.4
22.5 662.5 0.033 5.5
21.0 586.0 O·034 4.3

21.0 580.0 0.035 5.1
28.5 654.5 0.042 4.0
36.5 630.0 0.055 3.8
50.0 620.0 0.075 3.8
73.5 578.0 0.113 2.9

108.0 580.0 0.156 3.4
108.0 584.0 0.154 3.2
143·0 567.0 0.201 2.9
135.0 445·0 0.234 2.8

121.5 259.0 0.319 2.3

125·0 177.0 0.415 .1.6

125·0 176.0 0.416 1.2
83·0 52.0 0.615 0.62
123.0 19.0 0.866 0.46

He

101.5 687.0 0.139 7.7
220.5 474.0 0.317 7.5
323.0 318.0 0.504 6.9
278.5 199.5 0·583 6.9

Kr

16.0 687.0 0.023 6.7
25•0 690.5 c 0.035 5.9
28.5 616.0 0.044 6.2
38.0 681.5 0.053 7.1
48.5 647·0 0.070 6.0
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TABLE II  (Contd.)

Pressure Pressure Mole Fraction Percent Br-82
Additive Methane 1Additive as Organic

(mm) (mm)               (b)                 0 y   (c)' 'IT

54.0 670.5 0.075 5.6
58.5 649.0 0.083 5.5
86.0 627.5 0.122 5.5
98.0 597.5 0.141 5.2
104.0 557.0. 0.157 5.3

125.5 436.0 0.224 4.7
212.5 469.5 0.312 4.1
324.5 316.0 0.493 3.5
455.5 204.5 0.690 3.7

Xe 17•5 669.5 0.026 7.4

37.0 611.0 0.057 7.0
71.0 553.0 0.122 5.7

231.5 509.5 0.312 5.4
231.5 500.5 0.316 5.1

365.5 393.0 0.482 4.1

483.0 180.0 0.729 4.3
590.0 68.5 0.896 3.9
605·0 34.0 0.947 3.6
324.5(d) 15·5 0.954 3.9

(a)  All samples, except where noted, contained 15 mm.'Br2•

( b)    Error  +  0.002.

(c)  Values were calculated using the freeze-thaw equation.  These values

represent the averages of at least three samples.  The reproducibility

was within 2 0.5 %.

(d)  7.5 mm.  Br2 scavenger present.

(
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Effect of Moderators on (IT)-Induced Reactions

Hot reactions are sensitive to moderators (e.g., rare gases) which

though chemically inert, will efficiently remove energy from the hot

species.  If kinetic energy is a requirement for reaction, increasing

concentrations of rare gas additive can decrease the organic yield by

reducing the kinetic energy of the hot atom below that required for

reaction.

If positive ions are involved in the chemical reaction they can be

removed from organic combination by charge-transfer reactions with the

moderator if the energy defect approaches zero.  It is obvious that the

relative importance of kinetic energy and positive charge cannot be

determined by only considering the ionization potentials of the atom and

the moderator.

Since rare gases are found to be inefficient in quenching excited

species, and because of their high ionization potentials  they  are  very

inefficient in undergoing charge-transfer with 82mBr+ ions. Therefore,

if moderation of the reaction by rare gases occurs, it must be due mainly

82
to the removal of Br kinetic energy.

If the data extrapolates to a point other than zero at mole fraction

one of rare gas additive, the difference between the finite value and

zero to thermal reactions, and that portion sensitive to moderation is

due to kinetic energy.

The effects of He, Kr, Xe, and Br2 additives on the reaction of CH4

with 82Er activated by the (IT) process (data of Table II) are depicted

graphically in Fig. 1.  It is seen that each rare gas is capable of

82
suppressing the same extent of formation of organic   Br.

t



-19-

The data appear to extrapolate, at zero-mole-fraction- CH4' to

3.7 3  0.5 % for the He, Kr, and Xe moderators and to 0 % for Br2• 'This

would indicate that 7.4 % minus 3.7 % is formed via excess kinetic energy

processes and that 3.7 % of the organic   Br is formed via a thermgl82

process or a process that does not require kinetic energy.

82
If the 3•7 % of the Br organic yield sensitive to rare gas

moderation results   from an excess kinetic energy  ( hot atom) process,   the

relative effectiveness of the moderators would depend on the size of the

gas atoms and on the fractional energy transfer per Br-rare gas
82

collision.  Fig. 1 is in accord with increasing moderation efficiencies

for kinetic energy moderation by showing an increase in the order:  He,

Xe, Kr.

While Br2 additive behaved as expected of a kinetic energy modera-

80  10tor in the CH  system employing the (n,y)-activated   Br,   Br2 in the
82

( iT) system affected the thermal contributions   of the organic     -Br   in

addition to moderating excess kinetic energy processes.  We would expect

from ionization potential considerations that the Br would lose its+n

multiple positive charge by interactions with its environment of rare

+1
gases or Br2 additive.  However, for Er   ions only Br2 additive will

neutralize the charge. Since there are plausible mechanisms by which
82

Br2 can scavenge 82:,3r+1, we conclude that 50 % of the Br organic yield

(7.4  + 9.5 %) results  from Br  ions via thermal (kinetic energy  inde-

pendent) processes.

It is tempting to speculate as to the identity of the bromine ions

in these thermal (kinetic energy independent) processes.  The first three
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excited states   of  Br+1 ( ionization potential,   11.84  ev.) and their  elec-

tronic excitation energies are as follows:18 (34) 0.39 ev., (3Po)
190.48  ev.,  (102)  1.41  ev. The ionization potential of  CH  is  12.99  ev.

Assuming the above electronic excitation energies, we would suppose  that

the Br reaction

Br+ (31'1, 3PO, or 1D2) + CH4 -+  CHJBr+  +  H

would be exothermic. This would account   for the reactions not being
+1sensitive to rare gas moderators. However, we would not expect the Br

in the 152 state to exist in the methane environment since charge transfer

between Br+1 in the 1:D2 and CH4 is exothermic. These charge transfer

reactions with CH4 are probable since the energy defect (excess energy)

is assimilated by the various internal degrees of freedom of the result-

ing CH  ion.

We would not expect charge transfer reactions between Br in the+1

(3pl) and•or (3PO) electronically excited states   and  Xe. The ionization

potential of Xe is 12.127 ev. Thus by employing the reaction
20

Br+1  ( 3P           3                                             +1   or      pO)   +  Xe   --*   Br   +  Xe

we would expect this reaction to have a very low probability of occurrance

21,22
because the energy defect for this process is no longer near resonant

for the hot atoms produced by the isomeric transition.

82
If   3.7   %          Br organic yield   in CH  results from kinetic energy

activation, the moderation by rare-gas additives should be described by

the Estrup-Wolfgang kinetic theory.
23,24
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Application of Kinetic Theory

23
Estrup and Wolfgang   (E-W) have developed a kinetic theory of hot

atom reactions based partially on the mathematics of neutron-cooling

processes. Although their theory  does not predict whether a reaction

will take place by virtue of kinetic energy, positive charge, or alec-

tronic excitation energy, it can quantitatively predict the effects of

rare gas moderators   on "hot" reactions ( activated by 1dnetic energy).

It is of interest to determine if the data can be described by this

theory.
82In order to utilize the Estrup-Wolfgang theory for the Br reaction

22with CH  certain assumptions must   be made. Compared to radiative
10        21neutron capture activated .reactions of bromine, iodine, and

tritium, isomeric transition activation of bromine does not23,25,26

result in an highly energetic atom. A critical assumption to make in

order to apply the kinetic theory is that isomeric transition activation

of bromine will result in a well defined statistical distribution of

energies prior to reaction.  This assumption will be assumed to be justi-

82
fied for Br reactions based on the bromine recoil energies calculated

by Kazanjian and Libby.9

24
The limiting organic yield is low (7.4 + 0.5 %)·  Wolfgang   has

pointed out that systems which have low reaction probabilities are more

amenable to the kinetic theory treatment.

No information is available concerning the inorganic reaction

probabilities for the Br + CH4 reaction since no experimental techniques

are  available for separating 828r resulting  from  hot and thermal reactions.
82

Because of the low organic yield in the    Br + CH4 system we would e]q)ect

j
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the inorganic yield to be comparable causing no difficulty in the use

of the kinetic theory treatment for the case of low reactivity.
27,28 .              18Wolfgang, in the case of F found low total reactivity and used

the measured organic yield as the basis for his calculations.

The E-W theory of hot reactions provides a basis for expressing

data from moderator experiments in terms   of two parameters:       'Reactivity

Integrals", I, probabilities of reaction on collision integrated  over

all   energies   and " a-values", measures   of the average logarithmic energy

loss per collision.

The average energy loss per collision, a, can be cilculated using

the equation

1            a react    a mod  (1-freact)          (3)- ln(1-P)          I          I       freact

Here P is the total probability (organic yield) of a hot atom combining

in any hot product and I is the corresponding total reactivity integral.

On   plotting the .left    side   of the equation against    ( 1-freact ) /freact  a
straight line results with a slope a,od / I and intercept areact / I.
From their ratio areact  amod  '  we can determine areact in terms of

gnod 0

In the case of low reactivity P may be used for only part of the

products without appreciably affecting the ratio of the slope to intercept.

This is in fact what we have done using CH Br as the principalky
82

3

detected product.  P, used in the data calculations, is the kinetic energy

82
dependent part of the (IT)-activated Br organic yield defined as the

limiting organic yield (7.4 + 0.5 %) minus the (IT)-activated organic
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yield at various mole fractions of moderator taken from Fig. 1 and

expressed in percent.  Fig. 2 shows a plot according to Eq. (3) for He,

Kr, and Xe moderators.

The collision fraction f CH4) is the probability that the
react (

f

collision be with CH4 and is a function of the mole fractions of the

components and the cross-sections for the various collisions.  The

collision fraction fCH4 was calculated using
2,4

X       S
f          CH4

'
CHI+

(4)

XCH4  .  SCH4 + xmod  '  Smod

The evaluation of Eq. (4) involves a knowledge of the collision cross-
14       82

sections, S, for Br atoms with CH4 molecules and with He, Kr, and

Xe atoms.

22
The reactivity integral, I, may be determined using

f I   K p T
P= CH4 - CH4 + CH4" ··•         (5)

a         az           aJ

Here,  a = fCH4 aBr-CHI+  +  (1-fCH4) aBr-mod                  (6)

As  expected  in  view  of the small  P's  and  I's  in this system, all terms

but the first   two are negligible.       A   plot    of   (a / f )P versus f   / n
CH4           CH4 -

should give a straight line with intercept I and slope K.  Fig. 3 shows

such a plot.  The best straight line drawn through the data and ending

at the point (10.0, 0.0036) has a slope  -K = -4.0 x 10 and an inter--5

cept   I   =  0.004 + 0.0005. These values are tabulated in Table   III.

r
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TABLE III

Reactivity Integrals
'(a)

Product                    I                               K                            ALI
CH a.82 0.004 i 0.0005 4.0 x 10-5 t 3.0 x 10-5 1.0 x 10-2           N11

I

(a)  Expressed in units of aar-Kr o

-
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It is preferable to express values for the parameters a(H!+ and I

24
in terms of amod' Furthermore, it is alear that the absolute values

of aEr and reactivity integrals determined using different modera-
-CH4

tors should be independent of the moderator.  This allows us to express

values for n in terms of a r-Kr.  A summary of a and I-Br-He and a r-Xe

values calculated from the values in Table IV is listed in Table V.

A good measure of the internal consistency of the treatment is the

agreement between the I value (Table III) and the I value as obtained

in Tables IV and V. Furthermore, the value of K (Table III) is con-
25,26

sistent with the value *IZ (Table V) as required. The ratio K/I
is a measure of the relative energy at which the hot product is Zormed.

-2.
Table V indicates   that  K/I is relatively small (1. x   10      1,   and  therefore,

the average energy at which reaction occurs is relatively high.

The  I values reported  are  very  low.    They  are  the lowest reported.
18       27,28

values including the F data. This indicates a very low proba-

82
bility   of hot reaction   in   the         Br   +   CH  ( IT)-activated system. These

low values are in the order of several magnitudes lower than analogous

-                              reactions  of hot hydrogen with methane and other molecules. 23,25,26

The above calculations show that, within the limits of experi-

mental error, the kinetic theory in its present simple form appears to

be an adequate framework for the entire range of data.  From our utili-

zation of the kinetic theory to the (IT)-activated process studies we

feel confident that the theory is applicable since a relatively high
9

kinetic energy range was reached due to Coulombic repulsion.

1
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TABLE IV

Results of Kinetic Theory Calculations

Moderator Reactivity Slope Intercept Slope/Intercept Interce t/Slope
Integral ahod/I acikt/I amod / aCH4 aCH4 AI/amod

mod

He 0.100 10.0 24.5 0.408 2.450

Kr 0.004 250.0 24.5 10.200 0.098

Xe 0.012 84.2 24.5 3.43 0.291

 8

TABLE V

Parameters Expressed in Terms of a r-Kr

GEr-CH4 aar-XeaEr-He (0.04)aRr-Kr (0.
(0.336)aBr-Kr

098)(Br-Kr

*IZ       =      8.0   x   10 a-Br-Kr I  = (0.004)aBr-Kr

-60
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-                   Effect of Moderators on Bromine in £94

Presented in Table VI are the various organic yields for (IT)-

82
induced   Br in CD4.  The data from Br2 additive and Kr moderator studies

82-for the (IT)-activated ar reactions with CD4 were obtained as described

previously for the
CH 

system using the freeze-thaw technique.   The

experimentally determined values reported for Br2 additive gave a plot

very similar to that in the CH  system.  Extrapolation of the reported

values to zero-mole-fraction-additive gave a limiting organic yield of

7.3 2 0.5 % and gave a value of 0 % at zero-mole-fraction-CD4. These

              results compared well with the value of 7.42 0.5 % as the limiting

organic yield in the CH  system.  This would suggest the absence of an

isotope effect between target molecules CH4 and CD4 in the 8281• (IT)-

activated process; however, an isotope effect between the target mole-

cules does exist   for (n, y)-activated bromine reactions.      It   is   not

immediately obvious why our value of 7.3 + 0.5 % is higher than the

previously reported value of 4.5 f 0.8 %.17

82For the krypton moderated study  of        Br   +  CH  ( IT)-activated  pro-

cesses, the data appears to extrapolate, at zero-mole-fraction-CD4' to

3.2 i 0.5 % which compares very well with our value of 3.7 t 0.5 % for

the CH  system.  We are therefore tempted to conclude the same dependence

82on kinetic energy for (IT)-induced Br reactions with CH4 and CD40
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TABLE VI

82
Percent Br.Stabilized in Organic Combination in

a Gaseous Mixture of Additive and CD4a
-

Pressure Pressure Mole Fraction Percent Br-82

Additive              CD4 Additive as Organic
(mm) (mm)               (b)                 O.Y.IT (c)

Br2
6.5 601.0 0.011 6.2
7:5 583.5 0.013 6.3
14.5 594.5 0.024 6.1

8.5 311.0 0.027 5.9
24.0 619.5 0.037 5.9

30.5 640.5 0.045 5.4
38.0 572.5 0.062 4.7
30.0 292.5 0.093 3.9
77.5 475.5 0.140 3.9
62.5 242.5 0.205 2.4

122.0 258.5 0.321 2.0
128.0 163.0 0.440 1.6
97.0 59.0 0.622 1.1

126.5 26.5 0.827 0.72

Kr

28.0(d) 442.0 0.059 4.0
39.0 542.5 0.067 4.1
25·5(d) 223.5 0.102 4.0
97.5 455.0 0.176 3.8
132.5 386.0 0.256 3.3

78.5( d) 183.5 0.299 3.6
156.0 300.5 0·342 3.2
111.5(d) 158.5 0.413 3.3
152.0(d) 130.0 0.539 3.6
25.1.0( d) 71.0 0·780 4.2

272.5( d) 53.5 0.836 4. I
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TABLE VI  (Contd.)

Footnotes

(a)  All samples, except where noted, contained 15 mm. Br2,

(b)  Error + 0.002.

(c)  Values were calculated using the freeze-thaw equation.  These

values represent the averages of at least three samples.  The.

reproducibility was within .+ 0.5 %·

-               (d)  7.5 mm. Br2 scavenger present.
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80  m    80Comparison   of (n,y) Induced         Br      and         Br Organic Yields   in  CHIJ
80The percent of the Brm present as organic yields for the

CH 
system

are given in Table VII. The experimentally determined values reported

provide a plot very similar in characteristics to the one shown by Rack

10    80and Gordus for Br.  Extrapolation of the reported values to zero-

mole-fraction-bromine gives a limiting organic yield of 13.0 2 0.5 %

which compares   well   with the value   of   13. 3 + 0.5 % reported by Rack and

Gordus. These results suggest the absence of any isotope effect10

»                                                   between (n,y) induced Br and Br reaction in CH .
80  m     80

4

Comparison of Er2 and HBr as Source Molecules on Reaction in 2t+
We have reinvestigated the use of HBr as a source molecule and

employed it in the CD4 system.  Table VIII presents a comparison of the

limiting organic yields in the Br2 and HB plus CD4 systems.  A value ofr

6.4 + 1.0 % was originally reportedl5 for 80Br (n,y) activation in CD40
80

Extrapolation of our   Br (n,y) data (Table VIII) in CD4 gave a value of

6.9 i 0.5 % which was in good agreement.  This data would support the

existence of an isotope effect between target molecules CH  and CD4 in
80

the Br (n,y)-activated process.

Gordus and Willard originally reported an exceptionally large
29

80value for Br organic yield in the HEr +
CH4

system.  Our data extra- ·

polated  to a value   of  15.1  %  with  HEr   in   CD4   for 80Br activated   by  the

(n,y) process.  It was interesting to note from our preliminary data that

for both Br2 and HBr the organic yields compared very closeky as one

approaches 0.1 mole fraction.  However, the HBr system experienced a

sudden increase in organic yield at mole fractions less than 0.05.  This
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may be due to the inefficiency of HBr as a radical scavenger in the

gaseous phase as compared to Br2.

The irradiation time was kept at 10 seconds to minimize any radiation

damage in the system.  Perhaps the reason for the previously reported

high value29 was the experiencing of some radiation damage in their

system.
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TABLE VII

80Percent   Brm Stabilized in Organic Combination

With Methane After Irradiation at

Room Temperature

Pressure Pressure Mole Fraction Percent Br-8Om
Bromine Methane Bromine as Organic

(mm)
(mm)                                               (a)                                                        (b)

14.0 656.0 0.021 12.1
15.0 667.5 0.022 10.9
22.0 649.0 0.033 10.2
29.0 658.0 0.042 9.2
36.0 644.5 0.053 8.2

49.0 642.0 0·071 7.6
70.0 638.0 0.099 6.5
104.0 613.5 0.145 4.9
121.5 531.5 0.186                   4.9
117.0 298.5 0.282 2.9

72.0 124.5 0.366 1.9
79.5 92.0 0.464 1.6

100.5 47.5 0.679 0.95
120.0 25•5 0.825 0·54
131.0 13.0 -0.910 0.52

(a)  Error 2 0.002.

( b) These values represent the averages   of at least three .samples.      The

reproducibility was within 2 1.0 %.
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TABLE VIII

80
Percent Br Stabilized in Organic Combination

with CD4 After Irradiation at Room

Temperature for 10 Seconds

Pressure Pressure Mole Fraction Percent Br-80

Target                CD4 Target as Organic
(mm) (mm)               (a)                  (b)

Br

.
15·0 663.0 0.022 6.8
34.5 682.5 0.048 5.8
47·0 610.0 0.072                   5.5

HaI

14.0 663.5 0.021 14.2
46.0 549.0 0.077 5.8

(a)  Error + 0.002.

(b)  These values represent the averages of at least three samples.  The

reproducibility was within + 1.0 %.

i



IV. ISOTOPE EFFECTS OF IODINE REATIONS ACTIVATED   BY · THE.-i i  i-I...-I-

RADIATIVE NEUTRON CAPTURE AND ISOMERIC TRANSITION
i--

.-.

PROCESSES IN LIQUID HYDROCARBONS

(Richard M. Lambrecht)

Introduction

Although various hypotheses, such as the autoradiation hypothesis,
30

the thermal spike model, the intermediate complex model,   and the
3                               32

modified impact model, have been presented in recent years to account
33

for the chemical effects of nuclear transformations in condensed-state

30organic media, the autoradiation hypothesis has been the most successful

in correlating halogen reactions activated by radiative neutron capture

and isomeric transition.  According to the autoradiation hypothesis, the

radiative neutron capture. and isomeric transition processes should  give

similar products due to combinations of halogen species with radicals

formed by localized radiation produced by the internal conversion and

Auger electrons emitted by the recoil atom.  Since similar products were

produced by the radiative neutron capture (n,y) and isomeric transition

(IT) activated reactions of bromine atoms, in ((14' n-hexane5 and the

isomers of hexane, support was given to the autoradiation hypothesis.
13

However,   for   CCl   and  all the kydrocarbons  studied5' 13 the isomeric

transition induced organic yields were greater than those of (n,y)
80  m 82 82 m

activated   Br , Brand Br .
3,16 130In recently published studies it was shown that I activated

-37-66



- 38-

by isomeric transition and I activated by radiative neutroh capture
128

have equal or neraly equal reactivity in liquid n-hexane and cyclohexane.

127 128
The moderation by rare gases of the I( n, y)      .      I gas phase reaction

21
with CH4  resembles the moderation by rare gases df the 82Br" (IT) 828r

14                          80reaction with gaseous methane,   more so than the 79Br (n,y)   Br reaction

10                       128
with gaseous CH4  .  The similarity of I reactions.to those of (IT)

128activated bromine reactions suggests that I gas phase reactions may

be principally the result of internal conversion.  The purpose of this

section  is   ( 1) to investigate for possible isotope effects, especially
128 130 130 m

between I and (n,y) activated I+ I  in various liquid hydro-

129 130 129 130 m 127
carbons, (2) to compare the    I (n,y) I+   I (n, y)    I,    I

128 130(n,y)    I, and 13OIm (IT)    I induced organic yields at several con-

centrations in selected hydrocarbons, and (3) to compare the various

radioiodine and radiobromine product distributions produced by the

radiative neutron capture and isomeric transition induced reactions.

Experimental

Over 300 samples in quArtz ampoules were degassed five times and

11             -2    -1irradiated at a thermal neutron flux of 1.1 x 10 neutrons cm. sec

in the Omaha, Nebraska, V. A. Hospital TRIGA reactor.  The accompanying

17       -1     -1y-radiation flux was 3 x 10   ev. g.   min.  .  Phillips research grade

hydrocarbons were used as received, and after further purification by

stirring in 112S04   for   48 hrs., washing, drying, and fractional distill-

ation.  We did not observe any differences in our organic yields or

labeled organic product distributions when repurification procedures

were employed. Iodine was sublimed from a mixture of reagent grade I2'
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KI   and   CaO. The Iodine-129 was obtained from Oak Ridge National Labor-

atories in aqueous Na A Solution. The Na I was extracted into the129. 129

hydrocarbons with H202 catlyzed with a trace of HN03.  The solution was

washed and dried.  Iodine concentrations were determined photometrically.

The freeze-thaw technique for obtaining isomeric transition organic

yields, extraction procedures and counting equipment have been described

previously. The samples for organic yield determinations were
15

extracted  from the solid state. The organic phase was separated  from the

aqueous phase immediately (5-30 sec.) after the interface appeared.  Time

is critical if 130Im is present in the reaction system during extraction,

since 130I could enter or leave the aqueous or organic phase as a result

of isomeric transition induced reactions.  The basic features of our

radiogas chromatograph have been described;5,34 however, we have improved

several features by incorporating a Hewlett Packard D. C. power supply

(Harrison 6202B), a Gilmont Instruments Inc. Flowmeter, and Aerograph

thermal conductivity cells and a four port backflush valve to facilitate

elution of high boiling fractions which pass through the column slowly.

A  2.1-m spiral column,  4-mm i.d., filled with 42-60 mesh Wilkens Instru-

ment firebrick coated with 40 % of its weight of Gen. El. SF-81(50)

silicone oil was used, with He as the mobil phase.  The samples irradi-

ated for radiogas chromatographic analysis were cooled to prevent

evaporation of methyl halides and extracted with 1 ml of the hydrocarbon

solvent being investigated and 3 nil of 0.5 M Na2S03. Quantitative organic

product distributions were initially determined in the absence of organic

iodine or bromine carriers to prevent any exchange between carriers and

labeled products at the elevated temperatures of the chromatograph.
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Subsequent runs employed carriers for product identification.  The

activities, which were corrected  for  background,   flowrate and radioactive

decay, were determined by planimeter readings of areas under individual

peaks.

Results and Discussion

A. Det tion  RK  130I   +  130Im
Organic Yields Activated  JUZ  129I    ( n. y)

130I +  29I (n.v) 130Im Processes

The liquid *drocarbon systems containing dissolved 129I2 at the
various concentrations studied were irradiated with thermal neutrons, and

subsequently frozen in liquid nitrogen at various time intervals after
130

removal from the reactor.  We observed increases in the I organic

130yields with the duration of time ·13 I  (IT)     I processes were allowed

to occur in the liquid phase. Similar effects were reported for8289 -

kydrocarbon systems,13 where 828rm (IT) 82Br induced yialds were greater

than those of (n,y) activated 828rm.  Typical 130I organic yield 'igrowth"

curves are shown in Fig. 1 for the n-hexane and n-nonane systems.  It has

been   shown that changes   in 82 r organic yields    due   to    ( IT) activated

reactions could be halted by freezing the systems in liquid nitrogen; 5,13

and we have also shown this effect for the iodine - hydrocarbons systems

studied.

As shown in Fig. 4, for 0.1 mole %
(129I2 2  )  in   n-hexane,    the

+ 127I

organic yields resulting from freezing samples left in the liquid phase

4 and 7 minutes prior to freezing and extraction from the solid state at

various times do not indicate any changes in the organic yields following

the   freezing   of the sample. Apparently 130Im organic yields behave
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Fig. 4 Iodine-130 organic yields inn-hexane (0.1 mole % IZ)'  . , andn-nonane (0.2 mole

% Iz),  0,  as a function of time in the liquid phase. Organic yields resulting from
freezing samples left inthe liquid phase 4 min.,  a and 7 min., 0 , and ex-
tracting from the solid state at various times.
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similarly to those of 82ar'when frozen.  The prior interpretation for

the bromine systems  postulated that freezing the sample essentially

separated organic and inorganic phases.  Hence that portion of halogen

which was in organic combination would remain inorganic: whereas, that

which was in organic combination would be dispersed in the organic phAse

in the solid state, and remain predominately in organic combination.

Other recent evidence indicates a similar behavior in liquid n-propyl
35

bromi(le. About   85   %   of the 82 r  in organic combination   will be stablized

as organic following isomeric transition:   whereas,   only   32  %   of   the

isomeric-transition events of inorganic 82892 produce organically bound

82Br. It would   not   seem  probable that organic halogen dispersed   as   an

organic compound could be depended on to remain predominately in organic

combination following isomeric-transition. Hence a given halogen atom

undergoing isomeric-transition may not actually recombine with the

fragment produced by isomeric-transition, but may result in a new organic

or inorganic product.  Presumably by freezing the samples an averaging

effect occurs and the final observed results are organic yields in the

solid state which are nearly constant with respect to time of extraction.

The extrapolated organic yields as shown in Fig. 4, correspond to

the combined organic yields of (n,y) activated 130Im (which is formed in

about 66 % of the radiative neutron capture events)7 and of (n,y)

activated ground-state 1)I.  The fractions of the total 130Im which decay

130 130
by isomeric transition to I and by beta emission to, Xe are 0.77

and 0.23, respectively. The increases in the observed I organic
3                               130

yields may be related to the half-life of 13 Im and correspond to isomeric

transition induced reactions of 13OI.  Although present techniques do not
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permit an independent determination of the radiative neutron capture

organic yields of 139 and 13.I, an isotope effect between the two
130 130 m

species would not be expected.  The values of I+ I  organic yields

130can be found bor extrapolating a plot of the observed I organic yields

vs time kept in the liquid state to zero time. (See Fig. 4)  We conclude

130 m 130
that in the hydrocarbons studied, I (rr) I activated yields are

greater than those of (n,y) activated 130:[ + 130Im.

B.   Comparison of 128I and 130I + 13OI  Orxanic Yields to Those of
Isomeric Transition Induced Orcarlie Yields RK 130I

Presented in Table IX are representative organic yields of 128I and
130 130 mI +    I  activated by the radiative neutron capture processes and

130I activated by isomeric transition in various hydrocarbons as a

function of dissolved I2 concentration. The isomeric transition induced
5,14

organic yields   were    determined   by   the   freeze-thaw technique, and

represent organic yields due entirely to isomeric transition induced
129 130

reactions. However, the 129I (n,y) 13OIm and    I (n,y)    I induced

organic yields were determined by extrapolation of plots similar to

Fig. 4.  Hence, the quoted organic yields may represent an upper limit

for the (n,y) organic yields, due to experimental error in the extra-

128                                              18
polated values. Our I data are similar to those reported by others.

128 130At all I  concentrations studied, I and I (by isomeric transition)
2

organic yields were similar, within experimAntal error, as would be

expected from previous results.3,16  The 13OIm and 130I organic yields

I'll show the expected increases in organic yields with increases in the chain
128     80

length of hydrocarbon solvent as shown for I and Br by Aditya and
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TABLE IX

Iodine Organic Yields Induced by (n,y) and (IT)

Processes in Liquid Hydrocarbons

I2                 Organic yieldsa
Hydrocarbon mole fraction      128I     130I by (IT)6      130Im + 130I

x 103 by (n,y)c

n-pentane            0.3                        43.3·          36.6
1.3 38.7 32.0
6.0 34.0 35.1           29.2

cyclohexane 8.0 37.5 36.5 - 31.0

u n-hexane 0.2 50.0 43·0
1.0 42.5 44.0 33.0
5.5 29.0 30.8 25•0

n-heptane 0.4 58.0 37.8
1.6 39.7 43·6 33.5
4.5 37.5 38.7 31.0
7.0 36.2 36.0 29.0

n-octane 0.5 55.5 44.2
3.0 45.0 47.2           38.0
7.0 38.5 41.1 32.5

n-nonane 2.1 46.0 47.7 39.0
7.0 41.5 35.0
7.5 37.3 38.5 30.0
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TABLE  IX ( Contd.)

Footnotes

(a)    Averages  of at least 4 determinations :  e*perim1¤tal error 5 1%.

(b) Isomeric transition (IT) organic yields were obtained by irradlating

the samples for 10 sec. at 770 K, thawing exactly 35 sec. after the

beginning of the neutron irradiation and allowing 130Im to decay in

the liquid systems at room temperature.  Isomerle transition organic
.,

yields were calculated with the equation

ojjquid   -    Fit. . Jio / Be-At.7 - Z-(i-,TA' )*'i. •-*t.7

The constants a and B are the fraction of the total activity produced

directly by radiative neutron capture and the (IT) activated processes

decaying in the liquid state, respectivell.  For 828rm systems a

and B are 0.09 and 0.91, respectively; 11 but in 130f systems a

and B are  0.39  and 0.61 respectively.3   Ramis the organic yield

produced in the liquid state when a sample is liquefied immediately

( e-At  describes the duration  of  time the sample was solid  from mid-

point of irradiation to liquefication) after irradiation and after

99.9 % of the metastable isomer has decayed to the ground state.

R' is the organic yield produced in the solid state and is usually

less than 1 %.

(c)  130rm * 130I organic yields in liquid hydrocarbons were determined

by extrapolating a plot of 130I organic yields vs time liquid to

zero time.  Samples were frozen in liquid N2 at various times after

neutron irradiation to halt further changes in the observed 130I

I
i
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TABLE  IX ( Corrtd.)

Footnotes

130organic yields due to 130Im (IT) I induced reactions.  See text

for discussion.

36a
( d)      Data of Aditya and Willard,             I2   +  5   mole % C  5  in n-C5H12'



F-

-47-
Willard. However, in all systems studied the radiative neutron capture

36

organic yields of 130I + 130Im were consistently lower than the isomeric

130transition induced I organic yields.  The ratios of the I organic130

yields due to isomeric transition to the 130lm organic yields resulting

from radiative neutron capture were about 1.2 - 1.4.

Chang and Willard37 report 128I and 130I organic yields in n-hexane

of 34.0 and 35.5 at 0.6 mole % I2 and 37.2 and 40.2 at 0.1 mole % I20
These data are quite similar to ours, but their 13II data includes the

(n,y) organic yield plus a significant contribution of isomeric transiton

induced reactions which occurred prior to analysis.  This appears to be

the case since Chang and Willard's37 130I organic yields at 0.1 mole %

I2 fall between our values
for by (n,y) and I by (IT).  The data130Im 130

differ in magnitude at 0.6 mole %; however, this does not effect either

Professor Willard's or our interpretation of the data.  It is of interest

to note that the total organic yield observed by irradiating a sample

liquid and letting all the isomeric transition events occur in the

liquid phase will result in an observed organic yield, which is within a

few percent of the isomeric transition organic yield obtained by the

freeze-thaw technique.

128Various data21,30,38 suggest that a high percentage of I atoms

born by radiative neutron capture undergo internal conversion.  The

128 130
similarity of (n,y) activated   I and    I activated by isomeric

transition suggest that a high percentage of I atoms born by radiative
128

neutron capture undergo internal conversion.  If isomeric transition

activation of halogen atoms in liquid hydrocarbons results in atoms more

reactive than those produced by radiative neutron capture, as suggested

1
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5,16.39 128

here and in previous studies similarities between I and

130
isomeric transition activated I reactivities may suggest that nearly

100 % of the I atoms are positively ch"ged as a result of their
128

nuclei passing through low-lying metastable states which decay by internal

conversion.30  However, our attempts to find a short-lived isomer of

128I (T*> 2 sec.) were unsuccessful. The lower reactivity of (n,y)

activated 130I + 130                                      82      82  mIm, as well as that of (n,y) activated  Br and   Br ,

130 m 82  m    82could be due to a lower percent of 13OI,    I ,   Br  and  Br born by

the (n,y) process in low-lying metastable states.16,39

C.  Product Distribution of Radioiodine and Radiobromine Recoil Atoms
An Liquid HfdrocarbonF

Perhaps one of the best tests of the autoradiation hypothesis lies

in qualitative and quantitative comparisons of the products formed by

different halogen isotopes in a common media.  If the autoradiation

hypothesis is valid, one would expect similar products between radiative

neutron capture and isomeric transition induced processes, even if only

a part of the radiative neutron capture processes were the result of

internal conversion and Auger electron reactions. Differences   in                     :

abundances of individual products and total organic yields might be

expected to occur as a result of ion-molecule, charge-transfer, ...etc.,

and other reactions characteristic of the halogen atom.  Similarities

between iodine and bromine were suggested by similar organic yields

128  82             130between    I,   Br by (IT) and    I by (IT) in liquid n-hexane3 and

16
cyclohexane.

We have measured the individual product yields for the 127I (N,y)

128  129 130 130           81        82, the    I (,y)    I and 130Im (IT) I, and the Br (n, y)   Br

./.- 1
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82        82and   Brm (IT)   Br induced reactions in several liquid hydrocarbons.

Table X presents the product distributions and total organic yields

observed when liquid samples of 127I or (127I + 129I) in hydrocarbons

ranging from n-pentane to several isomers of hexane to n-octane were

irradiated with thermal neutrons for 30 min.  Table XI depicts results

obtained when liquid samples of 0.7 mole % of bromine in n-pentane,

cyclohexane, 2,2-dimethyl butane, and n-heptane were irradiated for 30

min.  The effect of duration of irradiation did not appear to influence

our results, since similar organic yields were obtained for 10 sec. and

30 min. irradiations.  (See Tables IX-XI)

As can be seen in Table X, a definite structural effect exists with

regard to certain products.  For example at 0.7 mole % I2 the relative

yield, i.e. percent of total organic activity, of methyl iodide was

less in cyclohexane than in the normal hydrocarbons (excluding n-pentane);

but became more abundant as the branching of the molecules increased.

Methyl     iodide and ethyl iodide were particularly abundant    in 2,2-dimethyl

butane,    and   3 methyl pentane; whereas, propyl iodides were formed readily

in 2-methyl pentane. T-butyl and t-pentyl iodide were produced   in   2,2-

dimetkyl butane. These data suggest that carbon  to   carbon bond hreakages

were mostly likely to yield labeled products when a highly branched site

existed.  Similar target molecule effects were observed for bromine

recoil reactions in the isomers of hexane.13

It is important to note that within the series of normal hydrocarbons

studied, the number of labeled products formed increases with the chain

length of the hydrocarbon. Experimentally we would expect to find more

products as the number of C-C and C-H bonds increased if the relative

16
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TABLE X

130 130 m 130 127 128
Product Distributionsa Resulting From the 129I (n,y)    I,    I  (IT)    I and    I (n,y)    I

Processes in Liquid Hydrocarbons

H3CI
Productsb Total

Solvent .ss.yed ='163 2 C2H5I C3H7I Cl+WgI C  11  C6H13I C7Hl5I CBH17I Othersc organ c
Isotope               to

C2Hf yield

n-pentane 128I 6.0 6.8 16.4 15.0 4.4 50.6 6.8 34.0

n-hexane 130I 7.0 18.2e 24.3 10.9 9.2 37.4 N.C. 31.7

128I 9.0 12.2 3.2 14.6 18.4 11.5 40.1                 ' N.C. 29.5

Cyclohexane •130I 7.0 8.0 12.5 7.0       « 27.2 11.2 in
5.5     7.5 9.4 24.8fl

1 :8"1 36,3 ,32.3f
35.4 2 3.5Cl

2-metlgl pe"1181 7.5 11.6 6.6 14.0      g 20.5 45.0 2.3 35.4
14.0 7.9 28.6     g 25.5 17•1 6.9

3-mettlyl pentane
130I 7.5 25.1 27•0     g      13.0      5,0 25.9 4.0 34.0

25•5 33.0     g 16.5 3.4 21.6 N.C.

2,2-dimethy ane1.1 8   7.0  33.2 23.9 g  3.2  8.4. 29.3 N.C.
i

25•2 34.7     g
2.6h 5.64 31.5 N.C. 35.2

1

27·6 30.0     g 2.0 6.4* 34.0 N.C.



TABLE X  (Contd.)

Isotope m.f. I2
H.,CI Productsb Total

Solvent  assayed   x 103
ito

C2H5I C3 5  C449I (5HlrI C6HlyI (7Hl,5I CBH17I Othersc organic
C2H5I yieldd

n-heptane 130I 7.0 12.8 6.2 17·4 12.0 14.0      j 37.3 N.C.
11.8 4.8 13·5 9.8 19.6      j 40.5 N.C. 35.7
15.6 4.1 17·3 12.8 13•8      j 36.5 N.C.

n-octane 130I 7.0 10.0 6.4 15•8 22.9 10.2 3.3 17.0 14.4 N.C. 41.3

(a)  Averages of at least two determinations unless shown; duplicate runs of a given sample were in good agreement.  ,

( b)    The  values  are the percerrt of individual products relative  to  the  sum  of the fractions collected.                                 10
8

(c) Higher boiling fractions; N.C. = not collected; cl peak eluted before cyclohexyl iodide, but not identified.

(d)  30 min. neutron irradiation. ( e)       Methyl and ethyl iodides. (fl)      Cyclohexyl  iodide.

( f   ) Hexyliodides. (g)  Peak not detected. (h) Tert-butyl iodide. (i)  Tert-pentyl iodide2

(j) (5HnI values are inclusive of C H13  products.

»



TABLE ]C[
82      82 m     82Product Distributionsa Resulting from the 81Ar ( n, y)   Br and   Br  (IT) Br Induced

Reactions Following 30 Min. Neutron Irradiations of Liquid Hydrocarbons

b                                            dH CBr Products Total
3                                                                                ·

Solvent 8 03 to C21i5er Cl 78, Ct,ligfir (5Hl18, (6HllBr C71il5Br Others organic

C2H.5Br yield

n-pentane 7.0 15•7 14.6 6.0 7.0 49.8 6.9 33.7

cyclohexane 7.0 9.1 6.4 4.5 21.3f 14.le 35.9
40.3g (4.3)e

i           j                                           
  #

2,2-dimetbyl 7.0 17·6 20.8       h 7.2 4.04 50.4 N.C. 38.5      1

butane 26.4 9.9       h 5.4 6.7* 51.6j N.C.

n-heptane 7.0 9.8 9.6 9.2 12.5 6.7 11.5 40.7 N.C. 41.5
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TABLE  XI ( Contd.)

Footnotes

(a)  Averages of at least 2 determinations unless shown; duplicate runs

of a given sample were in good agreement.

( b)    The  values  are the percent of individual products relative  to  the

sum of the fractions collected.

(c) Higher boiling   fractions:    N.C.    = not collected.

(d) Observed organic yields   of 82 r following   30 min. neutron irradiations.

The Br organic yield after a 10 sec. irradiation was 32.4 in
82

n-pentane; 37.0 in 2,2-dimethyl butane; and 40.5 in n-heptane.

(e)  Peak eluted before cyclohexyl bromide, but not identified.

( f) Cyclohexyl bromide.

(g)  Hexyl bromides.

( h)     Peak not detected.

(i)       Tert-butyl    bromide.

(j)  Tert-butyl bromide.
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importance of radical formation was dependent on random fragmerrtation or

autoradiation effects.  The labeled products formed are listed in Table

X   for n-pentane through n-octane. Normal nonane   was also investigated;

however, the spectrum of products (five major broad peaks) were complex

and yields of individual products could not be identified with certainty.

Within the experiemental uncertainty, the product distribution and

128 130
relative product yields of I and I are similar, as originally

Suggested by Chang and Willard. By analyzing samples which contained19

128 130I
128

both I and , and then analyzing again after the I had decayed,

we did not observe changes in either the formation or disappearance in

the number of products assayed. The labeled product distributions of

iodine isotopes in n-pentane and n-hexane may be compared with earlier

1                                 19
work.  The agreement in product identification  and relative yields   is

satisfactory considering the different conditions under which the

experiments were performed.

Table XI presents the product distributions of 82 tr recoil atoms in

several hydrocarbons. The products formed  in the hexane isomers, exalu-
13

ding cyclohexane, are similar to those reported by Merrigan et. al.

The earlier investigation in cyclohexane at 7.0 mole % and higher coneen-

trations   did not detect the formation  of low boiling bromides. However,

a re-investigation has shown that methyl, ethyl and propyl bromides are

formed at 0.7 mole % Br20  This result does not affect earlier inter-

pretations.  It is evident that a similar spectrum of products are formed

by radioiodine and radiobromine atoms in the liquid hydrocarbons studied.

Although the relative yields of iodine and bromine products in a given

solvent are somewhat different in abundance, one might a priori expect



1 -55-

this to be the case when chemically different halogen isotopes are

compared.

The differences in individual product yields of iodine and bromine

in a given hydrocarbon may reflect that in addition to the halogen atom

tracing of isomeric transition produced radical debris, varying contri-

butions of ion-molecule reactions characteristic of the halogen atom

could occur.  Additional evidence cited earlier suggests that halogen

41
and tellerium atoms activated by isomeric transition have a greater

reactivity than is present during radiative neutron capture events.

Thermal exchange reactions would not be expected to be important,

especially for the iodine systems since rapid exchange has been shown
40

to   occur   only   at   very  low I2 concentrations. Bromine exchange reactions

were minimized by exclusion of light prior to, during, and after the

thermal neutron irradiations.

If autoradiation effects with their accompanying iodine and bromine

radical reactions, ion-molecule reactions, etc., accounts for only a
80 m 82 130

part of the organic yields of (n,y) activated  Br , Br and I+

130Im reactions in liquid hydrocarbons,   then the remaining organic yield

may be the result of other processes such as those predicted by the

random fragmentation hypothesis. The random fragmentation hypothesis42

would predict degradation products of the target molecule, as observed

by radiogas chromatography. Previous data for (n,y) activated reactions

support, although indirectly, radical mechanisms.
5,15.16.42
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V.  SUBSTITUENT EFFECTS IN IODINE-130 REACTIONS ACTIVATED- .-I

BY (N,y) AND (IT) WrTH VARIOUS POLYHALOMETHANES
-

(N. J. Parks)

Introduction

Previous studies of iodine reactions activated by nuclear transfor-

mations   have been mainly with alkyl iodide and hydrocarbon systems.3,16,30,43,44

One striking feature of iodine reactions was that yields and product Ale-

130 128
tributions of I and I activated by (IT) and (n,y) processes, respec-

tively, were similar to yields and analogous product distributions of

82                                                                        3 16
Br activated by (IT) events in cyclohexane and other (5-(9 hydrocarbons. '

130 128
The likeness between I, land 82Br yields and product distributions

suggest that activated halogens may trace chemical processes which result

from a similarity of environmental activation and/or decomposition.16,44

The study of iodine reactions in various halogen substituted methanes

is interesting because these mono-carbon compounds, containing, in some

cases, no carbon-hydrogen bonds, present environments to the activated

iodine that are highly dissimilar to hydrocarbons with respect to bond

energies, molecular dimensions, and stability of potential products.  In

129this section, we report the effects of different substituents on the    I

(n,y)    I + I (n,y)    I  and
130 129 130 m 130130Im (IT) I induced organic yields

and the radioiodine organic product distributions at several iodine

concentrations in various liquid polyhalomethanes.

-56 -41
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Experimental

Approximately 150 samples in quartz ampoules were degassed four

times and irradiated at a thermal neutron flux of 1.1 x 1011 neutrons
-2     -1cm.   sec.   in the Omaha, Nebraska V. A. Hospital TRIGA reactor.  The

accompanying rradiation flux was 3 X 10 ev.     g.17       -1 min•-1.

Mallinckrodt reagent CHCl  and Matheson CH Cl  were purified by

stirring in H 04, NaOH, washing, drying, and fractional distlling.

Baker and Adamson reagent CC14 and Matheson CFC13 were purified by

photobrominating, extracting with aqueous sulfite, washing, and fractional

distilling.  Eastman CCl Br was freed from stabilizer by distillation,
3

photobrominated, extracted with aqueous sulfite, washed and re-distilled

in the absence of light.  All materials were distilled within one hour

before use, and the center cut taken for sample preparation.  Iodine

-               was sublimed from a mixture of reagent grade I2' KI, and CaO.  Iodine-129

was obtained from Oak Ridge National Laboratories in the form of aqueous

Na   I and was· extracted into halomethane solutions as I  after129 129
2

oxidizing   to   I2  with   H202    catalyzed   by a trace   of
HN03. After   the    solu-

tions were washed three times and dried, the iodine concentrations were

determined photometrically.

The freeze-thaw technique for obtaining isomeric transition organic

yields, extraction procedures and counting equipment have been described

5.13 14
previously. Isomeric transition organic yields were calculated

with the equation

nyliquid      =     ER®  -   GRo   /   Be-At-7   -  Z-( 1-e-At)   Ro   /   e-At_7
- IT



-58_

-                The constants a and B are the fraction of the total activity produced

directly by radiative neutron capture and the (IT) activated processes

decaying in the liquid state, respectively.  For 130Im systems a and B

are 0.39 and 0.61 respectively.3  R" is the organic yield produced in

the liquid state  when a sample is liquefied immediately (e describes-At

the duration of time the sample was solid from mid-point of irradiation

to liquefication) after irradiation and after 99.9% of the metastable

isomer has decayed to the ground state.  R' is the organic yield

produced in the solid state, and was less than 2 % for the systems

studied.  This technique was used in all systems except CC13Br and CC14

where the (IT) organic yields were determined in a manner similar to

3,11
that employed by Willard, et. al.

.- 130
Organic yields of I induced by (IT) processes in various systems

were determined by dissolving I  produced by neutron irradiation of
130 m

129I in the solvent at varying times following irradiation.  A plot of

the organic activity ( normalized  on the basis of total activity) versus

time was prepared and extrapolated to the midpoint of irradiation.  The

value thus obtained was divided by the fraction (.61) of the total

activity born as 13OIm to obtain the (IT) induced organic yield.  Correa-

130 130 m
tion for pick-up of I in systems where no I was initially present

was 0.1 %.  All samples for isomeric transition time studies were irradi-

ated in the solid state (770 - 90' K), and thawed by immersing in warm

water 10 sec. after the end of a 30 sec. irradiation.  They were resol-

idified in liquid nitrogen after varying periods of time at room tempera-

ture.

The radiogas chromatograph and recent modifications have been
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described previously. However, for halomethanes, improved
5,34,44

resolution was obtained with a column packing of 42-60 Wilkens Instru-

ment firebrick, coated with 13 % of its weight of Gen. El. SF-81 (50)

-              silicone oil.

The samples irradiated for radiogas chromatographic analysis were

cooled to prevent evaporation of volatile compounds and extracted with

aqueous sulfite, washed and dried to insure that only organic products

were chromatographed.

»                   Product identification where carriers were not available was made

on · the basis of relative   position to labelled  CC y  and non-radioactive

halomethanes of varying boiling points and molecular weights.

Results and Discussion

130 130 m 129Determination of    I + I  organic yields activated by I (n,y)

130I and 129I (n,y) 130Im processes was accomplished by irradiating

(15-30 sec.) the liquid polyhalomethane systems, numbers 1 through 3

(Table XII), containing dissolved I2 at various concentrations studied,

with thermal neutrons and immediately freezing them in liquid nitrogen.

It has been shown previously that changes (with time in liquid state)

82       130in   Br and I organic yields due to (IT) activated reactions in hydro-

carbons could be halted by freezing the systems in liquid nitrogen.
5.13,44

We have also shown this effect in I -CH.(12' I2-CHC13 (See Fig. 5)2 4
and I2-CFC13 systems.  IX after irradiation in the liquid state, systems

1 through 3 were not frozen immediately, increases were observed in the

13II organic yields related to the duration of time 13OIm (IT) 130I

processes were allowed to occur in the liquid phase.  Similar effects were

'
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TABLE ]C[I

Iodine Organic Yields Induced by (n,y) and (IT) Processes

in Various Liquid Polyhalomethanes

I2 mole Organic yieldsa
Solvent fraction

x 105 13QI by (IT)  130I + 130Im by (n,y)d

b
1.  CH Cl 0.3 53.9 44.32  2

5.0 48.7 36.8

2.
CH(13b

0.3 30.4 23·6

-10.0 43.5 35.3

8.0 24.8 21.5

b
3.

CFC13
0.3 16.3 11.3
2.0 13·3 9.4

-                                                                                         f
4. CC14c 0.3 1.9 2.5f

9.5 1.7 2.0

-

5.
ccl3Brc

0.3 1.9

(a)  Averages of at least 4 determinations; experimental error = 1.5 %

except as indicated.

5,13
( b) Isomeric transition organic yields by freeze-thaw technique

(15 sec. irr.).

(c)  Isomeric transition organic yields as described on page 581

experimental error = 0.1 %.

(d)  Sample frozen 7 sec. after 15 sec. irr.

(e)  Solid and liquid state.

(f)  Estimated from (n,y) + (IT) determinations and separate (IT)

determinations.
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82- 130- . . 13,44 82 130 m
reported for ar  and 1-nyarocarbon systems, where  -Br and    I

CIT) 130
82

I induced yields were greater than those of (n,y) activated   Br

and 130I + 130Im .  Since the total 130I organic yield observed by irra-

diating a liquid sample and allowing all the isomeric transition events

to occur in the liquid phase is 1.15 to 1.30 times the yield observed

when the sample is frozen immediately, we conclude that in I2-CH2C12'

I2-CHC13' and I2-CFC13 systems, 130Im (IT) I activated yields are
130

130 130 m
greater than those of (n,y) activated I+   I.  The quoted (n,y)

130 morganic yields may represent an upper limit as· a consequence of    I

(IT) 130I processes before 6olidification.
Presented in Table XII are representative organic yields of    I

130

130 130 m
activated by isomeric transition and I+ I  activated by radiative

neutron capture processes in various polyhalomethanes as a function of

dissolved I2 concentration.  The organic yields, determined by the

freeze-thaw technique ( systems  1  through  3),   and  by the technique  of5,13

Willard et. al.3,11 (systems 4 and 5), represent organic yields due

130
entirely to isomeric transition.  Characteristic growth of I organic

activity by (IT) in systems 1 through 3, shown for CH C12 and
CHC13

-               (Fig. 5), is described by a 8.9 3 0.3 min. half-life using the technique

5 16
of Merrigan et. al. '    This value, consistent with previously reported

7 1643
values of 9.2,8.9 and 8.8 min. -

-

indicates that the (IT) organic

yields were negligibly influenced by reactions other than those induced

by nuclear transformations.

130
Any increases in the observed yields of I in CCl with respect4

---

to time in liquid state were of insufficient magnitude to be evaluated

and appeared to remain constant at cao 3.5 % (Fig. 5).  Isomeric transition
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130
induced organic yields of I were determined in the solid and liquid

-                phase at 0.3 x 10-3 m.f. I2 by dissolving identical quantities of iodine

containing 130Im in equal aliquots of ((14 exactly 30 seconds after the

beginning of a 20-sec. irradiation and freezing (5-7 sec.) one sample

immediately in liquid N2' Repetitions of this experiment produced values

for 130I organic yields by (IT) processes that were the same (1.8 3 0.1%)

in both the solid and liquid phase.  At 0.3 x 10-3 m.f. Br2 in (014'

82organic yields induced by 8181· (n,y) 828,2 and 82Brm (IT) Br processes

in the liquid state were 24.0 and 34.0 percerrt respectively.5  It was,

therefore, interesting that I and I (n,y) I induced130In (IT)
130 129 130

organic retentions would be low (less than 5 %) at all mole fractions

halogen studied, especially since the most probable product, (Cl I is a3
13    131known compound. In I2-CC14 radlation damage studies, yields   of

iodine in organic combinations as high as 13 percent were obtained at

3.0 x 10-4 m.f. I2 for 30 min. irradiation.  This possibly suggests that

in the CC14
system, the environment created by nuclear activation is less

conducive to the formation·,of stable iodine products than that in system

exposed to radiation as observed by iodine scavenging of radiation-

130
produced radicals.  Low yields of (IT) activated I were also observed

in I2-Ccl3Br systems, where the hetero-substituent of the solvent molecule

has greater atomic mass than chlorine and is less energetically bound

to the carbon.  The data show that the total organic yields decrease for

the systems intheorder CH 1 > CHC ->CFCl > CCL  - (Cl Br.343
Table XII presents the individual produat yields for the 129I (n,y)

130:[   +   130:[m   (IT)    130I induced reactions in several liquid polyhalomethanes.

- Product distributions and total organic yields were determined by irra-
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127 129

diating liquid samples of    I  +   I  in the systems shown with22
130 m

thermal neutrons for 1 minute.  At least 99.9 % of the I was allowed

to decay in the liquid state in all systems.  It is of interest to note

that the total organic yield observed by irradiating a liquid sample

and allowing all the isomeric transition events to occur in the liquid

phase will result in an observed organic yield44 which is within a few

percent of the isomeric transition organic yield.  The effect of a 30

min. irradiation was an increase in the organic yield in systems with

no C-H bonds; however, the effect of duration of irradiation or of

preparing the sample as described in reference   3 ( forming products   by

( IT) processes exclusively)   did not appear to influence the relative:

product distributions.

The organic yields of primary products (chlorine-replacement) and

secondary products   ( for those determined) decrease  for the systems

studied in a like order as the total organic yield.  In the cases where

the percent yield of identical products formed in different systems. may

be compared, the trends are somewhat similar to that which might be

expected by consideration of bond disassociation energies.  At comparable

m.f. I2 in CH2C12 and CHC13 solutions, CHC12I is produced in 15.0 and

19.3 percent yield respectively.  The final experimAntally observed

result is that in the former case, a hydrogen atom, and in the latter

case, a chlorine atom, of the solvent molecule has been replaced.  The

C-Cl bond disassociation energy is ca. 1 e.v. less than the C-H bond

disassociation energy.  The yields of CCl I were found to be 5.0, 1.0
3

and 3.5 percent in CHC13' CFC13' and CCl  systems respectively.  The

bond-disassociation energies for the bonds necessarily disassociated in



TABLE XIII

129 130 m 130
Individual Product Organic Yieldsa Resulting from I (n,y) I  (IT)    I

Processes in Liquid Polyhalomethanes

Systems: CH Cl  CHCl CFC1 Ccl CCl Br
3                   3                 4                3

4
m.f. I2 x 10 5.0 6.2 7.2 6.7 6.0

Product CH ClI 37.8 CHCl I 19.3 CFC1 I 13•5 CCl I 3.5 (Cl Ic 0.5b
2                   2                 3                3

O.Y. CHC12I 15.0 CCl I 5.0 CCl I 1.0 --Il Othere   1.4       1

3                                        3  d                                                                                                          4
Otherd 6.3 Other 1.4 ----

Total Org. Yield   - - -

52.8 30.6 15.9 3.5 1.9

(a)  Yields from 1 min. irradiation (except as indicated) in the liquid state and are resultant average

of at least three runs.

( b)  The values are the percent of individual products relative to the sum of the fractions collected times

total organic yield.
3             130 m 130

(c)  Samples prepared according to Willard et. al.:  products by I (IT) I activations only.

(d)  Two later eluting peaks of approximately equal area; possible polymers.46

(e) Broad peak; possible decomposition at elution temperatures.
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order  to  form  CCl  I  decrease  in the order  C-F> C-H > C-Cl. Although  the
3

lower yield of CC13I was observed in CFCl  systems, any definite

correlations may be complicated by inequality of other factors such as

solvent effects on the stability of the product compound.  Since the only

products found in the systems studied were those that necessarily

resulted from the disassociation and formation of various bonds, it is

not unreasonable that the relative ease of such processes could be

reflected in the various product yields observed.  It is difficult to

speculate with certainty as to the nature of the nuclear activation process

by radiative neutron capture, i.e., iodine reactions with Auger produced

radicals, random frsgmentation radicals, ion-molecule, atom-molecule

reactions, etc. However, we can assume isomeric transition induced yields

are entirely the result of activation by internal conversion and Auger

13,30
processes. Where we have obtained distributions of iodine products

produced by only (IT) events and by in-reactor irradiations (products

by both (n,y) and (IT) events) of the same system, the results were

remarkably similar.  This would suggest that at least part of the nuclear

activation for the (n,y) activated reactions of iodine with polyhalo-

30,44
methanes was the result of internal conversion and Auger processes.

The first ionization potentials (assuming gas phase values) of the

polyhalomethanes studied are higher than that of iodine atoms (polyhalo-

methane 11.0 vs. iodine atom 10.44); consequently, a positively charged

130
I ion, which has emitted several Auger electrons and is situated in

a "radical pocket" created by those electrons, may undergo ion-radical

and ion-molecule reactions with the solvent and charge transfer reactions

with I2 (I.P. 9.35 solute molecules.  The result of ion-radical and ion-
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molecule reactions can be positively charged species of obvious lesser

stability than comparable neutral species. Furthermore, if these charged

species represent molecular arrangements of atoms that are inherently

unstable even in the uncharged state, the probability of their survival

may be very low.   This type of mechanism may partially account for apparent

lower survival of CCl I produced by nuclear activation than by iodine
3

scavenging of radiation-produced radicals.

The trend in chlorine-replacement product yields for the iodine

reactions with the various polyhalomethanes (CI ClI >CHC] I > CFC].2I  7

CC13I) may be the result of decreasing stability with increasing steric

interactions among substituents.



VI.       ORGANIC   YIEIDS OF BROMINE AND IODINEINDUCEDLEADIATIVE

NEUTIWN CAPTURE AND.ISOMERIC_TRANSITION IN

POLYCRISTALLINE, N-HEXANE AND CYCLOHEXANE

--- .

A.    BROMINE IN
N-HEXANE AT 77'  K ,  <<   hard

M. Lambrecht) A#.2 kah,ht  *1 ,#PATL, CpI-f,Arl.

c         -2Recently it was shown that at 10 mole fraction of Br  in poly-
crystalline n-hexane at 77' K, the Br isomeric transition induced

80 m

organic yields were about 4 %, suggesting clumping of the Br2 in the
19

organic matrix during freezing.    Employing the organic yie1ds of the
79        80 m         80         80Br (n,y)   Br and the   Brm (IT) Br reactions in polycrystalline
n-hexane at 770 K, Iyer and Willard48 suggested that organic yields

induced by nuclear transformations could give useful information about

the state of aggregation of a solute and its tendency toward complex

formation.

The purpose of this section is to explore in detail the reactor-

irradiation technique for studying the radiative neutron capture (n, y)
and isomeric transition (IT) induced organic yields of bromine in poly-

crystalline n-hexane. Specifically we investigated the influence of

solvent purification, concentration of halogen and additive, neutron-

irradiation and post-irradiation times, and nuclear transformation on
the solid-state organic yie1ds.

-68-\65
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Experimental Section

Phillips research-grade hydrocarbons (99.99 quoted mole % purity)
48

was used as received and after further purification. Neither gas

chromatography nor activation analysis detected any differences in

purity in the research grade and repurified research grade n-hexane.  The

maximum limit  of impurity detection was about  one   part   in ten thousand.

-          The bromine was redistilled Mallinckrodt analytical reagent.

Sample preparation, neutron irradiation facilities, extraction and

counting procedures employed have been described previously. All15

samples made from which air was removed were degassed at least four times

and stored under liquid nitrogen.  Neither the presence of air nor the

duration of time the samples were frozen prior to irradiation had any

observable effect, within experimental error, on the organic yields as

47           49also observed previously by Hahne and Willard and Milman respectively.

Tracer Br2 (82Br) indicated that contributions to the organic yield

(OY) from dark reactions were nearly negligible.  At 0.2 mole percent

mf Br2 the pick-up observed by allowing the hydrocarbon solution to

stand in the dark for two hours was 0.3 % OY.  An increase of about 0.1 %

15
was found in sample preparstion by vacuum-line techniques. Calculations

did not predict radiation damage for our conditions and the OY did not

increase, within experimental error, with increased irradiation times.

However,  when  0.3 mole percent  Br2  (82Br) was added to liquid n-hexane

previously  irradiated  as a glassy solid  for  10,  45,   60  and  120  sec,   the

resulting organic yields were 0.6 %, 1.0 %, 3.0 % and 3.7 % respectively•

The pick-up was probably due to bromine reactions with olefins resulting
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from reactor radiations.48  At 0.2 mole percent mf Br  the temperature

rose to 800 K at 30 sec after removal fzvm the liquid N2' 830 K at

45 sec and 1030 K at 55 sec.  Most irradiations were for 5 - 10 sec.

"                    Results and Discussion

Iyer and Willard48 have indicated that the organic yields of bromine

80  minduced by Br isomeric transition in polyerystalline n-C H14' are
extremely sensitive to trace amounts of some additives.   We have compared

the organic yields for the Br2 - n-hexane employing in-house purified

and research grade hydrocarbons.

As can be seen from the results depicted in Flg. 6, and in Table

XIV, which presents bromine organic yie1ds as a function of mole fraction

of Br2 in n-hexane, in-house purification of research grade (99.99

quoted mole % purity) n-C6H14 substantially decreased the bromine organic

82      80 m
yields.  Since the organic yields of Br and Br are very sensitive

to trace amounts of some additives, it may not be surprising that at

concentrations lower than 4 x 10-3 mf Br2' the organic yields are some-

what higher than the previously reported values.48  However, by employing

the reactor-irradiation technique, we had excellent agreement with

48                80results obtained by the Brm isomeric transition in the presence of

5 x 10-3 mf additives present at 5 x 10 3mf Br2.  See Table XV.  It may

be difficult to attain the same degree of purity in hydrocarbons between

laboratories. Perhaps a characteristic of extremely pure n-C H14 is that
bromine organic yields are rather constant in the range 1 x 10-2 to

-4       48
5 x 10 mf Br . However, our highly repurified systems tend to show2

data (Fig. 6) which decreases gradually in the concentration limits cited
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TABIE XIV

Organic Yields of 79Br (n,Y) BOBrm, 818r (n,y)

828r + 8189 (n,Y) 82Br  and 828; (IT) 82Br
Processes in Polycrystalline n-Hexane

Part 1. Influence of Length of Neutron Irradiation and Time of Extraction
Following Neutron Irradiation of Bromine in Phillips Research
Grade   n-Hexane.

Time Tlme Organic Yields Averages
mf Br irrad. till

80 m· 822                             80 m        82
(sec.) Extra. Br- (n,y) Br(n,y + IT) Br    Br

-2
3•1 x 10         10        1 hr. 4.9 2.9

5.2 3.8
4.9. 2.4 5.0 3.0

30 1 hr. 2.7 2.7
5.7 4.9
3.0 2.9 3.6 3.5

60        1 hr. 6.0 3.5
4.9 3.1
2.7 2.9 4.5 3.8

5.3 x 10-3       10        1 hr. 13.4 10.5
5.4 5.1

10.9 7•9 9.9 7.8

30        1 hr. 11.5 10.8
10.5 11.4
7.1 7.0 9.7 9.7

60        1 hr. 9.5 9.2
9•7 7.8 9.6 8.6

4.0 x 10-4 10 1 hr. 36,5 38.2
34.2 37.4 35.3  37.8

30        1 hr. ---- 40.4
38.1 38.8 38.1  39·6



- 73 -

TABLE XIV (Contd. )
(Part 1)

Time Time Organic Yields Averages
mf Br  irrad. till                    8280                        80 m  82

(sec.) extra. Br (n,Y) Br(n,y + IT)    Br      Br

4.0 x 10         60        1 hr: 29.8 36.0
-4

41.6 40.5
38.9 28.3 36.8  35.9

-2
3•1 x 10         10       20 sec. 4.3 3.1

7.5 4.8
6.1 3.4 6.0 4.0

60       20 sec. 8.0 3.4 8.0 3.4

10        1 hr. 6.7 3.0
7.2 3.5
7.0 3.5 7.0 3.3

5·3   x   10-3                         10                         20,   sec . 12.2 13·7
11.5 8.6
11.9 9.7 11.8  10.7

60       20 sec. 10.3 10.2
9.8 10.1 10.1  10.1

10        1 hr. 9·7 8.4
8.9 10.6
9.4 11.1 9.3  10.0
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Part 2. Effects of Degassing and Repurification on Bromine (n,y) and
(IT) Organic Yields in n-Hexane.

6.4 x 10-4 mf Br2 in Phillips Grade n-Hexanes Degassed Samples

Extmeted Immed.1 Extracted After   (IT)2

8082'    82         80 m     82Br                 Br              Br

18.5 --- 17•2 15·9
21.2 18.3 16.9 20.1
18.0 19.4 18.9 20.5

24.1 21.3
15.8 22.8

average 19.2 18.8 18.8 19.3

6.4 x 10-4 mf Br  in Phillips Research Grade n-Hexane; Not Degassed

17·4 21.4
19.9 22.1
---- 21.8
19.3 17·5

aversge 18.8 21.2

9.4 x 10-4 mf 8,2 in n-Hexane, Repurified Research Grade: Not Degassed

---- 10.7
4.7 6.5
---- 10.5
6.8 7.2
5.2 15.7

14.9 6.8
10.8 6.8

average 8.5 9.2

2.3 x 10-3 mf Br2 in Research Grade n-Hexane: Degassed

15.5 11.6
12.1 8.4
13.8 9.2

average 13.8 9.7



- 75 -

TABLE XIV (Contd. )
(Part  2)

2.9 x 10-3 Inf Br2 in Research Grade n-Hexane, Degassed

Extracted Immed.
1

Extracted After (IT)
2

8.8 8.1 9·3 8.4
10.4 8.5 10.1 8.9
7.4 9.9 13·6 13·3

---- 10.7 6.3 7.4

average 8.9 9·3 9.8 9.5

2.9 x 10-3 mf Br2 in Research Grade n-Hexane, Not Degassed

7.2 7.1
6.1 4.5
6.8 7.2
6.1 8.4
-

average 6.5 6.8

2.8 x 10-3 mf Br2 in Research Grade n-Hexane:  Degassed

8.3 7.4
9.1 8.6
7.4 10.3

average 8.3 8.8

2.8 x 10-3 Inf 892 in Research Grade n-Hexane: Not Degassed

8.5 6.7
9·7 7.5

average 9.1 7.1

5.2 x 10-3 mf Br2 in Repurified Research Grade,  Degassed

5.8 4.5
2.6 4.8
5.2 5.5
-

average 4.5 4.9
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TABLE XIV (Contd.)
(Part  2)

5.2 x-10-3 mf Br2 in Repurified Research Grade:  Not Degassed

5.2 5.5
4.8 5.2
3.1 4.7

average 4.4 5.1

5.1 x 10-3 mf Br2 in Research Grade n-Harane:  Degassed

8.7 7.4
8.1 8.7
7.1 8.2
6.5 9.1
8.3 7.0

average 7.7 8.1

9.7 x 10 3 mf Brz in Repurified n-Hexane: Degassed

6.1 5.4
2.4 4.8

average 4.2 5.1

-3
9· 7  x  10        mf  Br 

in Repurified  n-Hexane: Not Degassed

6.9 2.7
2.2 3•9

average 4.5 3·3

(1) Samples extracted immediately were extracted 20 sec. after removal

from the reactor.

(2)  Samples extracted after (IT) were kept at 770 K, 1-2 hrs. before

extraction from the solid state.

.
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Part 3•  Effect of Duration of Time Samples Were Frozen Under Liquid

Nitrogen Prior to Irradiation.

4. 8   x   10 3   mf   Br  in Research Grade n-Hexane

Frozen 20 Sec. Frozen 24 Hr.

80       82                 80 m   82Brm Br    Br _Br
7.2 7.2 7.5 7.9

10.0 13.1 10.8 10.2
-.......

average 8.6 10.1 9.1 9.0

Part 4.  Verification of Experimental Results by R. Ayres.

mf Br2 in Repurified Phillips Research Grade n-Herane All Samples

Extracted After All (IT) Events Had Occurred.
80 m       82

Br            Br...il....

1.0 x 10-4 36.3
---- 34.8

32.7

average 32.3

5.2 x 10-4 11.9 5.1
..'=./- 9.2
7•9 13·8

---- 12.1

7.1 12.0

average 8.9 10.4

1.1 x 10 3·5 10.4-3

19.7 10.6

12.3 9.1

11.8 10.0

13
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TABLE XIV  (Contd.)

(Part 4)

8081, 82Br
....1...

9•7 x 10-3 1.9 2.2
7.1 3.2
6.3 3·5
6.9 4.9

aversge 5·5 3.5

mf Br2 in Technical Grade n-Hexane
1

1.1 x 10-3 15·6 20.6
29.5 18.9
17•8 19.5
15.2 18.7

average 19·5 19.4

2
1.1 x 10-3 11.6 7·3

16.6 11.2
6.3 5.5

10.6 5•9

average 11.3 7·5

1.1 x 10-33 8.3 8.7
20.0 12.9
15.5 13.9
14.3 10.6
.........

14.5 11.5

(1)  Not repurified.

(2)  Repurified•

(3)  Repurified, then saturated with (02.
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TABLE XV

80 mThe Influence of Additives on the 79Br (n,y)   Br ,

8lk (n,Y) 82Br + 81 82 m 82  m      82
Br (n,y) Br and the Br  (IT)   Br

Induced Reactions in Repurified n-Hexanel

Extracted Immed.2 Extracted After (IT)3

808rm 82Br 8082 82Br

3-methyl pentane:
6.5 5.4 5.8 5.2
5.2 5.0 5.2 4.6
5.0 4.6 5.2 5.3

average 5·5 5.0 5.4 5.0

2,2,4-trimethyl pentane:
5.5 4.4 4.3 4.7
4.2 4.8 4.9 5.9
5.2 5.5 4.3 4.4

average 5.0 4.9 4.5 5.0
h

ethanol: 8.7 8.3 8.2
7.6 7.6 7.0
7.2 6.9

average 7.8 7.6 7.6

heptanoic acid: 7•7 8.1 8.0
8.9 8.0 I.I.-- 9.0

..I.....

average 8.3 8.0 8.5

n-propyl iodide: 23•8 22.3 23.5 27·0
--- 20.9 22.9 20.4
21.8 23.0 20.8 21.1
Ii--.= -i..--

average 21•8 22.4 21.7 22.3



- 80 -

TABLE XV  (Contd.)

2Extracted Immed. Extrscted After (IT)3

8082 82Br 808131 82Br

benzene: 23.0 20.0 22.7 24.3
20·7 24.1 22.5 20.3
--- 22.3 21.5 21.8
......... -

average 21.8 22.1 22.2 22.1

bromobenzene: 22.3 22.4 24.4 22.9
24.8 23.2 21.2 20.8
24.6 24.7 23.4 23.1

- --.Ill

average 23.9 23.4 23.0 22.3

bromo-cyclohexane:
20.5 23.2 ---- 22.3
22.5 22.9 ---- 21·8

average 21.5 23.0 22.0

n-nonane: 26.5 27·1 26.9 26.6
27.3 28.3 26.8 26.3

-...i=

average 26.8 27.7 26.8 26.4

(1)      5  x  10-3 mf additive  and  5  x  10-3  mf  Br2 with respect to n-hexane.

(2)  Samples were extracted within 20 sec. after removal from the reactor

to obtain yields which have less than a 5% contribution from

isomeric transition.

(3)  Samples were extzscted after 99.99 % of the bromine isomeric

transition had occurred, i.e. approximately 1-2 hours after

neutron irradiation.
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above.

Table XIV presents the organic yields of bromine isotopes as influ-

enced by: (1) length of neutron irradiation, (2) time of extraction

following neutron activation, (3) purification, (4) the presence of air

and (5) length of time at 77' K prior to neutron irradiation.  Table XV

presents the influence of additives on radiative neutron capture and

isomeric transition organic yields of bromine isotopes in repurified

n-hexane.

80  m
Although Br organic yields induced by radiative neutron capture

82       130and Br and I organic yields induced by isomeric transition can

readily be determined, it is necessary to study the organic yields
5,13

as a function of post-irradiation time in order to determine the (n,y)
82

organic yield of Br and likewise to distinguish between the organic

yields of I by the (n,y) and (IT) processes as discussed in part
130

B of this chapter.

It is difficult to determine organic yields that correspond to 100 %

(n,y) processes for the isotopes where isomeric transition events are

occurring simultaneously during the neutron activation process.  The (IT)

and (n,y)-induced organic yields, if numerically different, would be

observed as changes in the organic yield with the length of time that

isomeric transition events were allowed to occur in the polycrystalline

state prior to extraction.

If 8% represents the organic yield before more than 5 % of the (IT)

has occurred in the polycrystalline state, and R  represents the organic

yield achieved within the polycrystalline state after 99.9 % of the (IT)

events have occurred, the organic activity due to (IT) after all· isomeric
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transition processes have occurred is (R / 100) (total activity) (B).
(IT)

R(IT) = /(1% - aR  )/ 0/, where a is the fraction of atoms born in

the ground nuclear state, and B is the fraction of activated atoms

capable of reacting by (IT).  If experimentally

IC,= Ro  , then Rj =  R(n.Y)  = R(IT)'

By varying the time of extraction after irradiation, from 20 sec.
82to 1 hr. and allowing the 828rm (IT) Br induced reaction to occur in

80 m
repurified n-hexane at 770 K, the resulting organic yields of   Br and
82Br were all within 4.5 + 0.7 % at 5 x 10 3 mf Br2.  We did not observe

80       82               82an  isotope separation among   Brm and   Br by (n,y) and   Br by (IT)

in either the repurified or research grade hydrocarbons studied in Fig.

6, or in systems containing additives.  These results are consistent

5,13
with those reported earlier by this laboratory.

Conclusion

The data presented in this section confirm, by the use of independent

techniques, the suggestion of Iyer and Willard48 that organic yields may

be a useful criteria for deducing the state of aggregation and complexing

of bromine in organic matrices at 77' K.  Our organic yields are "some-

what" constant, within experimental error, between 5 x 10-4 and 1 x 10-2

mf Br2 in n-hexane.  The data support the suggestion that bromine is

present as clusters of (Br2)n' where n is nearly constant.



B. IDDINE REACTIONS IN POLYCRYSTALLINE N-HEXANE AND CYCLOHEXANE:
-1

(Robert L. Ayres and Richard M. Lambrecht)

The purpose of this research was to investigate the 128I and 130Im

+ 13II radiative neutron capture and 13OI isomeric transition induced

organic yields in polycrystalline n-hexane and cyclohe]carie. We employed

the techniques discussed in Part A of this chapter.  Specifically we

investigated the influence of Solvent purification, effect of added

impurities, and in particular, the effects of carbon dioxide on the

solid state organic yields of +   I by (n,y) and I by128I, 130:[m
130 130

(IT) within the polycrystalline hydrocarbon  matrices.

15.47 48
In recently published studies  '  '   of the bromine-hydrocarbon

solid state organic yields, with respect to concentration of halogen in

the solvent, were attributed to changes in the clustering or clumping

of the halogen and/or fractional crystallization in the solidified

hydrocarbon matrices.  This section represents an extension of the

techniques developed for studying bromine solid state organic yields in

hydrocarbons at 770 K.

Experimental

Phillips research-grade hydrocarbons (99.83 to 99.99 quoted mole %

purities) and Phillips technical grade (95 mole % purity) were used.

The research grade hydrocarbons  were   used as received and/or after rigid

in-house repurification.  All technical grade n-hexane was repurified

before use.  Iodine was sublimed from a mixture of reagent grade I2' KI,

-83-
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and CaO.  The Iodine-129 was obtained from Oak Ridge National Laborator-

ies as Na I in aqueous NaSO  solution.  The Na I was extracted irrto
129 129

3

the hydrocarbons with H202 catalyzed with a trace of HNO3.  The solution
was washed and dried.  Iodine concentrations were determined photometri-

cally.

All irradiations, extractions, and counting procedures employed in

the determination of the radiative neutron capture induced solid state

128
yields of. I, in the systems studied, were performed at the Omaha,

Nebraska, V. A. Hospital TRIGA reactor facility. The I samples were
128

counted on a RIDL 400 channel analyzer using a paper punch tape readout.

The data were compiled on either the V. A. Data Center  or the Univer-

sity of Nebraska, IBM 1620 computer which was programmed to integrate
128

the area under the major I peak, and calculate the organic yields

after applying the proper corrections for background.

Radiative neutron capture and isomeric transition induced organic

yields of I were determined by the technique used in the bromine
130

studies described in Part A.  The samples for organic yield determina-

tions were extracted from the solid state. The organic phase was

separated from the aqueous phase immediately (5-30 sec) after the inter-

face appeared for samples having 13 I  present in the reaction media

during extraction.  Time is critical, since I could enter or leave130

the aqueous or organic phase as a result of isomeric transition induced

44                                 130reactions. Isomeric transition yields of I were also determined

by the techniques employed by Willard, et. al.,3,48 in their study of

bromine and iodine isomeric transition induced yields in n-hexane.
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The rigid in-house repurification consisted of stirring with concen-

trated H2SO4 for 48 hours, washing, drying over silica gel, and distilling,

using a 12 section bubble-cap distillation column, taking the middle

fraction. The hydrocarbon solvents were purged with helium for 30 - 90

sec. to remove carbon dioxide.  All samples, prepared from purged solvent,

were prepared within 10 min. after purging and.were then degassed 5 times,

regardless of prior treatment.

-                                                   Results and Discussion

12  130.The solid-state organic yields of I and 1, induced by radia-

tive neutron capture and isomeric transition reactions, were shown to be

extremely sensitive to trace amounts of some impurities (See Table XVI).

We· found that repurification of Phillips research grade hydrocarbons

-               lowered the solid state organic yields.  However, the impurities could

not be detected by gas chromatography, using an Aerograph Model 1520 with

a flame ionization detector having a sensitivity of 10 g, or by acti-
-12

-             vation analysis in either the Phillips research grade, used as received,

or the repurified Phillips research grade hydrocarbons.

Carbon dioxide is known to be an impurity present in many solvents..-

Thus, we concluded that carbon dioxide was the principle impurity that

was removed by purging the hydrocarbon solvent with helium immediately

prior to sample preparation.  It was necessary to use this procedure since

the normal degassing technique fails to completely remove all the carbon

dioxide due to the low temperatures of the liquid nitrogen used during

the   degassing   on the vacuum   line. The removal of narbon dioxide   was

shown to have a significant effect on the solid state organic yields,
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TABLE XVI

Organic Yields Induced by the I (n, y) I Process at Various Concentrations of I
127 128

2

in Polycrystalline n-Hexane Using Various Repurification Procedures

on Phillips Research and Technical Grade Reagent

1                        1       Research Grade                  2
1

Research Grade Research Grade Tech. Grademf I                                                       Used After
      After Repurification Used as Received Used After

x 10 After He Bubbling Repurification'
Repurification

and He Bubbling

87.4 0.65
1.90
0.63
0.27

avg. 0.87

65·0 O.30
0.27
0.51
O.60

avg. 0.42

34.0 0.48
0.71
0.69
0.74

avg. 0.66
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TABLE XVI (Contd.)

mf I2                   1          Research Grade Tech. Grade
1        Research Gradel                 2

Research Grade Used After
4    After Repurification

Used as Received
RepurificationX 10 After He Bubbling Repurification

Used After

and He Bubbling

23.6 1.41 0.81
0.82 0.67
0.98 0.81

avg. 1.07 avg. 0.76

18.4 1.28
0.65

0.73                                                                                                                                 ( °

avg. 0.89
1

10.0 4.45 1.30 1.83 4.30
4.67 1.67 2.81 3.28
2.09 1.76 1.78 2.30

avg. 3.74 1.58'                 1.23 3.29
1.91

5.0 4.41 2.84 2.73
4.78 2.67 3.81
5.85                                          4.222.76

avg. 5.01 3.59

2.6 5.48
7.30
7.47

avg. 6.75
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TABLE XVI (Contd.)

1        Research Grade                  2
1

mf I                    1          Research Grade Tech. Grade
2    Research Grade Used After

Used as Received Used After
4    After Repurification Repurification

x 10 After He Bubbling
and He Bubbling

Repurification

1.3 7.93
11.33
9.79

avg. 9.68

1.0 14.19 10.19 7.54 8.06

14.30 8.78 9.00 8.16
B

9.57 9.70 7.02                  6.04              
15·48 10.29

7.42                                  00avg. 9.56
13·45                                         ' 8.46                                    '
9.64
9.60
8.71
13.48
13.05
11.39
11.87
10.03
19.22
14.81
14.56

avg. 13·56

0.76 13.44
17.23

avg. 15·33
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TABLE XVI (Contd.)

1        Research Grade                  2
1

mf I2                   1          Research Grade Used AfterResearch Grade Tech. Grade
Used as Received Used After4    After Repurification Repurificationx 10 After He Bubbling Repurification

and He Bubbling

0.50 29.85 16.76 13·06 28.27
28.01 13.57 10.91 28.13

17.40 .13.64 29.28
avg. 28.96 14.29 12.53

17.93

15.51 25.90

0.10 38.33 29.10 13.51 29.78
17·23 30.93 14.22 33.22

§

00
37.98 29.82 8.42 34.60 \0

38.29 26.85 35.63              1
12.05

39.69 36.03
29.18

avg. 34.30 33.77

0.050 53.14
31.29 41.35
49.47 30.00
35.80 32.45
30.43 38.57

avg. 40.03

0.0.10 61.03 37.25 33.67
42.25 31.91 50.00
46.60 38.10 46.51
31.51 42.81

43·39

avg. 45.35 37.53
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TABLE XVI (Contd.)

Footnotes:

(1) Phillips research grade n-hexane 99.99 mole percerrt quoted purity.

(2) Phillips technical grade n-hexane 95.00 mole percent quoted purity.
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particularly for mole fractions of iodine of 6 x 10 or.lower. See-5

Fig. 7.  Differences in carbon dioxide content may account for the diff-

erences in data between laboratories as discussed in part A of this

chapter.  The repurification and distillation process could remove

dissolved CO2 and other gaseous impurities.

After the removal of carbon dioxide, the solid state organic

yields were the same within experimental error, for both the repurified

and non-repurified Phillips research grade hydrocarbons as shown in

Table XVI at dilute I2 mf.

Table XVII shows the results of the various methods we employed,

both physical and chemical, to remove carbon dioxide from n-hexane.  The

physical methods of carbon dioxide removal attempted were, bubbling helium

through the solvent, distillation, and degassing the n-hexane solution

50in the liquid state using a degassing apparatus described by Randeau

As can be seen in Table XVII, helium bubbling prior to sample prepara-

tion appears to give the most consistant results.

In addition to the H2SO4 treatment, outlined previously in this

section, the chemical removal of carbon dioxide was attempted by various

treatments with solid and aqueous sodium hydroxide gave poor and incon-

sistent results as shown in Table XVII.  These results with sodium

hydroxide could be attributed to the deactivation of the sodium hydrox-

ide with respect to reaction with carbon dioxide by coating the surface

of the NaOH pellets with a film of hydrocarbon.

As shown in Table XVIII carbon dioxide does not have a significant

effect on the liquid state organic yields.  This experimental result

indicates that (02 probably is involved in the structure of the halogen-
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- 93 -

TABLE XVII

Comparison of the Relative Abilities of Various Techniques of

(02 Removal from Liquid n-Hexane Based on Organic Yields

Resulting from the I (n, y) I Process in127 128

Polycrystalline n-Hexanel

Process used to remove
(02 O.Y. Average

Degassed liquid2 11.23
19.26
16.35
17.44
13.56
16.02 16.47

Boiling of liquid 15.50
11.99
16.39
12.93 14.20

Distilled with NaOH, . 12.27

. ls,
11.39
9.60

10.16 10.86

Shaken with
NaOH(s) 12.64

16.05
12.18
17.49 14.59

Distilled and used immedi- 13.54ately3 14.17
12.70 13.47

Repurified and used 13.48
immediately3 13·05

11.39
11.87
10.03
14.81r 14.56 12.74
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TABLE XVII (Contd.)

Process used to remove (02
O.Y. Average

Repurified and shaken with 9.40
NaOH, . 9.94

CS) 9.26
12.63 10.32

Repurified and distilled over 9.18

NaOH(S) 13·22
11.78

7.35 10.38

Shaken with NaOH, . for 48 hours 13.00
CS) 23·62

15.65
9.87 15·54

Shaken with aqueous NaOH 19.59
10.08
15.36
13.75 14.70

Helium bubbled 10.19
8.78
9.70
7.54
9.09
7.02

10.29 8.94

(1)  Phillips research grade n-hexane containing 1 x 10-4 mf I2.

(2)  Use of apparatus described in reference 50.

(3)  Samples were prepared with 10 min. after distillation.
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TABLE XVIII

127 128
The Effect of CO Removal on    I (n,y) I Induced

2

Organic Yields in Liquid Phillips Research

Grade n-Hexane at 298' K Containing

1.08 x 10-4 mf I2

Comments O.Y. Average

He bubbled to remove CO
2  45.56

46.65
44.01
48.45 46.17

Used as received 48.27
48.53

-       45.10
45.92 46.95
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hydrocarbon

matrix   at   77'   K,    and   that   (02   is not strongly associated  as

a complex at 2980 K.

Depicted in Table XIX, XX and Fig. 7 are data that indicate that

iodine organic yields, as are bromine organic yields, are extremely sensi-

tive to small concentrations of some impurities.  Table XIX represents

a study to specifically determine the influence of additives which might

be common laboratory contaminates.  Carbon dioxide and acetone tend to

raise the organic yields more than the other additives in n-hexane.

Table XX represents a study to determine the influence of additives which

might comp.lex with iodine and/or cyclohexane or influence the structure

of the halogen-hydrocarbon matrix at 77' K.  The effects of 5 x 10-3 mf

additives at 5.5 x 10 mf are also shown in Fig. 8.  Ethanol and the
-3

hydrocarbons used had no appreciable effect on the organic yields; whereas,

heptanoic acid and benzene slightly lowered the organic yields.  The

128
presence of alkyl iodide additives resulted in higher I organic yields.

Perhaps alkyl iodides comple]48 with   the   I2 and result in smaller clusters

in the organic matrix; while, benzene and heptanoic acid apparently

enhanced fractional crystallization within the organic matrix.  The data

suggests that small polar molecules with an electropositive carbon give

larger increases in solid state organic yields, i. e. (CH3)2CO, C02' and

the alkyl halides, than do the larger non-polar molecules.

   This increase in solid state organic yields, by these small polar

molecules, can be attributed to the formation of charge transfer complexes,

and other types of intermolecular non-bonding interactions between the

iodine molecules and the additive.  This interaction can possibly reduce

the size of the iodine clusters until monomolecular dispersion of the
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TABLE XIX

127 128
The Effects of Additives on the I (n, y) I Induced

Organic Yields in Polycrystalline n-Hexane

mf I2
412 Additive mf Additive O.Y. Average

x 10 ' x 104

1.0              CO Saturated 5.582
8.74
12.86
18.37
16.21 12.35

1.0 H O .14.1 13.762
11.59
11.77 12.36

10.0 HO 10.0 1.28
2

3.28 2.28

1.0 H2S04 4.77 13·46
12.56
11.964                              12.7713.11

10.0 HNO 10.0 1.49
3

2.05
1.93 1.82

10.0 NH 10.0 1.35
3

1.19
2.86 1.80

1.0
(CH3)2CO

3.47 39.40
25.79
28.74 31.31

(1)  1 x 10-4 mf I2 in Phillips research grade repurified n-hexane.

( 2)     1  x  10  3  mf  I2 in Phillips research grade n-hexane  used as received

after He bubbling.
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TABLE XX

Organic Yields of the I (n, y) I Reaction in Polycrystalline
127 128

Cyclohexane at 0.55 Mole Percent I2 in the Presence

of 0.55 Mole Percent Impurity Additive

Additive O.Y. Average

None 3.8
4.1 3.9 * 0.2

Ethanol 5.8
4.2
3.9 4.5 20.7

2-Methyl Pentane 3.6
5.0 4.3 3 0.6

2,4-Dimethyl Pentane 4.0
3.7
1.8 3.2 + 0.6

2,2,4-Trimethyl Pentane 4.4
4.2
4.0 4.2 3 0.2

Benzene 1.5
1.9
1.9 1.8 -+0.2

Heptanoic Acid 2.6
2.6
2.9 2.7 + 0.1

n-Nonane 3.0
2.4
1.8 2.4 * 0.6

1-Iodohexane 12.1
10.6 11.4 2 0.8

n-Propyl Iodide 22.5
18.4
14.5 18.4 < 2.7

2-Propyl Iodide 1416
16.4
13·6 14.9 t 1.0

i                                                                                                                                       ·
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iodine molecules in the polycrystalline hydrocarbon matrix is attained.

The extreme sensitivity of the systems to impurities makes it difficult

to obtain consistant experimental results.  The principle uncertainty in

our samples is the dissolved carbon dioxide content of the hydrocarbon.

However, Figs. 7 and 8 indicated the solid state organic yields resulting

from nuclear transformations of halogen atoms can give useful informa-

tion   about the relative carbon dioxide content   of the hordrocarbon solvent.

By comparing Fig. 8 and Fig. 9 where the solid state data is plotted

(organic yield vs. mf I2) using a linear axis for both, a "plataeun region,

where organic yields are "somewhat" constant with respect to iodine concen-

trations over the range of 1 x 10-4 to 1 x 10-5 mf I2' can be overlooked.

However,     if the solid state organic yields    vs   mf   I2   ar e plotted   on   a   semi-

log plot with the iodine concentration being plotted on the logrithmetic

scale (more justified because of wide range of iodine concentrations) the

"plateau" regions   can be clearly  seen.      (See  Figs.9&  10)

When the effects responsible for the different organic yields result-

ing from the nuclear transformations of iodine atoms are discussed, it

would seem .logical to divide the curve into four different regions as

shown  in  Fig.  9. The physical phenomena responsible  for  each of the  four

regions are discussed as "clustering" or "clumping" of the I  molecules '

in the polycrystalline hydrocarbon matrix, fractional crystallization and

decrease of the "clusters " to monomolecular iodine distributed throughout

the organic matrix. The chemical and "hot atom effects are assumed to"

be constant throughout the concentration range studied.  The organic yields

of n-hexane as a function of concentration of iodine in Fig. 9 are chosen

as a representative system.  Region I, concentration range of 8 x 10   to
-3
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2.5 x 10-4 mf iodine show organic yields slowly increasing from 0.5 to

3 %.  The slowly increasing low organic yields could be considered due

to fractional crystallization, with all the I2 that is insoluable near

the n-hexane freezing point crystallizes out as a large halogen clump.

Region II concentration range 2.5 x 10-4 to 1 x 10-4 mf I2' with rapidly

increasing organic yields from 3 to 10 %, may be viewed as a region where

the concentration of added I2 is rapidly approaching the concentration
-

of the saturated n-hexane solution at its freezing point with little excess

I2 crystallizing out to give a constancy in the organic yields.

Region III, 1 x 10-4 to 1 x 10-5 mf I2' with nearly constant organic

yields of 12.5 %, can be described as the region where iodine clusters

of nearly constant size are distributed throughout the polycrystalline

n-hexane matrix.

-5
Region IV, 1 x 10   to about 1 x 10-6 mf I2 organic yield rising

sharply from 12.5 to about 50 %, could be described as the breaking up of

the iodine clusters found in Region III thereby giving an increase in

organic yields until monomolecular dispersion of halogen molecules

throughout the matrix is attained.

According to this model one would expect a 5th region, that is one

where organic yields again become constant with respect to concentration

change once monomolecular dispersion throughout the polycrystalline n-
48

hexane matrix is achieved.  Iyer and Willard have reported organic yields

which remain fairly constant at 54 % for bromine in n-hexane at concen-

trations lower than 2 x 10 mf.  One would expect a similar behavior-5

for iodine.

A similar effect was observed for the three (6 isomers we have
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U a.

studied (i. e. benzene-'-, cyclohexane, and n-hexane) with respect to their

solid state organic yields, resulting from the nuclear transformations of

iodine atoms, as a function of dissolved iodine concentration. This "plateau"

effect was observed for the received and highly repurified n-hexane and

repurified cyclohexane systems as shown in Fig. lD. For these systems we

observed that over a given low concentration range the yield was nearly

constant.  For the benzene system at 7 x 10-3 to  .  10-5 mf I2 or lower,

constant solid state organic yields of 50 % were observed.  In cyclohexane

systems of 2 x 10-4 to approximately 1.5 x 10-5 mf I2 gave nearly constant

organic yields of 32 %.  The n-hexane system at 1 x 10-4 to 1 x 10-5 gave

nearly constant yields of 12 %.  These effects can apparently, in the

benzene system, be attributed to monomolecular dispersion of the iodine

throughout the hydrocarbon matrix.  This monomolecular dispersion would

be the result of complexing of the halogen with the benzene which is

51consistent with known complexing action by benzene.  The 50 % solid

state organic yield at extremely low iodine concentrations in n-hexane

and cyclohexane may be attributed to monomolecular dispersions of iodine

in the hydrocarbon matrix, then quantiative data on the cluster size may

be obtained from the plateau regions.  The differences in organic yields

between the systems may give an approxlmation of the relative numbers

of iodine atoms in the clusters located in reactive sites . If mono-

molecular dispersion is assumed for the benzene system where yields are

constant at 50 % and both iodine atoms are considered to be in reactive

sites, then the cyclohexane has about * as many atoms of iodine in

reactive sites   and the n-hexane system has approximately *  as   many  atoms   in

reactive sites.
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Although these data and interpretation are preliminary, we are

presently developing a model to explain and predict organic yields of

halogen atoms in hydrocarbon matrices at 77' K.  We believe that the

variations in the organic yields are due to variations in agglomeration

and complexing of halogen atoms in the hydrocarbon matrices.  The term

reactive sites referred to above should not be taken to imply that we

are studying "hot atom" effects; rather the organic yields appear  to   be

independent   of   "hot atom" effects. As shown   in Fig. the organic yields

128 130 130of I and I by radiative neutron capture and I by isomeric tran-

sition activation only do not show an isotope effect in cyclohexane, but

an isotope effect does appear in iodine-benzene solutuions at 77' K.52

The aliphatic hydrocarbons would not be expected to form molecular or

charge-transfer complexes with halogens, whereas aromatic systems may

enhance electronic conduction in the organic-halogen solids. At this53

time it is not known in detail how the halogen molecules are arranged in

relation to hydrocarbon molecules.  Each halogen molecule may not be

localized preferentially to a fixed position of hydrocarbon, but may

occupy the sites rather freely with a diffusive interaction force.

-

-



VII. RADIATIVE NEUTRON CAPTURE AND ISOMERIC TRANSITION ACTIVATED

IODINE REAC I,ID EENZENEAL.7 19
(E. J. Kemnitz)

In order to initiate one study of the chemical effects of nuclear         ' 

transformations of halogen isotopes in certain compounds of biological

interest, it was deemed necessary to have a better understanding of

halogen reactions with the aromatic nucleus.  Benzene, the parent aroma-

tic nucleus, occurs in the specific compounds being considered for in-

vestigation, e.g., tyrosine and thyroxine.  It is hoped that these

studies will lead to practical applications of hot-atom chemistry in

the biomedical sciences.

The .purpose of this section is to discuss (1) the radiative neutron

capture (n,y) and the isomeric transition (IT) activated iodine-130

reactions in liquid benzene; (2) the (n, y) and (IT) activated iodine-130

reactions in benzene at 77' K and compare with the (n, y) activated iodine-

128 reactions in the same medium; and (3) the product distributions of

radioiodine atoms (128I   and   130I) in liquid and solid benzene.

Experimental

Over two hundred samples in quartz bulblets were irradiated in the

Omaha, V. A. Hospital TRIGA Reactor for periods of time ranging from

several seconds to thirty minutes.  Iodine-127 was usually irradiated for

ten seconds, iodine-129 for sixteen seconds   and for chromatography,    both

isotopes for thirty minutes.  The physical constants of the reactor have

- 106 -  _<
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been described previously.  (See Chapter II)

Phillips research grade benzene was repurified with concentrated

sulfuric acid, saturated aqueous sodium bicarbonate, and distilled water,

dried over calcium chloride, and used within 30 min. after being fract-

ionally distilled. The iodine-127 was sublimed from a mixture of reagent

grade I2' KI and CaO.  The iodine-129 used in these studies was obtained

from Oak Ridge National Laboratories as aqueous sodium iodide (pH = 8).

The iodine-129 was obtained by extracting the sodium iodide into benzene

with 10 % H202 with a trace of HNO).  After extraction into benzene the

solution was washed with distilled water and dried over CaC12.  The con-

centrations of iodine were determined photometrically.

Samples of the aqueous sodium iodide were degassed and irradiated

before extraction into the benzene-hydrogen peroxide mixture as described

above.  This procedure allowed the determination of organic iodide yields

due   only  to (IT) reactions. After breaking the iodide samples   in   the

separatory funnels, the aqueous phase was drawn off within 25 sec to prevent

130Im from entering or leaving the benzene layer as a result of isomeric

transition induced reactions.  No further treatment of the benzene solu-

tion was attempted.  After the aqueous phase was drawn off, the benzene-I2

solution was drained into a reaction vessel.  In the solid state studies,

the reaction vessels were placed directly into liquid nitrogen for ninety

minutes, extracted with aqueous   S03:  and  ((14 and placed in counting tubes.

Approximately one minute elapsed from the midpoint of the one minute

irradiation until the solution was solidified.
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Results g Discussion

A.   Determination of 130I + 130Im Organic Yields Activated hz 129I (n.y)
130:[   +  129I   (n. y) 130:[  Processes in1 Liquid Benzene

Benzene containing dissolved 129I2 + 127I2 (1.7 x 10-3 mf) was irra-

diated with thermal neutrons, and subsequently frozen in liquid nitrogen

at various time intervals after removal from the reactor.  Contrary to

experiences with aliphatic hydrocarbons, the organic yields increased with

the  amount  of  time  that  the  130:[m  (IT) 130I processes were allowed to occur

in the solid phase (77' KO.  The results are shown in Fig. 11 and summa-

rized in Table XXI. Previous studies of the various isomers of hexane

with dissolved I showed an increase in the I organic yields with
129 130

2

the duration of time I processes were allowed to occur in1302 (22) 130

the liquid phase.  It has been shown that changes in Br and I organic
82      130

yields due to (IT) activated reactions could be halted by freezing the

systems in liquid nitrogen. The prior interpretation for the
5.13.44

halogen systems postulated that freezing the sample essentially separated

organic and inorganic phases.  Hence that portion of halogen which was in

inorganic combination would remain inorganic, whereas, that which was in

organic combination would be dispersed in the organic phase in the solid

state, and remain in the organic phase.

Apparently phase separation did not occur in the benzene system.

Margolis and Bass have shown that benzene and iodine form a glassy solid
51

electron-donor-acceptor complex at 77' K.  The ratio of benzene to iodine

molecules in this complex was calculated to be approximately ten to one.

This  intermolecular attraction may account for the differences in the
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TABLE XXI

The Effect of Phase Change on the Organic Yields of I Activated130

by Radiative Neutron Capture and Isomeric Transition

Part I. Duration of Time .in Liquid Phase Prior to Freezingl

Time After Midpoint of
Irradiation that Samples Organi  Yield

were Frozen (Min)
of IjOI

O.3 38.0
38.2

2                                   35.3
4                                   31.0
6                                   30.3

8                                  29.4
10                                   32.3
13                                 30.4
15                                 28.6
19                                   24.1

22                                 23.1
25                                   24.7
30                                   23.3
35                                 21.6

45                                   24.1

90                                  21.4

(1) Samples containing 1.7 x 10-3  mf  129I2  (0  127I2) in liquid benzene

-           were  irradiated with thermal neutrons, frozen in liquid nitrogen

at various times after the midpoint of irradiation and extracted

90 min after the midpoint of irradiation.



50         ,         i        1        1         1

40-

.-

0 -

530-          09%         0-1--
W 4                                                        0
>- 2                          0

0                             -

2   20-                                -
L .0

m**                                            9
0-

LL

010-

1 I                                                                        i   
                                                                      1      

                                                                    1

0                     10 20 30 40 50

TIME (MINUTES)
130

Fig. 11  The effect of phase change on the organic yields
of I activated by radintive

neutron capture and isomeric transition.  Duration of time in liquid phase prior

to freezing (0.17 mole % I2).

L.



- 110 -

behavior of the organic yields observed between the aliphatic and aromatic

systems.

Due to the lack .of constancy of the organic yields in the frozen

systems, the freeze-thaw technique5 could not be used to obtain the (n, y)

or (IT) yields independently.  The (n, y) organic yields were obtained by

immediate extraction of the sample after neutron irradiation.  The data

is presented in Table XXII.  The 130I + 130Im organic yields at 10-4 to

10-2 mf I2 were rather constant at 19 2 2 %.  This value compares with

127 126 127 128
the yields found for I (n,2n) I and I  (n, y) I processes obtained

by McCauley and Schulen Macrae and Sha    ' ' have postulated that54               w b 52.55

the lack of a scavenging effect, (i. e. the constancy of organic yields)

over an appreciable concentration range for I in liquid benzene, is
128

due to phenyl radicals produced by the capture (n,y) event reacting with

130benzene to form biphenyl and hydrogen. The I isomeric transition yields

were comparable to the I (n,y) yields as discussed later.
130

130B.  Determination of   I Organic Yields 51 Isomeric Transition Processes

la  Liquid   and Solid Benzene    ( 770   K)

In order to determine the effect of allowing the 130f (12) 130I

processes to occur in liquid benzene (298' K), a number of samples were

extracted 90 min after the midpoint of irradiation.  (See Table XXII)

An immediate extraction after neutron irradiation corresponds to a radi-

ative neutron capture organic yield plus a maximum of about 5 % contri-

bution from (IT); whereas the extraction after 99.99 % of the (IT) events

had occurred might show the influence of isomeric transition on the

observed organic yields.  Others have shown that in aliphatic hydrocarbons
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TABLE XI[I

130I and 130Im Organic Yields by (n,y) Compared with 130I Organic

Yields by (n,y) and (IT) Processes in Liquid Benzene

(a) ( b)
Organic Yields Due to Organic Yields Due to

129 127 I (n,y) I+ I (n,y) I+129 130 129 130
mf of

I2( +          I2)

129I (n,y)130Im 130f (IT) 130I

1.6 x 10-4 20.4 22.5
21.0 21.4

20.7 2 0.3 21.9 2 0.6

4.4 x 10-3 18.0 18.4
16.9 18.4
19.7 18.3
19.8 18.0
18.1 18.6
18.9 18.3
18.9 19.2

18..6 + 1.7 18.5 + .7

1.9 x 10-2 ,19.2 19.9
17.4 18.9

18.3 i.1.9 19.4 + 0.5
J

(a)  Extracted within 25 sec. after midpoint of neutron irradiation.

( b)    Extracted  90 min. after midpoint of neutron irradiation.

2

if  ;
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the organic yields due only to isomeric transition is within experimental

error of combined organic yields resulting from (n, y) and (IT) induced

reactions. Although  the  data  do not preclude the possibility  of a small

isotope effect, favoring slightly higher   ( IT) yields, the differences   fall

within experimental error.,
As shown in section A of this chapter, the freeze-thaw technique was

not applicable in determining organic yields due entirely to isomeric

transition reactions. Attempts   were   made to obtain (IT) organic yields

by extracting neutron irradiated aqueous iodide into a mixture of benzene,

10 % aqueous H202' and HNO3.  The technique was first attempted with the

liquid benzene-I2 system, where the value was known to be approximntely

19 %, in order to estimate the reliability of the technique.  The results

were considerably lower than those obtained by the in-reactor technique,

which may have been the result of experimental technique since the pro-

cedure was somewhat involved. The results of extractions into liquid

benzene (and into liquid benzene which, was subsequently frozen with liquid

nitrogen) are given in Table XXIII.

The solid state (IT) organic yields obtained by this technique, 18.6

2 1.5 %, compared favorably with the data represented in Figs. 11 and 13.

C.   Determination of 128I and 130I + 130Im Organic Yields Activated jZ the
130inal Process    in Solid Benzene   ( 77'   K) and Comparison   with            I   Organic

Yields Activated  hz  129I   (ILLY)   130I  and  130:[m  (Ir)   130I

The organic yields induced by 129I (n,y) 130I, 129I (n,y) 130Im,

127 128 130I (n,y) I, and I processes at various mole fractions1302 (13)
of iodine in solid benzene (77-80' K) were investigated for possible

isotope effects.
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TABLE XXIII

Organic Yields of I Induced by the
130

1302    (rr)
130I Processes in Benzene

2980 K and 770 Kl

Organic Yields2 Organic Yields3

at 2980 K at 770K

16.3 20.1

13.0 17.1

( .1)        2   x   10-4   mf   I2

(2)  The organic yield was corrected to account

for 39 % of I born by (n,y) process in
130

the reactor and extracted into the aqueous

phase.  Also, the organic yield was corrected

for the (IT) occurring before extraction

into benzene.

(3)  The same correction as above was made plus

a correction for the yield (0.82 %) produced

prior to freezing.
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Samples of benzene and 127I2 at various mole fractions were irra-

diated   for ten seconds,   or  less. The samples were taken directly  from

liquid nitrogen, irradiated with thermal neutrons and extracted immedi-

ately thereafter. The organi6 yields are shown in Table XXIV and Fig.

12.  The variations of organic yield as a function of the.mole fraction

of iodine in benzene has been discussed in the previous section.

The experimental scatter encountered from one run to the next indi-

cates that the benzene-I2 system is quite sensitive to experimental

parameters.  Previous studies54,55 have indicated that the method of

purifying benzene for liquid state work may be critical.  However, in
14

solid state work, removal of dissolved carbon dioxide has been shown

to greatly affect the scatter of organic yields in some of the aliphatic

hydrocarbons.  The most successful method found so far for removing

dissolved 002 has been by bubbling helium into the solutions before

transferring into bulblets and degassing.  Such a procedure was used in

one series of experiments in the benzene 29I2 system with no apparent

improvement in experimental scatter of organic yields. (See Table XIV)

Benzene containing dissolved 129I2 (+   I2) at various mole fractions
127

-         was irradiated in a rabbit facility and extracted at various times as

shown in Table XXV. The organic yields obtained by immediate extraction

were consistently higher, about 6-11 %, than those obtained by allowing

the (IT) process to occur for 90 min. at 77' K. The results of the 130I
organic yield as a function of time that the 130Im (IT) 130

I processes

were  allowed to occur in solid benzene  (77'  K) when frozen  45  sec.  from

the midpoint of irradiation corroborate the results of the previous time

127 128
study shown in Fig. 13.  The organic yields of the    I (n, y)    I
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TABLE XXIV

Organic Yields Induced by 129I (n,y) 130I, 129I (n, y) 130Im,

127 128 130I (n,y) I, and I Processes at Various1301    (rr)
0

Mole Fractions of Iodine in Benzene at 77 K

mf of I (n y) (n, y) (n,y) + (IT)
2

x 103 126I         130I + 13OIm 130I

0.10 63·51

O.16 49.3 60.1
52.9 62.4
48.3 61.4
48.5 61.3 2 1.251.5

50.4 i 2.5

0.56 48.4 55.6
47.2 54.2
49.6 53.8

48.4 + 1.2 54.8 + 1.0

0.82 51.8
49.9
49.6

50.3 3 1.5

1.1 51.7 60.8
53.7 60.0

53.7 i 1 60.4 i 0.4

1.7 57.7 56.1
55.1

55.6 + 0.5

3.7 47.9
47.4
45.2

46.8 * 1.6

5.2 49.5
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TABLE XXIV (Contd.)

-

mf of
I 

(n,y) (n,y) (n,y) + (rT)

x 103 128I 130I + 130Im 130I

6.0 38.8 49.0

7.5 49.8 41.7 52.2
50.0 44.8 51.8

49.9 2 0.1
42.8 54.1
42.8 54.1
44.2 53.9
43.5 52,0
45.7 56.3

43·6 2 2.12 -35.3 3 2.82

10.0 · 46.2

14.0 39.8 34.4
28.7
31.0

31.4 2 3

19.0 31.7 20.6
28.4

24.6 i 4

29.0 19.6
17.3
17.4

18.3 2 1.3

32.0 20.9

84.0 11.2

(1) Phillips research grade benzene was used without further

purification.

( 2) Benzene-I2 solution was saturated with helium  for  002
removal.
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TABLE XXV

The Effect of Phase Change on the Organic Yields

of    I Activated by (n,y) and (IT)
130

Part II.  Duration of Time in Solid Phase After
Freezing

Time After Midpoint of
Organic Yield

Irradiation Samples were
Extracted (Min.) of   ZI130

1                                17.9
5                               20.2
8                               26.5

10                               25.0

15                             28.3
25 32.5
30                                34 3

( 1)  Samples containing 6 x 10-3 mf 129I2 ( + 127.I2)

-                                      in liquid benzene were irradiated with thermal

neutrons, frozen in liquid nitrogen 45 sec.

after the midpoint of irradiation and extracted

at various times after the midpoint of

irradiation.
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reaction compare, within experimental error, with those obtained in the

benzene-I  ( 130Im) system in which  the  129I  (n, y)   130I  +  130:I   (rr)   130I

reaction occured.  This result has been observed previously in liquid

316.44state systems '   ' and supports previous work which suggested that a

large number of 128I atoms undergo internal conversion. 21,38  Internal

conversion and Auger processes may result in a reactive pocket with

excited iodine atoms trapped within the halogen-hydrocarbon matrix at

77'  K.    The excited iodine species may experience in addition to radical

reactions, more charge transfer, ion-molecule, etc. type reactions than

are experienced by the (n,y) activated atom of 13II.

E. Product Distributions of Iodine Recoil Atoms in Liquid and Solid
Benzene.

Samples of benzene containing Iodine-127 or Iodine-129 + Iodine-127

were irradiated in the rabbit facility for fifteen minutes both in the

liquid phase and in the solid phase.  For solid irradiations, the bulblets

were placed in special vials for the rabbit facility, surrounded with

water and frozen in liquid nitrogen prior to irradiation.  The tempera-

ture was not constant but the samples remained frozen during the

irradiation period.

Radiogas chromatography showed relative yields of 1-4 % of ethyl

and propyl iodides, but essentially all of the product was iodobenzene.

No dliodobenzene was detected.   The only differences that could be noted

between the solid phase irradiation and the liquid phase was 2 to 3 %

more of the low molecular weight iodides produced in the liquid phase.

The lower hydrocarbon iodides may well have been produced by radiation

3
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damage.  A similarity of products from the two different activation

30.44
processes would be predicted   by the autoradiation b/pothesis.

Radiation damage studies and I induced reaction products1302  (Tr) 130

are currently being investigated.



VIII.  ISOMERIC TRANSITION AND RADIATIVE NEUTRON

CAPTURE REACTIONS OF •13II WITH CH4

(J. B. Nicholas)

We have initiated studies of the I reactions activated by isomeric130

transition and the 130I + 130Im reaction activated by radiative neutron

capture in CH4. By determining the effects of rare-gas moderators and

molecular additives on the various product yields, it is possible to

determine the relative contributions of positive charge, electronic

excitation energy and kinetic energy of the atom born by (IT) and (n,y)

processes to the various product yields.  The freeze-thaw technique

developed for the study of Br  isomeric transition studies is not
82 m

applicable  to the determination of organic yields   by  130I   (I r)   130I

activations.  Presently we are developing techniques which will enable

us to separate the (IT) and (n,y) contributions to the product yields.

..
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