
INIS-mf—8579

I

I

CHEMICAL EFFECTS OF THE
RADIOACTIVE DECAY 76> 77Kr-*-76- 77Br
REACTIONS OF RECOIL BROMINE

IN THE GAS PHASE

door Dirk de Jong

t



CHEMICAL EFFECTS OF THE RADIOACTIVE DECAY 76'77Kr •-»• 7 6 / 7 7Br

REACTIONS OF RECOIL BROMINE IN THE GAS PHASE

ACADEMISCH PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE

WISKUNDE EN NATUURWETENSCHAPPEN AAN DE UNIVER-

SITEIT VAN AMSTERDAM OP GEZAG VAN DE RECTOR

MAGNIFICUS DR. D.W. BRESTERS, HOOGLERAAR IN DE

FACULTEIT DER WISKUNDE EN NATUURWETENSCHAPPEN,

IN HET OPENBAAR TE VERDEDIGEN IN DE AULA DER

UNIVERSITEIT (TIJDELIJK IN DE LUTHERSE KERK,

INGANG SINGEL 411, HOEK SPUI) OP WOENSDAG

29 SEPTEMBER 1982 DES NAMIDDAGS TE 16.00 UUR

DOOR

DIRK DE JONG

GEBOREN TE GRAFT

1982



Promotor : Professor Dr. D. Apers

Co-referent: Professor Dr. N.M.M. Nibbering

ISBN 90 6488 006 9

This work is part of the. research program of the National

Institute for Nuclear Physics and High Energy Physics (NIKHEF,

section K), made possible by financial support from the Founda-

tion for Fundamental Research on Matter (FOM) and the Nether-

lands Organisation for the Advancement of Pure Research (ZWO).



Dankzij de medewerking van erg veel mensen is dit

boekje met de daarin beschreven experimenten, gereed

gekomen. Ik wil op deze plaats iedereen bedanken voor

zijn enthousiasme, zijn inzet en zijn gastvrijheid

gedurende de jaren, waarin dit onderzoek is verricht.



CONTENTS

CHAPTER I

1.1

1.1.1

1.1.2

1.2

1.3

1.4

1.4.1

1.4.2

1.4.3

1.4.4

1.5

INTRODUCTION . 1

General introduction; Chemical effects of

nuclear transformations 1

Chemical effects of radioactive decay 2

Generation of energetic bromine species . 3

Reactions of energetic species 7

Charge and kinetic energy of recoil ' Br

species generated by decay of • ' Kr 9

Ion-molecule reactions in the gas phase,

introduction 17

Charge exchange reactions 20

Clustering or solvation reactions 23

Proton transfer reactions 26

Nucleophilic substitution reactions 26

Purpose of the present investigation 27

CHAPTER II

2.1

2.1.1

2.1.2

2.1.3

2.2

CHAPTER III

3.1

3.2

PRODUCTION OF RADIOISOTOPES AND EXPERIMENTAL

PROCEDURES

Production of radioisotopes

Production of 76'77Kr

Preparation of CF3 Br of high specific
activity

Production of krypton and bromine isotopes

with the MEA linear accelerator

Preparation of the gas-mixtures and analysis

THE- DECAY OF 76Kr AND 77Kr IN GASEOUS HALO-

METHANES I; THE FORMATION OF CH3Br* Bf REACTION

OF 76Br AND 77Br WITH CH3Br AND CH3I 69

29

29

30

44

52

56

Introduction
Pure gaseous methyl bromide

69

69



ii

3.2.1 Results 69

3.2.2 Discussion 73

3.2.3 Additional evidence for the SN9 mechanism 77

3.3 Influence of n-donor bases on the CH^Br

yields 80

3.3.1 H2S 80

3.3.1.1 Results 80

3.3.1.2 Discussion 83

3.3.2 CH3SH 89

3.3.3 CH3SCH3 91

3.3.4 H2Se 93

3.3.5 CH3OH 96

3.3.6 CH3OCH3 97

3.3.7 Influence of the glass wall on the exchange

reaction with CH3Br 99

3.4 Influence of ir electron donor bases on the

CH3Br* yield 100

3.4.1 Results 100

3.4.2 Discussion 107

3.4.3 Isotopic ratio in CH3Br* 113

3.5 Pure gaseous methyl iodide 114

3.5.1 The CH3
76'77Br yield in pure gaseous methyl

iodide 114

3.5.2 Effect of H2S on the CH3
?6'77Br yield in

methyl iodide 117
123

3.6 Decay of Xe in gaseous methyl bromide and
methyl iodide 118

CHAPTER IV THE DECAY OF 76Kr AND 77Kr IN GASEOUS

HALOMETHANES 121

4.1 Introduction 121
82 80

4.2 Reactions of ' Br with halomethanes,
a literature survey 121

76 77

4.3 Reactions of ' Br with fluoromethanes

(CH3F, CH2F2, CHF3, CF4) 127

4.3.1 Results 127

4.3.2 Discussion 127



iii

4.4 Reactions of 7 6' 7 7Br with CH3F: effects of

scavengers and moderators 145

i 4.4.1 Results 145
i
i 4.4.2 Discussion 154

76 77
4.5 Reactions of ' Br with CH3C1 165

4.5.1 Results 165

4.5.2 Discussion • 168

4.6 Hydrogen substitution by '77Br in CH3Br 173

4.6.1 Results 174

4.6.2 Discussion 174

4.7 Reactions of 76'77Br with the monohalo-

methanes; general remarks 178

4.8 Reactions of 6 f 7 7Br in trifluoromethanes

(CF4, CF3C1, CF3Br) 183

4.9 Influence of the storage temperature on the

CH3Br* yield in CH3Br, CH3C1 and CH3F 187

4.10 Inorganic yield in 76'77Kr - 76'77Br decay

experiments 189

4.11 Decay of 8 0 mBr to 80Br in CH3F and CH3C1 193

,: 4.11.1 Introduction 193

4.11.2 Results 194

4.11.3 Discussion 195

: CHAPTER V REACTIONS OF 7 6 f 7 7Br WITH PROPANE AND

CYCLOPROPANE 198

5.1 Reactions of 76'77Br with propane 198

5.1.1 Introduction 198

5.1.2 Results 198

5.1.3 Discussion 200

5.2 Reactions of ' Br with cyclopropane 207

5.2.1 Introduction 207

5.2.2 Results 208
: 5.2.3 Discussion 212



iv

CHAPTER VI

6.1

6.2

6.3

6.4

6.4.1

6.4.2

7fi 77 ft9

REACTIONS OP ENERGETIC / o'"' ö*Br ATOMS,

PRODUCED VIA PROTON ACTIVATION OF GASEOUS

SELENIUM COMPOUNDS 226

Introduction 226

Experimental procedures 228

Choice of the selenium target compound 231
76 77 82

Reactions of ' ' Br recoil atoms in
halomethanes 235

Results 235

Discussion 241

CHAPTER VII EXCITATION LABELING OF SIMPLE ORGANIC MOLECULES

WITH 76Br AND 77Br 245

REFERENCES

SUMMARY

SAMENVATTING

250

265

269



STELLINGEN

1. Het verschil in stabiliteit van de koolstof-

halogeen binding in een met jodium of broom ge-

merkte verbinding wordt,onder Min vivo" omstandig-

heden niet alleen bepaald door het verschil in

dissociatie energie.

Stöoklin, G., Int. J. Appl. Rad. Isot. 28,131(1977)

2. De bepaling van het doorbraakvolume van adsorptie-

buisjes door middel van de experimenteel te bepalen

chromatografische parameters retentievolume en

piekbreedte, leidt vaak tot een overschatting van

dit doorbraakvolume bij luchtbemonstering.

Namiesnik, J.t KozZowski, E., Fresenius. Zeitschr.

Anal. Chemie 311,581(1982)

Bertoni, G., Bruner, F., Libevti, A.t Perrinoa C.9

J. of Chrom. 203,263(1981)

3. Omdat de m-halogeen gesubstitueerde benzoëzuren

en de hiervan afgeleide methylesters niet als een

homologe reeks beschouwd kunnen worden, is de door

Shiue et al. gegeven identifikatie van het m-

astato gesubstitueerde benzoëzuur en het hiervan

afgeleide methylester aan twijfel onderhevig.

Shiue, G.Y., Meyer, G.J., Ruth, T.J., Wolf, A.P.,

J. of Lab. Comp. 18,1039(1980)



4. Het is onjuist de toepassing van kortlevende radio-

nukliden niet te noemen in een leerboek over de

toepassingen van kernfysika in de geneeskunde, dat

anno 1981 werd gepubliceerd.

Dyson, N.A. in "Introduction to nuclear* physios

with application in medicine and biology" (1981)

5. De grote verschillen, welke gevonden zijn voor

reakties van "thermische" Br ionen, gevormd via

verval van mBr of via verval van Kr, met aro-

maten in de gas fase, rechtvaardigen een nader

onderzoek naar de invloed van CH,Br, dat in de
ft Om

Br experimenten in hoge percentages aanwezig
is in het reaktiemengsel.

Knust, E.J., Rep. KFA Jülich (Jül-1168), Ph.D.

Thesis, Ch. 3.1 - 3.3 (1975)

Coenen, H.H. Rep. KFA-Jülich (Jül-1950), Ph.D.

Thesis, Ch. 3.4 (1979)

6. De identifikatie van radiolyse produkten - verkregen

via radiolyse van verbindingen als haloalkenen en

haloaromaten - welke alleen gebaseerd is op een

retentietijd bepaald van een gaschromatografische

analyse op een gepakte kolom, is absoluut onvol-

doende; kombinatie met massaspektrometrie cjeeft vaak

de vereiste aanvullende informatie.



Pauwels, E.K.J, Ph.D. Thesis, Ch. 3.4 (1971)

Linde, K.D. van der, Spoelstra-van Balen, S.,

Kaspersen, F.M., Louwrier, P.W.F., Lindner, L.,

Radioahimiaa Aota 24_,U7(1977)

This work, Chapter VI

7. Bij de scheiding van organische arainen met behulp

van reversed phase ionenpaar vloeistof chromato-

grafie kan de daarbij dikwijls voorkomende aanzien-

lijke piekassymetrie sterk gereduceerd worden door

toevoeging van een alkylamine of een alkylammonium

zout aan de mobiele fase. Op grond van het mechanisme

voorgesteld door Sokolowski en Wahlund is echter erg

moeilijkste verklaren, dat zowel tertiaire amines

als guaternaire ammoniumzouten dit effekt teweeg

zouden brengen.

Sokolowski, A., Wahlund, K.G., J. Chrom. 189,299(1980)

8. Bij de bepaling van deuterium isotoop effekten in

pyridines met behulp van pKa metingen houden Balaban

et al. onvoldoende rekening met het feit dat de

verontreinigingen in gedeutereerde en niet gedeute-

reerde verbindingen kunnen verschillen.

Balaban, A.T., Bota, A., Onioiu, B.C., Klatte, G.,

Eoussel, C, Metzger, J., J. Chem. Res. 44 (1982)



9. De formule, welke door Pilling/ Rice en Butler

wordt gebruikt ter berekening van de afstand

afhankelijkheid van de potentiële energie bij

elektrontunneling is onjuist.

Pilling, M.J., Rice, S.A., J. Phye. Chem 79,3035(1975)

Butler, P.R., Pilling, M.J., Disc. Farad. Soa. 63,38

(1977)

D. de JONG

1982



CHAPTER I

INTRODUCTION

1.1 General Introduction

Chemical effects of nuclear transformations

Nuclear transformations as a consequence of particle

or photon activation or radioactive decay, generally lead to

product nuclei, which possess an excess of kinetic or recoil

energy and which may be charged. The chemistry of such recoil

species will often be Influenced to a large extent by these

charge and energy effects. The recoil energy of the product

nuclei arises from the emission of particles or photons from

an excited nucleus and Its value Is determined by the laws of

conservation of energy and momentum. Energetic recoil species

(with energies up to the MeV region) have to lose most of their

kinetic energy before chemical reactions are possible

(< 20 - 50 eV). This decrease In energy Is obtained In a

series of elastic and inelastic collisions. Two possibilities

arise: if the initial kinetic energy is fairly high, the pro-

bability of neutralization of the recoil species, that may

originally be charged, is quite considerable. If, on the other

hand, the recoil species has a small amount of kinetic energy,

the number of collisions necessary to reach the energy region,

in which chemical reactions may occur, is presumable too low

to provoke a complete neutralization and reactions of ionized

species might occur. The study of the chemical reactions of

highly energetic recoil species was often referred to as "hot

atom chemistry", but, since also ions are involved, "chemistry

of energetic recoil species" seems a more appropriate term.

With regard to the method of production, two types of nuclear

transformations may be distinguished:

\ '



i* £i£§££_S££iyation: the production of the recoil species Is
performed by Irradiation of a target compound with heavy

particles (neutrons, protons, deuterons or alpha particles)

or photons and the "hot" reaction takes place immediately.

Generally large recoil energies are involved (several

hundreds of eV to several MeV), whereas no charge effects

are evident. Chemical reactions will occur only during the

irradiation.

ii. decay^activation: a radioactive mother compound, which was

previously produced, is allowed to decay into a radioactive

daughter and the chemical reactions of the latter are stu-

died. These daughter species have in general much lower

recoil energies (1 - 100 eV) and the effects due to the

charge may be predominant in the course of the chemical

reactions. The radioactive mother nuclide may be an iso-
123 18

lated atom (for instance rare gases such as Xe and Ne)
38 38

or a part of a larger molecule (for instance S in H_ S).

The present study wil be confined mostly to the second type

of activation, which ire&ns that reactions of ionic species will

play a major role. The reactions of thermal or energetic ions

may also be studied by beam experiments and mass spectrometrical

approaches. A brief survey of the latter results will be given

in section 1.4.

1.1.1 Chemical effects of radioactive decay

Several radioactive decay processes have been studied

with respect to the chemical consequences in gas, liquid and

solid phase. This study will only deal with the decay of
76 77 76 77

' Kr -»• ' Br in the gas phase. Although a large variety

of mother-daughter couples have been the subject of many in-

vestigations, only reactions of halogens, produced from a radio-

active mother compound, will be mentioned in this section

(Table 1.1). No reactions in inorganic media have been included,

since such systems were not used throughout the present work,

but many of this type of investigations were performed, in par-
OQ DO

ticular with ' Br, produced by the isomeric transition (I.T)



of

Due to the lack of appropriate mother-daughter pairs, only

limited research has dealt with fluorine and chlorine. The

reactions of the heavier halogens, Including astatine, were

more thoroughly studied. The results of these experiments are

generally explained in terms of excess of kinetic energy and

in particular of charge.

38 132A number of mother nuclides, such as S and Te were bonded

in a molecule before decay. The recoil energy then determines

to what extent chemical bonds are broken and whether the daugh-

ter species will react as a free or as a bonded ion or atom.

Reactions of recoil species, produced via $~ decay, were stu-

died, such as 14C I 14N (Sne-58, Raa-74), 3 5S J" 35C1 (Kap-73)

and 1 3 1' 1 3 2Te S~ 1 3 1' 1 3 2i (Hal-61, Lla-66, Lla-67) and the

fraction of daughter species, which remain bonded in the parent

molecule were determined.

Some studies with mother nuclides such as Nr, ' Kr,
1 2 3 / 1 2 5Xe, 212Rn, 38S are different from others, since no car-

rier amounts of neon, krypton, xenon or H^S were present, which

means that no special effect of these compounds on the chemi-

cal reactions is to be expected.

1.1.2 Generation of energetic bromine species

The reaction of bromine recoil species with organic

compounds have been the subject of several studies. In the

liquid and solid phase very often a large amount of different,

sometimes unidentified and polymeric, products were found. Gas

phase experiments result generally in a much smaller number of

products, that can more easily be identified. It is very diffi-

cult to deduce a simple mechanism for reactions in the liquid

and solid phase, because of the large number of products and

because of the occurrence of reactions in a reactive cage,

which is formed at the end of the track of the recoil species

(Sto-69, Sto-74). The importance of such cage reactions is

much less in gas phase experiments and for the reasons,



Table 1.1 Reactions of recoil halogen species formed by radioactive decay in

organic media

Mother-daughter couple

i8N. S + 18P
38S f 38C1
(in H2S)

76Kr £S 76Br
77, EC/6* 77B *

8°»Br i£> 80Br }
8 2«Br££* 8 2Br

x23xe B*'E<1 123x

125Xe *$ 125I

131,. f 131,

132,. r 132X

211Rn 5£ 211At

Substances studied as

target compound

1,2 dichloreethylene

CH4, CjHg (gas)

alkanea (solid)

benzene, fluorobaazene (gas)

arenes (Xiq)

CB4, C2H6, C3B8 (gas)

halonethanes (gas,liq)

cyclopropane (gas,liq)

diastereoaerlc

dichlorobutanes (liq)

various arenes (gas)

CHjrCjHg (gas)

fluorobenzene (liq)

arenes(liq)

haloacetic acids (liq)

CH4
alkanes (gas)

alkanes (liq)

arenes (gas)

arenes (Uq)

dibanzyltelluride (liq)

dibuthyltelluride (liq)

benzene, toluena, iodobensene
131,132T- l n T # c l^ ( l l q )

benzene, halobensenes(gas,liq)

References

Lam-13

Leu-78

?ro-77, Fro-8l/l,2

Fro-77, Fro-81/1,2

Coe-79

Tcun-81

Ach-74/2,Ach-76

Knu-73, Knu-75, Cac-72

Knu-74, Knu-77

Lob-73, Lob-73/2

Abd-74

Sha-77, Mac-77

Sha-77

Sch-64

Cer-73, Sch-73/2

Zal-72, Sal-73, Zai-74,

Iai-75, Ale-75

Knu-75, Knu-74

Ver-74, Sha-77, Zal-75,

Hac-77

Bal-61, X.la-66, Lla-67

Hal-63, Lla-67/2, Lla-68

Hal-65

Ber-76, Vas-79

Mey-77, Vas-to



mentioned above, the present study is confined to reactions of

recoil bromine species in the gas phase only.

Several types of activation, either direct or via decay (see

1.1) may be used to generate energetic bromine species. All

direct techniques suffer from the inconvenience of radiolyti-

cal damage to the target material during irradiation and it is

often very difficult to distinguish the true recoil reactions

from the reactions with radiolysis products. Brinkman gave

recently a detailed survey about the radiation dose, delivered

to a sample during a direct activation process (Bri-82). In

the decay activation techniques radiation damage to the sample

is only caused by emission of 6 particles, conversion elec-

trons and X- or gamma-photons and the total dosis is much lower.

In Table 1.2 the methods of production of bromine recoil spe-

cies are mentioned together with maximal recoil energies

of the species. References for gas phase studies are
80 82

also included. Production of ' Br via isomeric transition

(I.T.) requires that a bromine source compound (such as Br2)

is present in the reaction mixture. The recoil energy of the
80 82resulting ' Br species depends on the nature of this source

compound as will be explained in sections 1.3 and 4.2. It is

obvious that for (y,n), (n,2n) and (n,y) activations also a

bromine source compound is required, but in these cases this

compound will have hardly any effect on the recoil energy of

the bromine species, formed by the nuclear reaction. No gas

phase studies have been reported using the (y>n) or (n,2n)
83 83

direct activations or the Se -*- Br decay activation. The
83latter was used in a study of reactions of Br in K-SeCU

(Ten-76). Unfortunately, the small neutron capture cross sec-
82

tion of Se (5.8 mb, Erd-76) does not allow to produce reason-
83

able amounts of H 2 Se without the presence of very large ac-

tivities from the other selenium isotopes.
The present work deals mainly with the decay of ' Kr to
76 77

' Br in various gaseous halomethanes and in prpoane and
cyclopropane. Comparisons with the results, obtained for the
80m,82m_ IT 80,82- „ , 79,8ln . ^80,82-

Br —^ Br and ' Br(n,y) Br nuclear processes
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Table 1.2 Methods for production of energetic bromine recoil species

and their reactions in gas phase media o\

Direct activation E recoil Studied compounds References

79Br(y,n)78Br
81Br(Y,n)80'80nBr
79Br<n,2n)78Br

several hundreds

of keV

several hunderds

81Br(n,2n)80'80mBr * of keV

76'77'82Se(p,n)76'77'82Br < 350 k.V

}

79Br(n,Y)80'80l0Br

76
Kr

8';: ££V8°Br
r ££* 82br

8 3S. * 83

417 eV max

378 eV max

5.4 - 7.2 eV

0 -56.9 eV

- 158 eV

CHj, halonethancs

halonethanes

halonethanes

benzene,fluorobenzene

CH,

C2H6
C3H8
c-C3H6
halomthanes

arenes

Br 53 eV max

this study, Ch. VI

Rac-61, Spi-65,Saa-72

Sae-73, Lov-77

Hai-71, Sae-75, Sae-76

Spi-65, Hel-71, Alf-72,

Alf-73, Alf-73/2,

Ber-75

Pro-77, Pro-81/2

this study

this study

Coe-79

Spi-65, Nic-67, Nic-68, Tac-70,

Tae-70/2, Tac-70/3, Yag-70,

Yag-71, Yag-71/2, Shi-71,

Num-73/2, Yag-73, Yag-75,

Kon-78, KOJI-78/2, Kön-79

Spi-65, Sae-73, Tac-71

Num-73, Tac-74

Yin-74

Spi-65, Oka-69, Oat-70,

Hel-71, Don-73, Hum-73, Ber-75,

Rod-75, Kon-80

Knu-73, Knu-75, Cac-72, Knu-74,

Knu-77, Knu-74



will be made in the appropriate chapters, whenever the informa-

tion is available. Chapter VI deals with the Se(p,n)Br activation

technique and the reactions of these bromine isotopes with halo-

methanes .

1.2 Reactions of energetic species

In the previous section it has been discussed that

the bromine recoil species, produced by nuclear processes, re-

ceive an excess of kinetic energy. Chemical reactions of these

energetic species will differ to some extent from thermal reac-

tions. In order to distinguish both kind of reactions a few

criteria may be formulated as follows:

i the product yields of energetic reactions are insensitive

to modest temperature variations

ii the product yields of energetic reactions will be affected

by the addition of inert moderators (see below)

iii the product yields of energetic reactions will be insensi-

tive to the addition of small amounts of scavengers (5-10%)

(see below).

These criteria will be used throughout the present work in

order to verify to what extent energetic reactions are contri-

buting to the various product yields. The moderator and sca-

venger effects deserve some further attention.

Moderation

Collisons of recoil species with unreactive gases

(moderators) will result in a decrease of the kinetic energy

of these species and the energy spectrum of these ions and

atoms will be shifted to lower values. Usually, the noble

gases (neon, argon, krypton and xenon) are used for this pur-

pose. Collisions with noble gases with a mass comparable to

that of the recoil species allow the largest energy transfer

(krypton for bromine). The noble gases, however, are not as

unreactive as was suggested in many older papers. In particular,

the heavier gases may form complexes with halogen ions or atoms

(Wat-81, Lob-73, Wat-81/2, Fro-77), which means that sometimes

the use of a lighter noble gas should be prefereed despite its
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lower moderating ability.

The yields of the products formed by energetic reactions will

decrease upon increasing moderate concentration and if a product

yield becomes zero at 100% addition, then it may be concluded

that no thermal reactions are leading to that specific product.

If a product yield does not drop to zero at 100% moderator

addition, then also thermal reactions are involved in its for-

mation. This fraction is referred to as "thermal yield", while

the moderator concentration dependent fraction is called

"energetic yield".

Scavenging

Compounds, which react much faster than the other

reactants with thermalized radicals or ions, may be added to a

reaction mixture in order to catch, or "scavenge" these thermal

species. The fraction of the product yields, which is not af-

fected by addition of such a scavenger, is equivalent to what

has already been defined as "energetic yield" while the scaven-

ger sensitive fraction is equivalent to the "thermal yield".

The rate constant for the reaction of these scavengers with

thermal species must be at least 100 times faster than for a

thermal reaction of the main compound, so that only a small

amount (1 - 2%) of the scavenger is required and no "energetic"

reactions with the scavenger can take place.

Both for radicals and for positive ions several groups of sca-

vengers have been proposed,

i. for radicals : halogens (I2, Br2)

hydrogen donors (H2S, H^Se, HI)

unsaturated compounds (CH3-CH=CH2,

CH2=CH-CH=CH2)

molecules with unpaired electrons (NO, O2)

ii. for positive ions : molecules with lone pair electrons, n-

donors bases (NH3, H2Se, (CH2)2S)

unsaturated compounds, 7r-donor bases .

(CH3-CH=CH2, CH3-CH=CH-CH3). f

Both types of scavengers have been used in the present work.



1.3 Charge and kinetic energy of recoil ' Br species

generated by decay of ' Kr

The most important physical data for the decay of

' Kr are given in Table 1.3, the decay schemes of Kr and

Kr (taken from Par-73 and Hou-74 respectively) in Fig. 1.1

and Fig. 1.2.

The recoil energies of the ' Br species, formed via decay of

their krypton precursors can be calculated according to one

of the following formulae (1) and (2) (Wex-65)

„2

(1)

(2)

E.REC (eV) = 536 ~ (E„ in MeV) for EC decay
ft V

EREC,max(eV) - 5 3 6
M

(Egm in MeV) for 3"

decay

is the maximal betain which E is the neutrino energy and E~
v pro

energy. For E.G. decay the recoil energy results from neutrino

emission (1), while the recoil energy in $ decay is e result

of the simultaneous emission of a neutrino and a 3 particle (2)

76 77
Table 1.3 Nuclear data for decay of Kr and Kr

V
decay mode

decay energy

E3max
Recoil energy

max

average

References

76Kr

14.8 ± 0.1 h

3+: 0.3%

EC: 99.7%

1.33 MeV

7.2 eV

Lod-73,Par-73

77Kr

74.7 ± 0.7 min

3+: 84%

EC: 16%

2.99 MeV

1.8 MeV

56.9 eV(EC)

36.4 eV}(3+)

10.4 eV(3+)

Bor-71,Hou-74
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3* Br 18 hr E MJV looft

Figure 1.1 Decay scheme of Kr (from Par-73)

For 3 decay only a maximal recoil energy is calculated, since

the total decay energy is devided between a $+ particle and a

neutrino. A more suitable expression was deduced for isotropic

emission by Libby (Lib-47)

(3) 'REC
Q + 1.02 Eo + E^ + 2E
p p V

+ 1.02 Eacos8
p

in which 8 is the angle between the directions in which the 0

and the neutrino are emitted. An accurate @ spectrum should
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*fi§§s

r 35 Br 56 hr log ft

Figure 1.2 Decay scheme of Kr (from Hou-74)

be available for this type of calculation. It is possible to

evaluate the average 0 energy and thus the average recoil

energy from the maximal 0+ energy using the data of Dillman

and Van der Lage (Dil-75).

7fi 77
The decay schemes of Kr and Kr show that there are hardly

any straight transitions to the ground state of 76Br and 77Br.

The emission of 3 particles or the E.C. decay is in general

followed by gamma-emission. As a consequence the recoil ener-

gies cannot be calculated from the total decay energy. The

nuclear excitation energy of the resulting bromine nucleus,

that • is going to be emitted as gamma-quanta, has to be
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subtracted from the total decay energy before using these data

for the calculation of recoil energies. While the total decay
77energy for Kr has been well known to be 2.99 MeV (Bor-71,

Hou-74)f it is only recently that this energy has been accura-

tely determined for 76Kr to be 1.33 ± 0.01 (Wap-82, Mat-81).
76In the case of Br (Fig. 1.1) there are three main levels which

are populated by the E.C. decay of Kr: 452 keV (24.5%),

355 keV (10.2%) and 316 keV (51.7%). Therefore, the recoil ener-

gies due to the emission of a neutrino are respectively 5.4 eV,

6.7 eV and 7.2 eV. The subsequent emission of gamma-quanta will

also impart some recoil energy to the Br species which is at

the most 1.4 eV in the case of a 452 keV transition; the inten-

sity is only 9%. The half-lives of the 452 keV and 355 keV

excited nuclear levels are 0.4 - 0.5 ns (Bor-77). These times

implicate that the recoiling Br species have reacted pre-

sumably before the transition to the ground state takes place.

The recoil energies received due to the gamma-emission are too

low for bond rupture and therefore only the E.C. transition

determines the chemical reactions of the Br species. The

half-life of the 316 keV level, however, has not been measured

and therefore some cancellation of momentum might possibly take

place. The recoil energy due to emission of a 316 keV gamma-
77

quantum is 0.7 eV. The decay of Kr (Fig. 1.2) populates main-

ly two excited 77Br levels: 276 keV (44.2%) and 130 keV (47.3%).

The E.C. decay (16%) results in recoil energies of 51.3 eV and

56.9 eV respectively, whereas $ decay results in maximal val-

ues of 31.6 and 36.4 eV for the recoil energy. The half-lives

of the two levels are 90 ps and 9.3 ns respectively (Uro-73),

which means that the effects of these recoil energies, which

are very low (0.1 - 0.2 eV), are not be taken into account as

irrelevant to the reactivity of the recoil items.

The charge of the recoil bromine species depends on the decay

mode of the krypton isotopes. The E.C. decay creates a vacancy

in the K or L electron shell and this will be filled by an

electron from one of the outer shells. The energy difference

between both electron states can be released by emission of an

X-ray (probability w., the fluoresence yield for the K shell;

I
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uk = 0.55 for bromine, Bur-52), or it can be released via the

emission of an electron from a higher shell (probability 1-w,),
JC

creating another vacancy. The latter process may result in a

cascade of electron emission, forming multiply ionized bromine

species (Auger effect). Changes up to 12 have been observed

for bromine/ whereas an average change of 6 is found after

E.C. decay (Kra-67). P decay leads basically to Br~ ions, since

one positive charge is emitted from the nucleus. In conclusion:
76Kr ï£ 76Br would lead to 7 6Br n + ions77Kr ü£ 77Br (16%) would lead to 7 7Br n + ions
77Kr L» 77Br (84%) would lead to 77Br" ions.

However, there are some additional effects, which complicate

the charge and kinetic energy distribution of the bromine spe-

cies even more:

i. electron shake off

ii. internal conversion of some gamma-transitions

exist enci

4.2 min.

iii. existence of an isomeric Br level with a half-life of

"Electron shake off"

The sudden change of the nuclear charge after $ emission

or E.C. decay gives rise to an excitation of the result-

ing ion. The electron cloud has to accommodate itself to

the new nuclear charge, which is lowered by one unit

(Wex-65). The result may be a shake-up (excitation) or

shake-off (ionization) of the orbital electrons. Using

theoretical calculations, Serber and Snyder proposed that

the amount of energy, thus involved, will be:

(4) AE = 22.85 Z 2 / 5(Z'-Z) 2 eV

in which Z and Z' are the atomic numbers of both the

mother and daughter isotope. For bromine an energy of

95.8 eV can be calculated, which may lead to ionization

or, to a lesser extent, to electronic excitation (Gre-57,

Car-r63), Mass spectrometry of the decay of Kr £~ Rb and
79Kr E C / g > 79Br (Sne-57, Sne-59) has proved that this
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"electron shake-off leads to a further ionization.

Krause and Carlson (Kra-67) calculated that after g decay

of krypton isotopes 20.8% of the bromine isotopes is un-

charged, 10.1% has a single of multiple positive charge,

while only 68.6% remains as negative Br~ ions. Similar

effects may also occur during E.C. decay, but, since this

type of decay already leads to multiple positive charges,

only an additional positive charge might arise. The "elec-

tron shake-off" has a marked effect on the charge spectrum
+ 77after & decay of Kr, whereas this effect leaves the

76 77charge spectra of Br and Br after E.C. decay almost

unchanged.

ii. Internal conversion

Both krypton isotopes decay to excited levels of the bro-

mine daughters, from which the transition to the ground

state proceeds via emission of gamma-quanta. These gamma-

transitions may in some cases be internally converted,

which means that the decay energy is used for electron

emission, from one of the inner electron shells, followed

by an Auger cascade, as already discussed for the E.C.

decay. The extent of internal conversion can be calculat-

ed from the conversion coefficient, a, which is measured

for most gamma-transitions. Additional building up of
76 77positive charge occurs on the product nuclei Br and Br

as a consequence of internal conversion, but the conse-

quences will be more efficient if it follows 0 decay.

In case of E.C. decay, the multiple positive Br11 ions

will only become slightly more positive. It is possible
76 77

to calculate for 3r and Br the fraction of bromine

species, which will be charged through internal conversion

from the decay schemes and the conversion coefficients

(Par-73, Hou-74). Decay of Kr proceeds for 20.6% via
77internal conversions, the decay of Kr for 14.8%. For

77Kr arises as an extra complication that 9.1% of the

decays passes a 105.6 keV metastabile state with a half-

life of 4.2 min. The transition to the ground state is



15

highly converted. The 14.8% internal conversion was pre-

ceeded in 2.4% of the decays by E.C. and in 12.4% by $

emission. As a consequence of the cumulated effects, men-
77

tioned at i) and ii), the charge distribution of Br spe-

cies becomes: 49.3%
76.

77Br", 14.9% 77Br° and 35.7% 77Brn+.

The /uBr species are formed as Brn+ ions only. Fig. 1.3
76 77shows the charge spectrum for Br and Br formed by

decay of 76Kr and 77Kr.

5 0 * •-

40%

30'/.

00

20V.

10%

-1 0 «1 .2 «3 «4 «5 .6 »7 .8 *9 40 41 «12
charge

76 77
Figure 1.3 Charge spectrum of ' Br formed after decay of

76,77,
Kr

77.
I

iii. Hetastabile 105.6 keV level of "Br

Almost all excited levels of 76'7'Br have half-lives

shorter than 10 see, with two exceptions: Br has a
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metastabile state at 102.6 keV with a half-life of 1.31

sec (Hau-80, Sch-78, Kre-79) and 77Br has a metastabile

state at 105.6 keV (half-life 4.2 min) (Oro-73). The

102.6 keV level is not populated in the decay of Kr

to Br (Lod-73, Par-73) and can be neglected. The 105.6

keV level is populated in 10.3% of all decays of Kr

and the transition to the ground state is for 88% con-
77verted. The Br species, that have received some kinetic

energy by the initial E.C. or B decay, will have lost that

energy before they decay via isomeric transition from the

105.6 keV level of 77mBr. A chemical reaction of 77mBr

with the gas phase medium might have occurred. The yields

for gas phase reactions are in general low (3 - 5%) and

the majority of "tr is not chemically bonded (Pro-77).

Emission of a gamma-ray of 105.6 keV will impart a recoil
77energy of 0.08 eV (1.2% of all Kr decays), whereas the

charge on the Br recoil species remains unchanged. The

internal conversion leads to multiple positive charges on
77the Br ions and no recoil energy is obtained by those

bromine species, which were not chemically bonded (8.5 -

9.1% of all Kr decays). The fraction of ""Br species,

which are incorporated in a molecule, before the internal

conversion takes place, will also obtain a high positive

charge, which is quickly dispersed over the whole mole-

cule (within *x» 10 sec, Wex-63) . The highly positively

charged molecule explodes due to Coulomb repulsion. These

Br species receive then an amount of recoil energy, that

depends on the mass, the charge and the chemical nature of

the other fragments formed via this process (Ber-75, Wex-

63) . Only 0.5% of all Kr decays is supposed to occur

via this last process. Table 1.4 summarizes the final
77charges and kinetic energies of the Br species.

The previous discussion only deals with the initial charge and
76 77recoil energies of Br and Br as they are formed after the

physical decay process. The multiply charged positive ions will

not lead to stable chemical products, since a Coulomb repulsion

between several positive centres will cause them to explode.
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77Table 1.4 Recoil energy and charge of Be recoil

species after decay of Kr

Charge

- 1

0
+
n
n
n
n
n

36
36

36

Recoil energy

.4 eV max, 10.4 eV

.4 eV max, 10.4 eV

56.9 eV max

.4 eV max, 10.4 eV

0.08 eV

0 eV
ECoulombic explosion

average

average

average

Fraction

49.3%

14.9%

14.4%

11.8%

1.1%

7.8%

0.5%

The ions, carrying a multiply positive charge, will pick up

electrons and become Br ions, before chemical reactions,

leading to stable products, occur. It can, however, not be ex-
2+

eluded completely, that for instance Br ions are also in-

volved in chemical reactions, as a subsequent proton transfer

reaction can eliminate the second positive charge from the

product ion. It is not clear at all, what happens to the recoil

energy of the Br11 species during all these charge exchange

processes, preceding chemical reactions. The energy, that is

released during the charge exchange processes, might give rise

to additional kinetic energy, to electronic excitation of the

Br ions or might be dissipated via other channels.

1.4 Ion-molecule reactions in the gas phase, introduction

The formation of positive and negative bromine ions

by radioactive decay has been described in section 1.3 and it

may be expected that these ions play important roles in the

subsequent chemical reactions. The gas phase reactions of
123 125 76 77
x"' x i and ' Br - formed via decay of xenon and krypton

isotopes - with alkanes (Lob-73/1, Lob-73/2, Sch-64, Fro-77)

and arenes (Coe-79, Knu-75) were partly explained by ion-

molecule interactions. Yagi and Kondo (Kon-78/3, Kon-78/2,

Kon-80) introduced the concept of ion-molecule reactions
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80 +
for Br ions, formed after decay of ""'"Br, bonded in HBr.

In the last few decades an enormous amount of data on gas phase

reactions of ionic species became available. Several techniques

have been used to study this type of reactions: at lower pres-

sures (< 0.1 Pa): ion cyclotron resonance mass spectrometry, and

at higher pressures (60 - 4000 Pa): high pressure mass spectro-

metry, flowing after glow techniques and chemical ionization

mass spectrometry. Several reviews on each of the techniques

have been given recently, of which only a few are mentioned:

on ion cyclotron resonance spectrometry by Mclver (Mci-78) and

Nibbering (Nib-79), on high pressure mass spectrometry by

Kebarle(Keb-72), on flowing after glow by Smith and Adams

(Smi-79) and on chemical ionization mass spectrometry by

Jennings (Jen-79). The pressures used in ion cyclotron resonan-

ce spectrometry are much lower than those applied in the

' Kr decay studies. The higher pressures in high pressure

mass spectrometry resemble more those used in the present work

and are therefore more suitable for comparison with regard to

the present reaction mechanisms.

Several types of chemical reactions have been studied by these

techniques, as for instance

i charge transfer

ii clustering or solvation(association)

iii proton transfer

iv nucleophilic substitution

v addition-elimination

vi hydride and halide transfer.

Some of them need further elucidation (section 1.4.1 - 1.4.4).

Talroze et al. (Tal-79) argued that exothermic and thermoneu-

tral ion-molecule reactions are in general, but not always,

extremely fast with reaction constants close to the collision

rate constant (10~ - 10~ cm /sec). Consequently these reac-

tions have only a very low or no activation energy. This effect

was ascribed to the polarization interaction energy between the

ion and the neutral molecule, which energy is on general higher

than the activation energy.
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The reaction enthalpies (AH) for various Ion-molecule reactions

may be calculated accurately, since the heats of formation of

many Ions In the gas phase are very well known (Ros-77). The

entropy changes for such reactions, however, which are needed

to calculate the Glbbs free energy (AG), are less well known.

Only a limited number of gas phase equilibrium constants have

been investigated over a large temperature range, which type

of investigation would allow the determination of these AS val-

ues (5). The data, reported for some systems, show a rather

large scatter.

(5) - RT In K = AG° - AH° - TAS°

(K - equilibrium constant)

Theoretical calculations of AS give only reliable results for

very simple reactions (Lia~79). Small AS values have been deter-

mined for rather simple ion-molecule reactions, such as charge

transfer and proton transfer (+ 2.1 to + 29,4 J/K mole for

charge transfer and - 1.3 to + 12.5 J/K mole for proton trans-

fer reactions, Lia-79); the scatter in such determinations is

often very large, for instance for the proton transfer reac-

tion (6) .

(6) H 3 0
+ + H2S <=5 H 3S

+ + H 20 - 8.8 < AS < + 4.6 J/mole K

The use of AH values only will therefore be considered as suf-

ficient for predictions concerning reaction probabilities.

If, however, complicated ion-molecule reactions are involved,

for instance association, or clustering reactions, the entropy

change might be quite large (85 - 125 J/K mole) and then it

may not be neglected. Unfortunately, only for some of these

clustering reactions AS values have been determined. Some

types of ion-molecule reactions,mentioned before, need some

special attention, since they are frequently encountered in the

present work.
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1.4.1 Charge exchange reactions

The neutralization of positive ions in gases, that

have ionization energies below the recombination energy of the

ion, has long been considered as a very efficient process in

"hot atom chemistry". A theoretical approach has been developed

that could predict at which kinetic energy an energetic ion

should be neutralized with the highest probability. This

"adiabatic theory" (Mas-52) states that the cross section for

a neutralization reaction, is maximal if the collision time

a/V equals the time of the transition h/AE.

or Emax = f

—8in which a = interaction distance (7 x 10 cm) (Has-64)

v = velocity of the recoil species

h = Planck's constant

|AE| = energy difference between initial and final

products in the charge transfer process

m = mass of the nuclide.

Table 1.5 gives some results calculated for the interaction of

Br+ions with CH3F, CHjCl, CH3Br and CH3I. Prom this table it

is clear that, for the charge exchange reactions of Br ions

with the halomethanes the kinetic energies, at which maximal

cross sections are found, decrease as the AE value becomes

smaller. All the kinetic energies, at which maximal charge

exchange would occur, are much higher than the recoil energies

of Br and Br and it can therefore be concluded that most

of the charge exchange reactions for these recoil species do

not have a very high cross section.

More experimental data have become available in the last ten

years and some predictions about the relative probabilities

of the various charge exchange processes can now be made.

Two types of charge exchange seem to exist (Mar-79, Dur-75)

i long range charge transfer

(8) Br+ + M -#• M+* + Br'



-.'V V-V

76 77
Table 1.5 Applications of the "adiabatic principle" to charge exchange of ' Br ions with halomethanes

Br"

Br +

B r +

B r +

Reactions

+ M •»• Br +

( 3 P 2 ) + M +

( 1 D 2 ) + M f

{XSQ) + M •»•

M +

Br H

Br H

Br •

e-

KM+*

|AE|

3 .

0 .

0 .

2 .

M «

(eV)

36

73

69

76

CH3

E^

1 .

6 .

5 .

8.

F

a x ( e V )

3xlO5

OxlO3

4xlO 3

6xiO 4

H -

|A£j(eV)

3.36

0.53

1.94

4.02

CH3CI

Emax (eV)

1.3xlO5

3.2xlO3

4.2X1O4

1.8xlO5

\LE\

3 .

1 .

2 .

4 .

M -

(eV)

36

27

68

76

CHa(Br

E *ax ( e V )

1 .

1

8

2

3xl05

8xlO4

.ïxio4

,6xiO5

|AE

3

2

3

5

H =

|(eV)

. 3 6

. 2 7

. 6 8

. 7 6

CH3

1 .

5 .

1 .

3 .

I

3xlO5

8xlO4

5xlO5

7xlO5

N>
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il charge transfer in an association complex

(9) Br+ + xM * (Br+Mx) •* [Br M*
#] -»• Br + [Mx]

i Two requirements must be fulfilled for a long range charge

transfer interaction in order to proceed with an appreciable

rate:

a. the energy difference between the ionization .energy of

the medium and the recombination energy of the ion must

be near resonance

b. an efficient Franck-Condon (F.C.) overlap is necessary

for the t reins it ion

(Lau-74, Bo;-72, Jow-79, Cha-76)

Near resonance conditions can excist between Br ions and

ground or electronic excited states of a molecular ion as

long as there is a small energy difference between the io-

nization energy of the medium and the recombination energy

of the ion. The density of vibrational levels in the mole-

cule allows a F.C. transition of an electron to Br if a

slightly exothermic reaction is involved. Efficient F.C.

overlap is required because charge transfer over long ranges

is most likely a fast process, that takes place in such a

short time that nuclear motion can be considered as being

frozen (Lau-74). Photo-electron spectroscopy data may be

used to judge, whether a charge transfer reaction is con-

sistent with the two requirements discussed above (Jow-79).

These data, however, may not always serve as a good guide,

since only optical transitions are observed, while other

excited states of the molecule ion may exist (Hun-75). Fast

charge exchange reactions have reaction rate constants in
—9 3

the order of 10 cm /mol sec, whereas in the case that one

of the requirements is not completely met, the rate con-

stants drop to lCT11 - 10~ cm /mol sec (Lau-74, Jen-73) .

The charge transfer reactions, investigated sofar, concern

mainly the reactions of noble gas ions, but also ions

like H 20
+*, CO+", N**, etc. One study deals with the reac-
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tions of more complex/ energetic ions like CH~C1 , HOS ,

CH^OH with chloromethanes(Ted-79) and from this study

it may indeed be concluded, that charge exchange with these

chloromethanes has the highest probability if near reso-

nance conditions are closely met. The kinetic energy of

the incident ion does not affect the charge exchange pro-

cess to a large extent; no translational energy is con-

verted into internal energy as long as the kinetic energy

is not too high (< 100 eV) (Lin-70, And-72, Ted-79)*

Energetic Br ions, which have only a short interaction

time with other gas molecules, may react via this type of

long range charge transfer.

ii If very short range effects are involved or if complexes

of ions with molecules are formed, charge transfer might

also occur. The electrostatic interaction of the Br+ ion

with the gas molecule might modify the structure of the

molecule and therefore also the F.C. factors may be changed

completely. The requirements formulated in i are no longer

the governing factors and a charge transfer might readily

occur (Mar-79, Dur-75). This type of reaction will occur

for almost thermal!zed Br ions.

1.4.2 Clustering or solvation reactions

Gas phase solvation of positive and negative ions is

a well known phenomenon at pressures of 60 - 6000 Pa. This

type of reaction may be studied with high pressure mass spec-

trometry (Keb-72, Keb-75, Cas-79) and by flowing after flow

techniques (Smi-79). Clustering of H , alkali ions and halide

ions with a wide variety of gases like H2O, CH3OH, (CH3)2O,

NH3, CH^Cl, etc. have been studied by several groups (Keb-72,

Kee-80, Luc-75/1, Luc-75/2). The solvation process may be

described as (10)

+ M M
(10) X + M -»• [XJfl + M -»- [XMJ •*• etc.

In general, reaction (10) is exothermic and collisional stabi-

lization is needed for the excited association product. Such a
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stabilization is slow in comparison with the association, and

that makes the overall reaction relatively slow. Reactions of

Na+ or Cl~ ions with H90 have typical rate constants of 10~ -
"•33 6 2

10 cm /mol sec (Keb-72). The enthalpy and entropy effects,

associated with this type of reaction have also been measured;

Table 1.6 gives an example for the clustering of K and Br~

ions with H2O, from which data it can be seen that considerable

AH and AS effects are involved.

Table 1.6 Enthalpy and entropy changes for a gas phase

solvation reaction of K and Br

(Data from Keb-72)

ions with H2O

K (H 2O) n <Z* K H2O

Number of solvat-

ing molecules

n •* n - 1

1 -* 0

2 -•• 1

3 -»• 2

4 + 3

5 -• 4

6 •*• 5

K+

AH

(kJ/mol)

75.2

67.6

55.4

49.6

44.9

42.0

AS

J/mol K)

90.7

101.6

101.0

103.7

105.8

107.9

Br~

AH

(kJ/mol).

52.9

51.7

48.3

45.8

. AS

(J/mol K)

77.3

96.2

104.2

112.6

A gradual decrease in the AH values upon the growth of a

cluster is not always observed. Sometimes evident steps are

found, which indicate that there exist discrete shells of

solvating molecules in the gas phase. The first solvation

step is often the most exothermic one, in particular, if no

closed electron shell exists around the ion, as in the case

of H + and Br+. A coordination bond might then be formed be-

tween the ion and the first solvating gas molecule, for in-

stance (11)
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(11) NH3 + H
+ -* NH*

The first step (11) is about 40 kJ/mole more exothermic than

all following steps (Keb-72). A proton, surrounded by 4 NH3

molecules is also relatively stable, as addition of a following

NH, molecule results in a much smaller enthalpy change.

Solvation is a temperature and pressure dependent process; at

lower temperatures and higher pressures, the cluster size

increases. At a temperature of 300 K and a pressure of 1300 Pa

clusters of water around a proton have been found with a size

up to 8 - 9 molecules (Keb-67/2). A similar trend was found

for the solvation of Cl~ ions in CH3CI (Luc-75/1). Solvation

becomes relatively important when the kinetic energy of the

ion is not too high (< 1 - 2 eV) and it seems therefore reason-
76 77 +

able that a large fraction of the decay generated ' Br
77 —and Br ions, once they have lost part of their kinetic

energy, will become clustered by the various gas phase sol-

vents. The ability of a gas to cluster positive and negative

ions depends on several factors; some of the most important

are summarized below (Taf-79):

i dipole moment of the solvent molecules

ii polarizability of the solvent molecules

iii resonance effects, which might stabilize the product ion

iv steric effects

v entropy effects

vi hydrogen bonding of one or both reactants.

The affinity of a gas phase reactant for Br ions may be de-

fined as the bromine cation affinity, analogous to the well

defined proton affinity (see section 1.4.3). The higher the

Br+ affinity, the better clustering of Br ions will take

place, unless other effects - such as steric - become pre-

dominant. CH3OH, for instance, is a better solvent for H

ions than H2O and the latter molecule is even removed from the

cluster if gaseous CH3OH is introduced. But, if the cluster #..

contains more than 9 molecules of CH3OH, H2O is preferred, vvi

because of steric effects (Keb-67/1) . ;•*

\
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In hot atom chemsltry the concept of Ion-molecule clusters

in gas phase experiments was for the first time suggested by

Yagl and Kondo In order to explain the reactions of near-thermal
On 4.
ouBr ions with CH4 (Yag-75, Kon-78/1). By assuming this type

of reaction they were able to evaluate their results obtained

after addition of various polar compounds/ like HC1, H~S,

HBr and SO- (Kon-79). Later, also the reactions of thermal
80 +
Br ions with CH^Br were explained in terms of ion clustering

(Kon-80).

1.4.3 Proton transfer reactions

Proton transfer is probably the most widely studied

ion-molecule reaction. Several review papers have been publish-

ed; the most recent are: Taf-79, Aue-79, Bar-79. This type of

reactions involve the transfer of a proton from one molecule

to an other (12)

(12) AH"1" + Bfc=$A + BH+

By studying a series of compounds a relative gas phase acidity

scale could be established. The proton affinity for a gas is

defined as the opposite of the enthalpy charge of reaction (13)

(13) A + H + t = 5 AH+ PA(A) = - AH

Proton affinities have been tabulated recently by Walder and

Franklin (Wai-80). In the present study, the concept of Br

affinities is frequently used and as no exact data are known

for these affinities, it is proposed that they follow a simi-

lar trend as the proton affinities, but care must be taken as

steric effects can alter the sequence.

1.4.4 Nucleophilic substitution reaction

Nucleophilic substitution in the gas phase has been |

the subject of a limited number of studies (Olm-77, Asu-79, ^

Dou-74/1,2,3). A large variety of rate constant was measured
—9 —12 3

(1.6 x 10 - < 10 cm /mol sec). In some cases the incident
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ion (Cl in (14a) is eliminated preferentially from the inter

mediate complex rather than the group, which was already pre-

sent (Br in CH3Br (14a), which indicates that both are not

in equivalent positions in the complex.

(14a) Clj + CH3Br -* ClCH3Br" + Cl

(14b) ClCH3Br~ + CH3CN

BrCH3CN" + CH3C1

These effects could be explained by assuming the existence of

a double well potential energy surface (Fig. 1.4), in which

the height of the central barrier (E') -• corresponding to a

complex in which both nucleophiles occupy comparable positions -

is of major influence on the reaction rate (01m-77).

The rate constants for gas phase nucleophilic substitution are

several order of magnitude higher than those in solution ex-

periments. Furthermore, the sequence of nucleophilicity of the

various may be different from that in the solvent chemis-

try. In gas phase experiments F is a stronger nucleophile

and I~ a•weak one. The differences with experiments in solu-

tion are ascribed to solvation effects. Br" is a rather poor

gas phase nucleophile and its nucleophilic substitution reac-

tions will generally not have a high reaction efficiency

(01m-77), but, since a large fraction of the Br species is

formed as Br"~ ion as a consequence of radioactive decay, it is

necessary to take this type of reaction into account.

1.5 Purpose of the present investigation

76 77The recoil species, Br and Br are formed with

different charge and kinetic energy spectra as due to the

different decay modes of the two krypton parent isotopes. In

halomethanes, hydrogen or halogen atoms may be substituted

by the bromine recoil species,which may be Br ions, Br atoms, ,

but also Br~ ions. In order to determine, whether charge or %

kinetic energy effects are involved, moderator and scavenger

techniques are applied (Chapters III and IV). Reactions of
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CH3 + Br'

Figure 1.4 Potential energy surface for a nucleophilic gas

phase reaction of Cl"~ with CHgBr (01m-77)

highly energetic bromine species (Chapter VI) are studied to

establish with more certainty the role of the kinetic energy.

The effects of kinetic energy is evaluated further via a

study of the substitution of secondary and primary hydrogen

atoms in propane and via measurements of the ratio of decompo-

sition versus stabilization of cyclopropylbromide in cyclo-

propane (Chapter V). It will also be established, to what ex-

tent Br+ species are responsible for chemical reactions in

media, having ionization energies above and below that of

atomic bromine. The halomethanes have ionization energies

varying from 12.54 eV to 9.54 eV and they seem particularly

convenient for this purpose as they brackett the ionization

energy of atomic bromine (11.81 eV).
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CHAPTER II

PRODUCTION OF RADIOISOTOPES

AND EXPERIMENTAL PROCEDURES

2.1 Production of Radioisotopes

Three of the four production methods for the various

bromine and krypton isotopes, used throughout this study, are

described in this section. Section 2.1.1 deals with the produc-

tion of 76/77Kr, used for the study of 76'77Br, generated by

radioactive decay of the corresponding radiokrypton isotopes.

Section 2.1.2 deals with the production of CF. ^r, meant as

bromine source in the study of the chemical consequences of

the 80mBr -»• 80Br transition. In section 2.1.3 the possibilities

are discussed for the production of various radiokrypton and

radiobromine isotopes with the photon beam of the HEA (Medium

Energy Accelerator) linear electron accelerator. The format!om

of bromine isotopes by proton irradiation of gaseous selenium

compounds, performed for the study of the reactions of bromine

species with high kinetic energies is discussed in Chapter VI,

together with the results of that investigation.

4
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2.1.1 PRODUCTION OP 76'77Kr

Int. J. Appl. Radiat. Isot. 30 (1979) 188

EXCITATION FUNCTIONS FOR

THE PRODUCTION OF 76Kr AND 77Kr

D. de Jong, 6.A. Brinkman, L. Lindner

INTRODUCTION

Recently some neutron deficient krypton and bromine isotopes
1 2)have gained interest in nuclear medicine ' . Sufficient

data on the excitation functions for the production reactions
79Br(p,3n)77Kr and 79Br(p,4n)76Kr were not available. We have

measured these functions using the stacked foil technique.

We also determined a combined excitation function for the

reactions 79Br(p,5n)75Kr + 75Br and 79Br(p,p4n)75Br.

EXPERIMENTAL

The irradiations were performed with the 65 MeV proton beam

at the KVl-cyclotron (Groningen) and the UCL-cyclotron

(Louvain-la-Neuve) on stacks of pressed pellets of anhydrous

KBr (0 1.3 cm, thickness 150 - 250 mg cm ) of natural iso-

topic composition. At regular intervals Al and Cu foils were

inserted between the KBr pellets as proton current monitors:

Al foils (0.1 mm thick, 0 1,3 cm) for proton energies above

50 MeV, Cu foils (0.1 mm thick, 0 1.3 cm) for proton energies

below 50 MeV. Table I summarizes some features of the monitor

reactions, which were used. The stack of KBr pellets and moni-

tor foils was wrapped in Al-foil (0.1 mm thick). Irradiations

lasted 10 min at currents of approx. 200 nA. Our experiments

have shown that the radiokrypton remained enclosed in the

KBr-matrix very efficiently; even under vacuum at a
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Table I Monitor reactions used for current measurements

Reaction

27Al(p.

63Cu(p,

63Cu(p,

3pn)24Na

p2n)61Cu

2n)62Zn

15

3

9

(h)

.41

.3

Ey (keV)

1368

283

548

IY (%)

100

13

14.1

Ref

4

4

. for a

3

,5

,5

temperature of 575 K significant losses of krypton (more than

2 - 3%) from the irradiated pellets were not observed.

The amount of Kr, Kr and Br was measured by recording

gamma-ray spectra of each KBr pellet with a calibrated Ge(Li)-

detector using respectively the 130 keV (abund. 87.3%), the

316 keV (abund. 36%) and the 287 keV (abund. 92%) gamma-rays

(see Table II). The calibration of the detector was performed

with calibrated sources of 1 "W 00
Eu (LMRI), Cs and Na

(Amersham Radiochemical Centre). Measurements of Kr and

Br were started one hour after irradiation when almost all
75Kr (t. = 5.5 min) had decayed to 75Br, whereas all 76Kr

measurements started 20 - 25 h after irradiation, to allow

nearly all Kr to decay. In this way the 312 keV (abund.

3.6%) 7* gamma-ray of 77Kr did not interfere with the 76Kr

measurements. The energy degradation in the stacks was cal-
9)culated from the tables of Williamson et at. . The error in

the cross-section data is estimated as 10 - 15%, mainly due

to the error in the excitation functions of the monitor reac-

tions used.
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Table II Decay properties of 76Kr 6 ), 77Kr 7 ) and 75Br 8 )

th (h)

Decay mode (%)

Energy (keV) of

abundance of

main gamma-lines (%)

76

14

EC:

316

Kr

.8

100

(36)

77Kr

1.24

EC: 16

$+: 84

130 (76

147 (40

.3)

.9)

75

1.

EC:

B+:

287

Br

6

24

76

(92)

The underlined data were used in our calculations.

RESULTS AND DISCUSSION

1

In Fig. 1 the excitation functions for the reactions
79Br(p,3n)77Kr and 79Br(p,4n)76Kr are shown together with

those obtained by Lundqvist and by Nozaki et at.

Fig. 2 gives a combined excitation function for the reactions
979Br(p,5n)75Kr

77 76
Kr and

75Br and 79Br(p,p4n)75Br.
77 76

Our Kr and Kr curves are in good agreement with those ob-

tained by Nozaki. Lundqvist used the 147 keV (abund. 40.9%)
77

for the determination of the Kr activity instead of the

130 keV (abund. 87.3%) transition used by us. However, the

142 keV transition of 75Br (abund. 7.2%) 8' which isotope

is produced in comparable amounts above 50 MeV (Figs. 1 and

2), probably interferes with the quantitative evaluation of

the 147 keV gamma-ray of Kr. This may partly explain the

higher cross section values at energies above 50 MeV reported

by Lundqvist.
Using the formula reported by Diksic et at. 12) and the ex-

citation functions of Fig. 1, we calculated thick target
77 76

yields for the Kr and Kr activity produced during 1 h

irradiation and compared these results (in Table III) with

those obtained by Diksic et at. ' and Lambrecht et at.

for proton irradiations and with those obtained by Qaim et

at. 14^ for deuteron irradiation of NaBr or KBr.
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Fig. 1 Excitations functions

for the reactions
79Br(p,3n)77Kr and
79Br(pr4n)

76Kr.

* Lundqvist

»•"— • —rNozaki et at,

(O) this work

Fig. 2 A combined excitation

function for the formation of
75Br by the 79Br(p,5n)75Kr -•
75Br and the 79Br(p,4n)75Br

reactions. E T = threshold

energy

i
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|

Table III Calculated thick target yields for production of
77Kr and 76Kr

Reaction Incident particle

energy (MeV)

79 77
'*Br(p,3n) Kr

79Br(p,3n)77Kr
79Br(p,3n)77Kr
79Br(d,4n)77Kr
79Br(p,4n)76Kr

79Br(d,5n)76Kr

65

45

32

45

32

50

65

45

80

Target

material

KBr

KBr

KBr

NaBr

KBr

NaBr

KBr

KBr

NaBr

Yield

(mCi/uAh)

82

48

10.4

75

23

32.3

1.5

0.25

1.4

Ref.

this work

this work

this work

12

13 +*

14 +

this work *

this work *

14 +

Experimental value

No irradiation time given
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76Br AND 77Br FROM DECAY OF CYCLOTRON

PRODUCED 76Kr AND 77Kr

D. de Jong, H. Kooiman and J.Th. Veenboer

The 79Br(p,xn)76'77Kr reaction followed by the isolation of
76 77radiokrypton, leads to high yields of Br and Br, compared

to other direct and indirect methods, with high specific acti-
3 76 77vities. The Se( He,xn) ' Kr reactions results in considerably

lower yields.

INTRODUCTION

Bromine-76 and Br are of potential interest in nuclear medi-

cine: Br has been suggested as a halogen label with a con-

venient half-life (tt = 16.1 h) and a sufficient $ branching
* 1)

ratio (57.2%) in positron emission scintigraphy . Although
recently some applications of Br (ti = 56 h, E = 239 and

? T 2-4)
521 keV) in nuclear medicine have also been suggested its

121

use will be limited to those cases in which I (t, = 13.3 h),

which has a better detectable 159 keV gamma-ray, is less suited

due to its shorter half-life.

Several methods for the carrier-free production of these bromine

isotopes have already been described, either directly from arse-

nic targets by the As(ot,2n) Br reaction and from natural

or enriched selene targets by the Se(p,xn) ' Br reaction '

or indirectly by decay of their krypton precursors. These

krypton isotopes can be produced in good yields by the
79Br(p,xn)76'77Kr 7~11) and the 79Br(d,xn)76'77Kr 1 2 ) reactions,

in lower yields by the Br(a,pxn) ' Kr ' reaction or in

even lower yields by the Se(a,xn)76'77Kr 14) and the

Se(3He,xn)76'77Kr reactions.
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This work describes a simple method for the isolation of radio-

krypton from KBr pellets irradiated with 65 HeV protons and

from Na~Se pellets, irradiated with 40 MeV 3He particles. The
76 77amount of bromine carrier present in the final Br and Br

12) 76
product is determined. Qaim et al. discussed the Br and
77 77 76
Br impurities in resp. Br and Br preparations, which can

be kept as low as resp. 1% and 0.1% by choosing appropriate

decay time for the krypton precursors.

We measured thick target yields for the Se( He,xn) ' Kr

reaction up to particle energies of 40 HeV.
An advantage of all the indirect production methods is the
possibility of excitation labeling by reactive bromine iso-

76 77
topes from the decay of Kr and Kr.

EXPERIMENTAL PROCEDURES AND RESULTS

Production of Kr and Kr from KBr
2

Thick pellets of anhydrous KBr (k 5 g/cm ) sealed in quartz

ampoules (0: 1.8 cm, L: ̂  8 cm) were irradiated with 65 HeV

protons with currents of 1 yA in the external beam of the

cyclotron of the Kernfysisch Versneller Instituut (Groningen).

After the irradiation the ampoule was connected to a small

vacuum manifold to which a number of empty glass trapping

vessels, cooled in liquid nitrogen, were connected. After

evacuation of the system (10 torr), the ampoule was heated

to 1023 K (m.p. KBr = 1003 K) and the carrier-free krypton

isotopes were transferred from the molten target material to

the cold traps. According to our observations, the krypton is

released from the KBr pellets at temperatures slightly above

the melting point. Since we were concerned with the possibility

of mass bromine carried along together with the radiokrypton

during the melting procedure, a dry-ice/acetone trap^or a „

heated silver wool trap (at 573 K) was inserted in the system: |

this removes most of the free bromine. We measured that 80-90% .,

cf the krypton activity is collected in the manner described
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after a heating time of 10 min.

Applying a similar isolation technique, Diksic et at. con-

eluded, on the basis of the absence of measurable amounts of

""Br (from the reaction Br(p,pn) "Br), that no mass bromine

was present in the radiokrypton samples.

77Our attempt to measure Br activity in the krypton samples,
77when pellets were molten after almost all Kr had decayed,

also failed to indicate any measurable amount of bromine car-

rier. This may be caused by a too low specific activity or by

interference of other gamma-rays in the measurement with a
212GeLi detector. The 239 keV gamma-ray of Pb in the background

spectrum interferes with the 239 keV ray of Br and the
79606 keV ray of Kr (8.1%), present in considerable amounts in

the radiokrypton, might interfere with the ""Br determination

(616 keV, 7.2%). In order to evaluate the amount of bromine

carrier present more carefully, pellets of KBr were activated

in a nuclear reactor resulting in specific activities of

1-4 mCi 82Br/g.

These pellets were treated in a similar way and the amount of
82

Br in the trapping vessels was measured. The results are

given in Table I, together with those for experiments with

either a dry-ice/acetone trap or a heated (573 K) silver wool

trap located between the irradiated ampoule and the krypton

traps.

Although differences in the chemical nature of bromine isotopes

formed by activation in a nuclear reactor or by a cyclotron

are not very likely, they might cause changes in the carrier

bromine determination; so activated KBr pellets were dissolved

in water, evaporated to dryness, pressed into pellets and sub-

sequently subjected to the melting procedure as described

before. All bromine was brought into the same chemical form

(Br~) by this procedure. Results obtained with these pellets

did not differ significantly from the pellets that were heated

directly after the (n,y) activation using the silver wool trap.

The amount of bromine transferred can be kept as low as

5 x 10 iig, resulting in specific bromine activities of
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300 mCi 77Br/yg and 100 mCi 76Br/yg after a I h irradiation

with 1 yA of 65 MeV protons.

82Table 1 Amount of bromine released by heating of Br-

containing pellets.

Bromine traps used

Amount of bromine (yg)

trapped in krypton vessels

No trap used

Dry-ice/acetone trap

Heated silver wool trap

3.4 ± 0.8

0.1

0.005

*) Weight of KBr pellets = 5 - 6 g

Production of 76'77Kr from Na2Se

(i) Isolation procedure. A number of different selenium com-

pounds (Na-SeOo, Na^SeO,, Na^Se and Se) were tested as target

materials, but in most cases their application was not satis-

factory, because of decomposition at elevated temperatures

with release of oxygen (selenates and selenites) or because of

a low melting point (m.p. Se = 490 K).

The most suitable compound appeared to be Na2Se (m.p. > 1148 K)

combining the proper chemical and physical properties with a

high Selenium content. As this compound is rather hygroscopic,

precautions had to be taken to prevent the action of moisture.
2

NaoSe pellets (0 = 1.3 cm, thickness > 0.3 g/cm ) were irra-
3diated with 40 MeV He particles at a current of 0.5 yA for

15-30 min in the external beam of the cyclotron of the Free

University (Amsterdam). The pellets were coated with a poly-

ethylene layer, to prevent moisture penetrating the target,

and enclosed in an aluminium target assembly, provided with a
2

copper foil window (0 = 1 cm, 10 mg/cm ). Because of the high
melting point of Na-Se the isolation procedure had to be al-

tered slightly: the target assembly as a whole was heated to

\
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1123 K in an evacuated quartz vessel. The radiokrypton released

was again collected in traps cooled in liquid nitrogen and a

i dry-ice acetone trap was used to trap directly formed bromine

I' isotopes. Although the Na2Se did not melt, about 80% of the

; krypton activity was collected from the irradiated target in

' the cooled vessels after a heating time of 10 min. Because of

partial decomposition of the heated Na~Se some selenium con-

densed on the cooler parts of the quartz vessel. No ^ r or
82 *?

Br activity, produced carrier-free by the ( He,pxn) nuclear

reaction could be detected in the krypton traps. Some Se ac-

tivity (less than 5% of the amount produced} was found in the

krypton traps, although a spectrophotometric selenium determi-

nation with 3,3-diaminobenzidiniumtetrachloride indicated

that the carrier amount of the selenium in the traps was less

than 9 yg. This observation is not yet understood and further

experiments seem necessary.
o no OO

(ii) Thick target yields for the Se( Ee,xn) 'Kr reaction.
Pellets of Na9Se, treated in a similar way as in (i) above,

3
were irradiated for 10 min with 200 nA of 40 MeV He particles.
Details on the method of radioassaying the samples have been

previously described

Current measurements were performed with copper foils (0 =
2 63 3 62

1.3 cm, 10 mg/cm ), using the reactions Cu( He,p3n) Zn and
65Cu(3He,2n)66Ga for 3He beam monitoring 16).

The He particle energy was degraded by the copper foils to

38.5 MeV.

Table 2 lists the decay properties of 76Kr, 77Kr, 62Zn and 66Ga,

! which were used for our calculations. Since the excitation

functions of the monitor reactions are measured only up to

35 MeV, an extrapolation of these values up to 40 MeV had to

be made. This resulted in a cross section of about 41 mb for

f the 63Cu(3He,p3n)62Zn and about 16 mb for the 65Cu(3He,2n)66Ga
~9 62
v reaction. The currents calculated from both the Zn and the

66Ga activities agree within 10%. |

Table 3 summarizes the measured thick target yields together ;

with the yields for the proton irradiations of KBr, calculated



41

from the excitation functions measured previously by us .

The calculated maximal yields for Br and Br, growing from

Kr and Kr resp. after 6.85 and 22.3 h of decay, are also

given. The nuclear reactions contributing to the Kr and Kr

yields are also indicated in Table 3.

Table 2 Decay properties of 77Kr, 76Kr, 62Zn and 66Ga

Isotope

77Kr

76Kr

62Zn

66Ga

1.24

14.8

9.3

9.4

Energy

abundance of

130(87.3)

316(36.0)

595(22.7)

1039(37.3)

(keV) and

main y-lines(%)

147(40.9)

Ref.

17

18

15

15

TABLE 3. Thick target yields of "Kr and 1cKr from natural Se and Br

Particle Particle/energy Nuclear reaction* Q-value Thick target yield
Maximal bromine

yield

3He

3He

38.5 MeV

38.S MeV

65 MeV
65 MeV

7«Se(3He,2#i)77Kr -6 .2 MeV
77Se(3He,3ii)77Kr -13.6 MeV 460 ± AO/tCi 77Kr//iAh

. 7*Se(3He) 4n)77Kr -24.1 MeV
"7*Se(3He,3ii)76Kr -16.8MeV . . . 0 6 u r i 76 K r / ( l A h

77Se(3He,4n)'6Kr -24.2MeV l l * a 6 / l C l K r / M h

7»Br(p,3n)77Kr - 2 1 8 MeV 82 mO 77Kr//*Ah
7'Br(p,4n)7«Kr -33.3 MeV 1.5 mCi 7«Kr//iAh

7Br//iAh

17 „o 7

1.6mG7 7Br/Mh
0.5 mCi 76Br//iAh

• Natural abundance of selenium isotopes; 7*Se: 9.0%; 77Se: 7.6%; »Se 23.3%.
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Preparation of CFf OmBr of
High Specific Activity
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Three ways for the preparation of carrier-free CF5°"Br have been tested: the displacement of X in CF3X
(X » F, Cl. I or H) by l0"Br formed by thermal neutron irradiation of CF3X/CH3Br mixtures, by
proton irradiation of CF3X/H2Se mixtures, and by the exchange of Br~ coated on inert support
material with CF3X. Neither of these methods fulfils the requirement of a high yield of carrier-free
CF;°~Br; however, the irradiation of CF3I/CH3Br mixtures with thermal neuttons gives CF;°"Br with
a yield of (11.5 ± 0.6%) and a specific activity of about 32mCimg~l.

Introduction

ACHE ei al.llM suggested CF|°"Br as a source com-
pound for the study of gas-phase recoil chemistry of
>0Br, generated by the isomeric transition. Whereas
the ionization potential of CF3Br (12.3 eV) is above
that of atomic bromine (11.84eV), no decharging of
i 0Br+ A* formed after isomeric transition can occur
when CFjBr is used as 80l"Br source compound in the
gas mixture. This property of CF3Br is an advantage
over the other 80l"Br-source gases, such as Br2

(i.p. = 10.55 eV) and CH3Br (i.p. = 10.54 eV), where
charge-exchange reactions cannot be excluded.

The production of CFf°"Br normally involves neu-
tron irradiation of pure gaseous CF3Br,u>2) yielding a
non-carrier-free product, followed by gas-chromato-
graphic separation. To prevent reactions of recoil
•°Br being influenced by the large amount of inactive
CF3Br, we attempted to produce carrier-free CF|°"Br
by three different methods:

(A) Displacement of X in CF3X (X = F, Cl, I and
H) by 80"Br produced by neutron irradiation of
gaseous CF3X/CH3Br mixtures in a nuclear reaction.

(B) Displacement of X in CF3X (X = Cl, I) by
*°"Br produced by proton irradiation of Se in
gaseous CF3X/H2Se mixtures.

(C) Exchange of 80MBr- with CF3X (X = Cl, I).

These three methods are discussed below in the same
order.

Materials

CH3Br, CF4, CF3C1 and CF3H were obtained from
J. T. Baker with stated purities of 99.7, 99.7, 99.0 and
98.0% respectively, while CF3Br and CF3I were pur-
chased from P.C.R. Inc. (purity >99.5%). The gases

1 Unless Br* is electronically excited.

were used without further purification. H2Se was
obtained by the reaction of water with AI2Se3 (Alfa
Products). The gas was dried over P 2 O 5 before use.

(A) Reaction of "-<">Br in Gas Mixtures of
CF3X (X = F, d , I and H) aai CH3Br

Experimental \

Mixtures of CF3X (X = F, &, I and H) and
20-25% CHjBr sealed in quartz ampoules (pressure
90kPa, volume 1 ml) were irradiated for 20 min at a
thermal neutron flux of 1 0 1 3 n s - I c m ~ 2 in the IRI
nuclear reactor at Delft.

The accompanying dose rate was determined, by
means of optical absorption measurements with
0.1mm Ultraphan G (Lonza) foils,'31 to be about
10" rad h"1 .

After irradiation, the contents of a typical ampoule
were injected directly onto a chromatographic
column by means of an ampoule-cracking device
mounted on the injection port of the gas chromato-
graph. After injection, the splinters of the ampoule
were washed with aqueous Na2SO3 and chloroform.
The two layers were separated and radioassayed with
a Ge(Li) detector to determine the M"Br and 82Br
activities (y-ray energies 617 and 554 keV, respect-
ively; y-ray intensities are taken from Ref. (13). Separ-
ation of the different gaseous compounds (CF3Br,
CF3A" and CH3Br) was performed with a 0.75 m
Porapak N column, operated temperature pro-
grammed (5 min 303 K, 10 K min"1 to 393 K, flow
60 ml He min"1). The eluting peaks were trapped in
heptane, cooled with dry ice and measured on the
Ge(Li) detector. All samples were counted 1 h or more
after collection in order to ensure radioactive equilib-
rium between 80"Br and '°Br. Correction was made
for the contribution of the 619 keV y-ray of 82Br in
the determination of 80"Br activity.
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TABLE 1. Absolute yields of CFS°"'82)Br after thermal neu-
tron irradiation* of gaseous CF3X (X = F, Cl. I,

H)/CH3Br

Composition

Percentage of ««•"•"'Br
in CF3Brt

"»Br 82Br

CF« + 20% CH3Br
CF3CI + 20% CH3Br
CFjI + 20% CH3Br
CFjH + 20% CHjBr

6.0 ±0.1
5.9 ± 0.1

11.5 ±0.6
6.4 ± 0.2

4.4 ± 0.4
4.0 ± 0.2

10.8 ± 0.4
4.0 ± ftl

*Neutron flux: 10IJns"'cm"2; irradiation time:
20 min.

t Mean value of 2 experiments.

To evaluate the influence of the dose rate and, more
particularly, the possible formation of mass amounts
of CFjBr by radiolysis, all mixtures were irradiated
for varying times in a 60Co y-source of about
1300kCi with a y-dose rate of 4.1 x 10s rad h"1.
These y-irradiated samples were analysed in the same
way as the neutron-activated mixtures and the level of
CF3Br was determined.

Results and discussion

The absolute CFf0ini82)Br yields obtained by this
method are summarized in Table 1. Figure 1 illus-
trates the production of mass amounts of CF3Br dur-
ing y-radiolysis.

Some other compounds are also formed in these
radiolysis experiments, but they were not investigated
further, because only the amount of CF3Br is impor-
tant in the determination of the specific activity of the
product.

Based on these results, estimates of the specific ac-
tivities of CFf°""82)Br produced in the IRI reactor are
given in Table 2. For comparison, the calculated

specific activity of CF80llI<82)Br produced by neutron
irradiation of pure CF3Br is also given. Here an ab-
solute CF?°"Br yield of 30% is used, which value we
determined for a 20-min irradiation of pure CF3Br.
No literature value is known.

The total activity in the final product varies
between 10 and 25/tCi of 80"Br and 1 and 3//Ci of
82Br. No real mechanism for the formation of CF3Br
by radiolysis can be proposed at this time, since this
requires quantitative determination of the other
radiolysis products. However, the formation of CF3

radicals in CF3*/CH3Br mixtures is likely,'5-6' where-
after abstraction of bromine from CHjBr or from
radiolytically formed Br2 might occur (the latter reac-
tion has a relatively high G-value of 3-5 in CF4'

7'). In
mixtures with CF3I, iodine is more easily abstracted
by CF3, whereas the formation of CF3 radicals in
CF3H seems not very likely and this results in both
cases in a lower CF3Br yield.

On the basis of these data it is impossible to make
a distinction between CF3°"Br formed by a direct
replacement reaction or by radiolytical processes.

The difference between the *°"Br and 82Br yields is
in all likelihood caused because 82Br is partly formed
via direct (n, y) activation and partly via the isomeric
transition of ""Br. The activity of *2"Br after 20 min
irradiation is a factor of 103 larger than the directly
produced 82Br activity, as a consequence of the higher
thermal-neutron cross section and the shorter half-life
(Tm

 82"Br = 6.1 min; Tm
 82Br = 35.4h). After 2h

decay (starting time of the GLC separation) the *2Br
activity formed by the decay of 82"Br is about three
times the "Br activity formed by direct activation.

This decay of 82"Br proceeds via a highly converted
y-transition, which gives rise to positively charged
bromine ions. The reactions of *2Br formed by iso-
meric transition possibly result in a slightly lower

ffi 3»

f

z
<• 20%CH,Br

so too I » Mrad

6"
f

10

20%CH,Br

50 (00 HO Mr<K>

f
3

20% CHjBr f

CF3Hf
20%CH3Br

9Ö öö isö Mrad ' so' iëö iso Mrad

FIG. I. Formation of mass quantities of CF3Br by y-radiolysis (dose rate: 4.1 x 10* rad h"1).
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TABLE 1 Specific activity of CFS°"«82|Br produced by ther-
mal neutron irradiation*

Composition

CF« + CH3Br
CF3CI + CH3Br
CF3I + CH3Br
CFjH + CHjBr
CFjBr (pure)t

Specific activity
go«Br

(/*Cimg)

5.9 x 10'
3.8 x 10'
3.2 x 10*

>5.0x 10*
5.3 x 10'

«Br
(/iCi/mg)

5.6 x I02

3.9 x I02

4.0 x 10'
5.0 x 10'
I.I x 10°

• Irradiation time: 20min: /-dose: lO'radh"1.
t Calculated specific activity (retention - 30";).

CFf2Br yield than the reactions of 82Br produced
directly by (n, 7) activation, as was shown by BERG et
a/.'*1 and DANIEL and ACHE'2' for the yields of
8280Br-CH3Br produced by the (n, 7) reaction or the
isomertc transition process in gaseous CH3AT [X — F,
Cl, Br). This explains the lower CF|2Br yield, with
respect to the CFf °"Br yield.

(B) Reaction of '••"<•«->&• in Gas Mixtures of
CF3X (X = Cl, I) and H2Se

Experimental

Glass ampoules (pressure 65-90 kPa, volume 10 ml,
length 10 cm) containing mixtures of CF3X (X =* Cl,
I) and 20-50°0 H2Se were irradiated for 20 min with
50-200 nA 20MeV protons in the external beam of
the KVI cyclotron (Groningen). A 0.1 mm nickel foil
was used as a current monitor. The gaseous contents
of the ampoules were injected via a loop system into a
gas chromatograph on a 0.75 m Porapak N column.
Collection and radioassay of the products was carried
out as described in (A) above. The 7-rays of 77Br
(239 keV) and 76Br (657 keV) (y-ray intensities are
taken from Ref. 13) were measured. Since the trans-
portation time from the cyclotron to Amsterdam
is rather long, no 80™Br (7, 2 = 4.4h) could be
measured in these experiments.

Results and discussion

The absolute yields of CF3
6-77Br are given in

Table 3. It can be seen that these yields are very small.
The total activity found in the CF3Br fraction is also
not very high (max. 0.1-0.5 jiCi), although the cross
sections for the (p. n) reactions on selenium are fairly

TABLE 3. Absolute yields of CFj677Br after 20MeV pro-
ton irradiation* of gaseous CTSX {X = Cl. I)/H2Se

high. [76Se(p,n)76Br: 0= -600mb at
77Se(p,n)77Br:ff= -800mb at 12MeV«4».]

After irradiation, the ampoules were coated on the
inside with black and red layers of selenium, presum-
ably due to radiolysis of H2Se. This radiolysis cer-
tainly reduces the total yield of bromine isotopes pro-
duced by proton irradiation of H2Se.

The cross section for the (p, n) reaction on 80Se is
expected to be lower than that for the reactions on
76Se and 77Se (a = 80 mb at 6MeV«9», no ff-values
known at higher energies). No serious dinerences in
absolute CF3Br yields between 76Br, 77Br and t0*Br
should exist, because below 15 MeV the most impor-
tant nuclear reaction for the production of these three
isotopes is the (p, n) reaction.

(C) Exchange Reaction of "-<">&- with
CF3X [x = a, i)

Experimental

Bromide-82Br was prepared with high specific ac-
tivity as described by ALFASSI et al.(1°' The aqueous
82Br~ solution was used to coat kieselguhr
(38-52 mesh). Following the exchange procedure of
KRUTZIK and ELIAS/1" 500 mg of "Br coated kiesel-
guhr was brought into contact with gaseous CF3CL
CF3I and CHjBr in a glass ampoule at a pressure of
98 kPa at 353 K. After a reaction time of 2-4 h, the
gaseous contents of the ampoule were analysed on a
Porapak N column to determine the levels of CF82Br
and CH|2Br. CH3Br was measured as a standard to
check the procedure.

Results and discussion

Table 4 summarizes the results obtained by this
method. The CF82Br yields are negligible compared
to the CHjBr yield. This phenomenon is presumably
due to the different electron-density distributions in
both molecules :<I2> the three fluorine atoms in CF3X
strongly withdraw electrons from the rest of the mol-
ecule, resulting in a CF3 group with a high electron
density and a Br substituent with a low electron den-
sity."5) This fact makes the CF3X molecule rather
unattractive to nucleophilic attack by 82Br~.

General Conclusions

The aim of the study was to develop a method for
the preparation of carrier-free CFfOl"Br. The yields

TABLE 4. Synthesis of CFJ2Br by exchange of
"Br" with CF3X (X = Cl. I)*

mixiurt»

Percentage of ' ' " B r
Composition in CF3Br

CFjCl + 28°,, H,Se < l
CFjCl + 50°„ H2Se < 1
CFjl + 28°,, H2Se < 1

* Irradiation time: 20 min.

Pressure
(kPa)

90
65
90

Compound

CFjCl
CF3I
CH3Br

• Pressure: 98 kPa
perature: 353 K.

Percentage of S2Br in CF3Br
(H3Br)

<01

-17

; reaction time: 2-4 h: tem-
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resulting from methods (B) and (C) are much too low
to be attractive for any labeling purpose. Method (A)
gives reasonable amounts of CFf °"Br, but radiolysis
of the gas mixture in the nuclear reactor causes for-
mation of mass quantities of CF3Br. However, this
method gives specific activities that are high com-
pared to the direct production by neutron irradiation
of pure CF3Br, In particular, the irradiation of mix-
tures of CF3I and CH3Br combines a good yield of
CF|°"Br with a rather high specific activity.
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ON THE PREPARATION OF CARRIER FREE CF3 Br

D. de Jong, B.W. van Halteren

ABSTRACT

7(\ 77 RO

Carrier free CF3 ' '' Br was prepared in yields of 25 - 30%

by irradiation of CF3SeCF3 with 0.2 - 0.3 pA of 15 MeV protons.

INTRODUCTION

CF, " W is used in studies of gasphase recoil chemistry of
80 ~ 1)

Br, generated by the isomeric transition . Due to the high

ionization energy of CF^Br (11.89 eV) groundstate Br ions

(I.E. 11.81 eV) are not neutralized. Possible influences of

weighable amounts of CF3Br that might be present in such gas-

phase experiments were not investigated, because of the un-

availibility of a carrier free production method for CF, ^ r .
fiflm

In a previous study we reported on the preparation of CF, ar
2)

of high specific activity . Small weighable amounts of CF^Br
are formed radiolytically during the neutron irradiation of

mixtures of CH^Br and CF3X (X = H, F, Cl, I). Irradiation of

H-Se/CF^X (X = Cl, I) mixtures with protons resulted in low

yields of labeled CF3Br (£ 1%). The present note deals with the

results obtained by the irradiation of CF3SeCF3 with protons.

EXPERIMENTAL

CF3SeCF3 was prepared by heating CF3I (PCR inc) and ground

Selenium in a sealed glass ampoule at 533 - 534 K during
3)

2 - 3 hours according to the method described by Dale '.
A gaschromatographic separation was necessary afterwards,
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since other products such as C2Fg and (CF3)2Se were formed in

a rather large amount. A 1.5 m Porapak N column, temperature

programmed (5 min 303 R, 10 K min to 393 K, flow 50 ml He

min ) was used for this purpose. Separation of CF^I and

CF3SeCF3 was not complete and some CF3I might be present in

the final CF3SeCF3 preparation (£ 10% of gas mixture). Glass

ampoules (75 ml, 0 3 cm) were filled with CF3SeCF3 (press.

25 kPa) and irradiated during 30 minutes in the external beam

of the KVI cyclotron (University of Groningen) with 15 MeV

protons at an intensity of 0.2 - 0.3 yA. A nickel foil was

used as current monitor. The contents of the ampoule were

analysed by gaschromatography on a 0.75 m Poranak N column

(temperature programmed, 5 min 303 K, 10 K min" to 393 K,

after 25 min 10 K min~ 443 K, gasflow 50 ml He min" ). The

active compounds, trapped in dry ice cooled heptane and

the solutions obtained from the rinsing of the glass-wall of

the ampoule with an aqueous NaSO3 solution and with CHC13,

were radioassayed with a Ge(Li) detector.

RESULTS AND DISCUSSION

7fi 77 ft?

The table gives the yield of CF,Br labeled with /o'"'öi£Br.

7fi 77 82

Table Yields of CF3 ' ' Br after proton irradiation of
CF3SeCF3 0

Product

CF3Br **

76Br

34 ± 2

77Br

3 2 + 1

82Br

26 ± 1

*' average of two experiments

Since the transportation time from Groningen (irradiation) to
ft Am

Amsterdam (analysis) is rather long, no CF3 ^ r activity could
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y

be measured. The total activities in the CF3Br fraction after

a 30 min irradiation are only 14.8 kBcr 76Br, 3.7 kBq 77Br and

0.4 kBq Br, but the irradiation conditions were not optimized

as the CF3SeCF3 pressure could still have been increased.

The Figure shows a GLC chromatogram of the mass yields of

products present in an irradiated sample of CF3SeCF3. Several

unidentified compounds (1-9) are produced by radiolysis and

some of them contain radiobromine. No on-line radioactivity

detector was used, but the unidentified compounds were collect-

ed together in one trapping vessel. Separation of CF3I and

CF3SeCF3 was not possible on the short Porapak N column.

After the irradiation radiolytically produced elemental sele-

nium was found on the glass wall, which contained 80% of the

Se activity, formed during irradiation.

other products

US U0 35 30 25 20 15 10 0 min
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CONCLUSION

In addition to the reported methods on the preparation of

CF3 ' Br of high specific activity, a technique is deve-

loped for the production of carrier free CF3
76'77'82Br.

Presumably the same method may be applied for preparation of

carrier free CF3 ""Br for an evaluation of the effect of

weighable amounts of CF^Br in gasphase hot atom chemistry of

the 80mBr -* 80Br transition.
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2.1.3 Production of krypton and bromine isotopes with the

MEA linear accelerator

Samples of K_>r and Kr were irradiated in the low

energy chemistry facility (LECH) of the 500 MeV linear elec-

tron accelerator in Amsterdam (MEA). Isotope production with

electron accelerators does not proceed via reactions of elec-

trons with the target, but via the reactions of bremsstrahlung

photons, produced by the interaction of the electron with a

special converter placed in front of the target. Further details

about the experimental set-up of the low energy facility

(£ 140 MeV) are described elsewhere (Bri-80/1).

The bremsstrahlungspectrum consists of a continuum and the

number of photons with an energy of k MeV is in first approxi-

mation inversely proportional to this energy k: n. = 1/k

(k = 0 for k = initial electron energy). This leads to some

complications as to the production of specific isotopes. The

number of photons per electron and per atom and their angular

distribution depends furthermore on the initial electron energy,

the atomic mass and thickness of the electron-photon converter

(Bri-78/1). The radioisotopeproduction yields can be most con-

veniently expressed in terms of a , the cross section per equi-

valent quantum; the number of equivalent quanta may be calcu-

lated if the bemsstrahlungspectrum is known and may be measured

with an NBS-P2 ionization chamber (Bri-78/2). Contrary to the

a value the yield given in Bq.yAh g~ is depending on the ex-

perimental conditions. In the energy region studied (90 < E <

120 MeV), an expression may be derived for the calculation of

the a values for various photon activations, if a thin Pt or

W converter is used.

(1) A = 555 p.q..|.a.f.o . (1 - e~Xtb) (Bri-78/1)

in which equation is:

A = activity of the produced nuclide at the end of the

irradiation in MBq
2

p = converter thickness in g/cm

q = average beam current in yA

r = weight of the target element in g/cm
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M = mass number of the target element

a = Isotoplc abundance

f = fraction of the total number of emitted photons that hit

the target

tb = irradiation time

c = cross section per equivalent photon in mb.

Table 2.1 Nuclear data, used for the calculation of o values

for the various krypton and bromine isotopes

76Kr

77Kr

79Kr

8 5 mKr

74Br

75Br

76Br

77Br

78Br

80Br

80mBr

83Br

82Br

E Y (keV)

315.7

452.0

129.7

261.1

151.0

304.5

634.1 :

634.8

286.5

559.1

238.9

613.6

617.0

665.7

617.0

665.7

529.7

554.3

776.5

40

9

84

12

75

14

78

92

72

23

13

7

1

7

1

1

70

83

(%)

.0

.0

.0

.7

.5

.0

.6

.0

.3

.1

.6

.2

.1

.2

.1

.3

.6

.4

14.

1.

35.

4.

25

100

16.

56

6.

17.

4.

2.

35.

.8

24

9

48

1

4

6

42

4

4

hr

hr

hr

hr

min

min

hr

hr

min

min

hr

hr

hr
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The o values for the nuclear reactions to be studied here can

easily be related via the expression (1) to the well known a

value for the 58Ni(y/n) 57Ni reaction,viz 13.4 - 14 nib (Bri-81/1)

A nickel foil (0,1 mm thickness) was used as a monitor during

the activation experiments. In this study glass ampoules

(0: 3 cm, length: ̂  12 cm) , filled with krypton of natural
2

isotopic abundance (pressure 1.28 x 10 kPa, thickness
-v 50 mg/cm ) were irradiated in the photon beam, resulting

from the conversion of 95 MeV electrons by a tungsten con-*

verter with a thickness of 235 mg/cm . A 115 MeV electron beam

was used for the photon activation of KBr pellets (0 1.3 cm,
2t' 250 mg/cm ), while other conditions were kept identical to

the krypton irradiations. The irradiations lasted for 30 minutes

and the average electron beam current, which was appliedf ranged

from 4 to 10 yA. The gamma ray intensities, used for the acti-

vity measurements are taken from Erd.-79 and they are summa-

rized in Table 2.1. From the absolute activities and the Ni

activation (a = 13.4 mb) the following a values for the

various nuclear reactions are determined (Table 2.2).

The data in Table 2.2 show that 6Kr and Kr are produced in

very small quantities, if krypton of natural isotopic composi-

tion is used as target material, because the isotopic abundance
78

of Kr is only 0.35%. High currents (̂  500 uA) and high pres-

sures (several atmospheres) should be applied to produce MBq
76 77quantities. Only the study of thermal Br and Br species76 77produced by decay of ' Kr will then be possible since a high

mole fraction of krypton is present in such experiments. Use of
78krypton, enriched in Kr certainly increases substantially the

yields, but quantitative recovery of this expensive target ma-

terial from gasphase recoil studies is almost impossible, which

is a serious drawback for this type of experiment. The study

of gasphase reactions of bromine species, produced by a y,p or

Y,pn reaction in krypton is possible in moderated systems.

However, on-line activation is necessary and the effect of the

radiation dose on the final product yields should be evaluated

more carefully, as the doses involved are very high

(̂  100 x 10~10 Gy s"1 Bq-1 kg) (Bri-82). Gasphase reaction of
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bromine species, produced by Y/xn reactions on a bromine con-

taining compound (s.a. CFgBr), are liable to investigate, but

again radiation damage may limit its feasibility. Furthermore

carrier bromine is always present.

Production of H Br with an electron accelerator and the

study of the decay of "Br -»• Br in gaseous mixtures has

already been described by Yagi and Kondo (Yag-70). As an alter-

native compound CF3 HBr might be produced in good yields with

the MEA accelerator.

Table 2.2 a values for production of some krypton and bromine

isotopes

Isotope

76Kr

77Kr

79Kr

85nKr

82Br

83Br

74Br

75Br

76Br

77Br

78Br

80Br
80mBr

Nuclear reaction

78Kr(Y,2n)

78Kr(Y,n) 4

80Kr(Y,n) 4

86Kr(Y,n)

83Kr(Y,p) 4

84Kr(Y,p)

79Br(Y,5n)

79Br(Y/4n)

79Br(Y,3n)

79Br(Y,2n)

79Br(Y,n) 4-

8lBr(Y,n)

8lBr(Y/n)

a80Br _ . „

o80Br+o
8()mBr

4- 8 0Kr( Y

• 8°Kr(Y,

• 8 2 K r ( Y ,

8 4Kr( Y,

8 lBr( Y,

,4n)

3n)

3n)

pn)

3n)

75

67

52

5.

2.

0.

1.

11.

61

40

24

(mb)

9

±

±

±

8 ±

6 ±

0..

50+

9 ±

4 ±

±

±

±

5

6

5

0

0

L

0

0

0

5

4

2

Electron

energy (MeV)

.3

.2

.05

.1

.3

95

95

95

95

95

95

115

115

115

115

115

115

115

\
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2.2 Preparation of the gas-mixtures and analysis

76 77The reaction vessels, used for the ' Kr exposure

experiments and for the experiments with CF3 ""Br were filled

with the various gas-mixtures before the radioactive isotopes

were added. Ordinary vacuum line techniques have been used and

care was taken to avoid impact of light. The filled vessels

were stored in darkness until ' Kr or CF, "Br was added.

It has also been verified that no chemical reactions whatsoever

occur in the gasphase before or during the decay experiments

by comparing the composition of the various gas-mixtures

before and after the decay experiment. Several types of reac-

tion vessels have been applied, depending on the kind of ex-

periment. (Fig. 2.1 a,b,c,d) The types a,b,c were used for

' Kr exposure, while d was used for the CF3 tïr experiments.

76/77Kr exposure

First the three different types of reaction vessels used for

these experiments are described shortly.

Type a is a double compartment reaction vessel, with a break-

seal between the two compartments; it was used for the expo-

sure of gases, which possess an appreciable vapor pressure at

77 K (Ne, Ar, Kr, C2H4, CH4, CF4, CHF-j, CH2F2, Xe, <>2) . The

upper compartment (I) is filled with the gas-mixture. After

addition of the radioactivity to the lower compartment (II)

the seal (A) is broken by the glass spheres (B) in the ampoule

and the gas is exposed to the ' Kr decay.

Type b is also a double compartment vessel with a stopcock (B)

to separate both compartments. Compartment (II) is previously

filled with a gas-mixture, whereafter compartment (I) is filled

with radiokrypton. Valve A is closed and the whole assembly

is removed from the vacuum line. Valve B is opened aro the

krypton activity is destilled to the other compartment (II),

which is cooled in liquid N2. Finally, the seal (C) is closed.

This type of vessel is used for gases which may be liquified

at 77 K, but where a small vapor pressure (- 100 Pa) remains

(C3H6, C3H8, c-C3H6, C2F6, NO, CH3F). Considerable loss of

gas is prevented by using this type of vessel.
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typeb

II

B

Figure 2.1 Types of reaction vessels

Type c is a single compartment vessel, used for gases with a

low vapor pressure at 77 K (CH3F, CH^Cl, CH,Br, CIUI, C2H,-Br,

NH3, H2S, CH3SH, CH3SCH3, CH^H, CH3OCH3, H2Se, CH3SeCH3,

CF3Br, CF3I, CF3C1). This vessel, previously filled with a gas-

mixture, is cooled to 77 K in liquid N 2 and the radiokrypton

can be frozen on top of the solidified compounds.

Radiokrypton is added to the vessels by means of a small

vacuum system to which a distribution device is attached

(Fig. 2.2) that may be used to fill 6 reaction vessels simul-

taneously, while a quartz vessel, containing the irradiated KBr

pellets is attached to the other side of the line. A small

silver wool trap at a temperature of 573 K is inserted to pre-

vent bromine isotopes to be transferred to the reaction vessels.

The minimal obtainable pressure in the device is 1.3 x 10*~ Pa.

The KBr pellets are either irradiated in an evacuated quartz

vessel, which could be attached directly to the distributor

(KVI, Groningen) or are irradiated, while sealed in aluminum

foil, and are transferred after activation into a quartz vessel
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KBr

furnace

i vacuum pump

g

9

heated silver wool trap

trapping vessel
cooled in liq. N2

Figure 2.2 Apparatus for this isolation of the radiokrypton

(Lab. Chim. Nucl., Louvain-la-Neuve). The whole system is eva-

cuated and the 6 vessels are cooled in liquid N 2. The KBr

pellets in the quartz vessel are heated above the melting point

of KBr (1003 K ) . During 5 - 1 0 minutes the stopcock separating

the heated vessel and the cooled reaction vessels is opened

and the radiokrypton is frozen in the cooler parts of the

system. The reaction vessel seals are closed and the vessels

are stored in darkness at room temperature for 2 0 - 4 0 hours
76

to obtain enough Br activity from

activity is reached after 22.5 hr).

76 7fi
to obtain enough Br activity from the °Kr decay (maximal

CF3
80mBr exposure

The irradiated quartz ampoules, containing activated CF,Br,

are broken by means of a crushing device, which is also used

as injection port on the gas chromatograph (Kle-77). The total

contents of the ampoule are injected at the same time on a
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Porapak N column (length 0.75 m, temperature programmed 5 min

303 K, lOK/min * 393 K ^ 50 ml He/min) and the various activa-

ted compounds are separated. The outlet of the chromatograph

is connected to an ampoule of type d, which is previously

filled with a gas-mixture and which 'is cooled in liquid N2.Both

stopcocks (A) are closed and the Helium stream is lead through

a bypass. When the CF-Br peak is eluted, the Helium stream

from the chromatograph is guided through the reaction vessel

and the CF, ^ r is condensed in the cooled vessel. Finally,

the Helium is pumped off from the reaction vessel (1.3 x 10 Pa)

while still cooled in liquid N~ and the seals (B) are dosed.

The reaction vessels are stored in darkness at room temperature

during 1 - 2 hrs to reach equilibrium for the " W - Br decay.

Gaschromatography

Injection of the gas-mixture on the chromatographic columns

was performed by means of a loop system, inserted in the

Helium supply just before the normal injection part of the

chromatograph. After evacuation of a typical injection loop,

a mixture of the various organic bromides was introduced for

identification of the labeled compounds. A reaction vessel is

connected to the injection loop with a small ampoule-tip-

breaking device (Fig. 2.3) (Lin-76) and after evacuation of

this connection the ampoule-tip is broken and the gaseous con-

tents of the reaction vessel are frozen into the injection loop,

which is cooled in liquid N2* The total amount of gaseous

labeled products and the inactive carrier compounds present in

the loop, are injected as a whole on a G.C. column.

A Becker 420 gaschromatograph equipped with a catharometer mass

detector is used for the analyses.Behind this detector the

gas stream flows through a stainless steel coil in a well-type

Nal/Tl quartz 8 Silice scintibloc (127 SPFE) fitted with a

EMI photomultiplier (PH9530) or through a flow through Geiger-

Müller detector (Centronic FW10) to detect the amount of radio-

activity in the eluted labeled products. The signal from the

activity detector is amplified and all pulses above a threshold
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(to reduce the noise), are fed into a ratemeter. The mass sig-

nal and the count rate are recorded with a two pen recorder

(LKB2210).

reaction vessel

brtaking device

injection loop

Fig. 2.3 Transfer of the labeled gaseous products to an

injection loop

The Nal detector was not able to distinguish between Br and

Br, due to overlapping peaks and therefore a further - off

line - analysis of the individual peaks was necessary. For this

purpose each peak was collected in a small vessel with 20 ml

heptane, cooled in dry ice. Fractions eluting between major

identified compounds, were also trapped. The evaporation of

more volatile compounds (CH^Br, CFgBr) from the cooled heptane

was checked but the loss appeared to be negligible, if the

vessels were closed immediately after the collection of the

products. The heptane vessels, containing an active compound,

were measured discontinuous ly with a Ge(Li) detector,- to

determine the Br and Br activity.

Several G.C. columns were applied for the analysis of the

various gas-mixtures and the separation conditions are sum-

marized below.
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Columns

, A: stainless steel: 4.5 m; 0: 6.25 mm; 9% tricresylphosphate

J on chromosorb P NAW (45 - 60 mesh)

, B: stainless steel: 0.75 m; 0: 6.25 mm; Porapak N (50 - 80 mesh)

C: stainless steel: 1.5 m; 0: 6.25 mm; Porapak N (50 - 80 mesh)

D: stainless steel, 0: 6.25.mm, 5 m 9% silicone DC 550 on

chromosorb WHP/100 - 120 mesh followed by 5 m 9% silicone

OV 17 on chromosorb WHP (100 - 120 mesh).

Separation conditions

- 1. Separation of 1) CH^Br and CH^I in mixtures of CH^I with

H2S or. pure CH^I

11) CH3Br, CH2Br2 and C2H5Br in pure CH3Br or

in mixtures of CH^Br with H2S, H2Se,
 C2 H4

iii) CH3C1, CH3Br, CH2BrCl in pure CHjCl or in

mixtures of CHjCl with O2, rare gases,

H2S, H2Se, C3F6

Column A temp, progr.: 5 min, 303 K, 10 K/min -*•

393 K , flow: 40 ml He/mln

Column B temp, progr.: 5 min 303 K, 10 K/min -»•

393 K, aftar 20 min 10 K/min -> 453 K,

flow: 50 - 55 ml He/min.

2. Separation of 1) CHgBr and CH2Br2 in mixtures of CH3Br

with CH3OH, CH3OCH3, CH3SH, CH3SCH3

ii) CH3F, CH3Br, CH2BrF in pure CH3F or in

mixtures of CHJF with O2> rare gases,

NO, H2S, H2Se, C3F6, NH3

iii) CF4, CF3Br in pure CF^

iv) CF3Br and CF2Br2 in pure CF3Br and in

CF3Br + H2S

\ v) CF3Br, CH3Br, CK2Br2 in mixtures of

CF3Br, CH3Br and H2S

vi) CF3Br, CH3C1, CIUBr, CHjBrCl in mixtures

of CF3Br and CH3C1

vii) CH3F, CF3Br, CH3Br, CH2BrF in mixtures

of CHgBr, CF3Br and CH3F
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Column B operated similarly as separation 1

3. Separation of i) CH3Br, C2H5Br,i-C3H?Br, n-C3H7Br,

C3H5Br, CH2Br2 and CH2Br • CHBr-CH3 in

mixtures of CH3Br with propene and H2S

ii) CH3C1, CH3Br, C2H5Br,i-C3H?Br, n-C3H?Br,

C-H-Br and CH2BrCl in mixtures of CH3C1

and propene

iii) CH3F, CH3Br, C2H5Br,ir.C3H7Br, n-C3H?Br

and C3H5Br in mixtures of CH3F and pro-

pene (NB CH2BrF is not separated from

CH3Br)

iv) CH3Br, C2H5Br, i-C3H?Br and n-C3H7Br in

propane and mixtures of propane and

v) CH3Br, C2H5Br, CHBr2CH3 and CH2BrCH2
in C2H5Br and C^H^Br/H^S mixtures.

Column A temp, -progr..: 5 nin 303 K, 10 K/min •*•

353 K, after 20 min 10 K/min -»• 393 K,

flow: 40 ml He/min

4. Separation of i) CHF3, CF3Br and CHFjBr in pure CHF3
ii) CH2F2, CHF2Br, CH2FBr in oure CH2F2

Column C temp, progr.: 5 min 303 K, 10 K/min -*•

373 K, flow: 50 ml He/min.

5. Separation of i) c-C3Hg, CH-jBr, C2H,-Br, C3HgBr and c-C3H5Br

in c-CoH£ and mixtures of c-C.H£ and HOS

Column O temp, progr.: 60 min 303 K, 20 K/min •*•

453 K, flow: 20 ml He/min.

The identification of the various brominated products in the

gas-mixture was performed by addition of a small amount of mix-

ture of commercially available organic bromides, that are

eluted at the same retention time as their active analogues.

Allylbromide, however, was seldom used for identification

purposes, because, if it was added to the gas-mixture, bromine

exchange with the other organic bromides took place. Three

brominated products, whose formation could be expected, were

not available as inactive carrier compounds: CH2BrI, CH2BrF
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and CHF2Br. In the CH^I gasphase experiments no activity peak

was found with a retention time, that could correspond to

CH2Br I and therefore no attempt was made to synthesize CH^Brl.

In the CH^F experiments, however, a small activity peak, possi-

bly corresponding to CH^Brnr, was observed. According to the

method described by Haszeldine et at. (Has-52) CHjBrF was syn-

thesized from CH2FCOOAgand Br2. The retention of the obtained

product corresponded to the supposed CH2BrT
> activity peak.

Identification of CHF2Br was performed on basis of a comparison

with retention times of similar compounds (CH.FBr, CF3Br,

CH3Br, CHjF).

In the experiments with CK2F2. ano- C H F3 Products are formed in

such low yields that a flow-through counter was not sensitive

enough to detect them. Fractions of 2 minutes elution time

were collected in 10 ml cooled heptane and radioassayed on a

Nal crystal to find the broroinated products; labeled CF^Br,

CHgF2Br and CHUFBr could be determined and measured off-line

with a Ge(Li) detector after collection in cooled heptane.

76 77
In order to determine the residual wall ' Br activities,

"' the reaction vessels, from which the gaseous contents had been

frozen for GC analysis, were rinsed with an aqueous Na2SO3

solution and with chloroform. Both layers were separated in

a separatory funnel and the fractions.were.diluted to 100 and

50 ml respectively. Aliguots of 20 ml were used for radioassay

with a Ge(Li) detector.

Radioassay

' Kr exposure

Prior to the GC analysis a typical reaction vessel was measured

in front of a Ge(Li) detector in a fixed geometry in order to

\ determine the total 77Br (239 keV) and 76Br (559 keV) activity(Aj).

After the GC analysis the empty vessel was measured again in ,v

tho same geometry to measure the wall activity (A^). The total {

gaseous activity (AQ) should then be equal to AQ =

Finally, the reaction vessel was rinsed and checked on possible
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residual activities, which appeared to be negligible in all

cases (< 0.2%). For all cooled heptane vessels, each contain-

ing one or more active compounds/ eluted from the GC column,
76 77

the ' Br activity was measured (Bp) in another fixed geo-

metry, very close to the Ge(Li) detector in order to measure

small activities (as low as 37 B g ) . The sum of all these acti-

vities give the total eluted gasphase activity (B ) . The ali-

quots of the rinsing solutions were measured in the same geo-

metry as the eluted peaks and the organic (BQ) and inorganic

(Bi) wall activities were determined (B + B^ = B w ) . All ac-

tivities are corrected for decay.
From B w (from the rinsing solutions) and A„ (from the reaction

76 77vessel), both representing the same absolute ' Br activities,

the conversion factor f for the two different geometries is

obtained

W(2) f = ==

The yield of brominated products in each fraction is expressed

as

BP
*ieldprod ' — — 100prod B

e
BW

A final check is applied by comparing the B @ + B„ with the

original activity, present in the unopened reaction vessel

(Bip) i which could be calculated by means of the geometry fac-

tor

(4) A T = f.BT

76 77
From this B T the missing fraction of the ' Br activity that

is lost on the column during GC analysis (high boiling pro-

ducts, etc.) can be calculated B T - [Be + B ^ . If the diffe-

rence between B T and B @ + B^ is larger than 5%, B T is used

as standard from which the product yields are calculated.(The

calculation of B_ is based on the determination of four other

activities and the total error is relatively large.)
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The isotopic ratio for the various products is defined by

Yield 77Br-labeled product (%)
(5) Isot. ratio - = «

p r o a Yield /bBr-labeled product (%)

OA-.

CF, ^ r exposure

In these investigations a slightly different approach was

choosen. As in the Kr exposure experiments, the Br

labeled compounds eluting from the chromatographic column

were collected in dry-ice cooled heptane and the empty reac-

tion vessels were rinsed with an aqueous NaSO, solution and
80chloroform. The Br activities in all fractions were measured

on the 617 keV gamma-ray. Furthermore all fractions were check-

ed for 82Br activity (619 keV and 554 keV). If 82Br is present

in Br labeled products(except CF, om's Br) then some exchan-

ge reaction must have taken place. At the time the reaction

vessels are filled with CF, ' Br (*v» 2 - 3 hours after irra-

diation) no Br can be formed from decay of "fer (t, =6.1
82min) and all Br present in the gaseous mixture should be

bonded in the CF,Br fraction, as a consequence of the initial
neutron activation and the subsequent gaschromatographic sepa-
ration of CF,Br. The whole analysis had to be done very fast

80
as the t̂  of Br is only 17.6 min.

As in the previous discussion the yield of a labeled product

is given by:

Bp
80Br

= ..«4 + M
The activity balance is also checked: the CF, ' Br fraction

80
is collected in a cooled heptane vessel, and once the Br-

Jr equilibrium in this fraction is reached again («\» 1.5 hr

after collection), the HBr activity is determined and,

corrected for decay (t, - 4.42 h). This "̂ Br acticity must be
80equal to the BT Br.

V
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Other separation techniques

Gelpermeation chromatography with Sephadex LH-20

76 77

When unsaturated compounds were present in the ' Kr experi-

ments, large missing fractions in the GC analysis were ob-

served. Gel permeation chromatography (applied for the analysis
18of the polymer fraction for reactions of F with arenes,

Bak-79) offers a method to investigate whether polymerisation

is involved and to what size the possible polymers grow.

For these analyses the gaseous contents of a reaction vessel

were frozen on the bottom of the vessels with liquid N2;

while via an evacuated ampoule-tip breaking device, water and

chloroform were introduced. All brominated products were dis-

solved and the aqueous and chloroform layer were separated.

The organic fraction was analysed with a Sephadex LH-20 column

(0 3 cm, length 100 cm) eluted with chloroform. The eluent was

led through a beta-scintillation flow-through counter. Various

fractions were collected and radioassayed discontinuously on

a Ge(Li) detector to determine the Br and Br activity sepa-

rately in each fraction.

In all experiments an activity peak was observed with a much

higher retention time than any brominated organic product

(even CH-Br). In order to identify this peak an aqueous solu-

tion of Br was shaked with chloroform. The resulting,

slightly active, chloroform layer was analysed with the LH-20

column and a peak with a retention time, identical to the un-

known 76'77Br peak was observed. Possibly small amounts of

watar, containing Br"*, are dissolved in chloroform.

Gelpermeation chromatography with Sephadex DAEA-A25

f The 76'77Br activity produced by decay of ' Kr and left on

the glass wall after the removal of the gaseous activity, was

analysed with a DAEA-A25 column (0 0,5 cm, length 10 cm) as
123 123

was described by Lindner et al. (Lin-76) for the Xe * I
76 77

decay experiment. ' Kr decayed in a glass ampoule in vacuo
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or in an atmosphere of H2S, H_Se, CH^Br, CH^Cl or CHgF for

about 20 h. The ampoule is opened and evacuated. The residual

wall activity is dissolved either in water or in a mixture of

water and chloroform, which was separated afterwards. An ali-

quot of the water layer is analysed with the DEAE-A25 column,

using water as eluent at an elution rate of 0.2 ml/inin.

Fractions of 0.150 ml were collected and measured with a well-

type Nal detector. All fractions, belonging to a single peak,

were finally collected in one sample. The various peaks were

ra
77
radioassayed on a Ge(Li) detector to determine the Br and

Br activity separately. If the reaction vessel was rinsed

with chloroform and water both layers were counted on a Ge(Li)

detector to determine the organic and inorganic wall activity.

Electrophoresis

Occasionally, the wall activity, which was analysed with a

DEAE-A25 Sephadex column has also been analysed by means of

paper electrophoresis (in a phosphate buffer pH = 7 (Titri-

sole Merck) during 15 min at * 50 V/cm on Whatman-1 paper) .

The electrophoretograms were cut into pieces of 1 cm and

counted with a well-type Nal detector. Active peaks were

collected and measured on a Ge(Li) detector. For identifica-

tion a sample of neutron irradiated KBrO,, containing primari-
82 — 82 —ly BrO- and Br , was also analysed both by electrophoresis

and DEAE-A25 Sephadex chromatography. In this way, the mobi-

lity and the elution volume of B*O~ and Br could be determined.

Chemicals

All gases used in the present work were analysed by GC

to make sure that the impurity concentration was at the most

equal or smaller than stated by the manufacturer.

Obtained from J.T. Baker:

(the purity is given in brackets): CH-Br (> 99.5%), CH^Cl

(> 99.5%). CF4 (> 99.9%), CHF3 (> 99%), C^Hg (> 99.5%),
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c-C3H6 (> 99%), Ne (> 99.996%), Ar (> 99.999%), Kr (> 99.995%),

0 2 (> 99.6%), NO (> 99%), NH3 (> 99.99%), H2S (> 99.6%),

C2H4 (> 99%), CH3SH (> 99.5%), CH3OCH3 (> 99%), CP3C1 (> 99%),

From PCR inc.:

CH2F2 (> 99.5%), C3Fg (> 99.5%), CF3Br (> 99.5%), CF3I (> 98%).

From Air Products:

CH3F (> 99.9%), C3H6 (> 99.99%).

From AGA: Xe (99.997%).

All these gases were used without further purification.

The liquids CH3I (> 99%), CH3SCH3 (> 99%) and CH3OH (> 99%)

obtained from J.T. Baker are purified by a three-fold bulb

to bulb destination and air is removed by several freeze-

thaw cycles. Finally, the reaction vessels are filled with

their vapors. H2Se was prepared by reaction óf water on Al2Se.

(ct products (> 95%)) ; the gas was separated from the liquid

with an Helium stream and dried over P2°5*
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CHAPTER III

THE DECAY OP 76Kr AND 77Kr IN GASEOUS HALOMETHANES I;

THE FORMATION OP CH3Br* BY REACTION OP
 76Br AND 77Br

WITH CH3Br AND CH3I

3.1 Introduction

This chapter deals with the yield of labeled methyl
76 77

bromide formed by reaction of Br and Br with gaseous methyl

bromide and methyl iodide, while Chapter IV discusses the yields

of all other products, formed in the halomethanes. Two reasons

justify this separate treatment

i) the surprisingly high yield of CH3
76/77Br in pure methyl

bromide, which shows a dependence on pressure, temperature

and exposure time

ii) the behaviour in the presence of a scavenger; addition of

a hydrogen-donor, such as HJS, in order to scavenge therma-

lized radicals, thought to be responsible for the high yield,

did not result in a decrease, but in a rather sharp increase
76 77in the CH3 ' Br formation. Only after addition of more

than 30% of H2S a reduction in the yield is observed. Such

effects have also been looked for with CH3SH, (CH3)2S,

H2Se, CH3OH and (CH3)2O (n-electron donors) and with C2H4

and C3H> (ir-electron donors}.

3.2 Pure gaseous methyl bromide

3.2.1 Results

Two products are formed in major quantities from the

reaction of ' Br species with methyl bromide: CHoBr^r by

substitution of an hydrogen atom and CH3Br by substitution of

a bromine atom. The GC analysis (Fig. 3.1), however, shows the
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formation of six other labeled compounds (1-6) in very small

quantities (less than 0.05%). Two of them have been identified

as 1,1 dibromoethane (5) and 1,2 dibromoethane (6). All these

minor products are easily scavenged by H~S, but have been ne-

glected, in the further study, because of their very low yields.

76 77
Fig. 3.1 Typical gaschromatogram of Kr exposed CH,Br

(Kr and CH-Br- added as carrier for identification)

The CH 2Br^r yield is discussed in Chapter IV together with

those of the products formed in the other halomethanes; the

CH-jBr yield, however, is treated in this Chapter separately,

since most results differ from the data for methyl fluoride

and methyl chloride.

a) The yield of CH^Br in pure methyl bromide after an exposure

time of 20 hrs and under a pressure of 80 kPa is rather

high (11.6% CH3
76Br and 20% CH 3

? 7Br). Moreover this yield is

a function of the exposure time (Fig. 3.2). A least square
76

program has shown that the data for Br follow a linear
77relationship with time. The same may be expected for Br

as an identical isotopic ratio of 1.7 ± 0.1 is observed over

the whole time interval investigated. It is not evident how

reliable this ratio would be at very short exposure times

(less than 2 hrs), which also means that no accurate extra-

polated value at time = 0 can be given for Br.
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76,Fig. 3.2 Yield of CH3 Br vs time p = 80 pKa

Table 3.1 Influence of storage temperature on CH,Br* yield in

CH3Br (exposure time = 20 hrs, p = 80 kPa)

Temp.

277 K

291-293 K

483 K

% 76Br as CH3Br

50

11-12.5

49

b) The CH3Br yield depends on the pressure of methyl bromide

(Pig. 3.3). A constant isotopic ratio of 1.7 in the pressure

range from 13 to 130 kPa has been found. Within experimental

error the measured values fit a linear relationship.
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76Fig. 3.3 Yield of CH3 °Br vs pressure (exposure time = ^ 20 hrs)

d)

c) The CH3Br yield in influenced by the storage temperature

(Table 3.1). Normally storagetakes place at 291-293 K. High

yields (up to 50%) are obtained if the temperature is in-

creased to 483 K, while the pressure is kept constant at

80 pKa.

Influences of the glass wall on the CH3Br* yield are found.

Some experiments have been performed to verify this effect:

i) A double compartment reaction vessel (Fig. 2.1, type a)

was filled with methyl bromide in the upper part; the

lower part was filled with carrier free 76'77Kr and

sealed. After a decay time of 20 hrs the vast majority

of Kr had decayed, while some Kr still remained.

Then the middle seal was broken and again some time

was given for reaction to occur. In this way, no
77 77

CH3 Br could result from a reaction of gaseous Br,
formed directly from 7Kr decay, but all CH3

77Br
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must result from a kind of exchange reaction of Br on

the wall of the vessel and the methyl bromide. This

exchange reaction appears to depend on the storage tem-

perature (Table 3.2a).

ii) An increase of the glass wall surface influences the

amount of CH_ ' Br formed. A two-fold increase by

adding extra glass wall (glass spheres) to the reaction

vessel gives higher yields (Table 3.2b).

iii) Single-cell reaction vessels (Fig. 2.1, type c) were

filled with carrierfree Kr; the radiokrypton was

pumped off after an appropriate decay time and a large

part of the Br remained on the glass wall. The same

vessel was filled with methyl bromide and after some

time CH~ Br was found (Table 3.2c). Experiments to

determine the chemical form of the bromine species

on the glass wall have been described in Chapter IV.

3.2.2 Discussion

Except for the extrapolated value of 1.4% for the
76CH, Br yield (t = 0) there must be an exchange reaction of

76 77

Br and Br, fixed in some unknown chemical state on the

glass wall with methyl bromide. This has been shown by the

double compartment reaction vessel experiments and the experi-

ments with extra glass spheres in the vessels. Concerning the

three bromine species, formed immediately after decay, Br",

Br* and Br11 , only Br" has to be considered as a possible ex-

changing species. This assumption was confirmed by the obser-

vation that after decay of ' Kr in vacuo, ' Br is found

as Br" for a large part (> 50%), while after decay in methyl

bromide or H2S, the bromide fraction contains more than 95%

of the inorganic bromide activity (see 4.10).

The exchange reaction most probably proceeds via Br , formed

after decay, or via HBr, formed by interaction of Br* or Br
with

(1)

(2)

methyl bromide.

Br*" + CH3Br -

HBr* + CH3Br H

• CH3Br* -i

• CH3Br* H

v Br"

h HBr

AH =

AH =

0

0
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Table 3.2 Influence of the glass wall

a) Experiments with double compartment reaction vessels

(after 20 hrs of Kr decay in lower cell of the vessel, the

middle seal is broken and an additional reaction time ie

given)

Temperature Exp. time Pressure(kPa) % Br* as CH3Br*

(K) (hr) 76
Br 77Br

293

413

20

41

120

129

7.5

81

7.8

80

b) Experiment with additional surface

(decay of Kr* in a glass vessel with extra glass wall)

Exp. time

(hr)

38

Pressure• Br as .

(KPa) with extra wall
76

73.3

Br

27

77Br

54

Br
without extra wall
76Br

19

77Br

33

c) Single compartment experiments with Br on the wall

(after decay of Kr, the residual radiokrypton was pumped

off and the vessel was filled with CH3Br)

Reaction time (hrs)

20

20

Pressure (kPa) %

73.3

113.3

76Br as CH-Br

7.5

15.5

;i

Such a nucleophilic substitution reaction of the SN2 type is

very well possible for methyl bromide (Hin-62/1) and second

order reaction kinetics are to be expected (Bre-69) according

to:

(3)
d[ CH3Br*!

dt
- k[CH3Brf [Br*"l

These kinetic considerations are badly applicable, because of
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the too low concentration of the carrierfree bromide and because

the reaction^ proceeding via the glass wall, involves a hetero-

genous catalysis. For these reasons it seems advisable to use

an empirical rate constant for labeling, which may be defined

in the linear region as:

% CH,Br*
(4) K = i

t.p

in which t is the exposure time in hr and p the pressure in kPa.

From the figures 3.2 and 3.3 K values can be calculated for the

reaction of Br with methyl bromide, which should be equal

within experimental error

(5) from fig. 3.2 K = 7.3 x 10~6 % CH 3
? 6Br hr" 1 Pa"1

from fig. 3.3 K = 7.8 x 10"6 % CH 3
? 6Br hr"1 Pa"1

Br" or HBr, adsorbed on the glass wall, are supposed to be the

77 77

exchanging species. Via the decay of Kr about 50% of the Br

is formed as Br , which is immediately available for exchange.

Bromine radicals are formed in 15% of the decays and they can

react with methyl bromide by hydrogen or bromine abstraction.
(6)*J Br*' + CH3Br + CH2Br' + KBr* AH = + 0.63 eV

(7) Br*' + CH3Br -»• CH3* + BrBr* AH - + 0.95 eV

77

The kinetic energy of almost all the Br recoil atoms is con-

sidered to be large enough to make these reactions proceed. The

HBr is adsorbed on the wall after its formation £nd might

there react with methyl bromide. The exchange reaction is also

observed for Br, which is for 100% in a positively charged
77state after decay (as 35% of the Br species). To explain the

formation of H Br from Br the following reaction mechanism is

' All thermodynamic data in this Chapter have been taken from

Ros-77 and Dar-70 unless stated otherwise; CH-Br-H bond dis-

sociation energy from Wea-78.
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proposed:

(8) Br* + + CH3Br -»• [CH3Br*Brf
+ •*• CH 2Br

+ + HBr*

AH = - 1.90 eV

This is analogous to the attachment of CT 3 ions to the n elec-

trons of the halogen atom in various halomethanes (Col-79,

Col-80). A similar reaction of CH 3 ions with CH-jF is described

in ion-cyclotron-resonance experiments (Bli-74).

(9) CH* + CH3P -* tCH3FCH33
+* •*• CH 2F

+ + CH 4

The collision complex CH3FCH- is vibrationally excited and de-

composes. Gasphase ion solvation is very likely to occur in

methyl bromide at the pressures applied, especially if

the kinetic energy of the ions is moderately low (Keb-72). The

initially highly positive charged bromine species will lose its

charge down to Br in a series of collisions; this also means

that the kinetic energy will be below its theoretical maximum.

These two considerations lead to the conclusion that the recoil

bromine ends up as a nearly thermal!zed single charged entity,

which will easily be solvated. Since the CH 2Br
+ ion is larger

than a Br ion, the latter will be solvated better (reac-

tion 8 ) . In other words, the total enthalpy change in reaction 8

will be less than is calculated theoretically. The charge

transfer reaction from Br to CH3Br, followed by a hydrogen

abstraction from methyl bromide by the bromine radical, provides

another possible reaction channel (10).

(10a) Br + + CH3Br -*• CH3Br*
+ + Br* AH = - 1.27 eV

(10b) Br* + CH3Br -»• CH2Br* + HBr AH • + 0.63 eV

Charge transfer (10a) may occur via a long-range interaction,

while Br + still has an appreciable kinetic energy, before the

solvation process becomes important. The exothermic!ty of

reaction (10a) is large and no near resonant conditions are
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met neither with ground state CH3Br"
+
f nor with electronically

excited levels of this ion, as shown by photo-electon spectros-

copy data (Rag-70). This means that the probability of this

long-range transfer reaction is small (Lau-74, Mar-78). Since

it has been shown, that the initial kinetic energy, if less

than 100 eV, does not influence the charge transfer reaction

(Ted-79), this channel is believed to be of minor importance
76 + 77 +

both for Br and Br . It is, on the other hand, possible

that the charge of Br , if this ion is clustered already, is

largely dispersed over the solvating molecules, thus changing

the Br ion into a more radical type species. The subsequent

hydrogen abstraction, however, is endothermic (10b) and

the bromine radical, which has lost its kinetic energy, is not

able to react via this abstraction reaction. The discussion

above leads to the conclusion that a reaction of Br with

methyl bromide most probably proceeds according to (8).
The process, discussed sofar, is responsible for the major
fraction of the CH,Br* yield, An extrapolation to t = 0 gives

7fi
the yield of CH3 °Br (1.4 ± 0.5%), which is a gasphase reaction

not influenced by wall catalysed exchange. This value is used

in the discussion of the reactions of ' Br with the other

halomethanes in Chapter IV. The CH3 Br yield cannot be extra-

polated to t = 0, as was pointed out in 3.2.1, but in section

3.4.3 arguments will be given to make an estimate. The ex-

changing species, HBr and Br , are formed via reaction

channels, which differ for Br and Br. This might be the

reason for the isotopic ratio of 1.7, found in the product

yield of CHgBr . There is, however, absolutely no reason to

believe that this value of 1.7 is equal to the isotopic ratio

in CH,Br at a t = 0 extrapolation.

3.2.3 Additional evidence for the SN2 mechanism

A. Reaction of 76/77Br in CF-jBr

The products formed after decay of ' Kr in pure CP3Br,are

iBr^ and CF2BrBr , respectively, by substitution of
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76 77bromine and fluorine by ' Br. Table 3.3 summarizes the

yields of labeled CP3Br*.

Table 3.3 CF3Br* yield in pure CF3Br

Pressure (kPa) Exp. time (hr) % in CF,Br
76Br 77Br

126.6-166.6 0/ 40 0.6 ± 0.1 0.8 ± 0.1

As can be seen the yields of CF3Br are very low as compared

to these of CH3Br* in methyl bromide (Fig. 3.2). No in-

fluence of the pressure is found within the range studied.

The three fluorine substituents in CF3Br strongly withdraw

electronsfrom the rest of the molecule and they certainly

will exert a repulsion upon approaching negative ions, such

as Br~. The SN2 reaction, which proceeds easily with methyl

bromide/ will be retarded considerably by the presence of

the fluorine atoms in CF3Br (Hin-55). This difference in

reaction behaviour towards CH3Br and CF3Br is another in-

dication that the time dependent part of the CH3Br* yield

in methyl bromide is formed via an SN2 reaction.

B. Reaction of ' Br in ethyl bromide

In gaseous ethyl bromide many brominated products are

formed as a consequence of the substitution of the bromine

atom, a hydrogen atom or an alkyl group by ' Br.

Table 3.4 gives the results for the substitution of the

original bromine by a radioactive bromine. All other pro-

ducts are formed in small amounts (< 0.2%).

Table

Exp.

3.4

time

21.0

Yield

(hrs)

of C2H5Br* :

Pressure

(kPa)

53.3

Ln pure C2H

% Br
76Br

0.7 ± 0.1

5Br

Ln

2

C2

.7

HeBr

" B r

± 0.1

I
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Compared with the CH^Br* values at a pressure of 80 kPa
76 77

and an exposure time of 20 hours ( Br: 11.6% and Br: 20%)

the values for C2H5Br* are much lower. Variations in time

and pressure have not been studied, but they could have a

small influence on the yields.
For methyl and ethyl bromide relative rate constants have

been determii

nucleophiles

been determined for SN2 substitution reaction with various

Relavtive rate constants for reactions óf

Alkyl-group NuC~ with alkyl compounds

CH3 30

C2H5 1

a: average values for various nucleophiles, data from Str-62.

The relative rate constants decrease in the order CH3>C2H5

because of the increasing steric hindrance. A similar trend

should be observed for the substitution of Che bromine atom
76 7"*

in methyl and ethyl bromide by ' Br. In ethyl bromide,

however, an E~ elimination reaction, leading to the forma-

tion of ethene and HBr , may compete with the SN2 reaction.

Recently King et at. (Kin-81) showed that the gasphase

reaction of P~ with ethyl nitrite almost exclusively pro-

ceeds via the E 2 reaction channel. Probably reaction of

*Br~ or H er with ethyl bromide will also occur to a con-

sirable extent via the E 2 elimination channel and a a conse-

quence the amount of labeled ethyl bromide will be less

than expected if a pure SN2 reaction was involved. The lower

C2H5Br yield in ethyl bromide compared with the CH^Br

yield in methyl bromide might partly originate from the low-

er SN2 rate constant for ethyl bromide, but also from the E 2

elimination reaction, occurring in case of ethyl bromide.

The nucleophilic exchange via a wall catalysed reaction

seems to be a reaction channel of only a minor importance

for the longer chain n-alkyl bromides.
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3.3 Influence of n-donor bases on the CH,Br yield

3.3.1 H2S

3.3.1.1 Results

H2S is used in gasphase radiation chemistry as a sca-

venger for thermal radical reactions; one of its hydrogen atoms

can easily be abstracted (Aus-66). The effect of H2S addition

to methyl bromide is found to be quite remarkable (Fig. 3.4).

A rather sharp increase of the GH,Br yield is observed when

up to 30% of H2S is added, while beyond that percentage the

CIUBr yield gradually decreases. Maximal CIUBr yields of 50%
76 77

for Br and 65% for Br are reached. The isotopic ratio varies

from 1.7 at 0% H2S via 1.3 at 30% H2S to 2.4 at 95% H2S. The

results in Fig. 3.4 have been obtained after an exposure time

of 20 hours and under a pressure of 93.3 kPa. As in pure methyl

bromide, the exposure time is an important factor as can be

seen in Fig. 3.5, where its influence is given for a mixture

of CH3Br + 10% H2S. A pressure effect is also observed (similar

to the case of pure methyl bromide).

The reactions of ' Br have also been studied in CF.Br/H2S

mixtures. No increase in the CF-Br yield was found upon addi-

tion of H^S, only a slight decrease at higher percentages of

H2S (Fig. 3.6). Neither time, nor pressure effects on the

yields have been observed.

The influence of the glass wall on the reactions of ' Br

in mixtures of CH^Br and H2S was also investigated by means

of double compartment reaction vessels (Fig. 2.1a). The upper

part of the vessels is filled with either CH3Br + 18% H2S or

with pure CH^Br. If pure CH^Br is present in the upper part,

the lower part contains H2S in such a quantity, that, when

the seal between the two compartments is broken, a mixture of

CH~Br + 1 8 % H5S is formed in the whole vessel. Radiokrypton is
76 77

added to the lower compartment and during *v* 20 hr ' Kr de-

cays to Br either in vacuo or in a H~S atmosphere. After
76 77

this decay time the middle seal is broken and ' Br may react
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-Pig. 3.4 Yield of CH3Br* vs % H2S (o:
 76Br, x: 77Br);

pressure 93 kPa, exposure time 20 hrs

with the gas mixture for another 20 hrs. The amount of ' Br,

initially adsorbed on the glass wall, in the CH^Br fraction is

determined. Table 3.5 summarized the results.
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763,5 Yield of CH3 Br in a mixture of CH3Br + 10% H2S
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Fig. 3.6 Yield of CFQBr* in pure CF,Br as a function of H.
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exposure time 40 hrs)
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Table 3.5

5as mixture

:H3Br

(decay 76/77Kr in vacuo)1'

CH^Br "1* 18% HoS

(decay of 76/77Kr in vacuo)*

CH3Br + 18% H,S

(decay of 76''7Kr in H 2S)
2 )

Exp.time

(hr)

20

) 19

22

Pressure

<kPa)

120

135

125

% Br* in CH3Br
76Br 77Br

7.5

12 ± 2

8.8± 0.3

7.8

15 ± 2

10 ± 1

X' decay of ' Kr in vacuo in the lower compartment of the

reaction vessel, before the middle seal is broken.
2* decay of 76'77Kr in H2S in the lower compartment of the reac-

tion vessel before the middle seal is broken.

3.3.1.2 Discussion

The addition of H-S to methyl bromide has intriguing
z ±

consequences: whereas H2S has hardly any effect on the CF3Br

yield in CF^Br, it increases the CH3Br* yield in methyl bromide

in a remarkable way. It has been argued in the previous section

that the higher CH3Br* yield in methyl bromide could be ascrib-

ed to a. SN2 reaction with Br" or HBr, while this mechanism

would not be operative in the CF3Br case. The present results

indicate that this SN2 mechanism constitutes a quite suitable

explanation as the CH3Br* amount is further increased by H2S;

the addition of H2S should offer a very effective way of forma-

tion of HBr* or Br*~. Similarly as in pure methyl bromide, a

linear dependence of the CH-jBr* yield with exposure time is

found if H-S is used as an additive; this indicates that the

reaction mechanism of the CH3Br formation remains essentially

the same. From the exposure time dependence data a labeling

rate constant can be calculated according to (4) in section

3.2.2.
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(11) K1()% H s = 14.2 x 10"
6 % CH3

76Br hr"1 Pa"1

(5) K U* = 7.5 x 10"6 % CH,76Br hr"1 Pa"1

Addition of 10% H2S almost doubles the labeling rate. In pure

methyl bromide the exchange reaction takes place with HBr*

(Br ) adsorbed on the glass wall, whereas a small contribution

(1.4% for Br) was due to a gasphase reaction, which was not

dependent on pressure or exposure time.

The experiments with the double compartment vessels show that,

in order to obtain high yields of labeled CH,Br*, the decay of
76 77

' Kr must proceed in a mixture of methyl bromide and H-S.

Addition of this gas mixture to an ampoule, in which ' Kr

already had decayed and the ' Br was adsorbed on the wall,

does not result in much higher yields of CH~Br than is ob-

served for pure methyl bromide. Decay in H2S and addition of

methyl bromide afterwards, also fails to yield much larger

amounts of labeled CH,Br . The large increase of the CH,Br
76 77

yield observed if tne decay of ' Kr takes place in methyl
bromide/H2S mixtures does therefore not arise from a wall

catalysed exchange reaction of HBr or Br adsorbed on the

glass wall. As will be discussed below» the formation of HBr

occurs in a gasphase cluster via various reaction channels and

probably the nucleophilic exchange reaction of HBr (Br ~) with

methyl bromide also takes place in this cluster. The CH,Br

yield seems to consist of three parts:

i) a small percentage (1.4% for Br) due to a direct gas-

phase reaction; no pressure and exposure time influences

(see Chapter IV)

ii) a fraction due to a wall catalysed reaction; pressure and

exposure time dependent

iii) a fraction due to the presence of H-S; not wall catalysed,

but pressure and exposure time dependent, probably formed

in a gasphase cluster.

Since HBr* and Br*~ are assumed to be the exchanging entities,

the influence of H-S on the route of their formation must be

elucidated. The reaction of H2S with some of the previously
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discussed bromine species must be very efficient. No reaction

of Br~, formed after decay of Kr, with H_S should be ex-
77

pected, except for a gasphase solvation. The Br radical frac-

tion might react via a hydrogen abstraction from H-S, which pro-

cess is only slightly endothermic, because of the relatively

weak S-H bond.

(12) Br + H2S HS' + HBr3 AH + 0.06 eV

The activation energy of reaction (12) is not known, but it is

expected to be less than the 0.68 eV, necessary for a hydrogen

abstraction from methyl bromide (Kon-72). Hydrogen abstraction

by CH,* radicals from methyl bromide and H_S require activa-

tion energies of 0.44 eV and 0.11 eV respectively. Finally,

the Br fraction might react as Br via various pathways to

form HBr, after it has lost its multiple positive charge.

An important factor in this discussion is the Br+ affinity

of the different gases. Unfortunately, these values are not

known in the literature, so that a comparison must be made

with the literature data on H and CH, affinities. These data

are given in Table 3.6 together with dipole moments and ioni-

zation energies. The proton affinity of H-S is somewhat higher

than that of methyl bromide. If the same is true for Br , then

an attack of Br+ upon the n electrons on the sulfur atom in

H2S is expected to be favoured, above attack on CH^Br. Here-

after an extensive clustering of the ion with other molecules

of H2S and CH-Br can take place. Three possible reaction

channels may be proposed to occur within the cluster.

(13)

H2SBr*
+ + n H2S

s o l v a t i o n

+ HBr*

[H25Br*(H2S)n(CH3Br)m]
 +

b

+ HSBr

+ HBr
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Table 3.6 Proton- and methyl-cations affinities, dipole moments

and ionization energies

CH3Br

H2S

CH3SH

CH3SCH3

H 2 S e

H20

CH3OH

CH3OCH3

Br

H+-affinitya)

(eV)

7.06

7.82

8.11

8.54

7.37

7.15

7.89

8.28

CH3-affinity
b)

(eV)

3.55

2.91

3.55

-

dipole

moment

(Db)

1.81

0.97

1.52

1.50

0.85

1.85

1.70

1.30

ionization

energy(eV)e)

10.54

10.47

9.44

8.69

9.88

12.62

10.85

9.96

11.81

a) -

b)

c)

d)

from Wal-68

from Bea-74

from Ros-77

from Wea-78

a) Reaction (13a)

The reaction proceeds as proposed in pure methyl bromide

(eq. 8) and the HBr elimination occurs from the primary as-

sociation product (H2SBr
+ in scheme 13) before the positive

charged is dispersed over the whole cluster. If the solva-

tion enthalpy is neglected, the reaction enthalpy can be

calculated

(•14*. Br*+ H2S [H2SBr*] HS HBr AH = -1.34 eV

The smaller ion, SH , possibly becomes better solvated than

Br , in which case the exothermic!ty will be higher. The

elimination of HBr from H^SBr occurs more easily than from

CH-jBrBr' because of the presence of the more acidic protons

in H2S (Jow-79).
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b) Reaction (13b)

The positive charge of Br is dispersed over the whole clus-

ter and the bromine entity, once become a more radical type

species, abstracts a hydrogen from a H-S molecule in the sur-

rounding cluster, which requires a very small amount of

energy (AH = 0.06 eV). This mechanism would involve that a

larger H~S content in the. cluster will effectively increase

the HBr amount through an enhanced radicalic hydrogen ab-

straction.

c) Reaction 13c

Within the cluster, a proton transfer from the primary

association product, [H-SBr J , to another H,S molecule

occurs, yielding a HSBr molecule. This HSBr is an unstable

compound, decomposing to HBr and S (Mag-71), but it might

react with methyl bromide via a nucleophilic bromine exchan-

ge (Kuh-71). Unfortunately, the H + affinity of HSBr is not

known and it is impossible to calculate the energetics of

the reaction. The electron withdrawal from the central sul-

fur atom by the bromine atom will certainly decrease the

availability of the n-electrons, so that probably the H

affinity of HSBr is less than that of H2S, which leads to

an exothermal proton transfer. Nothing is known about the

relative importance of this reaction channel in the HBr

formation, since the life-time of the HSBr molecule, while

adsorbed on the glass wall is not studied.

Another reaction possibility of Br with H2S would be a long

range charge transfer, which occurs before clustering becomes

important, while the ion still has some kinetic energy. The

difference in ionization energies, however, is not near resonan-

ce, not even with excited levels of H^S , as photo-electron spec-

troscopy data show (Tur-72) and this reaction will have a small

probability.

Thusfar the increase in the HBr yield as a consequence of H,S

addition has been discussed and on that basis the increasing

CH,Br* substitution is made plausible. The decrease of the

CH3Br yield above 30% of H2S addition might also be explained

as a consequence of the presence of H_S.
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i) H-S effect on the wall catalysed reaction

HBr and H2S may be adsorbed at similar adsorption sites on

the glass wall; this might lead to a competition in which

G 2
S i s favoured because of its higher concentration. Alter-

natively an extensive H2S adsorption on the glass wall

might block the way through and methyl bromide molecules

probably cannot reach the HBr or Br ~ species anymore,

ii) H-S effect on the reaction in gasphase clusters

A decrease in exchange of HBr and CH^Br might also be ex-

pected as the H-S content of the gasphase cluster becomes

larger. The Br or Br" (Br~ is also clustered) ions become

surrounded by more and more HOS molecules and less CH-.Br

molecules. As a consequence the exchange reaction of HBr

or Br ~ with methyl bromide becomes more difficult.

The time dependent exchange yields (20 hrs exposure) changes

from 10% CH3
76Br and 15% CH3

?7Br in pure methyl bromide to 50%

CH-76Br and 60% CH,77Br in methyl bromide with 30% H,S (5%
77

CH3 Br is used as t = 0 extrapolated yield, see 3.4.3). Since

the increase in the yields for both isotopes is of about the

same magnitude, similar processes must be involved in the

effect of H2S. There is, however, no satisfactory explanation

for the fact that almost all 7 7Br n + ('v- 35% of all 77Br species)

and 77Br° (15% of all 77Br species) should react to give HBr*,

while only about half of the Brn ions should react, although

there is a difference in the positive charge spectra of Br
77 77

and Br (relatively more + l and + 2 for Br), there are

differences in recoil energies for both isotopes and there is

a difference in the relative importance of the formation chan-
4— 76

nels of the exchanging species, Br and HBr, between Br and
Br. Alternatively, if H$S affects in any way the reactions of

77 —

Br species, an explanation might be found. Clustering of

negative ions also occurs and Br~ might be clustered by

H2S probably better than by methyl bromide, since H bridge

formation stabilizes the product more in case of H-S (Keb-75).
77 -

In such a gasphase cluster an exchange reaction of Br with
CH,Br might occur.
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3.3.2 CH3SH

Addition of CH,SH to methyl bromide influences the CH,Br yield

(Fig. 3.7). CH^Br is also formed in small amounts in pure

CH,SH via a substitution of the SH group by bromine. Table 3.7
76summarizes the CH, Br yield in pure CHgSH, (CHO-S, CH^OH and

(CH3)2O. The experiments were performed under a pressure of

93 kPa at an exposure time of about 20 hrs. The shape of this

curve is very similar to the one when H,S is added. A maximal

CH3Br* yield is obtained around 20% CHgSH addition. The simi-

larity of these results with thosa observed with H,S indicate
& A—

that the exchanging species, HBr or Br are formed iin the
77 —same way. Br might react immediately after its formation,

while the Br' radical part can abstract a hydrogen from CHoSH.

(15) Br* . CH3SH HBr AH = -0.02 eV

The thiolic hydrogen can easily be abstracted in an almost

thermoneutral reaction. The activation energy of reaction (15)

should not be prohibiting (see 3.3.1.2, eg.

Br is supposed to react in a similar way with CH3SH as it does

with H2S. The proton affinity of CH^SH is higher than that of

CH^Br, so that the reaction of Br+ with CH3SH is expected to

be favoured.

(16) Br

[CH3SHBr*l++ n CH3SH + m CH3Br

[CH35BE*H(CH,SH),

j5(CH3SH)n(CH3Br

+ HBr*

'3 s

b

tH(CH;JSH)n(CH3Br)ial +

+ CH35Br
a

E CH3SHCH3S(CH3SH)n-j(CH3Br)

HBra
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Fig. 3.7 CH3Br yields as a

function of CHoSH addition

(o: Br, x: Br, pressure:

93 kPa, exposure time: ^20 hrs)

Fig. 3.8 CH3Br* yield as a

function of (CH,)~S addition
76 77

(o: Br, x: Br, pressure:

95 kPa, exposure time: ^20 hrs)

Table 3.7 Yields of CH 76r, Br in pure gaseous

n electron donors (exp. time: <v 20 hrs)

Compound

CH3SH

CH3SCH3

CH3OH

CH3OCH3

Pressure

80

46.7
10.0
68.0

% 7 6 B r i n CH3Br

1.0

1 .1
0 . 5

1.1

The stability of a cluster with CH3SH will be somewhat larger

than with H~S, since the methyl group of CfUSH can better

stabilize the positive charge (Keb-72). The three reaction

channels described for H2S, may also be applied to CH3SH.

a) HBr* elimination from the primary association product.

[ CH3SBrH] before the positive charge is dispersed over
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the whole cluster. This reaction is very exothermic (AH =

-3.77 eV, solvation effects not taken into account).

b) Dispersion- of the positive charge of Br over the whole clus-

ter and a hydrogen abstraction from a CH^SH molecule in the

cluster by the radical-like bromine species. The difference

in ionization energies between bromine and CH^SH (2.37 eV)

is dissipated in the cluster. As for H 2S, this mechanism

seems very probable.

c) Proton transfer from the primary [CH3SBrH] to another mole-

cule of CH,SH leading to CH^SBr. The CH^SBr* might undergo

a nucleophilic exchange with methyl bromide. CH^SBr is less

unstable than HSBr (Kiih-71).

The similarity in the curves 3.7 and 3.4 for CH3SH and H2S and

the arguments discussed for H<,S, lead to the conclusion that

the channels (16b) and (16c) will be the most important. The

relative importance of (16b) with respect to (16c) is not clear,

since essential data for a more accurate evaluation of channel

(16c) are lacking at the moment.

A long range charge transfer of Br to CH^SH is less likely,

as might be expected on the basis of photo-electron spectrosco-

py data, which show that there is no near resonance charge

transfer possible (Csi-74).

3.3.3 CH3SCH3

Tig. 3.8 gives the CH,Br yield as a function of the

mole fraction of (CH^^S. The maximal yield of CH,Br is al-

ready reached after addition of 2 - 3% of (CH3)2S, which indi-

cates that another mechanism for the production of the ex-

changing species, HBr* and Br*~, is involved. (CH3)2S has no

easily abstractable thiolic hydrogen atoms, while H2S and

CHoSH had. The presence of the two methyl groups in (CH,)2S

further prevent hydrogen bonding. On the contrary, in both

other sulfur containing compounds (H2S and CH^SH), the hydrogen

bonding has a stabilizing effect on the cluster formation

(Keb-73). Kebarle found that a proton was clustered with only

two (CH,)20 molecules (Keb-73) and probably the solvation of

Br* with (CH3)2S will also be limited to a small number of
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molecules.

The HBr formation might partly occur via a hydrogen abstrac-

cion by energetic Br radicals (17).

(17) Br + CH3SCH3 CH3SCH* HBr AH < + 0.29 eV

The dissociation energy of the C-H bond in (CH,)_S will be less

than that of the C-H bond in (CH3)2O, which is 4.07 eV. The

central sulfur atom stabilizes the CH^SCH^ radical better than

a central oxygen atom would (Une-68). Hydrogen atoms will not

react with (CH3)2S via hydrogen abstraction, because breaking

of the S-C bond is preferred due to lower bond and activation

energy (Yok-79): CH,SH and CHl radicals are formed. Possibly,
77the Br radicals react in the same way, yielding methyl sul-

fenyl bromide and methyl radicals.

Br+ will react with (CH3)2S to form [CH3SBrCH3l
 +, possibly sol-

vated by one or two other molecules of (CH3)2S. The stability

of this complex is large. For example, compounds of the type

CCH^SBrCH-) Br~ have been obtained as crystalline solids

(Tag-77). Only one of the three reaction channels proposed for

the decomposition of the solvated Br
H-S, remains for (CH3)-S.

complexes, described for

r*+(18) Br + CH3SCH3

[CH3SBrCH33 + n solvation •*• [CH3SBr*CH3

HBr [CH,SCH9(CH,SCH,)j £ o J
]n

Reaction (18), a HBr elimination from the primary association

product (see 13a), involves only a small amount of CH3SCH3

molecules and explains satisfactorily that such a small amount

of (CH3)2S has a large effect on the HBr production. A reac-

tion, similar to reaction (13b) is not possible in this case,

since a hydrogen abstraction from CH3SCH3 is endothermic and
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the radical-like bromine species in the cluster will not be

able to overcome this reaction enthalpy. The proton transfer

of the primary complex [CH3SBrCH,J (see 13c) will not lead to

a sulfenyl bromide; thus both these last two reactions will be

of no importance in the case of CH3SCH3. The energetics of

reaction (18) are, even if solvation effects are neglected,

somewhat difficult to evaluate, since neither the ionization

energy (I.E.) of the CH3SCHI radical nör the bond dissociation

energy of the C-H bond in (CH3)2S are accurately known. The

reaction enthalpy for reaction (18a) may be calculated from

the appearance energy (A.E.) for the formation of the CHo

ion, which was determined by means of electron impact on

(CH3)2S (Ros-77) (reaction 19).

(18a) Br*++ (CH3)2S + HBr AH -4.2 eV

(19) (CH,)OS -»• CHICHI + H' + e

(19a) A.E. ( 1 9 ) = AHf(CH3SCH2) + AHf(H') - AHf(CH3)2S

= I.E.(CH3SCH2) + Dissoc.Eenrgy(CK3SCH2"=K)

(19b) or I.E.(CH3SCH2) = A.E.(19) - Dissoc.Energy(CH3SCH2~H)

Using (19b) the AH for reaction (18a) can be calculated (AH =

-4.2 eV). A long range charge transfer of energetic Br to

(CH3)_S is exoethermic by 3.12 eV, but again photo-electron

spectra show that near resonance conditions are not met (Cul-

69). This last reaction will therefore be of limited importance.

3.3.4 H2Se

The influence of H2Se on the CH,Br yield is given in

Fig. 3.9. Maximum labeling yields are obtained after addition

of about 3% H2Se and beyond that percentage a gradual decrease

in the yield is observed. The bond dissociation energy of the

Se-H bond in H2Se is low (2.90 eV), which means that bromine

radicals may abstract a hydrogen atom in an exothermic reaction.
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(20) Br** + H2Se •*• HBr + HSe* AH = -0.89 eV

The reaction of Br species can lead to [H2SeBr] , which may

be solvated by other H2Se and CH3Br molecules. These positively

charged selenium complexes are very stable, due to the high

tendency of selenium to accommodate a positive charge. The

reaction scheme, involving the three decomposition channels

for the dolvated ion (see 13) may also be applied for H2Se.

[ H2SeBr*]
+

(21) Br*+ + H-Se •> [Ho5eBr^l
 +

[HSe(H2Se)n(CH3Br [H(H2Se)n(CH3Br)n(I

+ HBr + HSeBr

[H25e(H2Se)n_1HSe(CH3Br)inl
 +

) J

+ HBr
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Since the proton affinity of H.,Se Is higher than that of CH?Br,

the addition of Br + will occur preferentially on H-Se. The

three reaction channels are discussed below:

a) Reaction 21a

This mechanism, on elimination of HBr from the primary

association product, involves only one molecule of H2Se,

which agrees very well with the fact that a small percentage

of H2Se has a large effect on the HBr* yield. However,

neither ionization energy nor appearance energy of SeH+ have

been reported in the literature and therefore no reaction

heat of reaction 22 can be calculated.

(22) Br*+ + H2Se -»- [H2SeBrJ
 + -» HSe+ + HBr* AH < -3.3 eV

The bond dissociation energy of the Se-H bond is smaller

than that of the S-H bond and a SeH ion will be more sta-

bilized than an SH+ ion, which leads to an estimate of the

reaction heat for 22 of AH < -3.3 eV. Solvation will have

little effect on this value, since Br and SeH have about

the same dimensions.

b) Reaction 21b

The hydrogen abstraction by a bromine radical from an H2Se

molecule in the cluster, proceeds very easily after the Br

has dispersed its positive charge over the clustering mole-

cules and has become the radical-like species (see 13b).

This mechanism involves at least two, possibly more mole-

cules of H-Se, while the maximum CH^Br yield is obtained

already after addition of little H2Se and its relative im-

portance compared to channel (21a) might be limited.

c) Reaction 21c

Selenylbromide, formed after proton transfer of H2SeBr
+

to another H.Se molecule, might be a more important product

than sulfenylbromide in the corresponding reaction with

H2S (13c) , since the [H2SeBr'i ion is more stable and has a

longer life-time. The slightly positively charged selenium

atom in a selenyl-bromlde forms an attractive site for a

nucleophilic reaction (Aus-77).
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A long range charge transfer is not expected to be highly pro-

bable, since the difference in ionization energies between bro-

mine and H~Se (AE = 1.93 eV) is not near resonance (Ros-77), at

least as long as Br is not electronically excited.

3.3.5 CH3OH

Addition of about 8% of CH^OH results in maximal

CH3Br yields (Fig. 3.10). No easily abstractable hydrogen atom

is present in CH,OH (the O-H bond is even stronger than the
77

C-H bonds), but energetic Br radicals may react via a hydro-

gen abstraction:

(23) Br** + CH3OH *CH2OH + HBr* AH = +0.29 eV

The reaction of Br with CH3OH and the dissociation of the

solvated [CH^OBrHl ion, may again be described with the three

channel mechanism, proposed for H^S (13) . The channels (13b)

and (13c) seem very unlikely, since the abstraction of a hydro-

gen atom from the CH,OH molecules in the cluster by the radical-

like bromine is endothermic (reaction 13b) and since the proton

transfer of [CH^OBrH] (reaction 13c) results in a CH^OBr

molecule, which is known as a reagent for electrophilic bromi-

nations (Bru-76) via Br+. The elimination of HBr* from the

primary association product, [CH,OBrHl , (reaction 13a) is con-

sistent with the large effect on the CH^Br yield upon a small

CH3OH addition, and this last reaction seems to be the most likely:

(24) CH3OH + Br.*+ [CH3OBr*Hl
+ CH2OH HBr*

AH = -3.38 eV

Solvation effects may change the AH value to some extent.

Photo-electron spectra show that no near resonance charge

transfer from Br+ to CH^OH occurs with an appreciable proba-

bility (Dew-69).
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Fig1. 3.11 CH3Br* yield as a

function of (CH3)2O addition

Addition of CH,OH and (CH,)2S in low percentages leads to very

high yields of CH,Br* (in CH^OH maximal yields of 52% CH,76Br
77

and 76% CH, Br are reached). Even if all neutral and positi-
77 77

vely charged Br species do react to yield H Br, the observed
increase from 20% to 76% CH, Br cannot be explained, since

"7*7 T 7 *% "7*7 —. i

only about 50% of the Br species is present as Br or Br
11 —

after decay. However, clustering of Br also occurs with addi-
77 —

tlves other than H2S (3.3.1.2) and an exchange of Br with

CH3Br might occur, if CH^Br molecules are also present in the

gasphase cluster.

3.3.6

~ Pig. 3.11 .shows,that addition of (CH3)2P hardly has any

effect on the CH3Br yield, which means that no additional

HBr* formation is observed as a consequence of the presence of

(CH3)2O. Yet the mechanism for the HBr formation, as proposed



the influence of H2S on the route of their formation must be

elucidated. The reaction of H2S with some of the previously

98

for the other additives, will be discussed shortly for (CH3)~O.

The Br radicals may react via an hydrogen abstraction from

(CH-J-O in an endothermic reaction (25).

(25) Br*' + CH3OCH3 ->• CH-jOCH^ + HBr* AH = +0.29 eV

Since no enhanced CH, Br yield is observed, this reaction of
77

Br radicals, while they still may have some kinetic energy

as a consequence of the decay, seems to be only of minor impor-

tance in the HBr formation. Considering this argument, it is

very doubtful, whether the endothermic hydrogen abstraction

reactions by Br radicals from CH,OH, CH3Br and possibly from

CH3SCH3 really forms an important reaction channel in the HBr

production. The predominant reaction for hydrogen atoms with

(CH3)2O is hydrogen abstraction, which results in the formation

of the CH3OCH2 radical, whereas hydrogen atoms react with

(CH3)2S via S-C bond cleavage (Fau-79, Yok-79).

Unlike all additives, discussed thusfar, a near resonance

charge transfer reaction from Br to (CH3)2O is possible with

an electronically excited level of the (CH3)2O
#+ ion (1.78 eV

above ground state (CH3)-O* , ionization energy of (CH3)2O is

9.98 eV)(Cer-68). The exothermicity in the reaction (26) is

low and the probability will be accordingly high.

(26) Br*+ + (CH3)2O •+ Br** + (CH3)2O*
+ AH = -0.05 eV

All Br+ ions will be very efficienly neutralized, even before

clustering becomes important. The resulting bromine radicals

may abstract hydrogen from CH3Br or CH3OCH3, but it was already

discussed for the reactions of the Br radicals, that the ab-

straction reaction will be only of limited importance. This ex-

plains why no extra HBr formation, upon addition of CH3OCH3

is observed.
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3.3.7 Influence of the glass wall on the exchange reaction

with CH3Br

Very recently a method was reported for the prepara-

tion of gaseous CH^I from CH^OH and I~ (Pen-81). CH,OH was led

over an aluminiumsilicate surface impregnated with KI at an

elevated temperature. According to the author CH3I was formed

in moderately high yields (15 - 30%). By means of I.R. spectro-

metry Si-I bonds were observed in the impregnated catalyst.

KI is thought to react with either the siloxane bonds (27&) or

with the hydryl., groups (27b) in the (SiO-)„ chain of the

silicate. \ / V /

Si .Si.
S \ ^ ^* OK

(27a) O O + KI •* O U K

S/ Ni-1
A A

(27b) Si-OH + KI •+ Si-I + KOH

Analogous interactions of HBr with the glass wall might be pro-

posed (28a, 28b). Exchange of 76'77Br bonded to the silicate

might proceed with CH^Br in a following thermoneutral reaction(29)- v -̂/ 0H
0 .

Si - Br* + H20

Si - Br + OI3Br*

For KF and HC1 a reaction with siloxane and silanole groups,

yielding silylhalides, was reported (Baz-65). The resulting

silylhalide is very easily hydrolysed or otherwise nucleo-

philically substituted, for instance by Br or CH^Br (reaction

29) .

(28a)

(28b)

(29)

y
0

S i

S i

S i

>

A
- OH +

.- B r * H

+ HBr* •*

HBr* +

r CHoBr •*•
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in H2S (JOW-79).
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3.4 Influence of n electron donor bases on the CH,Br

yield

3.4.1 Results

The effect of the addition of ethene and propene on the

reactions of ' Br with CH^Br has been investigated; in some

experiments H-S was also added. The results for ethene addition

are given in Fig. 3.12; no other products than CH^Br and

BrBr were identified. In the presence of 2.5% H,S also 0.12%CH.
C2 H5

77 76 76TBr and 0.6% C~H5 Br were found, whereas the CH., Br yield

remains unchanged. Fig. 3.13a shows the effect of pressure on

the CHoBr yield in mixtures of CH3Br and 6% propene and it in-

cludes also data for mixtures of CH^Br, propene and H~S. The

CH3Br yield as a function of the propene concentration is

given in Fig. 3.13b. The isotopic ratio - which was 1.7 ± 0.1

in pure CHUBr - is 2.8 ± 0.2 in the presence of propene, in-

dependent of the mole fraction.

Addition of propene leads to the formation of several other

product in small quantities: C-HcBr , n- and i-C3H7Br ,

CHoBr -CH=CH- CH2Br"-CHBr-CH3; their yields arc given in

20
CO

en

O

if 10

10%
ethene

76

20%

Fig. 3.12 CH3 "Br yield as a function of

ethene addition; exp. time: <v20 hrs, pressure:

90 kPa
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CH3Br* yield above 30% o? HjS addition might also be explained
as a consequence of tb.e presence of H-S.
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X»
pressure

200
kPo

3.13 CH3Br yield as a function of propene addition

a: exposure time: 20 hrs;

o: CH3
77Br in CH3Br + 6% C3Hg

x: CH3
76Br in CH3Br + 6% C3Hg

+ : CH,77Br in CH-Br+ 6% C,H-; + 6% H-S
J^g J J o 2

O: CH3' Br in CH3Br + 6% C3Hg + 6% H2S

— : CH3
76Br in CH3Br

W 20 30
% propene

b: exposure time: 20 hrs; pressure: 175 kPa

o: CH3
77Br

x: CH3
76Br
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Table 3.8, together with the data obtained for pure propene. The

scatter in these low yields is too large to deduce conclusions

about possible pressure effects. Unlike ethene, propene causes

the formation of rather large amounts of unidentified high boil-

ing compounds, that were only partly eluted from the GC column.

In order to estimate the size of the eluted unidentified com-

pounds, n-bromo-hexane was used in the GC analysis as a marker.

Part of the activity is eluted just before this marker and it

possibly consists of branched C,-bromides. The total yield of

this elutable fraction of products ranged from 4 to 10%, the

total unidentified fraction from 15 to 70%. The scatter in the

unidentified product yields (U.I.P.) is very large and average

values are given in Table 3.8. Increase in the mol fraction

of propene slightly increases the unidentified product fraction;

addition of 5 - 7% H2S has no significant influence on this

yield. In pure propene also large amounts of brominated uniden-

tified products have been found (Table 3.8).

Additional evidence about the molecular weights in the U.I.P.

fraction is obtained by gel filtration chromatography, using a

Sephadex LH-20 column (Bri-81/2). The figures 3.14, 3.15, 3.16

and 3.17 give the LH-20 radio-chromatograms for propene, propene

+ H2S, CH^Br + propene, CH^Br + propene +
 H

2 S , respectively.

Table 3.9 giver, the relative distribution of 76Br and 77Br

over the various fractions. The peak between channel 300 and

350 (each channel represents 30 sec sampling time) proved to be

inorganic bromide activity, n-bromo dodecane, n-bromo- nonane,

n-bromohexane, n-bromopropane and methyl bromide have been used

in a separate elution, as markers to establish the size of the

labeled polymers. Branched polymeric products have a slightly

longer retention time than the corresponding straight chain

bromides.

In mixtures of CH,Br and 6 - 7 % propene the isotopic ratio in

the U.I.P. fraction, as determined via GC analysis, is 0.7

( Br/ Br), which suggests that a larger amount of Br is lost

in unidentified, possibly polymeric, products.



Table 3.8 Yields of bromlnated produces in CH3Br/propene mixtures

C2H5Br

i-C3H7Br

n-C3H7Br

CH2Br-CH-CH2

CH2Br2

CH2Br-CHBr-CH3

CH3Br

Unidentified

Products

•

76Br
77Br

76Br
77Br

76Br
77Br
7?Br
77Br

76Br
77Br

76Br
77Br

76Br
77Br '

76Br

77Br

CH3Br +

5-6% propane

26.7<p<200 kPa

0.05%

0.20%

0.05%

0.11%

0.10%

0.11%

0.8 %

0.2 %

0.11%

0.14%

0.02%

0.06%

21-70%

avr.44%

18-39%

av: 28%

CH3Br +

12-15% propane

133<p<173 kPa

0.06%

0.16%

0.08%

0.15%

0.11%

0.2 %

0.7 %

0.4 %

0.15%

0.18%

0.02%

0.08%

42 %

42 %

CH,Br +

25% propene

p = 193 kPa

0.16%

0.5 %

0.12%

0.4 %

0.05%

0.15%

0.8 %

0.6 %

?

?

0.4 %(?)

0.3 %(?)

52 %

49 %

CH3Br +

5-6% propene

+ 5-6% H2S

112<p<173 kPa

0.09%

0.18%

0.10%

0.14%

0.2 %

0.15%

0.8 %

0.1 %

0.2 %

0.2 %

0.02%

0.08%

35-75%

av: 55%

30-42%

av: 35%

propene

227 kPa

0.2%

0.2%

0.3%

0.6%

0.2%

0.4%

0.5%

0.7%

-

-

1.0%
{ 0.6%

56 %

22 %

propene +

30% H2S

167 kPa

0.1%

0.2%

0.2%

0.3%

0.5%

0.3%

1.1%

0.7%

_

-
-

1.3%

1.1%

53 %

19 %



a) HBr" elimination from the primary association product,

[CH3SBrH]"
r, before the positive charge is dispersed over
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two (CH3)2O molecules (Keb-73) and probably the solvation of

Br+ with (CH3)2S will also be limited to a small number of
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Fig. 3.14 Propene

Sephadex LH-20 gelpermeation chromatography (Each
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tion, similar to reaction (13b) is not possible in tnib case,

since a hydrogen abstraction from CH3SCH3 is endothermic and
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radicals nay abstract a hydrogen atom in an exothermic reaction.
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3.4.2 Discussion

Introduction

Unsaturated compounds such as ethene and butadiene have

often been used as scavengers in halogen recoil chemistry; they

may act as a scavenger both for bromine atoms and cations. The

double bond is a good reaction site for electrophilic reactants.

Alfassi et al, (Alf-72) and Rodriguez et at. (Rod-75) used a

mixture of ethene and I 2 in their studies on the reactions of

recoil bromine with halomethanes. Kondo et al. (Kon-78) found

> 40% C2H5
80Br in a study of the 8 0 mBr •> 80Br decay induced

reactions in CH,, scavenged with 5% C-H. and 10% HBr, as a
80 +

result of the addition of ° Br to C2Hd, whereas the yield of
80

CH3 Br was reduced from 1.7% to 1.4%.

In this section the reactions of Br and Br* species in pure

propene and propene + H-S will be discussed. Secondly, on the

basis of the reaction scheme, proposed for the pure unsaturated

system, the effect of the addition of propene on the CH3Br*

yield in methyl bromide is evaluated and a discussion on the

formation of "polymeric" products in these mixtures follows.

Finally the influence of H2S on the CHJir* and the "polymeric"

product yields is dealt with and the very small influence of

ethene is discussed.

PROPENE

The possible reactions of bromine radicals and bromine cations

in pure propene will be discussed on the basis of a scheme

given in Fig. 3.18.

A : Bromine radicals

30: Hydrogen abstraction from propene; the allylic hydrogen

atoms are weakly bonded and the reaction enthalpy for ab-

straction is + 0.07 eV (30). HBr* is formed as labeled pro-

duct .

31: Addition to the double bond; the resulting bromopropyl radi-

cal may either abstract an hydrogen atom (32) or lead to po-

lymerization, after addition to the double bond of another

propene molecule (33). The bromopropyl radical might also

dissociate in propene and a bromine atom (-31). The labeled
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30

CH,-CH-CH, + HBr

A. Br + CH,CHCHf / , CH,-CHtCHtBr
31 3 2 / +propmi

CH,-CH-CH,B'
+ B prOP OHO

radical polymtrization

GH,CH:CHr+ Br

34

B. BÏ+ CH^HCH, < ..CH,: CM-CH.Br or CHBr'.GHCH,

35 \ 36 / -H

'CHrCH^CH,

37 \ + » propno

1 eatiDRie pilyMorizitioR

products are respectively n-propylbromide and bromlnated

. "polymers".

B : Bromine cations

34: Charge exchange of Br to propene is near resonance with an

excited level of C3Hg (AE =0.06 eV, Dew-69). The resulting

bromine atom might react according to A.

35: Electrophilic addition of Br+ to the double bond; a bromonium

ion is formed, which may react via proton transfer to another

propene molecule (36) or via cationic polymerization (37).



nucleophilic reaction (Aus-77).
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The products of the reaction (36) may be 1-bromopropene or

allyl bromide.

According to the literature on the reactions of Cl 2 with propene,

hydrogen abstraction by chlorine atoms (30) is more important

than addition (31) to the double bond (Ste-37, Rus-40), in par-

ticular at low halogen concentrations (Nec-72). The abstraction/

addition ratio for Cl atoms varies from 1 5 2 (Rus-40) to > 100

(Nec-72). The results are often contradictory, however, and

neither reaction can completely be excluded.

Inspection of the product yields ', formed in pure propene

(Table 3.8) learns that they are all produced in very low

yields, with the exception of the U.I.P. yield. A discussion

on these minor products seems less relevant, because it is the

aim of this study to understand the action of propene as a

scavenger. Therefore the reaction scheme of Fig. 3.18 may be

simplified as reactions (32) and (36) do not lead to important

product yields. The relative contribution of the radicalic (33)

and the cationic (37) reaction in the "polymer"-formation is hard

to evaluate. The cations, 7 7Br + (̂  35% of all 77Br) and 7 6Br +

(100% of all Br) may either be neutralized very efficiently

and react as radicals (according to A ) , or initiate polymeriza-
77 76

tion (37). The neutralized Br and Br atoms, together with
77

the neutral Br fraction, which was formed directly from decay

(̂  15% of all 77Br) may lead to addition to a double bond (31)

or hydrogen abstraction (30). If the cations react mainly via

polymerization, an isotopic ratio of 0.35 is to be expected

for the polymeric, unidentified, products. The measured ratio

for the U.I.P. fraction in pure propene is about 0.4 (Table 3.8),

which is consistent with the idea of cationic polymerization.

A contribution of radicalic polymerization can, however, not

completely be excluded, although the main reaction for bromine

atoms will be the abstraction of allylic hydrogen atoms. The

data obtained from the LH-20 analysis (Fig. 3.14, Table 3.9)

give an indication about the molecular weights of the polymers.

Two main peaks are found, one possibly corresponds to branched

' 1-bromo-1-propene is not separated from i-propyl bromide in

the G.C analysis but i-propyl bromide is not expected as reac-

tion product, according to the scheme 3.18.



110

hexyl bromides and the other to branched dodecyl and nonyl

bromides. The slope in frontof the first eluted peak corres-

ponds to even higher molecular weights. It seems obvious that

polymerization is mainly terminated after 2 to 4 steps. The

LH-20 analysis of propene, reveals a peak marked "?", the

origin of which is unknown, but it may be an inorganic Br-0

compound formed from traces of oxygen.

The addition of H_S to pure propene changes the yields of

most brominated products only slightly (Table 3.8). The LH-20

analysis (Fig. 3.15 and Table 3.9) show that the relative amount

of brominated polymeric products is decreased. The composition

of the Br labeled polymeric products is shifted slightly to-

wards polymers with a lower molecular weight. The H affinity

of propene (7.80 eV) (Wal-80) is higher than that of H,S (7.37

eV) and presumably the Br ions form more stable complexes

with propene. Despite its lower proton affinity, H-S seems to

react with Br ions converting them to HBr and as a consequence

a lower relative polymeric yield is formed. Probably reaction

of Br ions with H2S is faster than with propene. The allylie

C-H bond dissociation energy is about the same as the S-H bond

energy in H2S (3.86 and 3.90 eV respectively) and the activa-

tion energies will not differ very much (the activation energy

for hydrog'.*." abstraction Ly H and CH., radicals is only 0.13 eV

lower for H2S (Kon-72) and therefore it is not expected that

H2S will influence the reactions of Br atoms to a large extent.

The termination of the polymerization reaction is only slightly

affected by the addition of H~S.

METHYL BROMIDE + PROPENE

The addition of propene to methyl bromide results in high

yields of U.I.P. (Table 3.8). The CH3Br* yield is reduced re-

markably by addition of only 5* propene; a further increase

in propene addition leads to higher CH^Br yields (Fig. 3.13b).

Increase of the pressure of a mixture of methyl bromide and

5 - 7 % propene results in a much slower increase of the CH?Br

yield than was observed for pure methyl bromide. Similarly as

in pure propene all other products are formed only in vecy low
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quantities (Table 3.8). (The presence of methyl bromide might

open a new reaction channel for bromopropyl radicals (31), name-

ly the bromine abstraction from CH,Br. The product, 1,2 dibromo-

propane, is formed in less than 0.1%.) Only the CH,Br* and the

U.I.P. fraction will further be discussed.

In pure methyl bromide a wall catalysed exchange reaction with

HBr* leads to high yields of CHgBr . To explain the observed

phenomena, it must be assumed that addition of a few percent of

propene interferes strongly with the HBr production reaction.

Propene has a higher proton affinity (7.80 eV) than methyl bro-

mide (7.06 eV) and, if the Br+ affinity follows a similar

trend, it may be expected that Br will form a more stable

complex with propene than with CH^Br. Therefore the gross for-

mation of [CHoBr*Br] + is expected to decrease and less HBr*
77

will be produced. The Br radicals, however, will react mainly
77

with propene via hydrogen abstraction, yielding H Br (30).
77

Indeed an increase of the CHoBr-H Br exchange is observed as
* 77

a function of propene concentration (Pig. 3.13b). The CH, Br

yield is influenced by pressure (Fig. 3.13a), but the CH
77

yield is hardly affected. H Br formation proceeds partly via
77 77 -

hydrogen atom abstraction by Br atoms and Br is formed via
77

the nuclear decay directly. A pressure dependent H Br-CH-Br
76exchange reaction can therefore occur, while the H Br-CH,Br

exchange reaction is almost impossible due to the much, smaller

amount of H Br.

As in pure propene a large part of the ' Br activity is

found in the U.I.P. fraction (Table 3.8). An isotopic ratio of

0.7 is observed for this fraction, indicating once more that

Br and Br mainly react with propene through cationic poly-

merization. The scatter in these U.I.P. results is very large

and quantitative conclusions are not allowed. LH-20 chromato-

graphy (Fig. 3,16 and Table 3.9) gives an indication about the

extent of polymerization. In comparison with pure propene

(Fig. 3.1.4) one extra peak is obtained: CH3Br* (channel 225).

The polymerization seems to be terminated at an earlier stage,

because considerably less high polymers (larger than dodecyl

bromides in channel nrs. below 160) and less brominated
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dodecyl and nonyl polymers are found (Table 3.9) in comparison

with pure propene.

Addition of H2S to CH3Br/propene mixtures does not change the

yields of most of the products (Table 3.8) as could be expect-

ed regarding the results for propene and propene/HoS mixtures.
7fi

The CH, °Br yield is not influenced at all by HOS, while the
77

CH3 Br amount is reduced slightly. The U.I.P. fraction seems

unchanged (Table 3.8). The LH-20 analysis (Fig. 3.17 and

Table 3.9) reveals that the relative polymeric product yield

is reduced by addition of H2S,a phenomenon previously observed

for the addition of H2S to pure propene.

Conclusion

Propene apparently is a useful scavenger for cationic bromine

species in CH,Br. The resulting compounds, however, are hard

to identify, and their yields difficult to interpret. Scavenging

of thermal Br atoms is also possible, but the main product,

HbR , might lead to exchange with CH3Br.

ETHENE

The reaction scheme for propene does

ethene. No allylic hydrogens are present, which means that

hydrogen abstraction is difficult. Addition of thermal Br

atom to ethene proceeds 15 times more slowly than to propene

(Abe-64). Since only Br data had been measured, only cationic

reactions can be compared with propene (B in scheme 3.18). No

near resonance charge exchange is possible (Tur-72), which

leaves the addition of Br to the double bond as the only

possible reaction channel; the resulting bromonium ion

C H - — CH2 will not be stabilized by adjacent methyl groups

as in the case if propene. The proton affinity of ethene

(6.91 eV) (Wai-80) is lower than that of CH3Br (7.06 eV) and a

[CH-BrBr^J + ion, leading to HBr* elimination , will be more

stable than the product formed after addition of Br to ethene.

As a consequence only small amounts of C2H5Br are formed. The
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high yields of C,H_80Br, observed by Kondo et al. (Kon-78)
80 +

for Br reactions in CH /ethene/HBr mixtures may be explained

by the higher proton, and possibly Br affinity, of etliene with

respect to CH. (5.20 eV) (Wai?80). It is now understandable
76that ethene does not affect the CH, Br yield and that no high

U'l.P. fraction is observed.

3.4.3 Isotopic ratio in CH3Br*

The isotopic ratio of CH,Br in methyl bromide/pro-

pene mixtures of 2.8 ± 0.3 resembles that of CH,Br in methyl

chloride (2.9) (section 4.5) and that of C2H5Br in ethyl

bromide (3.8) (section 3.2.3). The CH3
76Br yield of 2.4%

(p t 130 kPa) (Fig. 3.13a) is only slightly higher than the

extrapolated yield of directly formed CH3
76Br (1.4 ± 0.5%)

(section 3.2.1), obtained for pure methyl bromide.

The exchange reaction of HBr with CH,Br is decreased to a

large extent by the addition of propane, and the ratio of

2.8 might be closer to the ratio, that should be expected
76 77for the reaction of nucleogenic ' Br in a pure gas phase

reaction in methyl bromide, when no exchange phenomena are

involved. The isotopic ratio of 3.8 for the substitution of

bromine in ethyl bromide might be somewhat high in case of

methyl bromide. The photoelectron spectrum of ethyl bromide

(Has-70) shows a slightly larger intensity around 11.81 eV

(ionization energy of atomic bromine) than that of methyl

bromide(Tur-72) and therefore the charge exchange reaction with

ethyl bromide might have a slightly higher cross section than

with methyl bromide. less Br species in ethyl bromide remain

for a substitution reaction of the bromine atom (0.7% COHU Br
76 to

is less than 1.4% directly formed CH, Br). Consequently for

methyl bromide a somewhat lower value than 3.8 might be ex-

pected for the isotopic ratio.

An estimate of 3.2 - 3.5 as isotopic ratio for the pure gas

phase reaction of nucleogenic ' Br with methyl bromide seems

more likely than the value of 1.7, which was found for methyl

bromide in case wall catalysed exchange reactions dominate.



ethene addition; exp. time: ^20 hrs, pressure:

90 kPa
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An extrapolated value at exposure time = 0 for the CH3 Br

might be calculated to be 4.5 - 4.9% and this value will be

used in Chapter IV.

3.5 Pure gaseous methyl iodide

3 . 5 . 1 The CH ' Br yield in pure gaseous methyl iodide

Similarly as for the reactions of ' Br in methyl

bromide two main products are expected to be formed in methyl

iodide: CH,Br via the substitution of iodine by bromine and

CIUIBr as product of the substitution of hydrogen by bromine.

For this last compound no carrier was available for identifica-

tion in the GC analysis, but no activity was observed with a

retention time, that could be attributed to CH~BrI. Therefore

only the CH,Br yield will be discussed. As in the case of

methyl bromide, the yield of labeled CH,Br is dependent on
77

the exposure time (Fig. 3.19). (No Br data were measured.)

20A
CO

CO

5
c

10

0
0 10 20 30

exposure time (hours)

Fig. 3.19 Influence of the exposure time on the CH3 Br yield

in CH^I; pressure 40 kPa
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The data are fitted with a least square method and a linear

relationship between yield and exposure time seems to result.

The extrapolated CH3 Br yield at t = 0 is (1.4 ± 0.6)%.

Pressure and temperature effects were not studied for methyl

iodide, but the similarity to the methyl bromide results makes

it likely that pressure effects exist. No experiments have been

performed to test if the substitution of iodine by ' Br also

proceeds via the glass wall, but again, the large similarity

with the reaction described for methyl bromide, render it very

probable that such an exchange is involved.

(38)

(39)

(40)

H'~Br +

Si-76Br

76Br" +

C H 3 I •*•

+ CH3I

C H 3 I •*•

CH3

\

"*" S

I~ 4

"Br

Si-I

" C H3

+ Hl

+ CH3
76Br

76Br

AH

AH

AH

= 0

= 0

= -

.15

.20

0.

eV

eV

31 eV

Reaction (38) is slightly endothermic. H Br might also react

with siloxane and silanol groups to silylbromide (see section

3.3.7). The exchange of Si-Br and methyl iodide (39), how-

ever, is endothermic (Si-halogen bond dissociation energy from

Don-79). Mixtures of gaseous HBr and methyl iodide stored in

glass ampoules at room temperature for 20 - 40 hours show that

exchange takes place, resulting in CH3Br (pressure ^ 100 kPa).

According to 3.1.2 an empirical rate constant for the labeling

reaction of CH3I with 76Br could be calculated

(41) C
= 1.5 x 10~5% 76Br in CH~Br hr"1 Pa"1

This value is twice as high as the value obtained for the

Br-CH3Br exchange reaction, which might be due to the better

leaving group ability of I~ in comparison with Br~ (Hin 61/1)

in a SN2 reaction.

The formation of the exchanging species HBr* in methyl iodide

is thought to proceed via the same reaction channels as des-

cribed for methyl bromide. After the attachment of Br to ths

lone pair electrons of the iodine atom in methyl iodide, an
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elimination of HBr from the [CH^IBr] complex may occur

(42) Br*+ + CH3I ->• tCH3IBr*]
+ -*• CH 2I

+ + HBr* AH=-3.52 eV

The formation enthalpy, AHf, for CH2I
+ is not known, but a val-

ue can be calculated from the appearance energy found for CH_I+

if it is formed from CH,I (Ros-77) (according to 3.3.3).

Elimination of HI from the [CH^IBr] complex might also occur,

at least, if the complex lives long enough to allow the iodine

and bromine atom to change position via a type of "ipso" com-

plex. Such an exchange reaction seems rather simple if the com-

plex is thought to be composed of a CH, ion solvated to an IBr

molecule. The most stable configuration of the CH_ complex,

observed mass spectrometrically (Bea-71), is a CH. ion bonded

to an H- molecule as was shown by Olah (Rad- ). The Br and

the CH,I+ ions will be solvated by other molecules of CH-,1:
+ +

the smaller Br ion probably stronger than the CH^I ion and

the exothermicity of the reaction (42) will be somewhat less

than the calculated value.

From photoelectron spectra (Tur-72) it is deduced that near

resonance conditions for a long range charge transfer reac-

tion from Br+ to methyl iodide are more closely met than for

a charge transfer the methyl bromide. The kinetic energy of

the 7 6Br + ion is relatively low (< 7.2 eV) and solvation will

be a major reaction. As discussed for methyl bromide the Br

atoms - possibly formed after a long range charge transfer or

after a charge transfer, once it had been solvated by methyl

iodide - may react by hydrogen abstraction from methyl iodide

to form H Br molecules. Yet, this reaction is not considered

to be important because of the endothermicity of hydrogen ab-

straction (AH =0.67 eV), which can not easily be overcome by

almost thermalized bromine atoms.

**' Note: CH2I-H bond energy from Wea-78.
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3.5.2 Effect of H2S on the CH3
?6'77Br yield In methyl iodide

Fig. 3.20 gives the effect of addition of H~S to

methyl iodide on the yield of labeled methyl bromide. Mo maxi-

mum is observed in the curve. Unfortunately, no CH-, Br yield

was determined in pure methyl iodide, but the shape of the curve

in the region of 12 to 90% H^S is much like the CH3 Br curve.

Contrary to the results, found for methyl bromide/H-S mixtures

the CH,Br yield in methyl iodide is reduced proportional to

the concentration of H-S. The formation of the majority of

the CH,Br* yield is thought to proceed via an exchange reac-

tion of HBr with methyl iodide and the results in this section

indicate that no extra formation of HBr occurs due to the pre-

sence of H-S. The proton affinities of methyl iodide and HnS

are equal (7.37 eV)(Wal-80) and, if the Br+ affinities follow

a similar trend as the proton affinities, a competition will

exist between the association reaction of Br with methyl io-

dide and H~S. At low mole fractions of H2S the main product

will be [CH3IBr] , surrounded by other molecules of methyl io-

dide but at higher mole fractions of H2S [H2SBr]
+ will possibly

be the initial association complex. This will be surrounded by

H2S molecules and a HBr molecule can not easily reach a methyl

iodide molecule in the cluster to give an exchange reaction.

X
o

40

20

10-

0

"Br

'6Br

50V.

% H2S
100%

Fig. 3.20 Influence of H_S on the CH^Br yield in gaseous C£UI

exposure time: ^ 20 hrs; pressure 40 kPa
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The Br° fraction might react with H-S via a hydrogen abstrac-
77

tion (AH = + 0.11 eV), since the kinetic energy of these Br

atoms is high enough to overcome the endothermicity. However,

there seems to be no effect of the presence of H-S on the

CH,77Br yield, which indicates that the reactions of the 77Br
77

atoms are not very important in the formation of H Br. This is

in line with the conclusion drawn from the lack of effect of

CH,OCH, on the CH,77Br yield in methyl bromide (3.3.6).
77

Endothermic hydrogen abstraction reactions by Br atoms,

despite their kinetic energies, do not seem to lead to impor-

tant increases in the yield of H Br, which product is needed

for the exchange reactions with methyl bromide and iodide.

123
3*6 Decay of Xe in gaseous methyl bromide and methyl

iodide

The exchai.cre phenomena, discussed in the previous

sections, may also be expected for the decay of Xe to I

in gaseous methyl bromide and iodide. The same experimental
76 77 123

procedures as for ' Kr were used. Xe decays for 87%

via EC and for 13% via 0 emission (Led-78), which means that

the charge spectrum of the resulting iodine species consists for

about 90% of positively charged ions. The recoil energy of the

iodine species is 34 eV after EC and maximal 20 eV after p+

123
emission (Lob-73). Table 3.10 summarizes the yields of CH, I.
The; yield in pure methyl bromide and iodide is rather high,

123
which may be due to a thermal exchange reaction between H I

1 O'S

and CH3X (X = Br, I) . If H2S is added almost all " l is re-

covered as CH3I*, which must be due to a thermal exchange reac-

tion.

123

Since the major fraction of the I species is initially pre-

sent as positively charged ions, the primary reaction of I
123

must be the conversion to HI. (Only 3% of I is expected to
be present as iodine atoms, formed by the loss of one electron

in the "shaking processes", following the $ decay, but this

fraction will be neglected in the further discussion.)Analogous
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to the mechanisms described for the reaction of Br , three reac-

tion channels will be proposed:

i) association of I to the n electrons of one of the three

compounds (CH3Br,CH3l, H 2S), followed by further clustering,

and HI-elimination from the originally formed association

(43a) :

(43b) :

(43c) :

I + CH3Br

I + + CH3I -

E+ + H 2 S •»•

* tCH3B

• [CH 3 II

[H2SI3 +

ra -*• CH 2 Br +

•* C H 2 I + +

H S + + Hl

+ Hl

Hl

The proton affinities of methyl iodide and H,S are the same

and therefore the I affinities may probably also be equal.

The large effect of H2S on the CH3 I yield in methyl

iodide cannot be explained via this first reaction chan-

nel (43)/ unless I reacts much faster with H-S than with

methyl iodide, which is hard to believe, since in general

the activation energies for ion-molecule reactions are low

(Tal-79),and the rates very high.
123 +

ii) Clustering of I with the gas molecules as described in

i, followed by delocalisation of the positive charge over

the whole cluster; the'iodine entity becomes more radical-

like and may abstract a hydrogen atom from one of the

molecules in the surrounding cluster. This mechanism can

be excluded as all hydrogen abstraction reactions are high-

ly endothermic (AH = 1.33 eV for CHjBr, AH = 1.37 eV for

CH,I and AH - 0.81 eV for H 2S). However, If a long range

charge transfer occurs before the clustering, the result-

ing iodine atom might still possess enough kinetic energy

for hydrogen abstraction. The AH for charge transfer of I

to CH3Br, CH3I and H2S is respectively 0.08 eV, -0.91 eV

and -0.05 eV. Near resonance conditions are met for H,S

which may explain the large effect observed on addition

of this gas. I might also react with methyl iodide by a

charge transfer over a longer distance if the resulting

CH3I
+ is left in an electronically excited level
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(AH = -0.29 eV, excited level is 0.62 eV above the ground

state of CH3I
+) (Tur-?2). Resonance conditions are not

completely met, but a reaction cannot be excluded. The

charge exchange reaction of I with methyl bromide is

endothermic and it can only proceed if electronically

excited levels of I are involved or if some of the

kinetic energy of the I + ion is used. The last assumption

seems very unlikely, since it was shown that the kinetic

energy of an ion, if it is not too high, hardly influences

the charge exchange processes (Ted-79). The higher
123

CH3 I yield in methyl iodide than in methyl bromide

might be explained in this way.

iii) Formation of a iodosulfenyl compound after association

of I to H2S, followed by a proton transfer to another

H2S. Although the formation of HSI has been described

(Hwa-79) recently, the relative importance of this reac-

tion is hard to evaluate, because data are lacking.

Furthermore, this reaction channel can only explain the
123

effect of H,S on the CH, I yields but not the observed
123

difference in CH3 I yields obtained in pure methyl

bromide and iodide.

To summarize it may be stated that a long range charge trans-

fer interaction between I and methyl bromide, methyl iodide

and H2S offers the most plausible explanation for the phenomena

observed for the decay of Xe to I in these halomethanes.

Table 3.10 Product yields (%) of CH 3
1 2 3I from decay of 123Xe

in gaseous halomethanes

gaseous

CH3Br

CH3I

CH3Br +

CH3I +

mixture

12.5% H2S

12.5% H2S

Yields

formed

of CH 3
1 2 3IO

by decay of

6.5

18.5

97.5

96.5

i)
123Xe

pressure

(kPa)

53.

46.

53.

46.

3

7

3

7

exp.time

(hr)

28

24

28

24
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CHAPTER IV

. THE DECAY OF 76Kr AND 77Kr IN GASEOUS HALOMETHANES II

i

4.1 Introduction

In the previous chapter it was concluded that the

CH3Br* yield in CH3Br and CH3I originated mainly from a wall

catalysed exchange reaction. Extrapolations could be made to

estimate the directly formed CH,Br* yield. In this chapter

the directly formed CH3Br* yields in CH3I and CH3Br and the

yield of CH3Br* in CH3C1 and CH3F - which are not influenced

by glass wall effects - are discussed. The hydrogen

substitution reaction in the halomethanes by bromine is also

dealt with. Furthermore, a series of polyfluorinated

halomethanes is studied.

82 80
4.2 Reactions of ' Br with halomethanes,

a literature survey

The reactions of bromine recoil species with
80 82

halomethanes have been studied by means of Br formed

after n,Y activation or after decay of the metastabile states

^3r or ar. The bromine species, resulting from neutron

irradiation of a mixture of a halomethane and a gaseous

brominated compound have recoil energies between 0 and 400 ev

as a consequence of prompt Y-emission (Ber-75) by the excited

nucleus. Only a minor fraction of the bromine recoils is

charged. Wexler et at. (Wex-52) found that about 12% of 80mBr

carry a single positive charge after neutron activation of
79Br, while the remaining fraction consists of neutral atoms.

Isomeric transition via highly converted y-rays results in
1 80 82

| multiple positive charges on Br and Br (see section 1.3).

The kinetic energy of the resulting bromine species depends

largely on the charge and mass of the other fragments of the

brominated compound, to which the "'Br or ""Br atom was

attached before the isomeric transition. Berg et al. (Ber-75)

..»
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calculated probability distributions of the number of bromine ions

vs. recoil energies and found for the isomeric transition of
8 2 mBr to 8 Br in HBr, CHjBr and Br2 average kinetic energies

of 0.75, 14 and 37 eV and maximum energies of 1.3, 55 and

158 eV, respectively.

Both types of activation require a bromine source compound

in the gas mixture, which is to be activated by a neutron

irradiation. For the isomeric transition experiments, the

source compound labeled with 8 0 mBr or 8 2 mBr, is

chromatographically purified before addition to a gas mixture.

Various source compounds have been used, but they all suffer

from the same disadvantage, that they are present in

macroscopic amounts in the reaction mixture (0.5-10%) and

that they are not chemically inert. Mainly Br, (Spi-65,

Oka-69, Oat-70, Hel-71, Shi-71, Num-73, Ber-75) but also

HBr (Kon-80) and CH,Br (Knu-73) have been used. All compounds

discussed sofar have ionization energies below that of

atomic bromine (Br2: 10.51 eV, HBr: 11.67 eV, CIUBr: 10.54

eV, Br: 11.81 eV) and neutralization of Br+ species might

occur, even if near resonance conditions are not completely

met. For this reason CF^Br with an ionization energy of 11.89

eV has been proposed as source compound (Dan-73). This

compound, as many other halomethanes, will have an appreciable

proton affinity and it might be expected that its affinity

for Br+ions is also high. But, if this Br+ affinity of CF3Br

is higher than that of some other halomethanes, which are
80

studied as target compounds for the reactions of Br and
82

Br, additional effects may be feared. These influences of

macroscopic amounts of bromine source compounds are absent,

if ' Kr is used as source material for energetic bromine

species.
In many earlier publications only total organic yields in

fin 82
the ' Br experiments were determined as no gas

chromatographic separations were applied. Comparison with the

present results is therefore difficult. The whole series of

monohalomethanes has been the object of a systematic study
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by Berg et al. (Ber-75) using Br2 and by Daniel and Ache

. (Dan-73) using CFjBr as source compounds. The other studies

J deal with one of the monohalomethanes, mainly with CH3Br.

Moderator studies with various rare gases have led several

authors to conlcude that the formation of CH3Br*, CH2Br*Br

and CH2Br*Cl in respectively CH3Br and CH3C1 by n,y and

isomeric transition activation is exclusively a "hot"

process (Oka-69, Oat-70, Alf-72, Alf-73). In CH3F a small

thermal contribution was found in case of isomeric transition

activation (Ber-75); the higher ionization energy of CH-F

(12.54 eV) allows Br ions to survive and probably these ions

account for the thermal reaction. The other monohalomethanes,

which have ionization energies below that of atomic bromine,

are thought to neutralize Br+ ions very fast and therefore

no Br+ species will survive in CH3C1 and CH3Br. In order to

explain the results of the "Br —» Br decay in arenes, Br+

was suggested to be the reactive species, although the

ionization energy of atomic bromine is higher than those of

the aromatic target compounds (Knu-73, Knu-75). The

discrepancy between both conceptions is obvious. The

neutralization of Br+ might also be accomplished by the

presence of Br2 in almost all experiments.

In general the yields of labeled products were extrapolated

from 80-90% to 100% moderator; that such a procedure might

lead to an incorrect interpretation was shown by Daniel and

Ache (Dan-73) in their study of the halomethanes with 99.5%

or more moderator in which case thermal yields of 0.2-3.0%

were observed for all products. This effect was thought to

be due to reactions of Br+ ions. In this last study CF3Br

was used as a source compound, since it will not neutralize

Br+ ions. It is not obvious whether the observation of

thermal yields is due to the absence of Br2 or to the higher

mole fractions of moderator.

Thermal substitution yields both for hydrogen and for halogen

atoms increase in the series CH,F to CH3I and CC14 to CH3C1

(Dan-73). The following mechanism was proposed



124

. collisional
J— t CK,XBr*

exc.J stabilization

The *Br+ ion reacts with CH,X to an excited CH3XBr
+ complex,

which is collisionally stabilized and the subsequent transfer

of either H or X to an acceptor molecule leads to the

observed products. The electron density on the central carbon

atom is supposed to be the yield determining factor.

Elimination of a F ion is very endothermic and is hardly

expected to occur from the complex, which has already lost

most of its excitation energy. Furthermore, CF,Br probably

has a proton affinity very comparable to those of the other

halomethanes (proton affinities CH3X see table 4.4) and it

might offer a competitive reaction channel in the Br+

association reaction.

Berg et at. (Ber-75) found an increase in the organic yields
82

for the reaction of Br (from isomeric transition) with the

halomethanes when going from CH,Br to CH,F; this is opposite

to the results reported by Daniel and Ache (Dan-73). In the

former case "hot" yields, obtained for mixtures of CH,X and

Br-, are reported and no Br species would be present. The

results are explained by the order of efficiency of

moderation.

Kondo and Yagi (Kon-80) used H 8 0 ( 8 2' mBr as the bromine

source and they found no influence of moderation on the

product yields, which was explained by the very low kinetic

energy ( 0.75 eV) that the Br n + ions receive by the

Coulombic explosion of HBr. The reactions are supposed to

occur via association of Br to a molecule of CH,Br,

followed by further clustering with other molecules. In

previous studies Yagi and Kondo investigated the influence

of various polar molecules (such as HC1, H2S, SO2)
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on the CH3Br* yield in CH4/HBr mixtures (Yag-75, Kon-79) and

the results were explained by the higher probability of

cluster formation compared to charge exchange of Br+ with

other molecules (at least when the kinetic energy of the ion

is not too high: ^ 1-2 eV). For CH3Br a similar mechanism is

suggested:

CH,Br*Br+

The effect of the presence of 10% HBr in these experiments

is not thoroughly discussed.
fin

Alfassi et al. (Alf-72, Alf-73) studied the reactions of uBr

produced via n,y activation in CH,Br and CH,C1. The use of
80

both I2 and Br2 as scavengers allows to divide the CH2 BrX

yield (X = Cl, Br) in two fractions: one is due to direct
80

substitution of hydrogen by Br and the other to the formation
so

and reaction of a CH ° Br* radical, which is scavenged in the

presence of iodine. Yields of 0.2-0.3% were obtained for the
80

direct substitution of hydrogen by Br. Table 4.1 gives a

review of the product yields reported in the literature for

the halomethanes; no data for the ' Kr decay in these

gases have been obtained sofar.

ftO A? 7fi 77

Above some differences between the ou'° Br and the ' Br

experiments have been mentioned but there is another

experimental difference. The exposure time for the ' Kr

decay experiments is generally 20 hours or more, which is

much longer than the 1-2 hours necessary for the 80ltl/82mBr

exposure. Possible exchange reactions, as catalysed by glass

walls, will consequently contribute a larger extent in the

76,77Rr e Xp e ri m e nts (see chapter III).



Table 4.1 Yields (%) of 82'80Br-labeled products after reaction of 80'82Br with

halomethanes

to
en

Total organic

yield (%)

CH 3Br* (%)

CH2Br*X (%)

Total organic

yield (%)

CH 3Br* (%)

CH2Br*X (%)

n,Y

8

n,Y

4

2

(80Br)

• 0 a

(80Br)

.3a

.8b

12.8 d

+scav3.0%

0.27d

(+scav)

8 2 m B r

5

8 2 m B r

3

2

3

1

1

CH 3F

<IS)82Br

.8a

CH3Br

(UT)82Br

.9a

.6 f

.9 h

.3f

8 0 m B r ( U ) 8 0 B r

(0.27)®

(0.08)®

80mBr(U)80Br

2.4b

1.6'

2.6h

d.6) e

0.9g

1.3h

(0.30)®

n,Y(80Br)

5.0a

2.1°

0.22°

C H 3 C 1

82mBr(U?)82Br 80mBr(ia')80Br

4.5a 2.5b

2.4e (0.6)®

0.7® (0.19)®

Data from:

a: Ber-75 b: Spi-65

c: Alf-73 d: Alf-72

e: Dan-73 (yields in brackets:

99.0% moderator present)

f: Oat-70 g: Num-73

h: Kon-80

N.B. data for I.T activation using Br, as source compound are only given if mole

fractions less than 2-3% are used.
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4.3 Reactions of '77Br with fluoromethanes

(CH3F, CH2F2, CHF3, CF4)

4.3.1 Results

Two different types of products may be expected

from the reaction of ' Br with fluoromethanes resulting

from the substitution of either a fluorine or a hydrogen

atom. The G.C. analysis reveals that these two products

constitute the major organic yield; very small quantities of

other, not identified, compounds are observed in some cases,

but their very low yields ( 0.05%) do not allow a detailed

discussion, as was the case for pure CH,Er.

Table 4.2 summarizes the results. No effect of pressure

(50 to 135 kPa) or of exposure time (20 to 50 hr) was

observed on the yields of the brominated products. In the

case of CF4 also no effect was found on an increase of the

storage temperature to 413 K. Some data for CH4 taken from

Frost (Fro-77) are added to the table.

4.3.2 Discussion

The yields of all brominated products are very

low, while the majority of the bromine activity is found as

an inorganic fraction on the wall of the reaction vessels.

Yet, the discussion will be dedicated mainly to the organic

products as no method is available to distinguish between

various inorganic compounds (HBr, FBr etc.).

A. Origin of the isotopic ratio

Both for the substitution of fluorine and for that of

hydrogen appreciable isotopic ratios were observed in CF.,

CHF3 and CH-F». Lower ratios were found for hydrogen

substitution in CH3F and CH. and for fluorine substitution in

CH,F. The question arises, whether these ratios are a
76consequence of a difference in kinetic energy between °Br

and 77Br recoil species or of a difference in the charge

spectrum.



T a b l e 4 . 2 R e a c t i o n s of 7 6 f 7 7 B r i n CH n F 4 _ n (n = 0 - 3 ) . (Produced from d e c a y of 7 6 ' 7 7 K r )

Compound

CF4

CHF3

CH0F„

ca3F

CH4*

0

0

76BT

.27+0.

.06+0.

03

01

1

0

ZF_Br

7 7Br

.3 +0

.19+0

.2

.03

77/76

4.8+0.9

3.2+0.7 0

0

7 6Br

.26+0

.16+0

product

CHF^

77Br

.02

.01

1.4+0.

1.0+0.

1

1

f ie ld

77/76

5.4+0.

6.2+0.

(

5

8

%)

0

0

76BT

.35+0.

.40+0.

06

03

CH2FBr

77Br

2.6 +0.3

0.54+0.04

77/76

7.4+1.

1.4+0.

6

2

76Br

1.9+0.

2.9

CH3Br

77BT 77/76

2 39+02

3.7

I

i

2.0+02

1.3

00

data from Fro-77
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To gain more information about both alternatives bromine

recoil atoms with a large kinetic energy (̂ 350 keV) were

generated by a (p, n) nuclear reaction on selenium by the

method described in chapter VI.

The results of a proton irradiation of a mixture of CF4 with

20% H2Se are given in table 4.3.

Table 4.3 Yield of CF3
?6'77'82Br in proton irradiated

mixtures of CF4 + 20% H-Se

CF4 + 20% H2Se 0

76Br

.24+0.1 0

77Br

.20+0

Br

.02

82Br

0.4+0.2

Comparison with the results for CF. in table 4.2 leads to the

conclusion that the yield of CF,76'77Br of 0.2-0.25% from the
76

proton experiments are almost identical to the CF, Br yield,
76 76

originating from the decay experiments. Br from Kr

possesses at the most 7.2 eV kinetic energy, whereas '77Br

from (p, n) activations have a maximum recoil energy of

350 keV. The bromine species, produced via proton activation

of selenium, are thought to be mainly uncharged, in analogy

with the n,y activated umBr species (Wex-52). As the amount

of kinetic energy has no effect on the formation of CF, Br

in CF. by Br recoil atoms produced either from Kr decay

or from proton activation of selenium, differences in the

charge spectra between Br and Br species (resulting from

krypton decay) must be the determining factor, leading to the
Les
77T

observed isotopic ratios. This implies that the 77Br~

fraction reacts with CF4 to form CF3 'Br.

Using Ion Cyclotron Resonance and high pressure mass

spectrometry it has been proved recently that Cl~ can react

in the gas phase with various halomethanes via a SN2 gas
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phase reaction (Dou-74/I, Dou-74/II, Riv-73, Luc-75, Olm-77).

Rate constants for gas phase reactions are several orders of

magnitude larger than those measured in liquid phase (Olm-77).

Stabilities of the intermediate CHjXCl " complexes have also

been determined (Dou-74/II, Riv-73).

B. Reactions of 7 6Br + ions from 76Kr decay in gaseous

fluoromethanes, thermodynamic considerations

7 6Br + ions, that are formed after 76Kr decay, will not be

neutralized in fluoromethanes since all these compounds have

ionization energies above that of atomic bromine (table 4.4).

Table 4.4 Ionization energies, dipole moments, proton

affinities Of CF4, CHFj, CH2F2, CHgF, CH3C1,

CH3Br, CH3I

Compound

CF4
CHF3

CH2F2

CH3F

SH3C1

CH3Br

:H3I

=H4

ionization energy*

(eV)

15.0

13.86

12.72

12.54

11.28

10.54

9.54

12.72

dipole moment**

(D)

0

1.65

1.97

1.85

1.87

1.81

1.62

0

proton affinity**"

(eV)

5.37

6.37

6.37

6.54

6.94

« 7.07

7.37

5.12

data from: Ros-77

data from: Nel-78

***data from: Wal-80

X*
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As a consequence the Br labeled products must be due to

reactions of Br+ ions. All reactions of Br+ ions with the

fluoromethanes are endothermic, at least if Br+ is not

electronically excited. 7 6Br n + species are formed with a

kinetic energy of 7.2 eV at the most, but this amount of

energy might be reduced by collisions before Br+ ions are

formed. The reaction enthalpies for the substitution

reactions of Br+, in its electronic ground state (3P2), with

CF4 and CH3F may be calculated

(1)

(2)

(3)

Br +^

Br +-

Br-H

H CF 4 „

H CH3F—>

I- CH 3F p

CF3Br -

CH3Br i

CH2BrF H

• F +

HF-

HH-

AH

AH

AH

= +8.

= +7.

= +3.

03

26

14

eV

eV

eV

As a consequence of conservation of momentum only a fraction

of M(CHXF )/(76+M(CHXF ) of the kinetic energy of the Br
+ ion

id available for the reaction (Stö-69); this is 53.5% of 7.2

eV (=3.9 eV) for CF4 and 30.8% (=2.2 eV) for CH3F. Thus it

is obvious that neither of the three reactions will proceed

due to the rather large endothermicity. For CH-F- and CHF-

similar considerations lead to the same conclusion.

Another possible type of reaction of Br + ions might be:

(4) Br + + CF4 > CF3Br*
+ + F' AH = +2.40 eV

(5) Br + + CH3F—*• CH 3Br
# + + F' AH = +0.38 eV

No exact reaction enthalpy could be calculated for the

hydrogen substitution reaction because no ionization energy

for the product, CH-BrF, is known, but the reaction will be

endothermic by more than 0.3 eV. Thermodynamical

considerations do not seem to render reactions (4, 5)

impossible, but the ionized product needs to be neutralized.

Exothermic neutralization is not possible in the present

gases, except if the glass wall is involved in this process.

Neutralization via recombination with a single electron

- if possible - is very exothermic and will lead to

decomposition of the product. For this type of reaction the
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reaction enthalpies for CHF, and CH 2F 2, reacting with Br
+,

cannot be calculated accurately since some thermodynamic data

are not known, but it might be expected that the AH values

will be between those for the reactions (4) and (5). Similar

limitations as discussed for CF 4 and CH3F, will also be valid

for CH 2F 2 and CHF3.

Reactions of Br + ions, leading to inorganic labeled products

seem more likely (6, 7, 8 ) .

(6) Br + + CF 4 » C F * + FBr AH = +0.65 eV

(7) Br + + C H 3 F — * C H 3
+ + FBr AH = +0.30 eV

(8) Br + + CH 3F~». CH 2F
+ + HBr AH = -1.87 eV

Both for CH 2F, and for CHF3 reactions similar to 6, 7, 8 will

be the most probable, although the reaction enthalpies will

differ slightly.

The low kinetic energy of 7 6Br + species, the fairly large

dipole moments of the fluoromethanes (except CF.) and their

appreciable proton affinities make it likely that the Br ions

are clustered by several gas molecules before any other
80 +reaction occurs. It was shown that Br ions, generated by

isomeric transition from H ""Br, are effectively clustered in

gas phase experiments involving polar molecules (Kon-79). The

solvation energy, which is released by the formation of the

cluster, might help in promoting reactions which were ruled

out before on basis of their large endothermiciti.es. For

instance the following overall reactions might be for CH3F:

(9) Br + + 3CH3F—*CH3Br + CH 3F*
+ + CH2F

- + HF
AH = 0.90 eV

(10) Br + + 2CH3F—»CH2BrF + CH3FH
+ AH = -3.40 eV

The kinetic energy of Br + (30% of 7.2 eV at the most) plus its

solvation energy would be sufficient to overcome the

endothermicity of reaction (9). Reaction (10) becomes

exothermic due to the proton affinity of CH,F. The reaction

enthalpy for a fluorine substitution in CH 2F 2 and CHF3 by a

reaction similar to (9) is hard to calculate, since not all
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essential thermodynamic data are known. Using O F bond

dissociation energies of 4.68 eV in CH2F2 and 5.08 eV in CHF3

(Kar-70) an estimate can be made:

(11) Br+ +

(12) Br 3CHF,

CH2FBr + (

CHF2Br + C

*H2F2

+

^ CHF

CF3*

2' + H F

AH =

+ HF

AH =

1.1 eV

2.8 eV

Both reaction (11) and (12) may proceed, since besides

solvation energy, respectively 2.9 eV (41% of 7.2 eV) and 3.4

eV (47% of 7.2 eV) of kinetic energy is available for

reaction. The hydrogen substitution reactions in CH-F, and

CHFg are both exothermic, if they proceed according to (10),

as a consequence of the proton affinities of both gases.

For CF4 no mechanism for the fluorine substitution can be

proposed similar to (9), since no HF can be eliminated.

C. Electronic excitation of Br ions

It cannot be excluded that the Br+ ions are formed in an

electronically excited state after the decay of 76Kr. Table

4.5 summarizes the energy levels of the five lowest states.

Table 4.5 Level scheme of Br

\

\

\

\

11.81

12.20

12.29

13.22

15.30

eV

eV

eV

ev

eV

data from Moo-71

Some reactions, which were excluded in the previous section,

become possible if Br+ reacts in an electronically excited
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state, since the reaction enthalpy is then considerably

lowered. The products of such reactions may also be in

electronically excited states (Wat-81). For example, reaction

(4) and (5) may lead to excited CF3Br*
+ and CH3Br

>+ ions. The

level scheme of CH3Br'
+ is known from photo-electron

spectroscopy (Tur-72) and excited levels are found at 10.86

eV, 13.4 ev and 15.1 eV. It is obvious that the last two

levels may be neutralized in CHgF, which could not proceed

for ground state CH.,Br' + . No photo electron spectra are

available for CF-Br and therefore the suggestion cannot be

verified for this compound. Frost (Fro-77) and Coenen (Coe-79)

discussed the possible involvement of electronically excited

Br ions in the reactions with CH. and fluorobenzene, but

they did not arive to definitive conclusions about the

relative reactivity of these excited ions, nor could it be

proved that such species definitively do play an important

role in the reactions. For the reactions of I + ions, formed
121 125

after decay of Xe and Xe, it was demonstrated that at

least the 1D 2 state of I
+ was involved in reactions with CH4

(Lob-73, Sch-64). It is, however, not possible to draw

conclusions on the basis of the data, that are presented thus

far for the reactions of Br+ ions.

D. Reactions of Br+ ions with fluoromethanes, mechanistic

aspects

In fig. 4.1 and table 4.6 the substitution yields per C-F

or O H bond in the fluoromethane are given for Br and for

^7Br. The substitution of fluorine increases drastically from

CH,F, to CH,F, while the substitution of hydrogen also
76 +

increases from CH3F to CH. for the reactions of Br ions.

A large increase is observed for the ratio of fluorine' to

hydrogen substitution from CH-F- to CH3F (table 4.7).
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IIj
•

o

' Br-H

Fig. 4.1 Substitution of fluorine and hydrogen by Br+ ions

per C-F or C-H bond in f luorontethanes

(o: substitution of fluorine by Br+,

x: substitution of hydrogen by Br +).

Table 4.6 Fluorine and hydrogen substitution yields per C-F

or C-H bond

CF4
CF3H

C F2 H2
CFH3

CH4

76

0.

0.

CF

Br

07

06

,Br*

77

0.

0.

Br

32

19

76

0.

0.

CF

Br

09

08

2HBr*

77Br

0.47

0.50

CFH,

76Br

0.

0.

18

13

Br*

77Br

1.3

0.18

CH.

76Br

1.9

0.72

,Br*

77Br

3

0

9

92
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Table 4.7 Ratio of fluorine to hydrogen substitution in

fluoromethanes

CHF3

CH2F2

CH3F

76Br-F
76Br-H

(per C-F

(per C-H

1.4

2.2

14.2

bond)

bond)

77Br-F
77Br-H

(per

(per

2.5

2.6

21.7

C-F

C-H
bond)

bond)

Halogen substitution

The reaction of Br+ ions is thought to proceed primarily

with the n electrons of a fluorine atom, which constitutes a

centre of negative charge in the molecule (Col-79, Col-80).

A kind of "ipso" complex is presumably formed in CHgF, with

the positive charge spread over the F, Br and C atom:

(13) Br+ + CH3F — » H - C - F* * H ",<£+ »'

H Br H % vBr

Even a structure, consisting of a F-Br molecule solvated to

an CH 3
+ ion, analogous to the CHg ion (Rad- ) might be

considered. A fluoronium ion with a positive charge on the

fluorine atom is not a very stable structure (Ola-75). The

CH3FBr
+ complex might become further solvated and an

elimination of HF or HBr might occur. In case of HF

elimination - which is energetically favoured over HBr

elimination - the resulting CH2Br
+ ion might become CH3Br

after a hydride transfer reaction. From the large preference

for fluorine substitution in CH3F and the increase in

hydrogen substitution yield from CH3F to CH4 (CH4 contains no

n-electrons and no competing negative centre for reaction of

Br+ ions) it might be deduced that Br+ reacts indeed primarily

with lone pair electrons (of a fluorine atom) if they are

,*•
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present.

If more than one fluorine atom is present in the molecule, the

Br+ ion will be attracked by all of them and consequently the

formation of the "ipso" complex is hindered. Instead the Br+

ion might be captured between two or more fluorine atoms:

(14) Br+ + CH2F2

Electron withdrawal by the fluorine atoms render the central

carbon atom more 6 charged and makes this site less

attractive for reaction with Br+. Complexes like CH. F Br +

*% ™X 3£

become considerably less stable if a second fluorine atom is

introduced (Daw-73). The reactivity of Br+ towards the

fluoromethanes decreases strongly on the introduction of a

second fluorine atom. Ion-molecule reactions of various

positive ions in the fluoromethanes were studied by Pabst et

ql. (Pab-76) using high pressure mass spectrometry and they

observed also a decrease in reactivity if more than one

fluorine atom is present in the fluoromethane.

The substitution of fluorine in CH4_XFX by
 18F recoil atoms

(Spi-68/1, Pau-71) and of chlorine in C H C 1 , _ by 39C1
80 *~x

(Spi-68/2) and Br (Dan-73) recoil species has also been

investigated. The product yield per C-X bond increases from

CX. to CH,X (X = F, Cl), a trend that is also observed for the
76 7 7

reactions of ' Br species. The ratio of the halogen

substitution yield per C-X bond for two neighbouring CH. X
ft ̂ X X

compounds is given in table 4.8. Within experimental error

most of the ratios within one column are quite similar, but

two major exceptions are found:

i) the ratios for CHC1,/CC1„ and CHOC1-/CHC1, in case of the
80 80

Br experiments are relatively high. The Br species

are formed viatisomeric transition in a highly moderated

system (more than 95% Ar); furthermore, 2.5% CF_Br is
present as bromine source compound and its influence is

80 +
not known. The Br ions will possibly react with CF-Br
yielding CF,Br Br+ ions. The Br+ ion has no appreciable



Table 4.8 Halogen substitution yields in fluoro- and chloromethanes

Ul
00

ratio j

substitution

reaction

18F-F

(Spi-68/1)

18F-F

(Pau-71)

39C1-C1

(Spi-68/2)

80Br-Cl

(Dan-73)

76Br-F

this work

77Br-F

this work

yield per C-X in CHX-j

yield per C-X in CX4

0.7

0.6

1.0

30.0

1.3

1.6

yield per C-X in CH„X,>

yield per C-X in CHX3

2.6

2.0

2.8

6.3

2.0

2.6

yield per C-X in CH^X !

yield per C-X in CH2X2 |
•

!
i

2.6

1.4

3.1

10.6

3.0

i
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kinetic energy at the moment of reaction.

ii) the ratio for CH3F/CH2F2 in the
 76Br experiments is relatively

high. In this case a pure positively charged bromine

species must be involved contrary to the reactions of

recoil 18F and 39C1 (radical species) and to 77Br

(contribution of negative ions). The reactions of radicals

will not be influenced to such a large extent as positive

ions by the electronic effects of the halogen substituents.

For negative ions the effect of the presence of two or more

halogen substituents is less pronounced, since no complexes

with the halomethanes will be formed via the lone pair

electrons of the halogen atoms and therefore the reactions

will proceed similar to those of the radical species 1 8F
39

and Cl. Electronic effects, however, cannot be excluded.

Hydrogen substitution

The hydrogen substitution is less severely influenced by the

introduction of one or more fluorine atoms in the fluoro-

methane molecule; the ratio of fluorine to hydrogen

substitution decreases from 14.2 for CH,F to 2.2 (CH2F2) and

1.4 (CHF3) (table 4.7). In fact, besides elimination of BrF or

HBr, very few channels exist through which CH2F2Br
+ and CHF3Br

+

complexes may react. Proton transfer, which is only a minor

reaction channel, is not influenced to a large extent by the

fact whether or not Br+ might reach the central carbon atom.

This carbon atom will be <5+ charged whether an "ipso" complex

is formed (CH3F) or whether Br
+ is captured between two or

more fluorine atoms (CH2F2, CHF,). The change in the

substitution ratio from 14.2 to 2.2 is largely due to the

considerable decrease in the fluorine substitution from CH3F

to CH2F2< All three hydrogen substitution reactions, followed

by proton transfer for CH3F, CH2F2 and CHF3 (reaction 10) are

estimated to be almost equally exothermic (AH = -3.4, -3.2

and -3.0 eV respectively).
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E. Reactions of Br species, isotopic ratio

It is more difficult to comment on the reactions of Br,

since a large variety of charged and neutral species exist. In

the first part of this section it was shown that 77Br~ ions

could not be ruled out as reactive species. Frost (Fro-77) and

Coenen (Coe-79) studied the reactions of 7 6 f 7 7Br with

respectively alkanes (methane and ethane) and arenes (benzene,

fluorobenzene, toluene). Both come to the conclusion that Br+

ions were the reactive species in case of reaction of Br and

Br, but that differences in the yields of brominated products

should be ascribed to differences in the kinetic energies. Both

authors measured for all hydrogen substitution reactions (in

alkanes and arenes) an isotopic ratio of 1.3-1.4, which

corresponds perfectly well with the value of 1.4 for the

hydrogen substitution In CH,F (sec 4.4) and CH-Br (sec 4.6) as

found in our work. The isotopic ratio of 2.1 for the fluorine

substitution in fluorobenzene is almost equal to the value for

fluorine substitution in CH.F. Coenen argued that the small

isotopic ratio for hydrogen substitution could be understood

if the final product formation is more a function of the

energetic properties of the primary complex, which is formed

after reaction of Br+ with fluorobenzene and which has to be

collisionally stabilized, than of the kinetic energy of the

reacting Br+ species:

(15)
> f _ ._ . _ _

excited primary complex

Similar arguments may be applied to the reactions of Br* with

the fluoromethanes, where both for the hydrogen and for the

fluorine substitution a clustered, intermediate was proposed

« in this section. Since the product formation will then

5 largely be governed by the energetic properties of the complex,

an equal isotopic ratio of 1.3 - 1.4 both for hydrogen and

fluorine substitution might be suggested. Taking this value

into account, estimates for the contribution of Br~ ions t

the yields of brominated products can now be made. The
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contribution of Br' radicals was thought to be of less

importance on the basis of the proton activation experiments,

mentioned earlier in this section.

Halogen substitution, reactions of Br" ions

Table 4.9 summarizes the calculated estimates for the
77 —

product yields due to Br reactions, while fig. 4.2 shows

the results graphically. The fluorine substitution by 7 6Br + in

CF^ was thought to proceed via a direct replacement reaction

rather than via a clustered intermediate because of thermo-

dynamic considerations and isotopic ratio for the Br+ reaction

might differ from 1.4. The large isotopic ratio in the CF-Br

product from CF. has been proven to be due to reacting
77 — +

Br ions, whereas the high kinetic energies of Br and Br*

species did not significantly alter the CF,Br yield.

The use of the ratio of 1.4 for the Br reactions seems

justified for the CF3Br yield in CF4.

Table 4.9 Fluorine substitution by Br" species yields per

C - F bond in fluoromethanes

:F4

CHF3

CH2F2

CH F

Yields (%)

CF3Br*

0.2 %

CHF2Br*

0.3 %

CH2FBr*

1.0 %

CH3Br*

1 .2 %

A Br" ion is a rather poor gas phase nucleophile and

furthermore, a F~ ion is not a very good leaving group

(Olm-77); the nucleophilic gas phase substitution of fluorine

by 77Br" will therefore not be very efficient. The maximal

yield per C-F bond is only 1.2 % (in CH 3F). Negative ions will



142

•o

o
.£>
li.
I

O

3-

•v

1 -

Br-F

/ fV-F

y

Cl̂  CHF3 CHf2 CH3F

Fig. 4.2 Substitution of fluorine by 77Br per C-F bond in

fluoromethanes (o: substitution of fluorine by 77Br,

+: substitution of fluorine by Br+ ions,

calculated from Br data with an isotopic ratio of

1.4, x: substitution of fluorine by 77Br~,

calculated from both other graphs)

also become clustered by the f luoromethanes. Using ICR techniques

the reactions of Cl~ ions with several fluoromethanes (Riv-73)

and chloromethanes (Dou-74/1) were studied. Relatively stable

complexes (heats of association: 0.40-0.55 eV) are formed with

CHC1, and CH^Cl, (Dou-74/1). Possibly hydrogen bridge

formation is involved (Riv-73). Olmstead and Brauman (Olm-77)

showed that after reaction of Br~ with CH,F the bromine and

fluorine atoms are not equivalently attached to the CH,BrF~

complex: the Br~ ion has a higher probability to be eliminated

than the F~ ion.

Nucleophilic substitution in CFjBr is far more difficult than

in CH,Br due to the electronic repulsion by the three

fluorine substituents on the incoming negative ion
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(sec. 3.2.3). In the series of fluoromethanes a similar trend

seems to be apparent (fig. 4.2). The presence of three or four

fluorine substituents in the fluoromethane seems to hinder the

nucleophilic substitution by Br" effectively.

Thermodynamics for the halogen substitution by Br"

The reaction enthalpies for the halogen substituents by

Br~ ions can be calculated

(16) Br" + CH3F » CH.jBr + F~ AH = 1.56 eV

(17) Br" + CH2F2 » CH2BrF + F~ AH = ^1.6 eV

(18) Br" + CHF, • CHF2Br + F~ AH = «v1.8 eV

(19) Br + CF. » CF-Br + F AH = 2.30 eV

Kashihira et al.(Kas-76) showed that an appreciable activation

energy might exist for this type of reaction of Br~ with the

halomethanes, whereas for ion-molecule reactions of positive

ions the activation energy is generally low (Tal-79). For

the reaction of Br" with CH,F a threshold energy of 4.7 eV was

determined by beam experiments (Zel-77). No values are known

for the other fluoromethanes, but they might be even higher

because of the electronic repulsion by the fluorine atoms.

The kinetic energy of the Br" species (maximum: 36.4 eV;

average: 10.4 eV) is in most cases high enough to overcome

both the endothermicity of the reaction and the threshold

energy.

Hydrogen substitution, reactions of Br species

The hydrogen substitution reactions by Br+ ions,

proceeding according to (10), are almost equal exothermic for

CH3F, CH2F2 and CHF3, because the proton affinities of all

three compounds are almost the same fv6.5 eV). This, in

combination with the fact that the energetic properties of the

CH, F Br+ complexes govern to a large extent the subsequent

decomposition reactions, the very similar reaction enthalpies

render it likely that the isotopic ratio for the hydrogen
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substitution by Br+ is 1.4 for all three fluoromethanes. As a

consequence a contribution of reactive Br~ ions and Br

atoms may be calculated. For CHF, and CHOF_ such a
77

contribution seems to exist: 0.1% of the CF, Br yield per

C-H bond in CHF3 and 0.4% of the CHF2Br yield per C-H bond in

CH2F2. Proton activation of H2Se/CHF3 mixtures (chapter VI)

yields only 0.18% CF, Br,. which is supposed to be formed by
76

highly energetic Br atoms (initial recoil energy 350 keV

max.). Exposure of CHF, to the decay of Kr leads to a yield

of 0.19% CF,Br. Therefore no conclusion can be drawn about
77 77 —

the relative contribution of Br* and Br species, that
lead to hydrogen substitution in CHF, and CH-F,.

The reaction enthalpies both for the radical and the negative

ion reactions with CHF3 and CH2F2 may be calculated:
(20) CHF3 + 77Br" • CF3

77Br + H~ AH = 4.13 eV
7 7(21) CH2F2 +

 77Br" » CHF2
77Br + H~ AH = 3.91 eV

(22) CHF3 + 77Br* » CF3
77Br + H* AH = 1.59 eV

(23) C H2 F2 + 77BT' • CHF2
77Br + H* AH = 1.39 eV

As for the nucleophilic substitution of fluorine by Br", an

appreciable threshold energy will be required for the

substitution of hydrogen by Br~. Zellermann (Zel-77) observed

this type of reaction in a beam study of Br~ ions colliding

on CH,F and found a threshold energy of 8.3 eV for the

reaction resulting in CH-BrF and H~. Hydrogen substitution by
77

Br atoms will presumably require a threshold energy lower

than 8 eV. Using energetic arguments it is not possible to

decide which of the two reactions is the most important.

F. Formation of other organic products

The organic bromides, formed by the reactions discussed

in the previous sections, constitute only a minor fraction of

the total amount of products of the reactions of recoil

bromine species with fluoromethanes. Watkins et at. (Wat-81)

showed that the majority of the reactions of Br+ ions leads
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to excitation and ionization of the gas medium and to

inorganic products as FBr and HBr. The reactions of the

unlabeled ions, which may certainly be formed in this kind of

reactions, cannot be observed in the type of experiments,

which are dealt with in the present work. Probably, techniques,

like ion-cyclotron resonance, which make it possible to

observe such unlabeled fragments would supply valuable extra

information to the mechanistic suggestions proposed in this

section.

4.4 Reactions of 76'77Br with CH3F:

effects of scavengers and moderators

Two organic products result from the reactions of

76,77Br w ± t h cu^pj C H 3 B r * a n d CH2Br*F. Possible reaction paths,

leading to these products, have been discussed in section 4.3.

The present section deals with the effect of the addition of

scavengers or moderators on these product yields.

4.4.1 Results

A. undiluted CH3F

In pure CH-F the following yields were observed: 1.9%

CH3
76Br, 3.9% CH3

?7Br, 0.40% CH2
?6BrF and 0.54% CH2

77BrF (see

table 4.2). Neither effect of exposure time (5-40 hrs) nor of

pressure (18.7 - 282 kPa) were observed on the product yields.

B. Scavenger effects

Several scavengers, both for thermal radicals and for

positive ions were added. The effect of the radical scavenger

NO is given in fig. 4.3 and 4.4. NH3 acts as a scavenger for

positive ions and its influence on the reactions with CH3F has

been investigated (fig. 4.5 and 4.6). Several other compounds,

that may act as a scavenger for thermal species, were also

used, but some of them act as scavenger both for radicals and

for positive ions (H2S, H2Se, C 3H g). Yet, all are included in

the NH3 graph (fig. 4.5). Not all data on the CH2Br*F yield
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% NO

Fig. 4.3 Effect of NO addition on the CH,Br* yield in CH,F
77 76

(o: Br, x: Br) (pressure: 115 kPa, exposure

time: 24 hr)

W 20 30 40 SO
KNO

Fig. 4.4 Effect of NO-addition on the CH2Br*F yield in CH3F

(o: 77Br, x:

time: 24 hr)

76Br) (pressure: 115 kPa, exposure
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% sccro

Fig. 4.5 Effect of various scavengers on the CHjBr* yield in

CH.F (pressure: 115 kPa, exposure time: 24 hr)

(7^Br: x: NH3, +: H2S,« : H2Se,t '
 C3 Hg'

7 7 Br: O:

C 3 F 6

u.
m

5-I

10 20 30 40 50
% scav.

Fig. 4.6 Effect of NH3 of the CH2Br*F yield in CH3F

(pressure: '115 kPa, exposure time: 24 hr)

(x: 76Br, os 77Br)
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are given in fig. 4.6. H2S and H2Se have about the same effect

as NH3 on the CH2Br*F yield and they were omitted in this

graph for reasons of readableness. The CH_Br*P data obtained

in the presence of unsaturated compounds are subject to large

errors. In mixtures of CH3F and C3Hg the CHjBr* and the

CHjBr'F peaks could not be separated from each other with the

chromatographic column, that was needed for the separation of

the propyl bromides and no additional chromatographic

separation was carried out on other columns. In mixtures of

CH-F and C,Fg a small, unidentified, peak coinciding with the

CH2Br*F peak disturbs a reliable yield measurement.

Large quantities of unknown, possibly polymeric, products were

found when unsaturated compounds were used, an observation

already done before in mixtures of CHgBr and C^Hg (sec. 3.4).

Addition of 10-20% C3Fg leads to -^35%
 76Br and -x-25% 77Br

labeled unidentified products. If C,Hg is added in amounts

up to 20% yields of 75% 76Br and 45% 77Br labeled,

unidentified, products are found. Similarly as in C g

mixtures, low yields of ethyl- and propyl bromides are found

and there is no clear dependence of these yields on the mole

fraction of C3Hg (table 4.10).

Table 4.10 Yields of labeled ethyl and propyl bromides in

mixtures of CH3F and 10-20% C3Hg

ethyl bromide

i-propyl bromide

n-propyl bromide

allyl bromide

unidentified products

yields

76Br

0.08

0.28

0.20

0.50

75

(%)

77Br

0.35

0.45

0.37

0.47

45
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In order to gain some insight in the size of possible

polymeric products in CHjF/CgHg mixtures, sephadex LH-20

separations were performed (fig. 4.7, table 4.11).

Table 4.11 Relative yields of brominated polymeric products

in CH3F/C3H6 mixtures (%)

fractions

T ^ ^
77Br

TT ?6Br
- 77Br

76Br
III B r

77
''Br

77Br

CH,F + 15% C,H,

p = 115 kPa

15.5

28.8

67.8

45.8

5.2

10.6

11.9

14.8

CHOF + 14% C,HC + 14% H_S

p = 115 kPa

11.6

15.0

36.0

36.6

4.1 ;
4.6 I

48.0

45.1

A large peak is eluted at about 48 min after the marker and a

second about 110 min. Comparison with the results for pure

C3Hg (fig. 3.14) and CH3Br/C3Hg (fig. 3.16) mixtures indicates

that the first peak could be ascribed to branched bromo

hexanes and -nonanes. (The very small shoulder at +56 min

after the marker might be methyl bromide). The second peak

probably corresponds to Br~, dissolved in traces of water in

the analysed chloroform layer. If H2S is added to the

CH3F/C3Hg mixture, the sephadex separation shows that the

higher polymeric products (eluted before the large peak at 49

min) almost disappear and that the Br~ fraction becomes

larger (fig. 4.8, table 4.11).
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1O1H
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Fig. 4.9 Sephadex LH-20 chromatogram of CgFg, exposed to

decay of 76'77Kr (pressure: 115 kPa, exposure time:

24 hr, channel = 30 sec).

In fig. 4.9 a Sephadex LH-20 chromatogram of the reaction
76 77

products of / o'"Br with C,Fg is shown. Again polymeric

products can be observed, but, since the brominated

perfluoro alkanes are not readily available for identification

purposes, no estimate can be made about the size of the

polymers. Only one major peak is found here, with a slowly

increasing slope on -the side of the peak corresponding to the
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Fig . 4.14

Effect of addition of moderator on the CH3Br* and CH2Br*F

yield in CH3F

(x: neon, +: argon, o: krypton, *: xenon,A: neon + 5% C3F

V: neon + 5% C3H6)

(pressure: 53.3 kPa, exposure time: 24 hr)
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higher molecular weights.

C. Moderator effects

The figures 4.10 - 4.13 show the effect of addition of a

rare gas moderator on the yields of brominated products. Neon

is chosen as a moderator in the present study; the effect of

some other rare gases is only studied at 95% addition. Among

these rare gases only xenon seems to yields some deviating

results. The CH2Br*F yield at 95% moderator is not altered by

the presence of argon, krypton or xenon and the data for these

three gases are not included in the graph.

In some of the moderator experiments C3Fg or C,Hg have been

used as scavengers. Addition of 5% of these unsaturated

compounds to CH,F/Ne mixtures seems to have the same effect

for both (fig. 4.10 and 4.11)t a decrease in the CH3Br* yield.

If C3Hfi or C3Fg are present, the interference of some,

unidentified, activity peaks makes the exact determination of

the CH-Br*F yield impossible. Again no large amounts of

propyl bromides are found, if C,Hfi is used as a scavenger
7fi 77

( Br: i-propyl bromide: 0.17%, n-propyl bromide: 0.16%, ''Br:

i-propyl bromide: 0.28%, n-propyl bromide: 0.27%).



154

4.4.2 Discussion

A. Reactions of Br° atoms, effect of NO on the product yields

In section 4.3 it has been suggested that the reactions of

bromine atoms were of little importance with respect to the

substitution of fluorine. If NO, which is a well known

scavenger for thermal radicals (Aus-67), is added to CH3F no

effect is observed on the CH3
?6'77Br and the CH 2

7 6 / 7 7BrF

yields. NO has a lower ionization energy (9.26 eV) than atomic

bromine, but, since near resonance conditions for an efficient

charge-transfer from Br to NO are not met, it is not expected

that there will be any influence on the reactions of Br+ ions.

Frost (Fro-77) showed that this assumption was true for

mixtures of CH. and NO.

Since no effect of NO is observed it might be concluded that

no thermal radicals are involved in the formation of CH,Br*
* 77

and CH-Br F. The kinetic energy spectrum of the Br atoms
77

( 15% of all Br species) ranges from 0 to 36.4 eV and the
absence of any NO effect indicates that the total Br atom

fraction is of no importance in the reactions that lead to

CH3
77Br and CH2

77BrF.

B. Reactions of Br+ ions

In high pressure mass spectrometry and in radiation

chemistry (Jow-79, Col-81) NH, has been used as a .scavenger

for positive species. The importance of Br+ ions in the

formation of CH,Br* and CH-Br F has already been discussed in
77

section 4.3 (only 1.2% of the CH, Br yield was ascribed to
77

reactions of Br" ions). In the following discussion further

evidence for the Br+ reactions is supplied based on scavenger

and moderator data.

C. CH3
76Br yield

Addition of 5% of NH3 causes the CH3
?6Br yield to

decrease from 1.9% to K 0 % (fig. 4.5), which indicates that

about 1.0% of the CH, Br yield is formed via reaction of non-

scavengeable energetic Br ions and 0.9% via a scavengeable
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thermal reaction of Br+ with CH3F. This thermal reaction may

proceed in a gas phase cluster as discussed in section 4.3.

(9) Br+ + 3CH3F » CH3Br + CHgF** + CH2F* + HF

AH = 0.90 eV

The non scavengeable CH3
76Br yield is possibly formed via the

following reaction:

(5) Br+ + CH3F » CH3Br'
+ + F AH = 0.38 eV

The neutralization of CH3Br
+ in CH3F, however, is endothermic

by 2.31 eV. Yet, an electronically excited CH3Br'
+ ion might

result, if the reacting Br+ ion itself is electronically

excited. The excited CH3Br*
+ ion then might be neutralized

exothermally in CH,F, if resonance conditions for a charge
76

transfer are closely met (Wat-81). The formation of CH3 Br

would result. Excited levels of CH3Br
+ are found at 10.86 eV

(2E^), 13.49 eV (2A) and 15.08 (2E3/2) and photo-electron

spectra show that near resonance conditions for a charge

transfer reaction from CH,Br to CH,F are closely met, since
+ +

very broad maxima exist for excited CH^Br* and CHJf* ions due

to a large number of vibrational levels (Tur-72). Only the A

(13.49 eV) and 2 E 3 / 2 (15.08 eV) levels of CH3Br
+ can be

neutralized exothermally in CH,F. The formation of these two
+ 3 3 3

levels is too endothermic for Br ions in the P-, P* or PQ

states, since only 31% of the maximum kinetic energy of 7.2

eV ( 2.2 eV) is available for reaction. Br + (1D2) and Br
+

(1Sn) might react with CH,F to yield the 2A and 2E,,_ stateu . J of *.

of CH3Br (24, 25, 26):

(24) Br + (1D2) + CH3F > CH 3Br*
+ (2A) + F*(25) Br+ (1S0) + CH3F » CH3Br'
+ (2A) + F*

(26) Br+ (1SQ) + CH3F • CH3Br*
+ (2E3/2) + F

AH = 1.89 eV

AH = -0.18 eV

F'

AH = 1.41 eV
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It is, however, not quite certain to what extent excited Br+

ions are quenched by the various gases under study and in case

that they are quenched, what kind of bromine species will

result: neutral bromine, ground state Br+ ions or Br+ ions in

other excited states. Since not sufficient data are known, it

is assumed that this quenching reaction does not interfere

seriously with the mechanism discussed above.

Fig. 4.10 shows the effect of moderation on the CH3
76Br yield

in CH,F. Neon was chosen as a moderator, since it has the

lowest proton and possibly Br+ affinity (P.A = 2.08 eV,

Wal-80) of all rare gases with the exception of helium.

Various studies (Wat-81, Wat-81/2, Bra-80, Gri-80) have

recently demonstrated that the rare gases are not as chemical

inert as was thought for long times, but the lighter gases

are less reactive than the heavier ones. A small moderator

effect is found for the CH~76Br yield: a decrease from 1.9%
76CH3 Br at 0% neon or argon to 1.6% at 95% neon or argon. From

the effect of NH3 on the CH3
?6Br yield it was already

concluded that 0.9% of this yield was formed via a thermal

reaction of Br+ ions in a gas phase cluster, while the

remaining 1% was formed via reaction of Br+ (1Sn) or Br
+ (1D_)

76
ions. Only 0.3% of the CH3 Br yield is moderator

concentration and thus kinetic energy dependent; which would

mean that for this fraction an endothermic reaction is

involved (24 or 26). The other 0.7% of the unscavengeable

CH3 Br yield must than be due to the exothermic reaction of

Br (1Sn) ions (25), Addition of 95% of xenon will result in
+ 1 + 1

neutralization of Br ( D~) and Br ( sQ) (ionization energy

of xenon: 12.13 eV) , while in a mixture of 95% krypton

(ionization energy of krypton: 14.00 eV) and CH,F only the Br+

(1SQ) will be neutralized. Both neutralization reactions have

a low probability, since near resonance conditions for charge

transfer are not closely met. The high mole fraction of 95%

of rare gas enhances the collision probability with the rare

gas molecules. The decfease in the CH3
76Br yield of 0.3% upon

addition of 95% krypton (compared with 95% neon or argon) and
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the decrease of 0.9% upon addition of 95% xenon (fig. 4.10)

indicates that indeed Br+ (1D2) and Br
+ (1SQ) ions may lead

to about 1% of the CH3
76Br yield. The difference between the

xenon and krypton results shows that not only Br+ (1SQ) ions

are involved, but to some extent also Br+ (1D_) ions.

In table 4.12 the contributions of the various Br+ species

leading to the CH3 Br yield are summarized.

Table 4.12 Reactivity of the various bromine species

towards fluorine

Species

all Br recoil species

thermal Br ions

(cluster reaction)

excited Br+ ions, Br+ (1SQ)

and Br+ ( D2), from which

via exothermic reaction

via endothermic reaction

energetic Br~ ions

substitution in CH3F

Contribution to the CH3Br* yield

76Br

1.9%

0.9%

1.0%

0.7%

0.3%

-

77Br

3.9%

1.3%

1.3%

0.5%

0.8%

1.3%

D. CH2
76BrF yield

The CH, BrF yield decreases from 0.40% to 0.20% upon

addition of 5% of the positive ion scavenger, NH3 (fig. 4.6)

Thus half of the yield must be due to a thermal reaction,

possibly in a cluster:

(10) Br+ + CH2FBr AH = -3.40 eV

The remaining energetic hydrogen substitution probably

proceeds via a mechanism very similar to (10), but fast in

comparison with cluster formation. Exothermic association of

Br+ to CH3F and subsequent proton transfer from the CH3FBr
+
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complex to another molecule of CH3F proceeds before any

further clustering of the CH3FBr
+ complex will start. As the

proton affinity of CH3F is supposed to be lower than that of

CH2BrF, the proton transfer reaction is probably slightly

endothermic. A direct elimination of a proton from CH,F by a

**~+ ion is highly endothermic (reaction 3), but can proceed'Br

if electronically excited Br+ ions, such as Br+

involved:
(1S0) are

(27) :+ (1SQ) + CH3F CH2BrF H AH = -0.37 eV

The moderator experiments (fig. 4.12) sustain the observation

already deduced from the scavenger curves, that about half of

the CH2 BrF yield is formed via a thermal reaction of Br+.

Addition of 95% of neon, argon, krypton or xenon causes a

decrease from 0.40% to 0.15% and the small difference between

this value and the thermal yield obtained from the NH- curve
76

(0.20% CH, BrF) may be attributed to experimental errors. The
76

thermal CH2 BrF yield is also in agreement with the 0 08%

yield of CH2
80BrF, that is obtained after the decay of

CF, ""Br in CH,F (Dan-73) . A mechanism, similar to that for
76 +

the reactions of Br ions, had been proposed for the thermal
reactions of

conclusions.

80 +
Br ions. Table 4.13 summarizes some of the

Table 4.13 Reactivity of various bromine species"towards

hydrogen substitution in CH3F

Species
Contribution to CH2Br*F yield

76Br 77Br

thermal Br ions

(cluster reaction)

energetic Br+ ions

(not clustered)

all Br recoil species

0.20%

0.20%

0.40%

0.25%

0.29%

0.54%
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E. Reactions of 77Br species, isotopic ratio

The reactions of 77Br are more difficult to interprete,

because of the different characteristics of the reacting

species ( Br+ and 7Br~). In order to gain more insight in

the reactivity of these various 77Br species, the effect of

several additives on the CH3
77Br and CH2

77BrF yields will be

discussed.

F. CH2
77BrF yield

The CH2 BrF yield decreases from 0.54% to 0.25% upon

addition of only 5% NH, (fig. 4.6) and similarly as for 76Br
77

half of the CHO BrF yield is formed via a thermal reaction of
77 +

Br ions, possibly in a cluster. The isotopic ratio in

CH_Br F is constant (1.3-1.4) over the whole scavenger mole

fraction range which might be an indication that Br and 77Br

react via a similar mechanism or in other words that Br+

ions lead to the observed product. According to Coenen

(Coe-79) the small isotopic ratio of 1.3-1.4 is due to the

fact that the intermediate ion, CH-FBr + determines to a

large extent the formation of particular products, whereas the

initial amount of kinetic energy is of minor importance for

the ultimate decomposition or stabilization of the complex.

Instead of proton transfer or fluorine elimination, which

leads respectively to CH-Br*F and CH,Br*, the elimination of

HBr , HF or FBr seems more likely on thermodynamic grounds.

The moderator curve for CH2 BrF (fig. 4.13) shows a decrease

from 0.54% at 0% to 0.15% at 95% neon concentration. The

discrepancy between the thermal yield obtained from moderator

and scavenger experiments may be due to the large relative

experimental error which is inherent to determination of these

very low yields. Table 4.13 summarizes some conclusions.
77 77 —

G. CH, Br yield, isotopic ratio, reactions of Br ions
No sharp decrease in the CH, Br yield is found upon

addition of 5-10% NH, (fig. 4.5), possibly due to the
77 —

contribution of reactions of energetic Br ions, that could
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not be scavenged. Using neon and argon as moderator (fig.

4.11) the results indicate, that the total CH3
77Br yield of

3.9% in an unmoderated system may be divided into 1.8% due to

reactions of thermalized and 2.1% due to reactions of

energetic Br species. The NO experiments rule out a

contribution of 77Br atoms in the formation of CH 77Br.

In section 4.3 an isotopic ratio cf 1.4 was used to calculate

the fraction of CH, Br due to reaction of Br+ ions from
76

the yield of 1.9% CH, Br, as this product is completely
76 +

formed via reactions of Br ions. In mixtures of 95%
moderator (neon and argon) and 5% CH,F the isotopic ratio in

CH-Br* for thermal ionic reactions is 1.2. The reaction
77 -

of Br (16) is endothermic and it is unlikely that low

energy Br' ions will react by this route. The yield of 1.8%

CH3
77Br, obtained

(16) 77Br" + CH3F »• CH3
77Br + F~ AH = 1.56 eV

in a highly moderated system must consequently then be due to

reactions of 7 7Br + ions.

For the reactions of Br+ and Br ions in a gas phase

cluster an isotopic ratio of 1.4 was derived and, since 0.9%

of the C H - B r was thought to be formed via a reaction of
76 +

thermalized Br ions in such a cluster, a value of 1.3% for
77 +

a similar process with Br may be deduced. About half of the

CH3
76Br, the CH2

?6BrF and the CH2
77BrF yields is formed via

energetic Br+ reactions and possibly the situation is

comparable for the Br+ ions in their reactions to

CH, Br. As a consequence another 1.3% of the CH ' Br yield
77 +

might be ascribed to the reaction of energetic Br

species, similar to the reactions (24, 25, 26) for 7 6Br +. A
fraction of 1.3% of the total 3.9% of CH,77Br remains for

77 -
reaction of Br ions.

The previously mentioned, thermal yield of 1.8% CH3 Br

(determined by the moderator experiments) seems to be

constituted of 1.3% due to reaction of thermal Br+ species in

a gas phase cluster and 0.5% due to an exothermic reaction of
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electronically excited Br+ ions. The total fraction of 1.3%

CH^ Br, formed by energetic Br+ reactions can be divided in

0.51 due to an exothermic reaction and 0.8% due to an endo-

thermic reaction of electronically excited 7 7Br + ions; the

latter depends on the kinetic energy of 7 7Br + and therefore on

the moderator concentration. The 0.8% kinetic energy dependent

CH3
77Br yield is higher than the yield of 0.3% CH3

76Br, which

was also dependent of the moderator concentration, in

accordance with the behaviour of 77Br+, which has a much higher

initial kinetic energy than Br+.

For the reaction of energetic Br+ ions, leading to CH3
77Br

(1.3%), possibly electronically excited Br+ species are

involved as was the case for reactions of Br+ (reactions 24,

25, 26). Since Br+ ions have a larger kinetic energy than
7 6Br + ions, reactions of 7 7Br + in the 3 P Q ,

 3P 1 and
 3 P 2 states

cannot be ruled out, although the endothermicities are quite

large. Addition of 95% xenon instead of neon or argon results

in a thermal yield of 0.6% CH,77Br, while addition of 95%
77

krypton leads to a yield of 1.2% CH3 Br instead of 1.8% found

if 95% neon or argon were added (fig. 4.11). From the krypton

data it might be concluded that 0.6% of the CH,77Br yield is
+ 1 +

formed via reaction of Br .( S») ions, since only the Br

( SQ) state will be neutralized in krypton (ionization energy

14.00 eV). Since the 3 P 1 ,
 3 P Q , ^ and 1 S Q states of Br

+ can be

neutralized in xenon (ionization energy = 12.13 eV) neither of

these ions can be ruled out as reactive species leading to

CH3
77Br. However, both for 7 6Br + and for 7 7Br + the difference

between the yields obtained at 95% krypton and at 95% xenon is

0.6%, so possibly the same ionic species is involved in the

reaction, i.e. the Br+ (1D2) ion.

Some conclusions of the discussion above have been summarized

in table 4.12. The moderator experiments performed by Frost

(Fro-77) on the reaction of 76'77Br in CH4/argon or krypton

mixtures, revealed that at higher mole fractions of moderator

( 80%) the CH,Br* yield increases considerably. This effect

was ascribed to complex formation of Br ions with rare gas
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molecules (KrBr+) that give rise to a thermal ionic reaction

with CH4 leading to CH,Br*. No such effects are observed for

CH3F, although similar mechanisms may be involved. One

explanation might be found in the high pressure of 2.5 MPa

used in the study of Frost. Another explanation might be that

the proton affinity, and probably the Br+ affinity of krypton

(PA: 4.38 eV) and CH4 (PA: 5.11 eV) are closer to each other

than those for krypton and CIUF (PA: 6.54 eV) Br+ will have a

large tendency to react with CH-F, even in highly diluted

CH3F, while this tendency is less pronounced in diluted

CH4.

H. Effects of other scavengers on the product yields

H2S/H2Se

The results obtained for addition of H-S and H_Se do not

deviate substantially from the NH, scavenger curve (fig. 4.5).

Although both may act as a scavenger for thermal radicals via

hydrogen donation, their effectiveness as scavenger for

positive ions is not much different from that of NH,. In

chapter III the effect of H2S and H2Se on the CH3Br yield in

gaseous CH,Br was also explained as a consequence of the

reaction of Br+ ions with the lone pair electrons on the

hetero atom of the additive.

C3VC3F6
The unsaturated compounds may also act as a scavenger

either for radicals or for positive ions, but since no

radicals are present only the effect on reactions of Br ions

is observed in the present study (fig. 4.5).

It is obvious from the variation in the CH- ' Br yield upon

addition of these two compounds, that their scavenging action

is less efficient than that of NH3> The 7r electrons in C3Fg

are less available than in C3Hg due to the presence of

fluorine substituents and consequently C3Fg is a worse

reactant for electrophilic species (Cha-73).
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A large fraction of Br+ ions reacts with C,H6 and C,F6,

yielding mainly unidentified products which is due - at least

partly - to cationic polymerization (see als"> secticr "»».4).

Only very FU 'telds of bromopropanes are observe . The

Sephadex LH-20 experiments (fig. 4.7) show that brominatftd

polymeric products are formed and that di- and trimerization

leads to the most abundant products. Addition of H2S (fig. 4.8)

seems to shorten the chain length of the polymeric products

and to decrease their relative yield; a phenomenon which was

also observed for CH,Br/C,H/. mixtures. About 10% of the 76Br

and 12% of the 'Br unidentified activity could be eluted

during G.C. analysis just before n-bromohexane and it consists

possibly out of branched bromohexanes. However, 75% of the

Br and 45% of the Br activity remains unidentified on G.C.

analysis. The isotopic ratio 1.7 for this unidentified

fraction agrees well with the conclusion, derived in section

3.4, that Br+ ions are the main precursors of this fraction.

Addition of CUF, results also in a large fraction unidentified

products, but no Sephadex LH-20 separations were carried out

for mixtures of CH,F and C3Fg.

Pure C,Fg was exposed to the decay of 7 6' 7 7Kr and the Sephadex

LH-20 separation shows that again polymeric products are

formed (fig. 4.9). Their size is difficult to estimate since

no bromoperfluoroalkanes were available for identification.

Dimerization of C3Fg is a readily occurring process as

reported in the literature (Atk-79). Addition of C3Fg leads to

lower yields of unidentified products than addition of C3Hg,

which may be related to the fact that the TT electrons in C^F,

are less available than in C3Hg as a consequence of the

electron attraction by the fluorine atoms.

Moderator experiments in the presence of C3Fg or C.,Hg

Some of the neon moderator experiments were repeated in

the presence of 5% C3Hg or C3Fg (fig. 4.10 and 4.11). A

decrease of the CH3Br* yield is observed over the whole range

of moderator concentrations. This effect is more pronounced
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at high mole fractions of neon, since more thermalized Br+

ions are present. At 951 moderator addition the presence of 5%

of an unsaturated compound decreases the CH, Br yield with

1.0% and the CH3
77Br yield with 0.9% in comparison with the

yields for the unscavenged system. At the moment it is not

possible to relate these amounts to the scavenging of specific

bromine species, as could be done for the scavenging action of

NH, (see table 4.12 and 4.13). Only very small yields of

bromopropanes are found in the presence C3H,.

4.5 Reactions of 7 6' 7 7Br in CH3C1

The main organic products resulting from reaction

of 76Br and 77Br with CH3C1 are: CHjBr* and CH2Br*Cl. The

yields of these products will be discussed in this section as

a function of the presence of scavengers and moderators. A

comparison of the reactions of the bromine species with the

other monohalomethanes will follow in section 4.7.

4.5.1 Results

A. undiluted CH3C1

In undiluted CH.C1 the following yields were measured:

1.2% CH3
76Br; 3.5% CH3

?7Br; 0.22% CH2
?6BrCl; 0.19% CH2

77BrCl.

Neither an effect of exposure time (5-50 hrs), nor an effect

of pressure (20-200 kPa) was observed on the product yields.

B. Scavenger effects

The effects of various scavengers was less extensively

studied for CH3C1 than for CH3F. The involvement of thermal

radicals was verified by addition of 5% O2- Other compounds,

meant as scavengers were also tested: H2S, H2Se, C-jHg, C3Fg

and C2H4. Fig. 4.14 and 4.15 summarize the results.

The yield of CH_Br*Cl is only given as a function of the mole

fraction of H2S, but the data for H2Se, O2, C3Hg and C2H4 fall

on the same curve. If C3Fg is used as additive the yield of

CH2Br*Cl could not be determined because of interference with
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an unidentified peak in the G.C. analysis. Addition of

unsaturated compounds leads generally to high yields of

unidentified products (65% of the 76Br and 56% of the 77Br

activity are lost in case of addition of C3Hg). Only low

yields of bromoethane and bromopropanes are found (see table

4.14). No Sephadex LH-20 chromatography was performed for

CH3C1/C3H6 mixtures.

Table 4.14 Yields (%) of bromoethane and bromopropanes in

mixtures of CH3C1 with C2H4 or C3Hg

bromoethane

2 bromopropane

1 bromopropane

3 bromopropene

76Br

77Br

76Br

77Br

76Br

77Br

76Br

77Br

CH3C1 + 10% C2H4

0.8

0.1-0.2

-

-

_

CH,C1 + 10-20% C-.H,
J Jo

-

0.05

0.08

0.10

0.10

0.45

0.30

C. Moderator effects

As for CH3F neon was chosen as a moderator; its low

proton affinity (PA = 2.08 eV) and its chemical inertness are

more important properties than its smaller moderation ability

for bromine species. Only a few points were measured using

krypton, which is a more efficient moderator for bromine

species. The results are given in fig. 4.16-4.19. Some

experiments were also performed in the presence of 5% C3Hg or

C,F,- as scavenger, but the yields were similar to those in
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the unscavenged mixtures. It was again not possible to

determine the CH_Br*Cl yield if C,Ffi was present. Very small
76

yields of bromopropanes were found if C,H,- was used ( Br:
77

2-bromopropane: 0.06%, 1;bromopropane: 0.06%, Br: 2-bromo-
propane: 0.07%, 1-bromopropane: 0.12%).

4.5.2 Discussion

There are two main differences between the CH-C1

and the CH,F experiments:

i. all yields of organic brominated products are lower in

CH3C1 than in CH3F

ii. there is no influence of any scavenger on the product

yields in CH3C1.

The ionization energy of CH-C1 (11.22 eV) is lower than that '

of atomic bromine (11.81 eV) and photo-electron spectra of

CH,C1 show a relatively high intensity around 11.8 eV (Tur-72).
+

A long range near resonance charge transfer of Br to CH-C1

seems very well possible. Neutralization of a Br ion, once it

is solvated in a gas phase cluster with CH,C1 molecules,

might also occur. The number of Br ions able to react to give

CH3Br* and CH2Br*Cl is thus smaller than in CH3F.

Additional evidence is obtained by the absence of a clear

scavenger effect of H-S (fig. 4.14/4.15). Addition of O_ does

not lead to a change in the CH3Br and CH,Br Cl yields either,

(fig. 4.14/4.15) indicating th*t no thermal species are

involved in the formation of CH3Br* and CH2Br*Cl.

A.. Reactions of 7 6Br + ions, CH3
?6Br yield

The CK3
76Br yield in CH^Cl is 0.7% lower than that in

CH,F, which might be ascribed to the competing neutralization
7fi

of Br ions. The scavenger results (fig. 4.14) indicate that

there is no thermal contribution to the CH_ Br yield in

CH,C1. Thus neutralization of thermal Br+ ions is more
76

efficient than of energetic species. The thermal CH3 Br yield

in CH-F was 0.9% and this amount resembles the difference of

0.7% between the CH3
76Br yields in CH3F and CH3C1. It might be
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concluded that only energetic and possibly electronically

excited Br+ ions but no clustered thermal Br+ ions are involved

in the formation of CH,76Br. Moderator experiments (fig. 4.16)
76

show that 0.6% of the CH, Br yield is sensitive to moderation,

while the other 0.6% is not. No differences are observed

between krypton and neon addition.

For the reactions of Br+ ions the following reaction enthalpies

may be calculated, assuming that Br is not in an electroni-

cally excited state.

(28)

(29)

Br

Br

+ CH3C1

+ CH3C1

CH,Br C1 T

Cl*

AH = 1.48 eV

AH = -0.95 eV.

Reaction (28) is endothermic, but it may proceed, since 39.5%

of the maximum of 7.2 eV kinetic energy of the Br + ions

(= 2.9 eV) is available for reaction. Reaction (29) is

exothermic, but the CEUBr" ion needs a further neutralization,

which is endothermic by 0.68 eV in CH-C1. This neutralization

might occur if CH,Br' is formed in an electronically excited

state (2A at 13.49 eV or 2 E 3 / 2
 a t 1 5* 0 8 e V > ' similarly to the

reactions in CH,F (see section 4.4). Generally a reaction of
+

excited

(29a)

(b)

(c)

(d)

(e)

(30a)

(b)

(c)

Br

Br+

Br+

Br+

Br+

Br+

Br+

Br+

Br+

is involved

(3P2)

(3P.,) •

(3P0) •

(1D2) •

(1SQ) •

(3P2) •

( 3 p ) .

(3P0) •

+ CH3

f CH3

f CH3

f CH3

f C H3

*• C H 3

(- CH 3

I- CH3

then.

,C1 >

Cl >
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(d) Br+ (1D2) + CH3C1 CH3Br
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.+

.+

(

(

E3/2>
AH

2E 3 / 2)

AH

+ Cl

= 2

+ Cl

= 0

.15
•

.08

ev

eV.

Since 2.9 eV of the kinetic energy of Br+ is available for

the reactions 29 a~ e and 30 d' e have to be taken

into account as reaction routes leading to CH,Br*+. Half of
76

the CH, Br yields is affected by the moderator concentration
76

and thus by the kinetic energy of the Br ions, and therefore

endothermic reactions or reactions which require high

activation energies must be involved. It is, however, not

possible to decide which reaction (28, 29 a" d or 30d'e) is

responsible for the observed CH- Br yield. Since a CH3 Br

yield of 0.6% remains independent of the kinetic energy, the
exothermal reaction of Br+ ( Sn) (29e) seems likely. In CH,F

+ 1
the Br ( S_) ions were also considered to be responsible for

part of the yield at high moderator mole fractions. Table 4.15

summarizes some data.

Table 4.15 Reactivity of the various bromine species towards

chlorine substitution in CH,

Species

all Br recoil species

fexcited Br+ reactions

from which via

endothermic reaction

exothermic reaction

(Br+ (1SQ))

energetic Br~ reactions

Cl

Contribution to the CH3Br* yield

76Br

1.2%

1.2%

0.6%

0.6%

•-

77Br

3.5%

1.2-1.7%

0.5-1.0%

0.7%

1.8-2.3%

B. CH3
77Br yield, isotopic ratio, reaction of Br" ions

The CH3
77Br yield decreases from 3.9% in CH.jF to 3.5% in
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CH3C1, and this decrease of 0.4% is less than the 0.7%

observed for CH3
76Br. The thermal 7 7Br + ions will be

neutralized, as no scavenger effect is found on the CH,77Br
77

yield, and the rather high yield of CH, Br must then be due

to reaction of energetic 7 7Br + or 77Br~ ions with CEUC1. The

latter seems very well possible, since Cl" is a better leaving

group in gas phase nucleophilic substitution than F~ and the

rate constant for reaction of Br~ with CH3Cl is higher than

with CH3F (Olm-77).

(31) Br" + CH3C1 » CH3Br + Cl" AH = 0.10 eV

The moderator experiments (fig. 4.17) show that 2.8% of the

CH, Br yield is moderator dependent, while 0.7% is not. The
77 -

reaction of Br species (31) is expected to be moderator

dependent, since this reaction is endothermic and probably

requires a rather high activation energy (Zel-77). It is

speculative to divide the CH3 Br into a fraction due to

energetic Br+ ions and a fraction due to Br" ions, if the

isotopic ratio for chlorine substitution by Br+ ions is the

same as for hydrogen substitution (0.9), it would lead to a

yield of 1.2% CH 77Br due to 7 7Br + ions and of 2.3% due to
77 —

'Br reactions. If, however, the isotopic ratio for chlorine

substitution by Br+ ions is the same as that for fluorine
substitution in CH,F (1.4) a CH 77Br yield due to energetic
77 + 77 —

Br reactions of 1.7% and due to Br reactions of 1.8%

would be expected: anyhow the CH, Br yield formed via
77 —

reactions of Br ions is larger in CH3C1 than in CH3F. Both

estimates are of course very risky. Addition of 95% moderator

leads to a yield of 0.7% CH, Br, which is most probably due

to a reaction of electronically excited Br , which is exo-

thermic (Br+ (1SQ)), as was found for the
 76Br reactions with

CH,C1 (reaction 30 e). Table 4.15 summarizes some of the data.

Experiments with uBr, formed via isomeric transition or

neutron activation, have also been performed in CH^Cl.

Daniel and Ache (Dan-73) found, using CF-Br as bromine source
an •*

compound, a CH3
 uBr yield of 2.4% in the undiluted gas and of
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0.6% in a highly moderated system. The latter value

corresponds to the present CHgBr* yields. They also found that

radical scavengers, like O 2 and C2H4 did not influence the

yield, also indicating that no thermal radicals play a role.

C. Hydrogen substitution, CH2
76'77BrCl yield

Neither a scavenger (fig. 4.15), nor a moderator (fig.

4.18, 4.19) effect was found with respect to hydrogen

substitution in CH-jCl. A process must be involved, which is

not influenced by the amount of kinetic energy and by

scavengers for thermal positive species. An association

reaction of Br+, while it still possesses an excess of kinetic

energy remains possible and it will be exothermic (reaction

32 a). Before the intermediate CH3ClBr
+ ion is clustered, a

proton will be transferred to another CH,C1 molecule

(reaction 32 ). This second step is probably slightly endo-

thermic, as the proton affinity of CH-ClBr might be somewhat

higher than that of CHjCl (Wal-80). Br+ ions would be

neutralized in a gas phase cluster

(32a) Br+ + CHjCl • CHjClBr*

(b) CH3ClBr
+ + CH3C1 * CH2BrCl + CH3C1H

+J

IAH = -4.76 eV

The isotopic ratio in CH2BrCl is close to unity and the

difference with the isotopic ratio in CH_BrF (1.4) is not well
77

understood. In particular, the CH~ BrCl yield (0.19%) is much

lower than the CH2
?7BrF yield (0.54%). Section 4.7 deals

further with this effect.

80
Experiments with Br from isomeric transition (Dan-73) and

from neutron activation (Alf-73) show that the yield of
an

CH,BrCl (respectively 0.19% and 0.15%) in highly moderated
76 77

systems resembles the results for CH, ' BrCl. The absence of
76

any moderator effect on the CH- BrCl yield is in contra-
diction with the observed effect for CH2 "BrCl in the isomeric

transition experiments and at the moment there is no

explanation for this difference.
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D. Effects of other scavengers on the product yields

H2Se

The CH,Br*Cl yield is not affected, while the CH,77Br
76

yield remains constant and the CH, Br yield slightly

increases upon addition of H2Se. The latter effect is not

understood very well. It may be that a Br+ ion forms a complex

with H2Se that is so stable that HBr is not rapidly eliminated

from the resulting H2Se*Br
+. The relatively large half life of

this complex allows extensive clustering with CHjCl and H2Se

and a nucleophilic exchange may then take place between a

CH,C1 molecule and H2SeBr
+, resulting in labeled CH^Br and

H-SeCl . Since more positive ions are formed in the case
76 77

of Br than of Br, the H_Se effect is more pronounced for
the CH3

76Br yield.

Unsaturated compounds

Addition of unsaturated compounds has no effect on the

product yield in CH^Cl, as was found for H2S. (The effect of

C3Fg on the CH2Br*Cl yield was not studied). Again large

unidentified fractions appear, similarly as for mixtures of

CH.F and olefines. An isotopic ratio of 1.2 was measured, once

again indicating that reactions of Br ions lead mainly to the

formation of polymers.

4.6 Hydrogen substitution by 76'77Br in CH3Br

The formation of CH,Br* has been discussed in

detail in chapter III and in the present section only the

product resulting from hydrogen substitution is dealt with.

No experiments were performed using moderators, as their

influence on the CH3Br* yield could not be established because

of the large extent of exchange reactions. Only scavenger

results are considered.
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4.6.1 Results

A. Undiluted CH3Br

In undiluted CH-Br the following yields were measured:

0.24% CH2
76BrBr and 0.33% CH.77BrBr. No effect of pressure

(18.4 kPa to 204.5 kPa), of exposure time (1.0 hr to 48.0 hr)

and of temperature (277K to 483K) was observed.

B. Scavenger effects

Fig. 4.20-4.25 show the effects of the addition of

various n-donors bases: H2S, H-Se, CH-SH, CH-SCH,, CH,OH and

CHjOCH,. The results with some unsaturated compounds are given

in fig. 4.26 and fig. 4.27. No attempt has been made to verify

whether specific radical scavengers had any influence.

4.6.2 Discussion

A. CH2
76BrBr yield

The addition of 5% of most of the scavengers cause a

rather sharp decrease in the CH- BrBr yield from 0.24% to

0.15%. Only the addition of H2Se and C3Hg leads to a more

gradual decrease (fig. 4.21 and 4.27). For H-S, CH.SH, CfUOH

and C-H. (fig. 4.20, 4.22, 4.24 and 4.26) a constant value of

0.15-0.10% is reached, while addition of 20-30% CH3SCH3

(fig. 4.23) and CH3OCH3 (fig. 4.25) leads to a further

decrease to 0.02-0.05%.

Although CH3Br has an ionization energy (10.54 eV) below that

of atomic bromine (11.81 eV), a long range charge transfer

reaction is not very probable, since no near resonance

conditions are present for this reaction (Tur-72). In CH3Br,

Br+ ions (even if their kinetic energy j.s not very high) might

survive neutralization, which was not the case in, for

instance, CH3C1. The CH2
?6BrBr yield might be divided inuo a

fraction of 0.09% formed via thermalized, probably clustered,

Br+ ions and 0.15% via-more energetic species. This hydrogen

substitution reaction is thought to proceed via the same

reaction channels as described for CH3F and CH3C1 (reactions:
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Figures 4.20 - 4.25

Effect of addition of various n-donor bases on the CH2BrBr
i

yield in CH3Br (x: 76Br, o: 77Br) (pressure: 105 pKa,

exposure time: 25 hr).

CO

o
c

m

1.0-
X

03
CM

5 0.5-
c*z

CD

1.0-

X) 20 30 °/. C2H4 0 10 20 30°/oC3H6

Fig. 4.26 and 4.27 Effect of addition of ir donor bases on the

CH2BrBr* yield in CH3Br (x: 76Br, o: 7 7Br).

10, 32); only the affinity of CH3Br for protons and Br
+ ions

is higher.

B. 77,CH2
77BrBr yield, isotopic ratio

The CH2
77BrBr yield is also affected by the addition of

the various scavengers, but in most cases a more gradual

decrease is observed; division of the yield between a thermal

and an energetic part is more difficult. The thermal yield

- due to reaction of clustered Br+ ions - should not depend

on the kinetic energy of the Br+ ions and therefore this

yield should be about the same for Br+ and 7Br + ions. As

the thermal yield of CH2
/7BrBr might be calculated to be
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Table 4.16 Reactivity of the various bromine species towards

hydrogen substitution in CH,Br

species

all Br recoil species

energetic Br reactions

thermal Br+ reactions

(probably in a cluster)

Contribution

76Br

0.24%

0.15%

0.09%

to the CH2

77

0.

0.

0.

Br*Br yield

Br

33%

24%

09%

0.09%, 0.24% of CH, BrBr remains then as originating from a
77 +

reaction of energetic Br ions. The large decrease in the

CH2*BrBr yields, obtained upon addition of CH-jOCHg, might be

ascribed to the pronounced probability of charge exchange

between Br+ and an electronically excited level of the CI^OCH^

ion. Even energetic Br+ ions are readily neutralized (see

3.3.6). A similar effect might be expected for CjHg, since

again a near resonance charge transfer reaction is probable

(see 3.4).

A decrease in the CH,76BrBr yield is found upon addition of

CHgSCH,. In this case, Br ions form clusters that are

relatively stable by virtue of the presence of the two methyl

groups. Such a clustering occurs more readily for almost

thermalized species and indeed at 30% CH3SCH3 addition a large

isotopic ratio of 9 is found, which is not surprising, since

Br+ is the more energetic reactant.

All additives act as scavengers for thermalized Br ions, as

can be seen from the figures. As it was not expected that

radicals play an important role in the hydrogen substitution

reaction, no radical scavenger has been tested (see CH,C1 and

CH 3F). Other products, arising from the addition of Br to

defines are described in section 3.4.

A comparison of the CH2
76'77BrBr yields in undiluted CHjBr
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with the higher CH2 '82BrBr yields reported in literature is

difficult, since species like CH2
80Br are able to react via

bromine abstraction from the source compound (Br-, HBr, CF.Br),
an J

also resulting in the formation of CH, uBrBr (Dan-73, Kon-80,
on '

Oat-70, Oka-69). The CH2
 uBrBr yield of 0.27%, reported by

Alfassi et al. (Alf-72) resembles our yields, but it has not

been verified, whether after neutron activation Br+ ions may

lead to hydrogen substitution. In general no CH2
80'82BrBr is

found in highly moderated CH.jBr, possibly due to the presence

of Br2 as source compound (Oka-69, Oat-70, Alf-72, Ber-75).

Daniel and Ache, however, found a yield of 0.30% CH 80BrBr in

a 95% argon containing gas mixture, with CF3Br as the bromine

source compound (Dan-73) .

4.7 Reactions of 76'77Br with the monohalomethanes,

general remarks

The product yields of halogen and hydrogen

substitution in CH3F, CH3CI, CHjBr and CH3I have been

summarized in table 4.17. For CH^Br and CH3I, the halogen

Table

CH *

CH3F

CH3CI

CH3Br

CH3I

4

1

1

1

1

.17

76Br

2.9

.9+0.

.2+0.

.4+0.

.5+0.

Reactions

2

1

5 "

5 "

CH3Br

77Br

3.7

3.9+0.

3.5+0.

4.7

„.»-»

of

2

2

X

2

2

76,77Br

product

77/76

1 .3

.0+0.2

.9+0.2

3.5

-

0

0

0

n

in CH3

yield

76Br

2.9

.40+0.

.22+0.

.24+0.

XXX
• in«

X

(%

03

01

08

(X

)

= F,

CH2BrX

0

0

0.

n.

77Br

3.7

54+0.

19+0.

33+0.

m-«*

Cl

04

03

09

1

0

1

Br,

77/?

1.3

.4+0

.9+0

.4+0

n.m

I, H)

6

.2

.2

.4

•

data from: Fro-77

** extrapolated data for the Br-for-Br/I substitution

not measured



substitution yield given, is based upon an extrapolation to
77

zero exposure time. The CH, Br yield in CH,Br is calculated
77

acccording to 3.4.3. whereas for CH3I no CH, Br yield was

determined.
A. Halogen substitution, CH3Br* yield in CHjBr

The scavenger and moderator effects on the CH,Br* yields

in CH,F and CH,C1 allowed a distribution of the yield over

several fractions:

i) CH,Br due to a reaction of thermal Br in a gas phase

cluster

ii) CH,Br* due to reactions of electronically excited Br+ ions

iii) CH,Br* due to reaction of Br~ ions.

It is not possible to divide the CH3
76Br yield obtained in

CH,Br and CH,I in a similar way as suggested for CH^F and

CH,C1 since no moderator or scavenger results could be obtained

The fraction of the halogen substitution yield, which was

formed via reaction of entrgetic, excited Br ions was 1.0%

and 1.2% for CH,F and CH,C1 respectively and a similar yield
7fi

might be assumed for the CH, Br product in CH,Br. The total
7fi

CH, Br yield in CH,Br is only 1.4+0.5% and therefore only a
76 +

very small contribution of clustered, thermalized Br ions

is expected (<0.2%).

No isotopic ratio for the fraction of the CH,Br* yield formed

by reactions of Br+ and Br+ ions can be deduced with

certainty, but if a ratio of 1.4 is assumed, a fraction of

2.7% of the CH,77Br yield should be attributed to a reaction
of 77Br" with CH,Br. The contribution of 77Br~ ions in the

77
formation of CH, Br is then increasing from 1.3% in CH3F

via 1.8% or 2.3% in CH3C1 to 2.7% for CHjBr. Reaction

efficiencies for a nucleophilic substitution by halogen ions

in the gas phase follow a similar sequence (Olm-77). Br" is

a better leaving group than F~ and the endothermicity for the

reaction of Br" with CH3X (X = F, Cl, Br, I) decreases from

CH3F to CH3I. The nucleophilic reaction of
 77Br~ with CH3F and



CH3C1 is endothermic and the CH3 Br yield, formed in this way,

depends on the concentration of the moderator and will decrease

to zero in highly moderated systems.

The reactions of the various bromine species with CH,Br are

exothermic or thermoneutral

(33)

(34)

(35)

(36)

*Br+

*Br+

*Br"

*Br+

+

+

+

+

CH3Br ——*

CH3Br •

CH3Br >

3CH3Br •

CH3*Br

CH3*Br

CH3*Br

CH3*Br

+ Br+

'++ Br*

+ Br"

+ CH3Br'"

AH = 0

AH = -1.

AH = 0

h + CH2Br*

AH = -0.

30

+

64

eV

eV

eV

HBr

eV

Neutralization of CH_Br* (34) is also thermoneutral in a

CH.jBr environment. Activation energies are not known, but it

is generally accepted that they are low in exothermic ion-

molecule reactions (Tal-79). Reaction (36) represents the

clustering reaction for Br with CH3Br. Most of the reactions

of bromine species with CH3I are more exothermic than those

with CH3Br.

The fraction of the CH, Br yield, which was formed by

reaction of thermal Br in a gas phase cluster (0.9% of the

CH, Br in CH,F) tends to disappear as the ionization energy

of the medium lies below that of atomic bromine; 'in CH,C1 no
76

CH, Br, formed via a thermal reaction, was observed and in
CH,Br only a very small thermal yield of 0.1-0.2% could be

76 +assumed. The fraction due to reactions of energetic Br ions
seems almost constant for the halomethanes: 1.0% CH3 Br in

CH3F, 1.2% CH,
76Br in CH3C1, 1.2-1.4% CH3

>SBr in CH3Br and

1.2-1.4% CH3
7°Br in CH3I. Probably excited states of Br

+

(1D, and 1SQ) are involved. For the reactions of
 80'82Br

species, Berg et al. (Ber-75) reported a decrease in the

organic yields going from CH,F to CH,Br, a trend that is not
76

observed in the present Br experiments. They ascribed the

decrease to the higher moderating ability for "hot" 82'80Br

species by the heavier halomethanes. Br has a maximum



kinetic energy of only 7.2 eV, while 80'82Br species,

generated by isomeric transition from Br80'82mBr, possess a

maximal kinetic energy of 158 eV and perhaps this difference

in kinetic energy is the reason why a different trend for the

Br reactions is observed. When thermal reactions of 8 0Br +

(from CF3
80mBr) are investigated, the yields for halogen

substitution increase from CH3F (0.27%) to CH3I (3.5%)

(Dan-73). Also this trend is not observed for the reactions of
76Br, but this time the kinetic energy of the 7 6Br + ions is

80 +
high compared to that of the thermalized Br ions.

B. Hydrogen substitution

The hydrogen substitution yield is only due to reactions of

Br ions and it seems to be constituted of two fractions:

i) a fraction due to reactions of thermalized Br+ ions in a

gas phase cluster

ii) a fraction due to reactions of energetic Br+ ions.

As the ionization energy of the medium becomes lower than that

of atomic bromine, the yield due to reactions of thermal Br+

ions tends to diminish because of charge transfer reactions.

The energetic part of the CH,Br*X (X = F, Cl, Br) yield is

almost constant for the various halomethanes (table 4.18)

(0.15-0.22% CH 76BrX and 0.19-0.29% CH 77BrX), which is

different from the results obtained in the study of ÖU'ÖZBr

reactions by Berg et at. (Ber-75). Daniel and Ache (Dan-73)

observed only very small differences in the hydrogen
80 +

substitution yields in CH3F, CH3C1 and CH3Br by thermal
 ouBr

ions (0.1-0.3%).

For almost all hydrogen substitution reactions, studied until

now (CH4, CH3F and CH3Br) an isotopic ratio of 1.3-1.4 is

observed. The ratio of 0.9 for CH3C1 is not completely

understood. CH,C1 has a larger probability to react via charge

exchange with a Br ion than the other molecules. Single and

double charged species are formed to a larger extent for Br

than for Br, which means that a larger fraction of the

Brn+ ions react through charge exchange, while still



Table 4.18 Reactivity of the various bromine species towards halogen

and hydrogen substitution in the monohalomethanes

Ĥ P 7*Br

3 77Br

,H cl
76Br

3 77Br

:H Br ? 6 B r
3 77Br

76Br
CH3I

 B r

thermal

0

1

< o
£ 0

< o

.9%

.3%

-

-

.2%

.3%

.2%

Contribution to the product yields

Halogen substitution

Br+ excited Br+ energetic Br~

1.0%

1.3%

1.2%

1.2-1.7% 1

1.2-1.4%

1.7-2.0%

1.2-1.4%

1.3%

-

.8-2.3%

-

2.7%

-

Hydrogen

thermal Br

0.20%

0.25%

-

-

0.09%

0.09%

n.m.

substitution

+ energetic Br+

0.20%

0.29%

0.22%

0.19%

0.15%

0.24%

n.m.

not measured



possessing some kinetic energy. The effect of charge exchange

is then more severely felt for the energetic reactions of Br

and therefore an isotopic ratio smaller than 1.4 (which was

found for CH2Br*Br and CH-Br^F) can be expected for the

energetic reactions of Br ions in CH^Cl.

4.8 Reactions of 7 6' 7 7Br in trifluoromethanes

(CF4, CF3C1, CF3Br)

The substitution of fluorine and other halogen

atoms is studied in the series CF.X (X = F, C1, Br). The

results are summarized in table 4.19. Within pressure range

Table 4.19 Yields of brominated compounds in CF,X

(X = F, Cl, Br)

CF4

CF3C1

=F3Br

0

0

0

76Br

.27+0.

.36+0.

.60+0.

03

04

04

%

1.

0.

0.

CF3Br

77Br

3 +0.

94+0.

82+0.

X

2

02

04

77

4.

2.

1 .

/76

8+0.

6+0.

4+0.

9

1

1

%

0

0

CF2Br*X

76Br

.27+0

n.m.

.40+0

.03

05

(X = F

77Br

1.3+0.

n.m.

1.1+0.

2

1

Cl, Br)

77/76

4.8+0.9

-

2.7+0.3

(50.7 kPa to 168.0 kPa) and exposure time range (40 hr to 60

hr) no effects were observed on the product yields. The

influence of H-S on the product yields of CF3Br and CF2Br Br

was investigated in CF.jBr (fig. 4.28 and 4.29). The CF2Br*Cl

yields could not be determined, since this compound was not

available for identification.

4.8.1 Discussion

The large isotopic ratio in CF3Br formed after

reaction of 76'77Br in CF,, was ascribed to the reactivity of
7 7 — 77

Br ions. In table 4.19 a decrease in the CF3 Br and

CF2
77BrBr yields is observed when going from CF4 to CF3Br,
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whereas the CF3
 6Br and the CF2

76BrBr yields increase. The

fraction of organic products formed via reaction of Br+ ions

increases, while the fraction formed via reaction of Br~ ions

decreases from CF, to CF_Br.

A. Reactions of Br ions

The ionization energies of CF4 (15.0 eV), CF3C1 (12.91 eV)

and CF3Br (11.89 eV) are all above that of atomic bromine

(11.81 eV) and consequently no neutralization of Br+ ions

will occur in these gases and reactions of Br ions will be

involved. The absence of any scavenger effect in CF-Br (fig.

4.28, 4.29) suggests that only reactions of energetic species

are responsible for the observed product yields. Substitution

reactions by Br ions resulting in the elimination of an F+

ion (reactions 1, 2) are too endothermic to proceed with Br,

Reaction (37), which is analogous to reaction (4, 5) is also

endothermic, but electronically excited Br ions may react

yielding excited CF,Br+" and CF2XBr
+> ions. If this occurs

the successive neutralization of the molecular ions might be

exothermic, depending on the ionization energy of the

environment. A more thorough description of this model is

given in section 4.4.

(37a)

(37b)

CF3Br
+' + X'

CF2XBr'
+ + F*

No sufficient photoelectron spectroscopy data are known for

CF3Br, CF2BrCl and CF,Br2 to allow a calculation of the

enthalpies of all possible reactions. The endothermicity of

the reactions of Br+ with CF3X (X = F, Cl, Br) yielding CF3Br
a

decreases from CF. to CF3Br and as a consequence the reaction

probability may increase.

B. Reactions of Br" ions

ions from CF4 toThe decrease of the reactivity of Br"

CF-Br may be ascribed to electronic effects as the fluorine



atoms very strongly attracts the electrons in a CF3X (X = Cl,

Br) molecule and lead to an electronic configuration that is

different from that of CF.. The bromine atom in CF3Br might

even be slightly positively polarized (Waz-73) and therefore

the dipole moment in CF,Br is in opposite direction compared

to that in CHjBr (Cox-80). The 77Br~ ion will be attrackted by

the positively polarized part of the CF^K molecule and the

electronic hindrance - induced by the three fluorine atoms -

that an approaching Br~ ion meets at the positive carbon centre

is increased by the existence of a competing positively

polarized centre at the bromine atom. Nucleophilic

substitution by a Br~ ion becomes even more difficult than it

was already in CF-.

The isotopic ratio of 1.4 in the CF_Br* yield in CF,Br is close

to that for hydrogen substitutions in CH., CH-F and CH3Br, in

which case only reactions of the Br+ ions were considered to

be responsible. Possibly, reactions of Br" ions are not

involved in the formation of CF3Br* in CF3Br.

C. Fluorine substitution

For fluorine substitution a less pronounced decrease of the

Br~ reactivity and increase of the Br reactivity is

observed. The reaction enthalpies of fluorine substitutions by

Br+ (37b) is less affected by the presence of a chlorine or

bromine atom in CF3X than the substitution of chlorine or

bromine themselves (37a).

Substitution of the heavier halogen (bromine) is preferred in

CF.Br both by 76Br and 77Br ions and this effect might be

attributed to the lower reaction endothermicity of the bromine
38substitution reaction. In a study of the reactions of Cl and

Br with CH-BrCl (neutron activation) a preference was found

for the substitution of the bromine atom for both recoil

species (Alf-73/2); a preference, which was also found by Lee

et al. (Lee-71) for the reactions of Cl with chlorofluoro-

methanes. Spicer and Wolfgang (Spi-68/2) suggested in their

• * . :



"translational inertial effect" model that the heavier halogen

atom is always preferentially substituted in energetic

substitution reactions and presumably this effect is also of

importance in the reactions of 76'77Br with CF,X molecules.

4.9 Influence of the storage temperature on the CH,Br*

yield in CH3Br, CH3CI and CH3F

76tIn section 3.2 the increase of the CH3'"Br yield

with the storage temperature was ascribed to the glass-wall

catalyzed reaction of H76Br (76Br~) with CH3Br. No pressure,

exposure time and glass-wall effects were found for the CH3Br*

yield in CH-Cl and CH-F as long as the reaction vessels were

stored at ambient temperature (291-293K) and it was concluded

that these CH,Br yields were not influenced by exchange

phenomena at this temperature. Table 4.20 summarizes some

Table 4.20 Temperature effect on the CH,76'77Br yield in CH,F,
_ _. _ 7fi.77 J 7fi.77 J

CH3C1 and
76'77Kr Br exposure

gas

CH3Br

CH3Br

CH3Br

CH3C1

CH3F

storage

temperature

(K)

277

291-293

483

413

453

pressure

(kPa)

80

80

80

115

130

exposure

time

(hr)

20

20

20

40

40

% Br in

76Br

5.0

11-12.5

49

38

73

CH3Br

77Br

n.m.

n.m.

n.m.

35

71

results, which indicate that exchange can take place at

elevated temperatures. The isotopic ratio for CH,Br , which

was 2.0 in CH,F and 2.9 in CH,C1, almost decreases to 1.0, an
76 77indication that °Br and Br react via an identical exchange

reaction mechanism.



In section 3.2.1 experiments were described to verify the

influence of the glass-wall. In some reaction vessels ' Kr

decayed in vacuo for 20-30 hrs, whereafter the residual radio

krypton is pumped off, while most of the 76'77Br remains on

the wall. The vessels are filled with CH3C1 or CH,F and stored

for another 20-40 hrs at 293 and 413K. Finally the CH3
?6'77Br

yield was determined (see table 4.21). Not withstanding the

Table 4.21 Temperature effect on wall catalyzed exchange

reactions. Exchange reactions with ' Br on the

wall of the vessel

gas

CH3C1

CH3C1

C H 3 F

CH3F

storage

temperature

(K)

293

413

293

413

pressure

(kPa)

100

115

100

115

exchange

time

(hr)

20

50

20

40

% Br i

76Br

0.1

52

0.1

40

n CH3Br

77Br

n.m.

55

n.m.

40

absence of systematic runs, it must be concluded that a wall

catalyzed exchange reaction occurs at elevated temperatures in

CH3C1 and in CH3F. At room temperature no exchange was

observed.

The exchange reactions of CH3F and CH3C1 with HBr (38,39) are

exothermic, but probably require an activation energy so high

that the reaction does not proceed at room temperature.

AH = -0.45 eV

AH = -0.33 eV

In section 3.7 reaction (40) was proposed, proceeding via a

silylbromide, which was formed after reaction of HBr with

silanol or siloxane groups in the glass-wall. The reaction



enthalpy for the reaction with CH,C1 and CH3F is:

(40a) —Si - Brx + CHjCl—t — S i - Cl + CH3Br

AH = -0-39 eV

(40b) ^Ei - Br* + CH 3F—> —Si - F + CH-jBr*

AH = -0.87 eV

The Si-Br and Si-Cl bond dissociation energies are taken from

(Don-79), the Si-F bond dissociation energies from (Dep~80).

Both reaction (40a) and (40 ) are exothermic. Again the

activation energy is thought to prevent exchange at room

temperature. Exchange of CH3F and CH3C1 with Br~ is

endothermic and seems not likely to proceed.

4.10 Inorganic yield in 7 6 f 7 7Kr - 76'77Br decay

experiments

Most 76'77Br, obtained after decay of 7 6 / 7 7Kr in

halomethanes is not found in labeled organic molecules, but is

adsorbed on the glass-wall of the reaction vessel. After

rinsing of these vessel-walls with water and chloroform, the

water layer contains generally more than 95% of the wall-

activity, while only a small fraction is recovered in the

organic chloroform layer. If unsaturated compounds are present

in the reaction mixture, a larger fraction of the bromine

activity is found in the chloroform layer, possibly in the

form of polymeric products.

A. Decay of ' Kr in vacuo

If the decay of ' 7Kr takes place in vacuo (decay time

20-40 hrs) and the ampoule is rinsed afterwards with water and

chloroform, the distribution of the wall activities over both

layers given in table 4.22 is found. Kuzin
5

at. (Kuz-70)

found that 80% of the 125I activity, formed by decay of 125Xe

in vacuo, was recovered in CC1., when the walls were rinsed

with CC1. and water. This activity was ascribed to 1° or I2

species. It is not obvious that I, molecules would be formed,

since iodine is only present in carrier-free amounts.



Table 4.22 Decay of ' Kr in vacuo. Distribution of

' Br wall activity over water and chloroform

layer

fraction

76Br 77Br

chloroform layer

water layer

23+2%

77+2%

19+2%

81+2%

The nature of the bromine activity in the chloroform layer is

not known, but some uncharged species should be involved. If

the residual radio krypton is pumped off from a reaction

vessel, in which ' Kr had decayed in vacuo, rather large,

but irreproducible amounts of ' Br (10-30%) are lost into

the extraction system. !'•• seems that part of the ' Br

activity must be in a, volatile, uncharged, state. Analogous

effects were observed for the decay of 123Xe to 1 2 3I (Lin-76).

The water layer, obtained after ' Kr decay in vacuo was

further analyzed with a DEAE-A 25 Sephadex column (40-120 m),

which was eluted with water and in some cases also paper

electrophoresis was applied. Fig. 4.30 shows a typical

chromatogram of this water fraction. The Br" fraction remains

on the column if eluted with water, but a 0.9% aqueous NaCl

solution elutes this fraction directly. The first peak, which

is eluted at the void volume of the column contains probably

organic compounds. A similar peak was observed in the aqueous

solution of products formed after Xe decay in vacuo

(Lin~76). The second peak might correspond to a BrO ~ ion,
76 77formed after reaction of ' Br with traces of O-,. Lindner et

t,

at. (Lin-76) showed that 10," and IO.~ were present as products

after decay of Xe. Kuzin et al. (Kuz-70) observed yields of
10-12% 125IO. and 5-13% 125To if 125Xe decayed in an

atmosphere of O_.

The electrophoresis (50 V/cm, 15 min) of the aqueous ' Br

solution gave more or less similar results. Three peaks were
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Fig. 4.30 Sephadex DEAE-A25 chromatogram of the aqueous

solution of inorganic Br activity, obtained after

decay of Kr in vacuo (each fraction = 0.15 ml)

found:

i) at 0 cm:

ii)

76Br, 14% 77Br

at 9 cm: 8% 76Br, 20% 77Br

iii) at 25 cm: 84% 76Br, 66% 77Br.

The first peak corrsponds to not ionized species, probably an

organic fraction, the second peak to the -nknown, inorganic,

compound and the third to Br~. Neither -. retention volume in

the DEAE-A25 Sephadex chromatography, nor the mobility in the

electrophoresis of the unknown peak corresponds to the BrO,~

ion. No other reference compounds have been used for

identification.

B. Decay of 76'77Kr in H2S, H2Se, CHjF and CH3Br

If ' Kr decay takes place in a gas, containing hydrogen

atoms, no '77Br was removed from the vessel by simple



192

pumping (besides the organic products CH3Br, CH2BrF and CH2Br2

in CH,F and CH3Br). A similar result was found for the decay

of 12 'Xe in H2S (Lin-76).

The water layer, which contains more than 95% of the wall

activity, was analyzed with DEAE-A25 Sephadex column

chromatography and paper electrophoresis. Fig. 4.31 shows a

25-

cts/sec

t « .

/;////

•\

i

•

\

V

7 7 Kr* 7 7 Br
in CH3Br

^ ^_ _

' • —

10 20 30 40
fraction nr —*-

50 60 7O 8O

Fig. 4.31 Sephadex DEAE-A25 chromatogram of the aqueous

solution of inorganic Br activity, obtained after

decay of 'Kr in CH^Br (pressure: 60 pKa)

(each fraction = 0.15 ml)

chromatogram for the water fraction obtained after decay of

Kr in CH3Br. After decay in an atmosphere of H2S and H_Se

no other peaks than Br~ were observed (see table 4.23), a
123Xe in H2S,phenomenon which was also found for the decay of

1 23
where 99.5% of the I activity was present as iodide

1 05
(Lin-76) . Kuzin et at. (Kuz-70) showed thsit Xe decaying in

1 2 R —

H, leads to I only. The electrophoretic separations also
76 77

revealed that the second peak disappeared if ' Kr decay
took place in H2S, H2Se, CH,F or CIUBr. The first is only

present if CH,F and CH-Br are studied.

It may be deduced that Br" is the only important inorganic
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Table 4.23 Analysis of the inorganic 76'77Br activity on a

Sephadex DEAE-A25 column

decay system

in vacuo

H2S (p =

H2Se (p «

CH3F (p =

CH3Br(p =

80kPa)

60kPa)

80kPa)

60kPa)

I

fraction

76Br

2-9%

-

-

10%

1%

4-7*

77Br

3-5%

-

-

15%

2%

fractions

II

fraction

76Br

18-25%

-

-

'-

-

36-45*

77Br

25-45%

-

-

-

-

Ill

Br~

76Br

65-80%

99%

99%

90%

99%

77Br

50-70%

99%

99%

85%

98%

each fraction represents 0.15 ml

product after decay of ' Kr in a medium, where hydrogen

atoms are present, although hydrolysis of some other products

(like BrF or BrCl) cannot be excluded with the applied

separation technique. Reactions of ' Br species with

hydrogen containing gases, yielding HBr seems a reasonable

reaction in order to explain this result.

4.11

4.11.1

Decay of 80mBr to 80Br in CH,F and CH,C1

Introduction

In section 4.2 it was mentioned that CF3Br is the

only source compound in 8 mBr—'—+ Br studies, that would

not neutralize Br+ ions, which are generated by the isomeric

transition of 80mBr. This compound has only been used once by

Daniel and Ache (Dan-73) in the study of reactions of ouBr

ions with halomethanes. Using CF,Br in pure halomethanes no

halogen and hydrogen substitution yields, except for CH^Cl,

have been reported.
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4.11.2 Results

In this section an attempt is made to determine

the yields for the hydrogen and halogen substitution reaction
80in CH,F, CH,C1 and CH,Br by Br, formed via isomeric

transition (table 4.24). The CH3 Br yield in CH3Br had to be

Table 4.24 80
Reactions of Br (produced via decay of

target

gas

CH3F

CH3C1

2H3Br

CF3

mixtures

+ 3%

(pe 1

2-3

CF,

80mBr

of ci

Br

-• 80Br) with

K (X=F,Cl,Br)

00 kPa, exposure time:

hr)

C H 3
8 0

6

5

.2+0

.2+0

*

Br

.8%

.3%

CH2
80BrX

2

1

1.

4+0.4%

2+0.2%

4+0.5%

halomethanes

mixtures of

Br) + CF3Br

CH3X (X=F,C1,

of high

specific activity ( 0.001%)

(p: 100 kPa,

2-4 hr)

CH3
80Br

2.0+0.4%

5.2+0.7%

-

exposure time:

CH2
80BrX

< 1%

< 1%

< 1%

* pressure and exposure time influence found, no extrapolated

yields are determined

omitted, since exposure time and pressure influences were

found and no accurate extrapolation to zero exposure time was

made. The experiments were performed in mixtures of CH3X

(X = F, Cl, Br) and 3-5% CF3Br, the latter compound being

labeled with 80mBr. To evaluate the possible effect of

weighable amounts of CF,Br in these mixtures, "no carrier

added" CF_80mBr was also applied as bromine source compound.

For that experiment CF. ""Br was prepared by a neutron

irradiation of a mixture of CFjI and 20-30% CH,Br (Jon-81),

resulting in a specific activity of 1.2 GBq ""Br/mg CF.Br.

Mixtures of CH3X and CF3Br prepared in this way contained less

than 0.001% CF3Br. In table 4.24 some results for the halogen
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substitution in halomethanes using this "no carrier added"

CF3 ""Br as source compound, are also given- The total "'Br

activity in the "no carrier added" CF, 80inBr is relatively low

(0.3-1.0 GBq) and therefore no product yields below 1-2% could

be determined.

82

Br, also produced via neutron activation of CF,Br or of

CF3I/CH3Br mixtures, is expected to remain in the CF,Br

fraction during the exposure experiment, provided no exchange

phenomena are involved. ""Br had already completely decayed

the 2 hours before the exposure experiments start. Nevertheless

a small amount of exchange has been observed (0.1-3.0%) and the

necessary corrections were applied. No 82Br has been detected in the

inorganic phase. After exposure of CH,Br to "no carrier added"

CF3 "̂ Br, however, large quantities of Br (up to 25%) are

observed in the CH^Br fraction; no correction could be made

for such an amount of exchange and the results had to be

discarded. No explanation can be given for this effect.

4.11.3 Discussion

The CH,80Br and CH 8 0BrX (X = F, Cl, Br) yields are
76generally higher than those for the Br labeled products (see

section 4.7) although both Br and Br react as Br ions. The

kinetic energy of the Br ions is higher than that of the
7 6Br + ions, resulting from 76Kr decay and that effect may be

responsible for the observed differences in the product yields.

However, other explanations may also be suggested:

i) the Br11 ion results from a Coulomb explosion of a

CF3
80Brn+ ion, formed after decay of CF3

80mBr. Wexler and

Anderson (Wex-60) observed after the Coulomb explosion of
8the CH 8 0Br n + ion only C m +, H+, Brp + and CH_Br

+
+* ions,

were found.
+whereas no fragments like CHBr or CH-Br

Coulomb explosion of the CC1, Brn+ ion also did not

result in fragment ions like CClBr+ or CCl2Br
+ (Wex-62).

Yet, fragments like CHBr and CH2Br were observed in a

mass spectrometric study of the explosion of CH, Brn+

ions by Takita et al (Tak-71). It is not known, whether
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the explosion of a CF, °Brn+ ion would result in fragments
+ +

like CFBr or CF_Br , but if such fragments are formed,

they might react with the target gas and lead to labeled

products.

ii) the C-Br bond in CF3Br is relatively weak (2.95 eV) and in

a reaction mixture of CH,X (X = F, Cl, Br) and CF3Br

radicals, like CH,X", may abstract a bromine atom

resulting in the formation of some extra CH2X Br.

iii) the proton affinity - and probably the Br+ affinity - of

CFjBr, although not accurately known, is not to be

neglected as can be advanced by comparison with the proton

affinities of CH3F and CH3C1. An ion like CF3BrBr
+ might

be formed, but its effect on the CH3
80Br and CH2

80BrX

yields is not clear.

For the reactions of Br+ ions a lower yield of both CH-Br*

and CH2Br*X is observed for CH,C1 and CH^Br than for CH.,F,

which could be explained by the neutralization of thermalized

Br+ ions by CH,C1 and CH,Br (see section 4.4, 4.5 and 4.6).
80 +This also seems applicable to reactions of Br ions. The

8 n
fact that the yield of CH~ BrBr is slightly higher than of

CH2
80BrCl, while both are lower than that of CH2

80BrF, might

be ascribed to charge exchange reactions, that have higher

probabilities if near resonance conditions are met. The

CH 8 0Br and CH2
80BrCl yields of respectively 2.4% and 0.7%in

pure CH3C1 found by Daniel and Ache (Dan-73) are lower than

the results reported in this section, but no explanation can

be given for this difference.

The results obtained after exposure of CH,X to "no carrier

added" CF, "ter need some further remarks. Since hardly any

weighable amount of CF,Br is present in the reaction mixture,

the explanations mentioned in ii) and iii) for possible

effects of CF3Br, can be ruled out. The CH3
80Br yield in CH3F

(2.0%) is close to the 1.9% CH,76Br yield in the 76Kr—+ 76Br
80decay experiments. The CH_ Br yield in CH,C1 (5.2%), however,

* 76is much higher than the CEk Br yield (1.2%) and it remains

unchanged, if it is formed in a mixture of CH3C1 and 3-5%
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CF,Br (table 4.24). On the basis of these results it is

impossible to draw definite conclusions about the effect of

the presence of weighable amounts of CF,Br on the reactions

of 8 0Br + ions.
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CHAPTER V

REACTIONS OF 76'77Br WITH PROPANE AND CYCLOPROPANE

5.1 Reactions of 7 6 / 7 7Br with propane

5.1.1 Introduction

The reactions of energetic bromine species with

CH. and C-Hg have been the subject of several studies. The

production of these energetic species was accomplished either

by neutron activation or by isomeric transition, which results

in the formation of radicals and positive ions (see section

4.2). More recently the decay of ' Kr was used to generate

bromine recoils in CH4 and C2Hg (Fro-77, Fro-81/1,2). CjHg is

a less studied medium for recoil species; only two

investigations by Tachikawa et al (Num-73, Tac-74) are dealing

with this gas. The substitution of primary and secondary
80

hydrogen atoms, of the methyl and ethyl group by recoil Br

was investigated, whereas attention was also given to possible

H/D isotope effects. The reactions of 76#77Br in solid C3H8

were studied recently by Frost et al (Fro-81/1).

In the present section the substitution of hydrogen, methyl and

ethyl groups in C.,H8 by ' Br is reported as a function of

the pressure of the gas. The influence of NH, as a scavenger

for positive charged species is verified.

5.1.2 Results

The figures 5.1 - 5.4 show the influence of the

pressure of C,HO on the yields of the brominated products,
76 77formed after decay of ' Kr in propane. Besides the products

given in the figures, no other products were observed. At

pressures above 50 kPa all product yields, except for CH,Br ,

have reached a plateau value; the CHjBr yield reaches a

plateau value at about 100 kPa. The isotopic ratio is equal to
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Fig. 5.1 - 5.4 Reactions of ' Br with propane; effect of

the pressure on the product yields (x: Br, o: Br,

exposure time: 20 hr).
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or somewhat larger than unity for almost all products, except

for CH3Br* at lower pressures. For i- and n-propyl bromide

this ratio does not vary over the pressure range studied, but

an increase is found for the isotopic ratio in CH3Br* and

C-H-Br* until the plateau values for these yields are reached.
76 77

The plateau values for the Br and Br experiments and some

of the data for 8OmBr (I.T) 80Br experiments (Num-73) are

summarized in table 5.1. The yields, measured for a mixture of

C3Hg and 10% NH3 (pressure: 55 kPa) are also included in

table 5.1.

Table 5.1 Decay of 7 6' 7 7Kr—» 7 6' 7 7Br in propane yields (%) of

brominated products (plateau values)

gas

mixture

propane

propane
+10%NH3

propane

7 6 B r

1

+0

1

±o

.7

1

1

1

8<>Br

1. 2

CH3Br

7 7 B r

2.

+0.

1.

+0.

0

1

1

1

77/76

1

±0

1

+0

.2

.1.

.0

.1

c
7 6Br

0.5
+0.1

0.3

+0.1

80BT

0.6

2H5 Br

7 7Br

0

+0

0.

+0

8
1

4

1

77

1

±0

1

±0

' 76

.6

.4

.3

.4

i s o

7 6Br

0.5

+0.1

0.2

+0.1

8 0Br

0.2

<vh
7 7Br

1.

+0.

0.

+0.

1

1

3

1

Br

7 7 ' 7 6

2

±0

1

±o

.2

.2

.5

.5

n C

7 6Br

0.7

+0.1

0.4

+0.1

8 0Br

0.7

• l H 7
Br

77BT

1.

+0.

0.

+0.

0

1

8

1

7 7 ' 7 6

1

+0

2

±0

4

2

0

5

E 80
products labeled with Br, from r-»

80.Br decay (Num-73)

5.1.3 Discussion

The ionization energy of propane (10.95 eV) is

below that of atomic bromine (11.81 eV) and photo-electron

spectra (Sto-71) show a relatively high intensity between 11

and 12 eV. This means that near resonance conditions for a

charge transfer reaction from Br+ to propane may be closely

met which makes an efficient neutralization of the Br ions

probable. The formation of the reaction products in the
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""Brfl.T) Br experiments in propane were ascribed to
80

reactions of neutral Br species (Num-73, Tac-74). Similarly

the reactions of 7 6' 7 7Br in ethane were also thought to

proceed by radical bromine species (Fro-77), since in this

case also a charge transfer reaction, leading to neutral

' Br is expected to take place. The lower organic product

yield in ethane compared with methane, was ascribed to this

radical reaction mechanism, although it is not completely

clear why a radical reaction would lead to lower organic

yields than an ionic mechanism.

There are, however, a few arguments which cast some doubt on

the assumption that only bromine atoms would lead to the

observed product yields and they will be discussed below.

a. The effect of NH 3 addition

NH 3 is a good scavenger for thermal positive ions as has

been pointed out in many publications (Cip-78, Col-78, Luc-78,

Jow-79) (see also section 4.4). Table 4.1 indicates that all

product yields decrease sharply on addition of 10% NH-. Such

an effect would not be expected if bromine atoms lead to the

observed product yields, since the reaction enthalpy and

activation energy for hydrogen abstraction from NH, do not

differ that much from those for C3Hg.

b. Reaction enthalpies

Br n +, formed by decay, has a maximal recoil energy of

7.2 eV. It is not known how much kinetic energy is left after

the charge exchange processes, that lead to Br ions, but this

energy should be less than 7.2 eV. The substitution of an

hydrogen atom in propane by a bromine radical is endothermic

by 1.1 to 1.2 eV (reaction 1 and 2) whereas also an

activation energy will be required.

(1) Br' + C3Hg » n-C3H?Br + H' AH = 1.23 eV

(2) Br' + C 3H 8 t i-C3H7Br + H' AH = 1.14 eV.
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Due to conservation of momentum only 36.6% of the kinetic

energy of the recoil atom is available for reaction, which is

at the most 2.6 eV and very probably less. It is, therefore,

doubtful whether this radical reaction will contribute to a

large extent to the observed product yields.

Reaction of Br+ ions with propane will probably proceed

according to (3) and (4).

(3) Br + + C,HO * jcQHaBr|
 +

(4) [c3H8Br]
+ + C 3 H 8 — C^Br + [C^HJ

 +

The Br+ ion reacts through association with C^H» and

subsequently the C3HgBr
+ ion transfers a proton to another

molecule of C3Hg, which has a proton affinity of 6.41 eV

(Wal-80). The overall reaction enthalpy for (3) and (4)

becomes -3.38 eV or -3.47 eV depending whether n- or i-propyl

bromide is formed*. It is obvious from a thermodynamic point

of view, that the ion-molecule reactions of Br+ are very well

possible.

Although neutralization of Br+ species will certainly occur in

propane, it seems reasonable to explain the yields of

brominated gaseous products - at least for the main fraction -

as a consequence of ion-molecule reactions of Br ions. The

neutralized bromine atoms will have enough kinetic energy to

abstract hydrogen atoms from propane and they will probably

end up as HBr.

A. Reactions of Br+ ions in propane

All product yields increase slightly up to a pressure of

50-100 kPa, whereafter a plateau value is reached. Probably an

excited product is formed after reaction of Br+ with propane,

which will decompose or become stabilized by collisions. At

higher pressures stabilization becomes more important and

then a plateau yield will be reached. No decrease in the yield

*n-C3H7~Br and i-C3H?-Br bond dissociation energies fromWil-68
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of any organic product is found at lower pressures, which

indicates that no organic labeled products are formed by

decomposition of excited primary compounds; only inorganic

products seem to result. Association of Br+ with propane might

lead to an excited [c3HgBr]
+ intermediate (5), which may

decompose or will become collisionally stabilized.

(5) Br+ + C3Hg • jc3HgBr
+J

In their study of the reactions of C 2H 5
+ ions with CH. at

pressures between 0.25 and 1.5 kPa Hiraoka and Kebarle

(Hir-75) observed an excited {c-HQ]
 + ion, which was stabilized

at higher pressures or otherwise decomposed into |sec-C,H7 J +

H,. The C3H-
+ ion is thought to have the following structures:

f g +!_•[ H H I
(6) [_CH3 - CH|—*—- CH3 J £2 [CH3 - ÖH - CH3 J
An analogous structure and decomposition mode can be proposed

for the C3HgBr
+ ion, but instead of elimination of H,, HBr may

be split off. However, decomposition of excited C3HgBr
 + to

sec-C3H7 and HBr does not lead to organic brominated products

and therefore such a decomposition channel is in agreement

with our observation that no decrease in organic product

yields is observed on the stabilization of the primary

[c3HgBr]
+ ion.

The C3HgBr
+ ión might also transfer a proton to another

propane molecule (reaction (3) and (4)), leading to n- or i-

C3H7Br. Both bromides may be in an excited state after the

proton transfer. Colosimo and Bucci (Col-81) studied the

decomposition of protonated n- and i-propyl chlorides

(C3HgCl
+). One of the fragments, both from n- and i-C3HgCl

+

is C,H_+/ leaving CH,C1 as a neutral fragment. Another
+ +

fragmentation product from i-C3HgCl is C2H4C1 , which might

become C-H-Cl after neutralization and subsequent hydrogen

abstraction or after an hydride abstraction. jc3HgBr]
+ may

decompose in a similar way to CH3Br and C2H5Br. Table 5.2

summarizes some possible reaction channels for reactions of

Br+ ions with propane.
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Table 5.2 Reactions of Br+ with propane

-C,H7Br

(I)

(II)

Most of the reactions may lead to slightly excited products,

which can be further stabilized. A complete a priori

stabilization of the [c3HgBr3
 + ion before the reactions a, b,

d or e occur, should be discarded as in that case no pressure

influence will be expected for the various products. The

reaction enthalpies for the exothermic reactions d and e are:

(7)

(8a)

(8b)

Br

Br

+ C 3H 8 C2 H5
C H 3 B r

C2H5Br + C3H7
+J

AH = -2.95 eV

AH = -3.6 eV

E. Reactions of Br species; isotopic ratio

The reactions of Br species may proceed via a mechanism,

which is very similar to that for the Br+ ions. Energetic

considerations, however, do not rule out the possibility,

that also reactions of Br atoms lead to the observed
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products, since the kinetic energy is much higher. The effect

of NH3 addition on the yields, however, gives reason to

believe that Br+ ions are involved. The yields of Br

labeled products in the NH, scavenged system, resembles the
80

Br labeled product yields (Num-73). In the latter system 2%

Br2 is present as a scavenger. The kinetic energy of Brn+,

from the decay of 77Kr (56.9 eV max.) and of 8 0Br n +, from

decay of OmBr (158 eV max. and 37 eV as most probable

energy) (Ber-75) resemble each other. It had already been

argued that a contribution of bromine atoms to the product

yields in the NH, scavenged experiments, could not be
76 77

excluded, but the large similarity between the Br and Br
curves (especially for i- and n-propyl bromide, for which

products no variation in the isotopic ratio is found over the

whole pressure range studied) might indicate that similar

bromine species are involved.

The product yields of Br labeled compounds are generally

higher than those for Br and this may be the result of the

higher kinetic energies of the 77Br+ ions. The stabilization

effect by increasing the pressure is more pronounced for the

Br than for the Br labeled products, which is in agreement

with the higher amount of energy, that Br+ can deposit in

the intermediate ion. For CH,Br* this leads to an inversion

of the isotjpic ratio at 60 kPa, while the isotopic ratio in

C2H5Br* increases from 1.0 to 1.6. No high pressures are

required for the stabilization of the excited products, which

might indicate that only small amounts of excitation energies

have to be removed by collisional deactivation. Probably the

Br+ ions, even 77Br+, deposit only small amounts of energy

as internal energy in the intermediate ion, which is then not

highly excited. This suggestion would explain the relative

small isotopic ratios in the case of hydrogen substitutions

by Br+ ions. In propane all products are thought to originate

from reactions of Br+ ions (although Br atoms cannot

completely be excluded} and an isotopic ratio of 1.2 - 1.4

might be expected. Some higher ratios are found and no

explanation can be given for this phenomenon, but it must be
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admitted that in general the error in the isotopic ratios is

rather large.

C. Substitution of primary and secondary hydrogen atoms

Because the bond dissociation energy of secondary C-H bond

in propane is somewhat less than for primary C-H bond, a

difference in substitution yields may be expected, in

particular for thermal reactions. In table 5.3 the

Table 5.3 Hydrogen substitution yield (%) in propane per

equivalent hydrogen atom

propane

propane +

10% NH3

76

0

0

i-propyl bromide

Br 77Br . 80Br*

.25

.1

0.55

0.15

0.1

76

0

0

n-propyl bromide

Br 77Br 80Br*

.12

.07

0.17 0.12

0.13

data from Num-73 (Br» and O_ present as scavenger)

substitution yields per equivalent hydrogen atom are given for

the primary and secondary hydrogen atoms. A statistical

distribution was observed in Br., and O, scavenged propane in
80case of Br recoil experiments, indicating reactions of

energetic bromine atoms (Num-73). An almost statistical

distribution is also observed for the ' Br experiments when

NH, is present as a scavenger, but in pure propane the

secondary hydrogen atom is preferentially substituted. After

correction for the energetic contribution (the product yields

in the presence of NH3) the sec/prim substitution ratio is

about 3 for 76Br and about 7 for Br. A preference for the

substitution of secondary hydrogen atoms was also found for
80moderated Br species (Num-73).

These results for propane are another indication that a minor

fraction of the labeled products is formed by Br ions with a

• 9 "
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high translational energy, while a major fraction is formed by

reactions of thermal or epithermal Br ions.

D. Conclusions

i) Positive Br+ ions are mainly responsible for the formation

of the observed products, Br~ ions do not contribute at

all.

ii) Generally there is no large difference in the kinetic

energies of Br+ and Br+ ions at the moment they react

with propane; there are some indications that most of the

reactions of Br+ ions are not really "hot", but that these

ions are only slightly translationally excited at the

moment of reaction.

76 775.2 Reactions of ' Br with cyclopropane

5.2.1 Introduction

Cyclopropane and cyclobutane are rather attractive

compounds for the study of reactions of recoil species. An

estimate of the amount of energy deposited by the recoiling

atom in the excited intermediate product can be made by

determination of the products originating from secondary

decomposition and from collisional stabilization. Reactions of

bromine recoil species with gas phase cyclopropane and

cyclobutane have been investigated by some authors, using

either n,Y activated 80mBr (Wai-71) or 80Br (Sae-75, Sae-76)

or 80Br formed via decay of 80mBr in CF3Br (Yin-74). The first

type of activation results mainly in neutral bromine species,

while the second yields 8 0Br n + ions.

The products observed after reaction of recoil bromine with

cyclopropane are: CH-Br, CH_ = CHBr and CH_BrI (if I, is used

as a scavenger, Sae-75) as decomposition products, c-C3HeBr

as a stabilization product and CH- = CH - CH-Br as an

isomerization product of the latter. Wai and Jennings (Wai-71)

did not find any stabilization of excited cyclopropyl bromide

at a pressure of 95 kPa, and Ying-yet et al (Yin-74) observed

only a very small quantity of the stabilization product
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cyclobutyl bromide in their study on cyclobutane at a

pressure of 105 kPa (M% of the total organic product yield).

No extensive pressure studies were performed by either of these

authors. Saeki and Tachikawa studied pressure effects more

thoroughly and they observed stabilization products both in

cyclopropane (Sae-75) and in cyclobutane (Sae-76). At 95 kPa

8.8% of the total organic yield consists of cyclopropyl bromide

which product yield increases at the expense of the CH,Br*

radical yield on an increase of the pressure (Sae-75). In

cyclobutane (80 kPa) 47.8% of the organic yield is formed by

the stabilization product cyclobutyl bromide and this product

yield also increased upon stabilization by pressure (Sae-76).

The main difference between the experiments of Saeki and

Tachikawa and those of Wai and Jennings seems to be the bromine

source compound; Saeki and Tachikawa used either CH,Br or CF,Br,

Wai and Jennings used Br,, but the former authors state that

there will be no difference in results due to the use of these

various source compounds. The isomerization of cyclopropyl

bromide to allyl bromide is an exothermic process (AH = -0.35

eV) with a rather high activation energy of 2.05 eV (Gra-66).

Reactions of ' Br have only been studied in solid phase

cyclopropane; yields of cyclopropyl bromide were respectively

2.7% for Br and 1.7% for Br, whereas no allyl bromide was

observed. Comparison with the present results is difficult,

since no solid phase experiments were carried out. In the next
7fi 77

sections the results of the reaction of ' Br, produced by

decay of ' Kr, with gaseous cyclopropane are reported; the
7fi 77

amount of ' Br in decomposition, stabilization and

isomerization products will be determined.
5.2.2 Results

In all experiments with cyclopropane 5% H_S was

added as a scavenger. Only the CH,Br yield decreases upon

this H2S addition; all other product yields remain almost

unchanged. Addition of more H_S (up to 25%) did not alter the
* * *

yields to any significant amount. CEUBr , C2H3Br , CjHgBr ,
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(x: 76Br, o: 77Br, exposure time: 20 hr).
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CH2 = CH - CH2Br* and cyclo-CjHgBr* were found as products and

the effect of the pressure on the yields of these products is

given in the figures 5.5 - 5.9. Most yields are independent of

the pressure except those of CH3
77Br, C2H5

77Br and both cyclo-

C,H,-Br* yields. In table 5.4 plateau values are given for all
77 77

product yields. For C H ^ B r and CjHg'Br no plateau value can

be given, but in the table the yields at 45 kPa are chosen for

the sake of comparison with the yields in moderated cyclo-

propane/ ' Br studies, which are only measured at a pressure

of 45 kPa (table 5.4). The scatter in the results is sometimes

rather large and small variations may be overlooked.

Table 5.4 Decay ,of 76'77Kr in cyclopropane. Yields (%) of

brominated products

gas mixture

cyclo-
propane

cyclo-
propane
+53% Ne
(p=45kPa)

cyclo-
propane
+95% Ne

(p=45kPa)

CH-

76Br

0

±0
1

to

0.

+0.

.97

.05

1

1

7

2

7 7 ]

1

0
+0

0.

+0.

B i

3r

.4

6
1

4
1

77

1

0

+0

0

+0

IT*

.4

.5

.1

.6

.2

C 2
76Br

0

±0

0

±0

0.

+0.

.12

.02

.05

.01

05

02

H 5
771

0

0

+0

0.

+0.

Br

3r

.30

.05
01

08

03

77

2

1

+0

1

±o

'76

.5

.0

.3

.6

.5

76Br

0

±0

0

±0

0.

+0.

.33

.04

10

05

3

1

2H3
771

0

±0

0

+o

0.

+0.

Br

Br

.35

.05

.10

05

2

1

^ 7 6

1

+0

1

±o

0.

+0.

.1

.2

.0

.5

7

4

for all product yields in cyclopropane the plateau

yields are given, obtained at pressures above 25 kPa. The

CH 3
7 Br and C2H5

77Br yield depend on the pressure and the

values reported in the table are chosen at a pressure of 45

kPa as these values can then be compared with the yields in

moderated systems.



"f 212

continuing Table 5.4

gas

mixture

cyclo-
propane

cyclo-
propane
+53%Ne

(p=45kPa)

cyclo-
propane
+95%Ne

(p=45kPa)

CH2=

7 6 Br

0.58
+0.07

0.6

+0.1

0.5
+0.05

=CH-CH2Br
77Br

0.47
+0.08

0.2

+0.05

0.1

+0.05

77/?(

0.8
+0.2

0.3

+0.1

0 .2

+0.1

c-C3H5Br
76Br

0.47
+0.06

0 .2

£0.05

0.05
K).01

77Br

0.79
+0.09

0.3
+0.05

0.05
+0.01

77/76

1.7

+0.3

1.5
+0.4

1.0

+0.3

unidentified or-
ganic products
7 6Br

12-

40%

not

6-

12%

77Br

6-

20%

77/7 6

0.48
+0.08

determined

3 -

4%

0.44
+0.09

In all experiments fractions of both Br and B r activities

are lost, possibly as polymeric products, which are generally

not eluted from the G.C. column. The yields of these

unidentified products range from 12 to 40% for Br and from 6

to 20% for 7'Br (isotopic ratio 0.48+0.08). No clear pressure

influence is observed. In the moderator experiments, these

unidentified product yields are lower (^10%). A fraction of

2-7% of the unidentified products, possibly branched bromo-

hexanes, is eluted from the G.C. column.

5.2.3 Discussion

Neutralization of Br ions in cyclopropane might

occur, since not only the ionization energy of the medium

(10.06 eV) is below that of atomic bromine, but also the

photo-electron spectrum (Bas-69) shows an appreciable

intensity between 11 and 12 eV. A near resonance charge

transfer reaction is probable. The reactions of Br and mBr

with cyclopropane were mainly ascribed to energetic bromine

atoms, but, since n,y activation is applied, these neutral

species are directly formed in such a nuclear activation
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76 77
process. Yet, for the reactions of ' Br with propane, it

has been suggested that Br+ ions are involved (sec. 5.1.3).

In the cyclopropane experiments addition of H,S does not lead

to such remarkable effects, as were found upon addition of NH3

to propane. The proton affinity (7.37 eV, Wal-80) and possibly

the Br+ affinity of H-S is lower than that of cyclopropane

(proton affinity: 7.72 eV, Cho-72) and H2S is supposed to act

mainly as a scavenger for thermal radicals. The reaction

enthalpies for hydrogen substitution by a Br* atom or a Br+

.ion can be calculated. The reaction of Br* with cyclopropane

is assumed to be a two step process: association of Br+ to

cyclopropane and a subsequent proton transfer from the

intermediate C3HgBr
+ ion to another molecule of cyclopropane.

(9)

(10a)

(10b)

Br'

Br+

[c-C

+ c-C3Hg

+ ="C3H6

3H6B r + ]

f c-C3HgBr + H'

> 0=-C3H6B r + ]
t c-C^Hg » c-C,HcBr

AH = 1.33 eV

A

+ [c-C3H7
 + ] " 4

Reaction (10a) will be exothermic, while reaction (10 ) will

possibly be slightly endothermic. The radical reaction

certainly requires an activation energy above the reaction

enthalpy. For the Br species only 37% of the maximum kinetic

energy of 7.2 eV is available for reaction (2.6 eV), but

this kinetic energy will probably be less because of previous

collisions, necessary for the removal of the positive charge

from the Brn+ ions. As for propane it seems less likely that

the organic products are formed by reactions of Br radicals.

Hydrogen abstraction from cyclopropane or H-S will certainly

be an important reaction channel:

(11) Br" + c-C3Hg » c-C3H5' + HBr AH = 0.57 eV

The total organic product yield is remarkably higher than

found for propane or ethane (Fro-77), which is caused by the

high yield of unidentified products.
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A.
76 +

Reactions of Br ions in cyclopropane

A slight increase in the cyclopropyl bromide yield is

observed as a function of pressure up to 20 kPa; all other

product yields remain more or less constant over the whole

pressure range. Just as the reaction of Br+ with propane, the

reaction of this ion with cyclopropane may lead to an excited

intermediate (reaction 12), which is either collisionally

stabilized or decomposes to non labeled products and inorganic

bromine compounds or to excited labeled organic products,

which themselves may be stabilized via further collisions.

t
(12) Br + c-C3H6 [c-C3H6Br

H

For the formation of cyclopropyl bromide, the excited inter-

mediate c-C3HgBr
+ ion must live long enough to transfer a

proton to another cyclopropane molecule. Electrophilic

bromination of cyclopropane by Br~/N-bromo-succinimide

mixtures proceeds possibly via an intermediate c-C_HgBr ion

and structures like (A) and (B) (Ske-76) (Lam-70) have been

proposed. No life-times have been reported for these

structures.

(A) (B)

Figure 5.10 Intermediate structures for the electrophilic

reaction of Br+ with cyclopropane.

r'
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Protonated cyclopropane (c-C3H?
+) has been determined mass

spectrometrically (Chu-72i, but whether a corner (A) or edge

(B) protonated structure is involved is not quite clear (Kra-

76). The rc-C,H,1+ ion is collisionally stabilized at pressures
-7 -5

above 50 Pa and lives long enough (10 - 10 sec) to react by

proton transfer or to act as an electrophilic reagent itself,

before any isomerization takes place (Att-80). It might very

well be that the [c-C3HgBr1
 + ion also lives long enough to give

similar reactions.

• If no proton transfer reaction occurs from the excited

[c-C3HgBr]
+ ion, the most probable reaction after electrophilic

attack of Br to a cyclopropane ring is ring opening (13) (Ske-

76, Lam-76). >

(13) Br+ + c-C3H6—•+ |c-C3H6Br|
+ » CHjBr - CH2 - CH2

CH2Br - CH - CH3

The resulting primary carbenium ion may be converted after a

hydride shift into the more stable secondary carbenium ion

(Lam-76). Now again proton transfer might take place, resulting

in allyl bromide or 1-bromopropene. The second product is not

observed as product in the reactions of Br with cyclo-

propane. Isomerization of protonated cyclopropane (c-C,H,+) to
+ +

both propyl carbenium ions (n-C3H_ and sec-C3H7 ) has been

described by Attina et al (Att-80) in their study'of

electrophilic alkylation of benzene by C3H_ ions, that were

generated by protonation of propene and of cyclopropane.

These three isomeric C3H7
+ structures - and also probably the

fc3HgBr1
+ ions- act as electrophilic reagents towards other

cyclopropane molecules and consequently a cationic

polymerization reaction might start. Dimeric structures were

observed in ion-cyclotron resonance measurements at a pressure

above 0.1 Pa (Bow-72), while in radiation chemistry experiments

on cyclopropane high yields of polymeric compounds were found

(Föl-81). Von Bünau and Kühnert (Bün-72, Kün-70) found a G-

value of -16.3 for the consumption of cyclopropane in the gas
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phase radiolysis, whereas only a G-value of +7.4 could be
calculated on the basis of the summed C. - Cg product yields.
In the present study on the reactions of ' Br+ ions a large
fraction, possibly polymeric, is missing. The isotopic ratio
in this missing fraction of 0.46 might indicate that a cationic
polymerization is involved, as 100% of the Br and only 35% of
the 7Br species are initially positively charged. Here again
an indication is found that Br ions are the reactive species.

So far the reaction channels for the formation of the propyl
bromides and the heavier, polymeric, products have been
discussed, but the fragmentation products CH3Br, C2H,Br and
C_H5Br need also some attention. The following fragmentation
pattern (14) has been observed upon electrophilic attack of an
R+ species on a cyclopropane ring using ion cyclotron
resonance techniques (Lui-76).

RCH2
+
 + C 2 H 4 (a)

(14) R + c-C-H,^--* RC-H, + C H ' (b)
^ RCH * + C2H5* (c)

The relative importance of these three channels depends partly
on the nature of the R+ ion, but in general the first reaction
is the most important (Recently it was demonstrated that
reaction of Co+ ions with cyclopropane only occurs via
reaction (14a) (Arm-81)). For reaction of Br+ with cyclo-
propane the following decomposition pattern may be suggested.

CH2Br
+ + C2H4 (a)

(15) Br+ + c-C,H,-<^ C0H,Br
+' + CH ' (b)

^ CHBr • + C2H5' (c)

The CH2Br
+ ion (15a), which is expected to be the main product,

might react further either via hydride transfer or via
neutralization and subsequent hydrogen abstraction to become a
CH-Br molecule. The presence of H-S will favour both these
reactions, as they will be less endothermic than with cyclo-
propane .
The C2H.,Br

+' ion (15 ) needs to be neutralized to become
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C2H3Br but, since all products after reaction of
 76Br+ with

cyclopropane may be in an excited state, this neutralization

seems not impossible. Within the present reaction scheme no

fully satisfactory explanation can be given for the formation

of C-H-Br, but this compound is only present in very small

quantities ( 0.12%).

According to Saeki and Tachikawa excited cyclopropyl bromide

might decompose in Br* and C3H5' radicals (Sae-75) and it is

very well possible that this reaction is responsible for the

observed pressure effect below 20 kPa on the cyclopropyl

bromide yield; the amount of Br* radicals formed in this way

will, however, escape detection and only the stabilization

effect on the cyclopropyl bromide yield at higher pressure

can be observed.

All reactions, discussed in the previous part, are summarized

in the scheme of table 5.5.

Table 5.5 Reactions of Br+ ions with cyclopropane

(S: stabilization, D: decomposition)

, [e-C,H,BrJ — < T

0 ̂ * e-C,H; + Br

t-C,H,

ulMc
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From the scheme in table 5.5 it is o vious that no reliable
ratio for the formation of allyl bromide to that of cyclopropyl
bromide can be given, since all three isomeric FC3HgBrl+ ions
may induce a polymerization reaction and their relative
efficiency in the polymerization reaction induction is not
known.

The results for the Br+ reactions with cyclopropane were
explained in terms of ion-molecule reactions. A comparison
with literature data on 80m'80Br species reacting with
cyclopropane is difficult, since in the latter case only
radical species are involved. Substitution of a hydrogen atom
by an energetic ouni»ouBr atom leads to an excited cyclopropyl
bromide molecule with an internal energy of 4 eV, which is
either collisionally stabilized or which isomerizes to excited
allyl bromide (pressure range studied 13 to 110 kPa). The
excited allyl bromide might be stabilized further or
decomposes to a CH2Br* and a CH- = CH' radical. The increase

in the allyl bromide yield upon an increase of the pressure is
80compensated by a decrease in the CH,Br* yield. The Br product

76 +yields are much higher than for the Br reactions (at 110

kPa: 1% CH,80Br, 0.3% C oH
8 0Br, 5.2% CH,Br - CH = CH,, 1.5%

c-C3H5Br and 8.2% CH2°
UBr#) (Sae-75). Contrary to these high

product yields, Wai and Jennings (Wai-71) reported lower
yields (all below 1.4% for CH2

80Br - CH = CH 2). No satis-
factory explanation could be given for this difference, except
that it may be due to the use of different bromine source
compounds in both studies (CH3Br and Br2

respectively).

B.
7 fi +

Moderation effects on the Br reactions with
cyclopropane

Neon was used as a moderator for energetic Br ions,
because of its chemical inertness and its low proton affinity.
Addition of 95% neon leads to some effects on the product
yields:
i) a small decrease in the CH, Br yield

7fi 76
ii) the C-Hc Br and c-C3H5 Br yields become almost zero
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iii) the C2H3
?6Br and CH2

?6Br - CH = CH2 yields remain

unchanged

iv) the missing, possibly "polymeric", fraction decreases to

8% of the total 76Br activity.

The Br ions will have lost most of their excess kinetic

energy through collisions with the moderator, before reaction

with cyclopropane can take place, which means that no highly

excited c-C3HgBr
+ ions will be formed. The proton affinity of

neon is low (2.08 eV) (Wal-80) and the concentration of

suitable proton acceptors (H-S or cyclopropane) is low;

therefore proton transfer from c-C3HgBr
+ is less likely in a

moderated system and as a consequence isomerization to the more

stable, non cyclic, isomeric structures of C,H,Br+ will be

favoured. The n-C3HgBr and sec-C3HgBr ion may live long

enough to react by proton transfer or by polymerization.

Protonated cyclopropane (c-C3H7
+) and protonated propene

(C,H7
+) may be distinguished from each other as long as their

-7 -5 -5

lifetimes do not exceed 10 to 10 sec, but after 10 sec no

distinction between the structures can be made anymore due to

isomerization (Att-80).

No C3H5 Br will be formed in a highly moderated system, since

no fast proton transfer from c-C3HgBr is possible. The

decrease in the yield of unidentified products is caused

either by the fact that less excited [c3HgBrJ ions are present

in the moderated system or by the fact that its probability for

collision with cyclopropane is lower due to the lower

concentration. If the first argument is true, then cationic

polymerization is started mainly by excited fc3HgBrJ
+ ions and

a reaction of energetic Br+ ions is required. In case of the

second explanation, [c-C3HgBrj has a lower reaction

probability (due to the low cyclopropane concentration) and

isomerization to the more stable CH2Br - CH - CH3 ion might

become predominant. Possibly the latter ion is less inclined

to a polymerization reaction. It is, unfortunately, not

possible to make a cnoice for one of these explanations on the

basis of the present data only.
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That the C2H3
76Br yield is not affected by the presence of

moderator is not surprising, because an exothermic ion-
molecule reac-
are required.
molecule reactions is involved (16) and no energetic 7 6Br + ions

(16) Br+ + c-C3H6 » C2H3Br
+' + CH3* AH = -0.15 eV

The CH3
76Br yield is only slightly changed but it is

questionable whether this small decrease is significant
regarding the experimental error. The reaction of Br+ with
cyclopropane yielding CH2Br

+ is exothermic (17) and no
moderator effect would be expected, but it can very well be
that the subsequent formation of CH3 Br is influenced by the
presence of a moderator.

(17) Br+ + c-C3H6 » CH2Br
+ + C2H4 AH = -0.89 eV

The C2H5 Br yield becomes almost zero at 95% neon addition
and therefore the formation of this product might be due to an
endothermic reaction, although the low product yields are
subject to rather large experimental errors.

C. Reactions of Br species in cyclopropane, isotopic ratios

There are two main differences compared with the reactions
of 7 6Br + ions:
i) the higher kinetic energy of the Br+ ion in case ionic

reaction mechanisms are involved
the presei
reactive.

ii) the presence of energetic Br radicals, that might be

In this section the differences between the reactions of Br
and 77Br will be discussed in the light of the two above
effects. Ion-molecule reactions of Br+ ions will proceed in
a similar way as those of Br ions (see scheme table 5.5).
In a study on the influence of the kinetic energy of the
incident ion on ion-molecule reactions Harrison et al (Har-72)
found that the formation of products with lower molecular
weights is favoured at higher kinetic energies. The kinetic
energy of Br+ ions is higher than that of Br ions (maxima
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°f 56.9 eV and 7.2 eV respectively) and a larger preference

for the formation of the smaller products ought to be expected

for the reactions of Br+ ions. The observed differences are

very small; Br, C, + C, products: 1.4%, C, products: 1.1%
77

and Br, C, + C2 products: 2.0%, C3 products: 1.3% (pressure:

45 kPa). It seems that the difference in kinetic energies

between Br+ and Br+ is not reflected in the product

distribution and probably the kinetic energies of both Br+

ions do not differ that much at the moment they are reacting

. with cyclopropane.

The reactions of Br species result also to an important

extent in the formation of high yields ox unidentified,

"polymeric", products. An isotopic ratio of 0.48 is observed

for this fraction and as a consequence it seems likely that

the formation of these products is due to reaction of Br+

ions. For allyl bromide and cyclopropyl bromide isotopic ratios

are found of 0.8 and 1.7 respectively, although these compounds

are thought to be formed via the same precursor (Br ions) as

the polymeric fraction. This would mean that proton transfer

from excited |c-C,H, Brl is more probable than from excited

[ 7fi T + ° 77 +

c-C3H6' BrJ , which is hard to understand as ''Br will

deposit slightly more excitation energy in the intermediate.

It is, therefore, not clear why a higher c-C,H,-Br yield should
77 77

result in case of Br. A better explanation involves Br

radicals in the formation of the various Br labeled products.

Saeki and Tachikawa (Sae-75) proposed the following mechanism

for such type of reactions (Table 5.6).

An increase in pressure leads to enhanced stabilization and

larger amounts of the stabilization products (cyclopropyl

bromide and allyl bromide) will be formed, while the CH_Br*

yield will decrease. The CH-Br* radical yield is measured

through CH_BrI, formed after reaction with I,, present as a
77

scavenger (Sae-75). The reactions of Br atoms (M5% of all
77 fin

Br species) may proceed very similar to those for the uBr

atoms (table 5.6). Stabilization of excited C3H5
77Br would

lead to somewhat higher c-C3H5
77Br and CH2

?7Br - CH = CH2
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Table 5.6 Reactions of Br atoms with cyclopropane

(S: stabilization, D: decomposition,

I: isomerization)

c-C,H,Br

Br- e-C,H,—• H* [eC,H,Br]

CH,Br-CH=CH,

[CH,Br-CH=CH,]

,= CH-CH," + Br

yields, than is expected on the basis of the reaction of only

Br ions. Br atoms possess less kinetic energy (max: 36.4
80

eV, average: 10.4 eV) than Br atoms produced via n,Y

activation (max: 417 eV, Ber-75) and the intermediate

jjc-C3H5
77Br3 will be less excited in case of 77Br. This

might result in a higher yield of c-C3H,-
77Br than of

c-C,H,-80Br. The isomerization of c-C,HK'
7Br to CH,77Br - CH =
80

CH- is also less important than for the Br experiments

( c-C3H5
77Br yield > CH2

77Br - CH = CH2 yield), which is in

agreement with the less excited intermediate products in the

case of Br.

No increase in the yields of cyclopropyl and allyl bromide is

found upon an increase of the pressure, but the experimental

error is large and reactions of Br ions lead to the same

products, so exact data are hard to derive.

A decrease in the CH, Br" yield may be observed by a decrease
77

of the CH, Br yield, which product is formed after reaction of

a CH 77Br* radical with H-S. This effect on the CH 77Br yield
80is very similar to the decrease in the CH_ BrI yield in the

80Br experiments. CH, Br is formed via the ionic and the
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radical mechanism, proposed for reactions of 77Br species and

it is not possible to determine the relative contribution of

both mechanisms. The pure ionic CH3
76Br yield of 0.97% is

almost equal to the CH3
80Br yield of 1.0% in the 80Br

experiments.

An increase of pressure leads to a decrease of the C2H5
77Br

yield and therefore it might be argued that part of this
80

product is formed via a radical reaction; no C_H5 Br, however,

has been reported by other investigators.

' The CH0 = CH Br yield of 0.3% remains unchanged as a function
fin

of the pressure. This yield is equal to that of CH, = CHouBr
an *

in the Br experiments and it seems likely that in the

present study this product is mainly formed via reaction of

Br+ ions. The isotopic ratio in vinyl bromide is 1.1, which

is close to the ratio for other reactions of Br+ ions (for

instance with the halomethanes, chapter IV).

D. Moderation effects on the Br reactions, differences

with 76Br

The yields of 77Br labeled products in the presence of 95%

neon differ to some extent from those measured for Br. To

explain these observations two effects must be considered:

i) there will be no difference between the final kinetic

energies of the Br+ and Br+ ions at this high mole

fraction of moderator since both ions will be almost

thermalized

il) the Br atoms will also have lost most of their kinetic

energy and as a consequence the endothermic reactions of
77Br atoms are not possible.

The effect of moderation on the various Br product yields

will be discussed briefly:

i) unidentified products: a large decrease in the yield of
77Br labeled unidentified, "polymeric", products is

observed upon moderation, an effect which is also

observed for the Br labeled products. The isotopic
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ratio in this fraction remains constant and the

explanation can be very analogous to the one given for
76Br

ii) C-CJHJ Br: in a gas mixture, which consists mainly of

neon, no fast proton transfer from £c-C3HgBiQ
+ is

possible. 77Br atoms do not have enough kinetic energy

for hydrogen substitution in this highly moderated system.

The cyclnpropyl bromide yield due to both the ionic and

the radical reaction mechanism will therefore decrease

to zero upon moderation, which is actually observed

iii) CH2
77Br - CH - CH2: the contribution of

 77Br atoms to

this product yield decreases due to the moderation; only

the ion-molecule mechanism is left for the formation of

allyl bromide. At 95% moderation an isotopic ratio of

0.2+0.1 is found, which does not differ much from the

ratio expected for reactioi. of thermalized Br+ ions only

( 0.35). The experimental error in these low yields is,

however, rather large.

iv) CH, Br and C~H, Br: similar arguments as those used for

the allyl bromide yield seem applicable and indeed

isotopic ratios closer to the theoretical ratio for

reactions of thermalized Br+ ions are found than in the

case of an unmoderated system. However, the experimental

error is large again.

v) C,Hj Br: both the ionic and the radical reaction channel

leading to this product seem endothermic as the

C.He Br yield decreases to zero upon moderation.

The data, obtained for the reactions of '*Br in the presence

of a moderator agree with the reaction mechanisms, proposed

for the reactions of Br recoil species with cyclopropane in

the absence of a moderator. In fact, the isotopic ratios in

most products, determined at high mole fraction of the neon

moderator, do sustain the suggested mechanism, which consists

of reaction channels for Br ions and for Br* atoms.
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E. Conclusions

i) ion-molecule reactions of 76''7Br+ ions are important

reaction channels leading to the observed products

ii) the difference in kinetic energy between Br+ and Br+

is only slightly reflected in the isotopic ratios of the

products formed via the ion-molecule reaction; the kinetic

energies of both ions do not seem to differ very much at

the moment they are reacting with cyclopropane

iii) in some cases larger isotopic ratios are found, which may

be ascribed to differences in the charge spectra of Br

and Br; the participation of 'Br atoms in the reaction

of Br species with cyclopropane is suggested.
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CHAPTER VI

REACTIONS OF ENERGETIC 7 6' 7 7' 8 2
B r ATOMS, PRODUCED

VIA PROTON ACTIVATION OF GASEOUS SELENIUM COMPOUNDS

6.1 Introduction

Energetic recoil bromine species have been

produced by means of several types of nuclear activation

techniques. Neutron activation and isomeric transition have

been the most widely used approaches for the production of
82 80

energetic species, like Br and Br, to study the reactions

of recoil bromine in gaseous and liquid media (Tom-81, Kon-80).

More recently the radioactive decay of 76'77Kr to 76'77Br was

proposed as a source of recoil bromine species and their

reactions have been studied in simple alkanes (Fro-77) and

arenes (Coe-79). An advantage of this last approach is, that no

carrier amounts of bromine source compounds are needed, which .
80 82

is always necessary for the studies with Br and Br.
Not all activation techniques, however, lead to comparable

bromine species as a consequence of differences in charge

spectra and kinetic energies, which are due to the particular

type of nuclear reaction:

i) neutron activation results mainly in bromine atoms with

kinetic energies varying from 0-417 eV (Ber-75), while

only a smaller fraction is formed as Br ions (M2%,

Wex-52)

ii) isomeric transition of 80mBr and 82mBr leads to highly

positively charged Brn ions, because of Auger electron

emission and subsequent Coulombic explosion of the parent

molecule. The Brn+ ions obtain kinetic energies, ranging

from 0 to 158 eV (Ber-75), depending on the chemical

identity of the parent molecule.

iii) the electron capture decay of Kr gives Brn+ ions with a

kinetic energy of maximum 7.2 eV, whereas decay of Kr
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- electron capture and B+ emission - leads to Br", Br' and

Brn species (respectively 50%, 15% and 35%), which have

kinetic energies up to 56.9 eV (Fro-77, Coe-79).

It is obvious that these differences will be reflected in the

product yields, formed via reactions of the different types of

recoil bromine species. Sometimes the question arises whether

differences in the charge spectra or in the kinetic energies

have the major influence on the various product yields.

Particularly difficult was it to assign the 77Br/76Br isotopic

ratio in the different products to either of these effects

(chapter IV and V). There was a need for a nuclear activation

technique which yields bromine atoms with high kinetic energies

for further study of gas phase reactions.

This chapter deals with the reactions of such energetic bromine

atoms formed via proton irradiation of gaseous selenium

compounds. The excitation functions for the production of

bromine isotopes from selenium targets by means of proton

irradiation have been measured by several investigators (Jan-79,

Paa-79). If the energy of the incident protons is kept below

14-15 MeV, the most important nuclear reaction, leading to

76,77,82Br i s t n e (p>nJ r e a c t i o n o n t h e different selenium

isotopes. Using the neutron spectra, measured for the (p,n)

reaction on selenium (And-63), a maximum of 350 keV can be

calculated for the recoil energy of the bromine species. The

energetic bromine particles collide several times; before the

energy region, in which chemical reactions can take place

(̂ 20-50 eV), is reached and by that time they will probably

have been neutralized (Wai-67).

Several (p,n) reactions .lead to radioactive bromine isotopes

(table 6.1), but only the longer lived bromine isotopes
7fi 77 8?

(/D'"'°*Br) are investigated. To allow a comparison with the

results, obtained for the ' Kr — • ' Br decay experiments

(Fro-77 and chapter IV of this study), the reactions of (p,n)

activated 76'77'82Br were studied in some similar compounds,

such as methane and halomethanes. Three gaseous selenium

compounds were used as target gases: H2Se, (CH3)2Se and (CF3)2Se,
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Table 6.1 Production of bromine isotopes by the Se(p,n)Br

reaction

stable selenium

isotope

74Se

76se
77Se

78Se

80Se

B2Se

abundance

(*)

0.9

9.0

7.6

23.5

49.8

9.2

produced

uromine isotope

74Br

76Br

77Br

78Br

80(80m)Br

82(82m)Br

half-life

36 min

16.1 h

56.0 h

6.4 min

17.6min(4.42h)

35.4h(6.1 min)

6.2 Experimental procedures

A. Materials

CH3C1, CH3Br,CF4and CP,H were obtained from J.T. Baker with

stated purity levels of respectively 99.5%, 99.5%, 99.9% and

99%, CH3F was obtained from Air Products (purity> 99.9%) . CF3Br

from PCR inc (purity >99.5%) and CH. from Phillips Petroleum

Company (>99.99%). (CH3)2Se from ICN Pharmaceuticals Inc

(>95%). H-Se was prepared by the reaction of water on Al-Se,

(a-products, purity >95%); the H2Se gas was separated from the

solution by a helium stream and dried over E>2°5' ^
CF3^ 2 S e w a s

prepared by heating CF,I (PCR inc) and ground selenium in a

sealed glass ampoule at 533-534 K during 2-4 hours according

to the method described by Dale (Dal-58). A gaschromatographic

separation was necessary afterwards, since other products such

as C2Fg and (CF3)2Se2 were formed in rather large amounts.

A 1.5 m. Poropak N column was used for this purpose (temp,

programmed 5 min 303 K, 10 K/min to 393 K, flow 50 ml

helium/min). Separation of (CF,)2Se and CF3I was not complete

and some CF I might be present in the final (CF3)2Se

product «10%).

All gases used in the present work were analyzed
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gaschromatographically to ensure that the impurity j

concentration was at the most equal or smaller than stated by

the manufacturer. The gases were used without further

purification.

B. Preparation of reaction mixtures

The gas mixtures were prepared via ordinary vacuum line

techniques. Glass ampoules with an external diameter of 3 cm

and a volume of about 80 ml were filled with gas mixtures

consisting of 15-20% of a gaseous selenium compound and 80-85%

of a halomethane or methane. Sometimes pure selenium compounds

were used as target gas. To avoid influence of light, the

ampoules were wrapped in aluminium foil prior to and after

irradiation. The pressure in the ampoule was 109 kPa, unless

other values are given.

C. Proton irradiation

The ampoules were irradiated with 20 MeV protons at a

current of 50-250 nA during 30 min in the external beam of the

K.V.I, cyclotron (State University of Groningen). The proton
CO C<j

current was monitored via the Ni(p,n) Ni nuclear reaction

(Bri-77) by means of a nickel foil (thickness 0.1 mm) placed

in front of the ampoule. The energy of the protons bombarding

the gas mixture, is degraded to 14-15 MeV by the nickel foil

and the glass wall of the ampoule (thickness 1 mm).

D. Analysis

The whole gaseous contents of a typical irradiated ampoule

were injected on a G.C. column by means of a loop injection

system, which also contained a mixture of organic bromides,

meant for identification purposes. A 0.75 m Poropak N column,

(temperature programmed 5 min 303 K, 10 K/min to 393 K after

25 min 10 K/min to 443 K, gas flow 50 ml He/min) was used for

the analysis. The active compounds eluted from the G.C. column

were trapped in counting vials, containing 20 ml of heptane

cooled in dry ice. Fractions, eluting between the major,

identified, peaks were also collected in one heptane vessel.
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The glass ampoule, from which the gaseous products were

removed, was rinsed with CHC13 and an aqueous solution of

Na2SO3. Aliquots of these rinsing solutions and the counting

vials containing the gaseous products, dissolved in heptane

were radioassayed on a Ge(Li) detector. No on-line radio-

activity detector was used for the chromatographic analysis,

since the activities are generally very low. Only the bromine

isotopes with the longer half-lives could be measured, since

transportation from Groningen (irradiation) to Amsterdam

(analysis) is rather time consuming. The nuclear data used for

the measurements are summarized in table 6.2.

The 554 keV Y-ray of 82Br Interferes with the 559 keV y-ray of

Br but the necessary correction is applied. Generally, no
organic 7 6' 7 7»82 B r a c t l v l t y i s l o s t o n t h e G.c. column, which

means that no high boiling polymeric products are formed.

Table 6.2

isotope

76Br

77Br

82Br

Nuclear

i

16.

56

35.

data

h

1 h

h

4 h

E
T

used for measurement

(Y-ray intensity)

559 keV (72.4%)

239 keV (23.8%)

776 keV (83.2%)

E. 60Co-irradiations

Samples of H_Se and (CH,),Se were irradiated for various
an

times in the NIKHEF uCo y-source (y-dose-rate 0.61 kGy/min),

in order to estimate the amount of radiolytic damage occurring

during the proton irradiations in the cyclotron. Mixtures of

CF-Br and 30% H,Se were also irradiated in the same 60,'CO

•y-source. The radiolyzed samples were analyzed in a similar

way as the proton irradiated mixtures.
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6.3 Choice of the selenium target compound

Three gaseous selenium compounds have been tested:

H2Se, (CH3)2Se and (CF3)2Se.

A. H2Se

Samples of pure H~Se (pressure: 17 kPa) were irradiated

with proton currents varying from 60 to 600 nA during 10
76 77

minutes and the induced ' Br activity was measured. Up to a

current of 300 nA an almost linear relation was found between

proton current and induced activity, while at higher currents

the activity is leveling off (fig. 6.1).

100 200 300 400 500 600
proton-current (nA)-

Figure 6.1 Proton irradiation of gaseous H_Se (p = 17 kPa)

Relation between proton current and induced

activity, irradiation time: 10 min

(x: 76Br, o: 77Br)
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Possibly more extensive radiolytic decomposition of H-Se at

higher dose rates is partly responsible for this effect. At

currents below 300 nA some deposition of metallic selenium on

the glass wall is observed, but the amount increases rapidly

at higher currents. The total dose, absorbed by the H-Se during

a 10 min proton irradiation ranges from 0.12 MGy at 60 nA to

1.2 MGy at 600 nA. Samples o: H2Se were also irradiated with a

Co source. Again selenium deposition was found on the glass

wall after irradiation. At a total dose of 0.6 MGy (dose rate:

3.7 Gy/h) 15-20% of the H.Se was decomposed, which value was

later confirmed in a proton irradiation at 250 nA: a

decomposition of 12% after a 10 min irradiation (dose: 0.5

MGy). At a current of 250 nA a linear relation between the

induced activity and the irradiation time (up to 30 min) was

observed. Despite the rather dramatic radiolysis, H2Se was used

as selenium target compound in several studies, because

a. H-Se is supposed to be a rather good scavenger for thermal

radical species, as the hydrogen atoms are very loosely

bonded (bond dissociation energy: 2.90 eV).

b. H-Se does not result in organic brominated products after a

reaction with energetic bromine species, which may be an

advantage over the other two selenium compounds.

B. (CH3)2Se

Samples of (CH,)-Se were also irradiated in the Co source

and at a dose of 0.9 MGy only 2-4% of the compound was

decomposed. No deposition of metallic selenium is observed,

but in the gaschromatogram some small peaks of unidentified

compounds were detected. Proton irradiation of (CH3)2Se

(pressure: 24 kPa) did not lead to important selenium

deposition on the ampoule wall, but again small macroscopic

amounts of unidentified selenium compounds were found in the

G.C. analysis ((CH,)-Se-?). However, large amounts of labeled

CH,Br* were observed in the chromatogram, which may lead to

complications if reactions of "hot" bromine with halomethanes

are to be investigated (table 6.3).
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Table 6.3 Yields of organic brominated products in pure

selenium targets

target

compound

(CH3)2Se

<CF3)2Se

pressure

24

25

kPa

kPa

76Br

21.0+0.

-

CH3

3 20

product yields (%)

Br

77Br 82Br 76Br

.7+0.6 18+1

34+2

CF3Br

77Br

32+1

82Br

26+1

proton current: 200-300 nA

C. (CF3)2Se

No 60Co radiolysis experiments were performed for this

compound, but, if it is irradiated with 15 MeV protons

(pressure: 25 kPa), extensive decomposition takes place and a

large number of unidentified products are formed, some of

which contain radiobromine (Jon-82). The organic product yield

is high (30-50%) and it is not completely eluted from the G.C.

column. Large amounts of labeled CF3Br* are formed (see table

6.3). Fig. 6.2 shows a typical mass gaschromatogram (CF,I and

(CF3)-Se are not separated). The absence of labeled CH3Br

might be an advantage over the use of (CH3)_Se in the further

study of reactions of "hot" bromine atoms with halomethanes.

The high yields of CH-jBr* and CF3Br* in respectively (CH3)2Se

and (CF3)2Se are difficult to explain. Reactions of energetic

hydrogen atoms with (CH3)2O (Fau-79) and (CH3)2S (Yok-79)

have been studied and, whereas hydrogen abstraction from

(CH3)2O is the predominant reaction, C - S bond scission is

the main reaction in (CH3)2S, resulting in CH4 and CH3SH.

Possibly, reaction of energetic bromine atoms with (CH3)2Se

and (CF,)2Se proceeds analogously to the reaction of hydrogen

atoms with (CH3)2S, which would result in CH3Br or CH3SeBr

and CF3Br or CF-jSeBr respectively. CI^Br and CF3Br could be

measured, but CHjSeBr and CF3SeBr could not be identified,
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40 35 30 25 20 15 10 0 min

Figure 6.2 Chromatogram of irradiated CF3SeCF3

(N.B. CF3Br is added afte

identification purposes).

(N.B. CF.Br is added after irradiation for

because of the non availability of the carrier compounds.

Furthermore the stability of alkylselenyl bromides is not

known, but CF3SeBr will be the more stable one (Kiih-71).

Besides the three compounds, discussed sofar, SeFg may also be

an attractive gaseous selenium target compound. Its sulphur

and tellurium analogues (SF, and TeFg) have been applied

successfully respectively as electron scavenger in radiation
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chemistry (And-68) and as target compound for 1 2 3I production

(Cor-79). SePg is possibly also less sensitive to radiation

damage, unfortunately at the moment of the present study this

chemical was unavailable.

6.4 Reactions of 76'77'82Br recoil atoms with

halomethanes

6.4.1 Results

Two groups of halomethanes were the subject of

this study and they will be treated separately:

i) trifluoromethanes; ii) monohalomethanes.

i) trifluoromethanes (CF4, CF3H, CP3Br)

H2Se was used as the selenium target gas for the study of

these three compounds, since it was expected to be a good

scavenger for radiation produced CP, radicals.

Table 6.4a Yields of brominated products in proton

irradiated H2Se/CF4# CFjH, CF3Br mixtures

gas mixture

CF4 +19%H2Se

CF3H +20%H2Se

£F3Br+20%H2Se

product yields

CF3Br

76Br

0.24+0.01

0.17+0.08

27+7

77Br

0.2+0.02

n.m.

19+5

82Br

0.4+0.2

).30+0.08

1648

(%)

C P2 B r2

76Br

16+2

77Br

11+3

82Br

10+3

proton current: 200-250 nA

pressure: 109 kPa

Table 6.4a gives the yields of the identified products.

Besides these compounds, various radiolysis products, some

of them containing radiobromine, were detected in the mass

chromatogram. Fig. 6.3 gives an example of an irradiated

mixture of H,Se and CF3Br and table 6.4 gives the yields
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•—elution time
other products

. i . .

50 minutes 40 30 20 10

Figure 6.3 Chromatogram of an irradiated mixture of CF,Br and

20% H2Se (N.B. CF2Br2 is added after irradiation

for identification purposes).

Table 6.4 Yields of unidentified brominated organic products

in H2Se/CF., CF-H, CFjBr mixtures

gas mixture

CF4 + 19% H2Se

CF3H + 20% H2Se

CF3Br+ 20% H2Se

yield (%)

76Br

16+1

45+6

20+1

77Br

14+2

43+6

9+5

82Br

10+1

28+7

10+1
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of eluted unidentified 76'77'82Br labeled products. The

peaks 1-11 in the chromatogram correspond to unknown and

unidentified radiolysis products. For CF4 anf CF3H mixtures

similar kinds of chromatograms were obtained.

If mixtures of CF,Br and 30% H-Se were irradiated with a
60

Co source a chromatogram very similar to that of fig. 6.3

was obtained, at least concerning the products, that are

eluted after 20 minutes (peaks 2-9). Their yields depend on

the dose. Between the air and the CF,Br peak another peak

is eluted in these experiments, which possibly corresponds

to CF.H. The large amount of gas, which is injected at once

for the proton irradiated mixtures (80 ml at a pressure of

109 kPa) ruins the resolution during the first 5-6 minutes

of the elution and that may be the reason why no different

products were observed in the chromatogram of figure 6.3

(CF,Br and CF,H are eluted as one peak). The separation
60between H-Se and CF3Br is also bad, but from the Co

experiments it seems likely that large amounts of H.Se

have been decomposed; selenium deposition on the wall was

observed.
ii) monohalomethanes

7fi 77 ft")

Two 'D''''OiiBr labeled products were observed after proton

irradiation of mixtures of H_Se and a halomethane (CH.,X

X = F, Cl, Br): CH,Br* and CH2Br*X. No important radiolysis

products were observed, except for some selenium deposition

on the glass wall. Both (CH3)2Se and (CF3)2Se have also been

applied as selenium target compound. Irradiation of

(CF,)-Se leads to important yields of unidentified

radiolysis products and to selenium deposition, whereas

with (CH3)2Se these effects were less significant.

CH3
76'77'82Br

The CH3Br* yield measured after irradiation of CH3X (X = F,

Cl, Br)/15-20% H2Se mixtures depends on the proton current,

which was used for the irradiation. Fig. 6.4 gives the yield

variation in CH,F/H2Se mixtures at various proton currents.
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Figure 6.4 Effect of the proton current on the CH3Br* yield

in mixtures of haloznethanes and H-Se

(in CH3F: x:
 76Br, o: 7 7Br,£: 82Br; in CHjCl:

*: 7 6Br,«: 7 7 B r f A :
 82Br; inCH 3Br:+:

 76Br,

7: 77Br, V : 82Br) .

Values for the CH3Br* yield in CHjCl/HjSe and CH3Br/H2Se

mixtures/ which were measured at only one proton current, are

also included in the figure.

Table 6.5 shows the results, obtained at higher mole fractions

of H,Se and the same table also includes the yields, measured,

if H2Se is replaced by either (CH3)2Se or (CF3)2Se. No

differences were found between the CH-Br* yield in pure

(CH3)2Se (table 6.3) and in mixtures of CH3X with (CH3)2Se

(table 6.5).
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Table 6.5 CH3
76|77'82Br yields in proton irradiated CH3X

(X = F, Clt Br)/Se target compound mixtures

(pressure: 109 kPa)

gas mixture

CH3F +15%H2Se

CH3F +82%H2Se

CH3F +22%(CH3)2Se

CH3F +21%(CF3)2Se*

CH3Cl+20%H2Se

CH3Cl+21%(CH3)2Se

CH3Br+20%H2Se

proton

current (nA)

250 nA

250 nA

220 nA

250 nA

250 nA

150 nA

200 nA

CH
76Br

83+3

4.5

20+1

34+5

63+6

18+3

39+2

Br* yield (
77Br

73+2

4.2

19.7+0.7

32+1

62.3+0.7

18+3

35+2

%)
82Br

70+2

2.8 |

19+2 '

24+2

53+9

17+2

32+4

*a CF-Br* yield is also determined: 7+4% CF, Br, 4.6+0.8%

CF 77
3
7 7Br, 4.8+1.0% 82

Br

CH
76,77,82BrX (X= F, Cl, Br, H)

Whereas the CH,Br yield clearly depends on the proton

current during the irradiation, no such a relationship is

evident for the CH2Br*F yield in CH3F/H2Se mixtures (table

6.6). No significant differences are observed if H2Se is

replaced by <CH3)2Se. The use 01 (CF3)2Se instead of H^Se,

however, leads to rather large activities eluted

simultaneously with CH2Br*F, but thtse activities belong to

products other than CH2Br*F and therefore no yields for this

compound are reported. The CH2Br*F yie.\d decreases strongly

at higher mole fractions of H2Se. Table 6.6 summarizes the

CH,Br*X product yields together with the yields, obtained in

the halomethanes after decay of 76'77Kr to 76'77Br (Fro-77 and

chapter IV).



Table 6.6 CH
76,77,82Brx (X = F, Cl, Br, H) yield in proton irradiated

mixtures of CH3x and H2Se or (CHO-Se (pressure: 109 kPa)

gas mixture

CH4 H

CH4

CH3F H

CH3F H

C H 3 F H

CH3F

CH3C1 H

CH3C1 H

CH3C1

CH3Br -

CH3Br

h 20%

i- 15%

I- 22%

I- 82%

I- 20%

I- 21%

h 20%

H 2 S e

H2Se

(CH3)

H 2 S e

(CH3)

H2Se

2Se

2Se

proton

current

220 nA

150-250 nh\

250 nA *

250

250

150

200

nA

nA «i

nA ^

nA

7 6Br

5.5+0.

5.9+0.

0.4

1.6+0.

0.8+0.

1

6

6

2

CH2

77Br

6.8+1.3

5.3+0.7

0.3

1.7+0.6

1.1+0.2

76,77,82

82Br

3.1+1.3

5.0+0.5

0.4

1.9+0.4

0.6+0.1

Brx yield

76Kr-Z6Br

2.9*

0.40**

0.22**

0.24**

77Kr—77Br

3.7*

0.54**

0.19**

0.33**

data from Fro-77

data from chapter IV
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6.4.2 Discuss ion

It may be concluded from the previous results, that

a study of the reactions of energetic bromine atoms, produced

by proton activation of a selenium compound, is complicated by

the radiolysis of some gases, especially the perfluoro

compounds. The CF * radicals are not effectively scavenged by

H2Se and large amounts of unidentified products emerge. No such

high yields of unidentified products are observed in mixtures

of monohalomethanes and H-Se, which may be due to the fact that

radicals and bromine atoms react via hydrogen abstraction from

the monohalomethanes; a reaction, which is not possible for the

perfluoro compounds. The majority of the bromine atoms, which

do not yield organic molecules, will end up as HBr*, which is

adsorbed on the glass wall. The selenium compound (and

scavenger), H-Se, is decomposed to a large extent by the

radiation and consequently its scavenging behaviour may be less

than expected. This is also reflected in the results obtained

for the perfluoro compounds.

If an energetic 76>7'»82Br atom substitutes a halogen or

hydrogen atom in a halomethane, a highly excited product might

arise, which possibly will decompose. No data about such

secondary decomposition reactions are known and no

identification of the products has been tempted.

a. perfluoromethanes

It is not known to what extent the product yields in the

perfluoro compounds are influenced by secondary decomposition

The product yields in CF. and CF3H are very low, while for

CP3Br a relatively high CFjBr* yield is observed. At the

moment no good explanation can be given for this high value,

as radiolysis makes a quantitative discussion almost

impossible.

b. monohalomethanes

i ) halogen substitution

Very high yields of CH-Br have been found upon proton
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irradiation of mixtures of H2Se and monohalomethanes and a

dependence on the proton current was observed. The decay

of ' 7Kr to 6'77Br -n pure monohalomethanes results at

elevated temperatures (390-420 K) in rather high yields of

CH3
76/77Br (60-80%) (section 4.9). In that case the effect

was ascribed to an exchange reaction of CH3X with on the

glass wall adsorbed HBr*. This reaction is exothermic or

thermoneutral for X = F, Cl or Br. The reaction rate will

be enhanced as the temperature increases. The energetic
76 77 82

' ' Br atoms, produced from the selenium compound, may

form HBr* by hydrogen abstraction and an exchange reaction

may then occur. The target is heated during the

irradiation and, although the temperature is not measured

accurately, a temperature rise of 50-100 K seems

reasonable, since the target was not cooled. Consequently

higher temperatures and therefore enhanced exchange will be

observed by increasing the proton current.

Due to this exchange reaction, no CH3Br* yield, resulting

from a pure "hot atom" gas phase substitution reaction can

be given. The exchange decreases upon addition of large

mole fractions of H-Se, but the origin of this effect is

not known, since the glass wall, on which HBr* ought to be

adsorbed, is completely covered with a selenium layer

after the irradiation and perhaps HBr is not adsorbed on

this surface.

The use of (CH3)2Se as selenium compound does not help

very much, since no difference between the CH^Br yields

in pure (CH,)-Se and mixtures of (CH3)_Se and CH^X were

found. (CF.)2Se seems a less suitable selenium compound

due to the large amounts of radiolysis products, which

render the determination of the CH3Br* and CH2Br*X less

reliable.

The CF3Br* yield, which was rather high in pure (CF3)2Se,

is much lower in mixtures of CH3F and (CF3)2Se. The high

yields of CF3Br* were ascribed to C - Se bond rupture by

energetic bromine radicals. If a hydrogen containing

compound is present in the reaction mixture, obviously
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hydrogen abstraction, leading to HBr*, is the preferred

reaction channel for bromine atoms.

ii) hydrogen substitution

No clear effect of the proton current is observed for the

CH~Br*X product yields and therefore these results can be

compared with the results, obtained via other techniques,

that are in use to generate energetic bromine species.

The product yields in the S O t 8 2 ) ^ a na
 76'77Kr exposure

experiments are in general much lower than the yields

reported in this section, except in the case of CH.. The

preference of halogen substitution above hydrogen

substitution in the halomethanes was ascribed to reactions

of Br ions, which react mainly with the lone pair

electrons of the halogen atom in the halomethane (Coe-79,

chapter IV in this study).

If, however, atoms are thought to be the reactive species,

like in n,Y and proton activation experiments, no such

outspoken preference is expected. A translational inertial

effect model was proposed by Wolfgang and Spicer (Spi-68)
38

for reactions of Cl atoms to explain why the heavier

atom in a molecule is substituted preferentially in a "hot"

atom reaction. When going from CH. to CH,Br a decrease in

the hydrogen substitution yield is found, but no increase

in the halogen substitution yield accompanies the first

effect. This decrease in the CH_Br*X yields ±s more

gradual in the case of reactions of bromine species,

produced via p,n activation on selenium, than in case of

76,77Br f r o m d e c a y o f
 76»77Kr. Unfortunately, most of the

older literature, dealing with n,Y activated bromine

species, reports only total organic yields instead of

individual product yields, which complicates a comparison.

The organic yields are high enough (respectively 12.0-

12.4%, 8.0%, 5.0% and 4.3% in CH4, CH3F, CH3C1 and CH3Br)

(Ber-75) that hydrogen substitution yields may be of the

same order as those reported in this chapter for the

proton activated bromine species.
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The decrease in hydrogen substitution yield, which is

found going from CH. to CH,Br, is very similar to the

decrease in organic yields for the (n,y) Br reactions

(Ber-75). In the latter case the effect was ascribed to

the higher moderating ability of the heavier gases for

bromine atoms and this explanation seems also satisfactory
7(% 77 A9

for the reactions of '°""°*Br, produced by proton

activation.

c. Reactions of "Br

82

The yields of Br labeled products are slightly lower

than the 76'77Br product yields, for which observation the

following explanation may be given. The proton activation of

Se leads not only to Br but also to mBr, which decays

completely prior to the analysis of the gas mixture. Only a
82

small fraction of Br, generated via the isomeric transition,

remains in the parent molecule in which 82mBr was

incorporated, because of the coulombic explosion, occurring

after this isomeric transition. The Br product yields will

be lower than the yields, which could be expected on the basis
82

of a proton activation only (The yields of Br labeled
products due to ""Br—» Br decay in the gas phase are low).Since only small differences are observed, it may be concluded

that proton activation mainly lead:

small fraction of 82mBr is formed.

82
that proton activation mainly leads to Br and that only a
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CHAPTER VII

Ini. J. Appl. Rad. Isot. 33, 69 (1982)

Excitation Labeling of Simple Organic Molecules
with 76Br and 77Br

D. DE JONG. C. N. M. BAKKER. B. W. VAN HALTEREN.

F. M. KASPERSEN. H. KOOIMAN

National Institute for Nuclear Physics and High Energy Physics. P.O. Bo» 4395.
1009 AJ Amsterdam. The Netherlands

Direct exposure of solid lyrosine. iodotyrosinc. cMoroquine-phosphate and bovine serum albuminc lo
" K r and " K r resulled in l»~ << l\)'" "Br labeling yields, but higher yields (2= 30».,) for liquid acetic
acid and motten haloacclic acids were obtained in this way. The T*Kr-"Br/KBrO, indirect exposure
technique gave yields between 22 and 95% for lyrosine. iodotyrosine. chloroquinephosphate. uracil and
iodouracil. The exposure of KBrO} is not necessary: the same labeling results were obtained for lyrosinc
when "Br" and KBrO> were used instead of " K r - ^ ' B r exposed KBrOj: the mechanism probably
proceeds via labeled Br2.

htroakctioa

THE INTEREST in bromine labeled compounds for
nuclear medicine applications is still increasing: more
in particularly neutron deficient isotopes ' s - 7 6 "Br
are of interest."1 As can be seen in Table 1, where the
decay properties are summarized, both "Br and 7*Br
are mainly P' emitters, which makes them useful for
positron tomography. Although the maximum f>*
energy of "Br is fairly high (3.6 MeV), its relatively
long half-life (16.1 h) makes it an attractive alternative
in comparison with other positron emitting halogen
nuclides. The use of 77Br for in vho studies will, how-
ever, be limited to those cases where either the half-
life of ' " I (13.3 h) is too short or where an iodinated
compound is more easily hydrolysed; the 521 keV
•/-ray of "Br is a serious disadvantage for the detec-
tion or this nuclide by conventional y-cameras.

In this study we have attempted to label some mol-
ecules of biomedical interest in the liquid and solid
phase by direct ' * " K r — 7 »"Br exposure. The in-
direct 76Kr-»7*Br/KBrO, method, as described by
STÖCKLIN and Et GHARY121 for ' " X e — ' " I / K I O 3

and modified by ACHE et al.'3' for
•°»Br— aoBr/KBrO] was applied to some solid sub-
strates. Some results of our study were published
before.141

Experimental

Isotope production
76 '77Kr was produced at the KV1 cyclotron (State

University of Groningen) or at the Cyclone cyclotron
(Universitê Catholique de Louvain. Louvain-la-
Neuve).'51 "Br was produced by irradiating either
KBrOj or CF3Br in a nuclear reactor (IRI. Delft). In
the latter case only the inorganic wall activity was
used after a chromatographic separation over DEAE
Sephadex A-2S.

Materials

Uracil. iodotyrosine. chloro. bromo and iodoacetic
acid, bovine serum albumine and KBrOj (bromine
content 0.02%) were Merck reagents. Tyrosine was
obtained from Fluka A.G., acetic acid pro analyse
from U.C.B. and CF3Br from PCR, inc. Chloroquine-
phosphate was a gift from SPECIA. S-lodouracil was
prepared by reaction of uracil with N-iodosuccini-
mide.161

Labeling techniques

Direct exposure

Ten mg of solid crystalline substrates (tyrosine.
iodolyrosine. chloroquine phosphate, bovine serum

TAILE I. Nuclear data of "Br. 7°Br and "Br

Decay mode

Half-life
Mair. v-rays
and abundance I°J
Max. /?* energy

"Br

75.6% p '
24.4% EC

100 min
285keV(92)

1.7 MeV

"•Br

57 .2%/T

42.8% EC
16.1 h

559 keV (72.4)
657 keV (15.5)

3.6 MeV

77Br

0.8% fi'
99.2% EC

56 h
239 keV (23.8)
521 keV (21.4)

0.3 MeV
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TAILE 2a. Eicitilion libclini/direct «posure lo solid substrates

Substrate

Tyrosine
lodotyrosine
Chloroquinephosphile
Proteins:

albuminc

insuline

" K r - " B r

<©.l".
<0.1%
<1.0%

0.5\

—

Yield of Ubeled
compounds
l»Xe-. '"l CFJ

10-Br-il)Br

I.«.(77K)> < l° o '
2.0?.»

— —

I8%(77K)'
8O?.(77K|"

3%'

' Ref. 7.
"Ref.2.
' Rcf. 8.
"Ref. 3.

T A B U 2b. Excitation labeling/direct exposure to liquid substrates

Yield of Ubeled compounds
• " • " K r - » " " B r CF } '°"Br - ' ° B r ' u i . i i J x e _ i » i » » | "

Subslrite '"BrCHjCOOH "BrCHaCOOH 10BrCH,COOH l l l ICH,COOH '"ICHjCOOH

Acetic acid
Chloroacclic acid

Bromoacelic acid
lodoacctic acid

40 i 4°o
58 ± 4?.'
«8 ± 4°„'
82 ± 2'„
70 ± 5\

30±2"„
54 ± 4%
64 ± 4°„
77 ± 2%
61 ± 2°o

11°

84",

I2"„
30".,

95",

' Ref. 3. after JO min of exposure time.
'Ref. 9: plateau-values alter about 3 x i, of Xe isotope as exposure time.
' After 58 h of exposure time.
' After 75 h of exposure time.

acids biomoacetic acid was formed through exchange
reactions', with iodoacettc acid a yield of 30% was
found after one hour reaction lime, while no increase
was observed on further reaction. The bromine for
bromine exchange in bromoacetic acid resulted in a
yield of 94% "Br-bromoacelic acid after 20 h. The
reaction with chloroacetic acid was slower, no plateau
was reached after up to 100 h.

The very small '"Br/^'Br isotopic ratio in the

haloacelic acids shows that both bromine species
react similarly, which is further supported by the time
dependence of the reaction of the bromine species in
chloroacelic acid. For 76Br. 77Br and "Br a pro-
longed reaction lime increases the yields of labeled
bromoacetic acid in the same way.

These results indicate that in the direct exposure
labeling of haloacetic acids thermal exchange reac-
tions do play a major role. The exact contribution of

I
5

20 30 40 50
Tim*, h

60 TO 80 90 100

Fio. 1. Exchange of "Br~ with haloacetic acids (temp. = 293 Ki •—bromoacetic acid ( •).
O— iodoacrtic (acid) ( — - -| x —chloroacetic acid I ).
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albuminel were exposed to 3.7 MBq 7*Kr Tor about
18 h at room temperature; 200-600 mg of liquid acetic
acid at 293 K and molten acetic acids at 360 K were
exposed to mixtures of 3.7 MBq 7 (Kr and " 5 MBq
"Kr during 9-80 h. After opening of the ampoules
the residual radiokrypton was pumped off and the
solid substrates were dissolved in 0.2 ml 0.1 N HC1 or
in the case of bovine serum albumine in 0.2 ml 0.9%
NaCl solution. After addition of a few mg of thiosul-
phate the mixture was analysed.

For the study of exchange reactions of Br~ with
haloacetic acids ISO mg of acetic acid or of the halo-
acetic acids were mixed with 0.2 ml of an aqueous
solution of "Br-bromide of high specific activity. This
was prepared from the bromide fraction of neutron
irradiated CF3Br. The mixture was stored at 293 K.
By taking samples from the reaction mixture at
various limes, trie exchange of '2Br with the haloace-
tic acids was determined.

'»Xr— "jBr/KflrOj indirect exposure

KBrOj weighing 50-100 mg was exposed to
7.4 MBq "Kr for about 18 h.

After this time the krypton activity was pumped off,
the crystals were dissolved in 0.15 ml 0.1 N HCI and
this solution was added to the substrates dissolved in
0.2 ml 0.1 N H a . The reaction was stopped after
5 min by adding a few mg of thiosulphate. Substrates
used for this reaction were: tyrosine, iodotyrosine,
uracil, iodouracil, bovine serum albumine, chloro-
quine-phosphate.

82Br-bromide and a2Br-bromate were isolated from
neutron irradiated bromate by chromatography over
a DEAE-Sephadex A2S column (eluens: 0.9%
aqueous NaCl solution). These two fractions were
used for labeling experiments with tyrosine as sub-
strate in the presence or absence of additional
amounts of KBrO3 or KBr. These reactions were per-
formed in 0.1 N H2SO4 during 2 min.

Sample analysis

The labeled products from uracil and 5-iodouracil
were analysed by TLC on SiO2 (eluens: organic layer
of a mixture of H2O, benzene, butanol-1 4:5:3) and
the products from chloroquine by TLC on SiO2

(eluens: mixture of benzene, H2O, triethylamine,
5:15:5 and methanol, triethylamine 40:1).

The products from albumine were analysed on
Sephadex C-2S (eluens: phosphate buffer, pH - 7,
containing 0.9% NaCl) and those from tyrosine and
iodotyrosine by column chromatography over DEAE
Sephadex A-25 with 0.9% aqueous NaCl, as eluent or
by paper electrophoresis (110 V/cm 30 min in a mix-
ture of H2O, formic acid, acetic acid 8.5:0.5:1.5,
pH = 1.9).

The labeled acetic acids were analysed by column
chromatography over DEAE Sephadex A-25 (eluens:
water) or by TLC on SiO2 (eluens: benzene:acetic
acid;methanol:45:4:8). The radioactivity was
measured in a NAI well type detector in an energy

interval from 490 to 580 keV. When more than one
isotope had to be measured in one experiment, the
active fractions were also radioassayed on a Ge(Li)
detector.

Results and Discussion

Direct exposure technique

Table 2a gives the labeling results by the direct
exposure methods for solid substrates, and Table 2b
for the (halo)acetic acids in the liquid phase. For com-
parison, results of other brominaiion reactions and of
iodination reactions are given.12-3-7-"

The yields for the direct exposure to solid sub-
strates are very low, which agrees very well with the
results reported in the literature for the l 2 J X e - . ' " I
and *°"Br-»'°Br decay systems. Only when very
special precautions are taken (temp. 77 K) human
serum albumine could be labeled in reasonable yields
with >}3I.<*> The yields for direct bromination of the
liquid and molten acetic acids are higher, probably
because of a more efficient mixing of the radiokrypton
with the substrates (Table 2b). No enhancement of the
yields was observed by prolonging the exposure time
of the radiokrypton to acetic acid (9-80 h), bromoace-
tic acid (50-80 h) and iodoacetic acid (30-80 h), but a
slight increase was found for chloroacetic acid.

A small isotopic ratio for the reactions of 7*Br
and 77Br with acetic acid is observed:
7*BrCH2COOH/77BrCH2COOH = 1.33. which is
similar to the value of 1.3 found for
'"ICHjCOOH/12IICH2COOH by SHANSHAL.1"

Both '2 5Xe and 76Kr decay solely by EC, while 123Xe
and 77Kr decay partly by ft* emission. The Auger
electrons emitted after the EC process, cause a rela-
tively high dose rate and a high concentration of radi-
cals in the immediate surrounding of the nuclide.
which may result in enhanced labeling in a reactive
cage. The yields of iodinated and the brominated
products cannot be compared in detail, since the solu-
bility of Kr and Xe in acetic acid is not the same (for
the l 2 9Xe experiment carrier Xe is present) and since
the void volumes in the different reaction vessels are
not known. The results obtained for the reaction of
'°Br from CF3 *°"Br with acetic acid are much lower
than the 77-76Br yields; here again the solubility of
CFjBr, which is present in carrier amounts, is differ-
ent from that of krypton, so a reliable comparison
cannot be made.

For the haloacetic acids only small differences
between the percentages of 7*Br and 77Br-bromo
acetic acid are found; the yields are generally very
high. Whereas we thought it likely that thermal
exchange reactions were—at least partly—responsible
for these high value, we investigated the exchange
between "Br~ and the haloacetic acids, avoiding the
direct labeling by recoil 76-77Br. The results are given
in Fig. 1.

As expected no bromoacetic acid could be detected,
if acetic acid was used as substrate. In the haloacetic
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TA(LE 3. '"Kr —• '"Br/KBrOj indirect «posure technique

Substrate

Yield of labeled compounds
" K r - C F , ' ° - B r - . ' " ' " X e
7'Br/KBrO) «Br/KBrfV ' »

Tyrosine
lodotyrosinc
Uracil
lodo-uracil
Chloroquine-phosphate
Proteins:

albumine
insuline

' Ref. 3.
"Ref. 2.10.

93%
75%
76%
77%
22%

1%
—

80.2% 81%
71%
95%

80%

this thermal exchange reaction cannot be calculated
on the basis of these experiments, because the ex-
posure experiments were performed in molten halo-
acelic acids, while the exchange reactions with a2Br
were carried oul at room temperature in aqueous sol-
utions of the haloacetic ncids.

'"Kr -> '"'Br/KBrOi indirect exposure technique

The different substrates were also subjected to
labeling with the 16Br-KBr0j species, generated by
decay of 1bKr on KBrO}. In analogy with iodinalion
by the iodine species formed by decay of ' " X e on
KIO}'2> and bromination with '°Br, originating from
exposure of KBrO, to the decay of C F , «""Br,"1 this
method gives better results than the direct exposure
technique (Table 3). Unfortunately this method is not
satisfactory for bovine serum albumine.

Mechanistic aspects of the reaction were discussed
by several authors.12-110-1" It was suggested by DE
JESUS ei al."" that the reactive species is Br2. formed
in a classical oxidation at low pH of Br" by BrOJ." 3 '
The involvement of Br2 is underlined by our finding
that more than 95% of the " B r activity can be
extracted with CCI4 from a solution of the " K r
exposed KBrOj crystals in 0.1 N H2SO4 . This agrees
very well with the results of extractions by DE JESUS el
a/."" for '"Br/KBrOj. A consequence of the pro-
posed mechanism would be that the exposure of
KBrOj to " i 7 7 K r is not a necessary condition; any
bromide-preparation of high specific activity can be
used for the reaction with bromate at low pH.
ALFASSI021 also found good labeling results by using
reactor irradiated KBrO3 (about 80% of the produced
82Br is in the bromide form in these crystals). We

TABLE 4. Reaction of e2Br" or '2BrOj with tyrosine

Reaction mixture
Yield of

labeled lyrosine

" B r ' + tyrosine <0.1%
"BrOJ + tyrosine - <0.l%
"Br" + 20 mg KBrOj + tyrosine 55%
"BrOj + 20 mg KBr + tyrosine 52%

separated both the 82Br-bromide and the " B r bro-
mate fractions from neutron irradiated KBrOj and
used them separately for labeling experiments with
tyrosine as a substrate (Table 4). It is obvious that
both reactants, bromide and bromate. are necessary
for the reaction: 82Br" only reacts if some additional
inactive KBrOj is added, while "BrOi" needs the
presence of inactive KBr. No reaction occurred when
the pH was above 2. These findings support the bro-
mide/bromate mechanism suggested by DE JESUS.""

Conclusion

The direct exposure of liquid or molten substrates
to the decay of 7 6 " K r seems to offer an attractive
way of producing bromine labeled compounds. The
results for solid substrates are less satisfactory, but
here the indirect 76Kr -» 76Br/KBrO3 exposure tech-
nique gives useful labeling yields. However, this
method can only be used if the substrate can be dis-
solved and is stable in acidic media (pH - I).

The application of the KBrOj reaction is not
limited to decay systems where the KBrO, crystals
are exposed, but any bromide preparation of high
specific activity might be used as, reagent in a simple
reaction with KBrO3 at pH ->• I.
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SUMMARY

This thesis describes the chemical reactions of Br and Br

recoil species, formed by radioactive decay of Kr and Kr,

with various gaseous compounds. Due to differences in decay

energy and decay mode the resulting Br and Br isotopes ob-

tain different kinetic energies and carry different charges;

Kr decays completely via electron capture and the resulting

Br is formed with a multiple positive charge and a kinetic

energy of 7.2 eV at the most. Kr decays for only 16% via

electron capture, resulting in Brn ions with a maximal kine-

tic energy of 56.9 eV. 84% of the Kr decays via 6+ particle

emission, which leads to Br species, that are mainly negative

or uncharged and that possess a maximal kinetic energy of

36.4 eV. The aim of this study was to explore whether these

initial differences in charge and kinetic energy are reflected

in
77,
in the products, formed after chemical reactions of Br and

Br.

Chapter I gives a brief summary of the chemical reactions of

other recoil species, formed via radioactive decay. The origin

and amount of kinetic energy and charge of the ' Br recoil

species are discussed on the basis of nuclear physical data.
7fi 77

Since the ' Br species are mainly formed as ions immediately

after the nuclear decay, the background of some ion-molecule

reactions in the gas phase is briefly described.
Chapter II deals with various techniques, which may be applied

in order to produce ' Kr and also CF, mBr, a compound used
80

for the study of the reactions of Br recoil species. The ex-

perimental procedures are also described in this chapter, such

as the preparation of tbe gas mixtures, isolation of the radio-

krypton and the radiogatschromatography.
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Chapter III deals mainly with the exchange reaction of CH^Br

and CHjI with HBr* (or Br*~) adsorbed on the walls of the reac-

tion vessel. This amount of exchange is influenced by pressure,

exposure time, temperature and glass surface. Addition of H2S

and related compounds like CH-jSH, (CH3)2S, H2Se and CHjOH leads

to an increase of the exchange yield, probably occurring in a

gas phase cluster of Br or Br~ ions with the gas molecules.

(CH3)2O did not alter the CHjBr* yields, whereas addition of

propene results in a decrease. The main explanation for the

observed effects of the additives is given on the basis of reac-

tions of Br ions; these ions may react via an association reac-

tion, followed by a further clustering in the gas phase. In

such clusters HBr* can be formed. If, on the contrary, a near

resonance charge transfer reaction is possible, the Br+ ions

may be neutralized very efficiently, even if rather high kine-

tic energies are involved. No HBr formation results and no

effect of the additive of the CH3Br* yield is present ((CH3)2O).

Propene reacts with Br ions via addition to a bromonium ion,

which induces a cationic polymerization. In this case again no

HBr is formed, which results in a decrease in the CH,Br
77yields. A fraction of the CH, Br yield is ascribed to reactions

77 -of Br ions in a gas phase cluster. A small fraction of the

CH,Br yield does not depend on the pressure, the exposure time

and the addition of H,S, and this fraction is ascribed to a
76 77direct gas phase reaction of nucleogenic ' Br.

In Chapter IV the direct gas phase reactions of ' Br with

the halomethanes are discussed; two types of organic products
76 77

are formed: ' Br might substitute either a halogen or a hy-

drogen atom in the halomethane. The product yields are much

lower than those of CH3Br* in CH3Br and CH3I (Chapter III) as

no exchange reactions are involved. For the substitution of a ha-

logen atom larger isotopic ratios ( Br/ Br) are found in general

than for substitution of hydrogen atoms (the ratio of the latter

is almost constant for a range of compounds: 1.2-1.4). Based on

the results, obtained for proton activated, "hot" bromine spe-

cies (Chapter VI) and on scavenger and moderator effects, it

could be deduced that the substitution of halogens occurs via
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reaction of Br and Br~ ions, whereas the substitution of hy-

drogen atoms is merely due to reactions of Br ions. The small

isotopic ratios for the hydrogen substitution have been ascribed

to differences in the kinetic energies between Br and Br;

the higher ratios found for the substitution of halogens - a

ratio, which increases as the halogen to be substituted be-

comes heavier - were thought to originate for a large part from

reactions of Br~ ions (in the case of Br only Br+ ions are

present). On the basis of moderator and scavenger experiments,

most of the product yields could be divided in an "energetic"

fraction and a "thermal" fraction. The reactions, leading to

this last fraction probably occur in a gas phase cluster. Since

most reactions of Br" ions leading to organic bromides in CH,F

and CH,C1 are endothermic, the "thermal" yield must be due to

reactions of Br ions. Thermodynamic considerations lead then

to the conclusion that the electronically excited Br+ ions,

Br+( D2) and Br ( S Q), are, at least partly, responsible for

the thermal halogen substitution yield. The substitution of

halogens is favoured above that of hydrogen atoms. This is

partly due to the fact that the Br ions react primarily with

the lone pair electrons or the halogen atom in a halomethane.

The product yields, which are due to reactions of Br ions, de-

crease as near resonance conditions for charge transfer reac-

tions of Br+ ions are more closely met, which explains that

these yields in CH3CI are lower than in CH3F and CHgBr.

76 77 •

In Chapter V the reactions of ' Br with propane and cyclo-

propane are mainly explained in terms of ion-molecule reactions

of Br+ ions. For the reactions of Br species with cyclopropane

it has been assumedthat a small fraction of the organic product

yields was due to Br radical reactions; this assumption agrees

with the moderator data. From the ratio isopropyl/n-propyl-

bromide in propane and the decomposition/stabilization ratio

of cyclopropyl bromide in cycloprpane, is has been deduced

that the kinetic energies of Br+ and Br+ at the moment of

reaction with propane and cyclopropane do not differ that

much as could be expected on the basis of their initial kine-

tic energies. Reactions of thermalized species play a rather
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important role.

Chapter VI describes the reactions of "hot" bromine atoms,

produced by proton activation of gaseous selenium compounds,

with halomethanes.H2Se, (CH3)2Se and (CF3)2Se have been tested

as target compounds. The results are in general very difficult

to interpret, because of radiolysis, especially of perfluoro-

compounds. Furthermore, high yields of labeled CH^Br* are

found in all monohalomethanes, probably as a consequence of

an increase in the temperature during the irradiation. The

hydrogen substitution yield decreases from CH4 via CH3F and

CH^Cl to CE^Br, which may be explained by the better moderat-

ing ability of the heavier halomethanes.

Chapter VII gives some results for the excitation labeling of

. larger organic molecules in the solid and liquid phase. Only

in the liquid phase appreciable labeling yields were achieved.

The KBrO3 indirect exposure technique was applied with mora

success to some of the solid substrates. It is further demon-

strated that both Br~ and BroZ ions are needed to allow this

reaction to proceed in an acidic medium.
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SAMENVATTING

In dit proefschrift worden de chemische reakties van ' B r
76 77

isotopen, welke gevormd zijn via radioaktief verval van ' Kr,

met een aantal eenvoudigeorganische gassen beschreven. Door ver-

schillen in de manier van verval en de totale vervals energie

ontstaat een verschil in kinetische energie en lading voor

het Br en Br; Kr vervalt volledig via elektron invangst

en het gevormde Br is hoogwaardig positief geladen, terwijl

•het een maximale kinetische energie van 7.2 eV heeft verkregen.

Kr, daarentegen, vervalt slechts voor 16% via elektron in-

vangst, en het resulterende Br heeft in dit geval ook een

hoge positieve lading, maar een kinetische energie van maximaal

56.9 eV. Voor de overige 84% vindt het verval van Kr plaats

via &+ emissie en dit leidt voornamelijk tot negatieve broom

ionen met een maximale kinetische energie van 36.4 eV. Het is

het doel van deze studie te bekijken of de verschillen in kine-

tische energie en lading tussen beide broom isotopen weer-

spiegeld wordt in hun chemische reakties.

In Hoofdstuk I wordt een kort overzicht gegeven van de reakties

van andere recoil deeltjes, welke ook via radioaktief verval ge-

vormd worden. Het ontstaan van lading en kinetische energie van

de broom recoil deeltjes wordt besproken aan de hand van kern-

fysische gegevens en, omdat ' Br grotendeels als ionen ge-

vormd worden tengevolge van het voorafgaand kernfysisch proces,

wordt kort aandacht geschonken aan de beginselen van sommige

ion-molekuul reakties in de gasfase.

De produktie van ' Kr en CF, "'Br staat beschreven in Hoofd-

stuk II, grotendeels in een viertal artikelen. CF, ^Jr wordt
80gebruikt bij de bestudering van de reakties van recoil Br

reakties. Verder handelt dit hoofdstuk over de experimentele

procedures, welke in het verdere proefschrift zijn toegepast,
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zoals de bereiding van de gasmengsels, de isolatie van de radio-

aktieve moeder isotopen en de radiogaschromatografie.

De resultaten van de reakties van ' Br met halomethanes wor-

den in de hoofdstukken III en IV besproken.

De vorming van CH,Br in gasvormig CH3Br en CH3I is het hoofd-

onderwerp van Hoofdsruk III. Er blijkt een uitwisselingsreaktie

plaats te vinden tussen HBr* (Br"*), dat is geadsorbeerd op de

glaswand, en hrtCHjBr of CH3I. Hoge labelingspercentages zijn

gevonden, welke beïnvloed worden door druk, temperatuur,bloot-

stellingstijd en glasoppervlakte. Toevoeging van H,S en ver-

wante verbindingen, zoals CHjSH, (CH3)2S, CH,OH en H2Se geeft

aanleiding tot een sterke verhoging van het labelingspercentage

en voorgesteld wordt dit toe te schrijven aan een reaktie in

een gasfase cluster rond Br of Br' ionen. Toevoeging van

(CH,)2O verandert het labelingspercentage niet, terwijl propeen

tot een vermindering leidt. Een belangrijk deel voor verklaring

voor deze verschijnselen lijkt te liggen in de reakties van Br+

ionen; zij reageren d.m.v. een associatie reaktie, gevolgd door

een uitgebreidere clustering. In een dergelijke cluster kan

HBr* worden gevormd, hetgeen leidt tot uitwisseling. Een la-

dingsoverdracht reaktie van Br+ is erg efficient onder resonan-

tie omstandigheden en er ontstaat dan geen HBr . Zelfs, indien

de kinetische energie van Br ionen nog tamelijk hoog is, kan

een dergelijke neutralizatie reaktie optreden. Dit is het geval

bij (CH3)2O en propeen, en toevoeging van deze twe.e gassen

leidt niet tot verhoging van de CH3Br* hoeveelheid. Propeen

reageert met Br tot een bromonium ion, en dit laatste ion kan

weer een polymerlzatie starten, wat weer resulteert in een

verlaging in de CH,Br* opbrengst. Behalve de reakties van Br+

77 -
ionen, speelt ook de aanwezigheid van Br ionen een rol in de

vorming van CH, Br. Naast een overgroot deel van de CH,Br

opbrengst, dat via uitwisselingsreakties gevormd is, is er

ook een klein deel, dat niet beinvloed wordt door de druk en

blootstellingstijd. Dit deel wordt toegeschreven aan een
76 77

direkte gasfase reaktie. van door verval gevormd ' B r .
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De "echte" gasfase reakties van ' Br met de halomethanen

zijn in Hoofdstuk IV samengevat. Twee soorten produkten worden
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gevormd: ' Br kan een halogeen atoom of een waterstof atoom

substitueren. De produktopbrengsten zijn lager dan die van

CH,Br en CH-,1 in Hoofdstuk III, omdat nu geen uitwisselings-
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reakties meespelen. De isotoopverhouding ( B r / Br) is meestal

hoger voor de halogeen substitutie dan voor de waterstof sub-

stitutie (de laatste is vrijwel konstant voor alle verbindingen:

1.2-1.4). De substitutie van halogeen atomen geschiedt door

reakties van Br+ en Br' ionen. Dit kan worden afgeleid uit

experimenten met "heet" broom, gevormd via proton aktivering

van selenium en uit moderator en scavenger gegevens voor CH,F

en CfUCl. De substitutie van waterstof is voornamelijk het ge-

volg van reakties van Br ionen. Het verschil in kinetische

energie tussen Br en Br lijkt de oorzaak van de kleine

isotoopverhouding voor de waterstof substitutie, terwijl de

grotere isotoopverhoudingen, gevonden voor de halogeensubsti-

tutie hun oorzaak voor een groot deel lijken te vinden in de
77 -bijdrage van Br ionen. Op grond van scavenger en moderator

experimenten is het mogelijk een produktopbrengst te verdelen

in een "energetische" en een "thermische" fraktie; een groot

deel van deze laatste fraktie zal gevormd worden in een gas-

fase cluster. De reakties van Br" ionen in CH^F en CH3CI,

welke aanleiding geven tot organische produkten, zijn meestal

endotherm. De "thermische" fraktie van de produktopbrengst

moet dus veroorzaakt worden door reakties van Br ionen.

Thermodynamische berekeningen lelden tot de aainame dat elek-

tronisch aangeslagen Br ionen, en wel Br ( D,) en Br ( S«),

een rol moeten spelen bij deze reakties. De produktopbrengsten

tengevolge van halogeen substitutie zijn hoger dan die ten-

gevolge van waterstofsubstitutie en dit effekt is ten dele te

danken aan het feit dat de Br+ ionen reageren met de n elek-

tronen op het halogeen atoom. Als echter resonantie kondities

voor een ladingsoverdracht van Br ionen ontstaan, dalen de

produktopbrengsten in het algemeen tengevolge van neutrallzatie

van Br ionen. Op deze wijze; kunnen de lagere opbrengsten in

CH,C1 ten opzichte van die In CH,F en CH^Br verklaard worden.

Door aan te nemen dat ion-molekuul reakties van Br ionen een

grote rol spelen, kunnen de reakties van ' Br met cyclo-
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propaan en propaan ten dele verklaard worden (Hoofdstuk v).

0c rcakties van Br met cyclopropaan moeten echter voor een

klein deel via Br radikalen verlopen. Uit de verhouding iso-

propyl/n-propylbromide In propaan en de dekompositie/stabilisa-

tie verhouding in cyclopropylbromide in cyclopropaan is het

mogelijk af te leiden dat de kinetische energieën van Br en
77 +

Br op het moment van reaktie niet zo veel verschillen als

zou mogen worden afgeleid uit het verschil in hun recoil ener-

gieën op het moment dat ze gevormd worden. Thermische Br reak-

ties blijken vrij belangrijk te zijn.

De reakties van "echt heet" broom, gevormd via een proton akti-

vering van gasvormige selenium verbindingen, zoals H~Se,

(CH3)2Se en (CF3)2Se, zijn bestudeerd in Hoofdstuk VI. De

resultaten zijn echter moeilijk te interpreteren, omdat de

radiolyse, welke met een on-line aktivering gepaard gaat,

sterk komplleerend werkt, in het bijzonder voor de perfluoro-

verbindingen. Bovendien worden hoge percentages gemerkt

CH3Br* gevormd in alle monohalomethanen, vermoedelijk als ge-

volg van temperatuursverhogingen tijdens de bestraling. De

produktopbrengst

van CH^ naar CH,Br, mogelijk als gevolg van de betere modere-

rende eigenschappen van CH-jBr ten opzichte van de lichtere

halomethanen en methaan.

In Hoofdstuk VII worden de resultaten besproken van excitatie

labeling van grotere organische molekulen in vaste' en vloeibare

fase. Alleen voor de laatste katergorie zijn acceptabele re-

sultaten bereikt. Verder is met meer succes een labelings

techniek, welke gebruik maakt van KBrO,, dat vooraf is bloot-
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gesteld aan het verval van Kr, toegepast. Aangetoond hier-

bij is dat zowel Br~ als BrOl nodig zijn voor reaktie.


