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1.

1. SUMMARY

1. 1 INTRODUCTION

As shown by the recent studies on radiation technology, one of

the areas for more fundamental research which is relevant to advances

in radiation technology is the field of ion-molecule reactions. The pre-

sent report is a critical review of the present knowledge and theory of

ion-molecule reactions, especially as they may apply to high-level ra-

diation processing. The discussions include an historical review, the

experimental evidence for ion-molecule reactions, theory, and the re-

lationship between ion-molecule reactions and radiation chemistry. The

considerations on angular momentum which are discussed in the theore-

tical section are, we believe, reported here for the first time.

1. Z GENERAL CONCLUSIONS - CURRENT STATUS, EXPERIMENTAL

More than one hundred and fifty ion-molecule reactions have been

studied experimentally. All of these reactions have cross sections, or rate

constants, several orders of magnitude greater than free radical reactions.

The reactions studied to date are so varied in character as to provide

possible mechanisms for many different types of radiation induced chemi-

cal change. Most of the information has so far been obtained on reacting

systems which are not necessarily of immediate technological significance.

Even these systems, however, evidence some novel characteristics which

suggest a genuine potential for contributing to future radiation technology.
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1. 3 GENERAL CONCLUSIONS - CURRENT STATUS, THEORETICAL

The beginnings of a theory of ion-molecule reactions now exist,

and are capable of explaining some of the features of these processes.

Foremost among them is the large reaction cross section, which is ex-

plainable by the nature of the intermolecular forces and the absence of

an activation energy. Also, the usual temperature independence of these

reactions is a direct consequence of elementary ion-molecule reaction

theory.

It is possible, within the framework of existing thermochemical

information, to decide whether a given ion-molecule process can occur

with a large cross section. This approach will increase in usefulness

as the fund of information on the heats of formation of ionic species ex-

pands. Furthermore, the occurrence of ion-molecule reactions leading

to several alternate sets of products is understood qualitatively. This un-

derstanding can probably be made quantitative.

The theoretical understanding of the ion-molecule clustering pheno-

menon appears adequate to indicate the conditions under which it may be

significant. The chemical consequences of clustering, however, cannot

yet be predicted. Other topics such as charge transfer, energy transfer,

charge recombination, and multiple ionization phenomena have all been

studied theoretically to a greater or lesser extent, but our understanding

of them is still very incomplete.
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1.4 WHAT ARE SOME OF THE REASONS FOR TI-E FUTURE POTENTIAL
OF ION-MOLECULE REACTIONS IN RADIATION TECHNOLOGY?

In the future of radiation technology, ion-molecule reactions are impor-

tant in gaseous systems, in liquid systems, and in terms of their diversity and

scientific potential for discovery.

In the radiation chemistry of gaseous systems, ion-molecule reactions

play an important, if not dominant, role. Since the irradiation of gaseous

systems has an important futut_:m potential in chemical technology, it is clear

that ion-molecule reactions will probably provide the mechanisms for many of

the reactions of future technological importance. Already development re-

search on nit-rogen fixation by hi 'z energy radiation has shown significant pro-

mise. Furthermore, the us. of inert gas additives will probably provide a

greatly enhanced degree of control of the products of irradiation.

In the case of the radiation chemistry of liquids, ion-molecule reactions

have already been demonstrated in a small number of cases. Scientifically,

it seems probable that more of these case. will be found. The difference in

the products produced by these ionic mechanisms .re.compared to free radical

reactions offers important possibilities for the development of new processes

and new products. The fundamental understanding and the judicious use of

electron trapping additives may make possible new products or better existing

ones by favoring ion-molecule reactions. Thus, ion-molecule reactions will

also be important in the radiation technology of liquid systems.

A further reason for the promise of ion-molecule reactions in the future

of radiation technology is their great diversity and the present state of our

fundamental knowledge. Further basic research on these reactions should lead

to the discoveries of new mechanisms which could be the basis for the develop-

ment of new processes and eventually important products.
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1.5 WHAT ARE SOME OF THE PROBLEMS OR ROADBLOCKS IN THE PATH

OF REALIZING THIS POTENTIAL FOR RaLDIATION TECHNOLOGY?

It may be simply stated that the chief roadblocks can probably be re-

moved by more fundamental research. The results of the present study indicate

some areas of research which appear to be particularly critical.

This study has revealed the need for new instrumentation which will

remove some of the inherent limitations of the current experimental tech-

niques. Some advances can be accomplished by further adaptation of some

of the existing techniques of experimental physics.

More theoretical work is clearly needed in all aspects of ion-molecule

reactions. This need is very much hampered by lack of information on

ion-molecule interaction forces, the results of charge recombination, and

multiple ionization in molecules. All of these require experimental approaches

to provide a firm base for theoretical advances.

Our understanding of electron traps and trapping substances in the

liquid state is exceedingly fragmentary. Also, more information is needed

on gas-sensitization. Further information in these areas, both theoretical

and experimental, will be of importance in utilizing the potential of ionic

reactions.

Finally, it is desirable that the gross features of ion-molecule reac-

tions be further investigated by current techniques and extended to systems

of possible technical importance such as nitrogen fixation, organic oxidations,

and halogenations.
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2. INTRODUCTION

During the past decade the potential benefits to society from large

scale applications of ionizing radiation have begun to be recognized. In

the past year, under the auspices of the Atomic Energy Commission,

several surveys and analyses were made of world technology and basic

radiation science relevant to the present status and future prospects for

the large scale application of high-level radiation (124). These studies

concur in the fundamental needs for more basic and applied research.

One of the important areas of fundamental research which is rele-

vant to possible break-through in radiation technology is the subject of

ion-molecule reactions. The present report is a critical review of the

present knowledge and theory of ion-molecule reactions, especially as

they may apply to advances in high-level radiation technology.

This report is primarily of a review nature. As such, every at-

tempt has been made at completeness of coverage of the literature on

ion-molecule reactions. The literature has been critically appraised on

the basis of the previous experience of the staff of Johnston Laboratories,

Inc. , and supplemented by discussions with other workers in the field.

The considerations on angular momentum are, we believe, reported

here for the first time.

This report is presented in the following categories: A historical

review, the experimental evidence for ion-molecule reactions and its

relationship to mass spectra, an analysis of theoretical considerations,

and a review of the relationships between ion-molecule reactions and

radiation chemistry, including some general conclusions.
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3. HISTORICAL

The study of radiation chemistry was initiated more than forty

years ago by S. C. Lind in a series of classic studies on chemical

change initiated by alpha particle irradiation (1). The early recogni-

tion that high energy radiation produced ionization during its passage

through a gas gave rise to the suggestion that the chemical transforma-

tion was initiated by ion clusters. These ion clusters were assumed to

consist of a molecule ion to which an indeterminate number of neutral

ions were closely held by polarization forces. This suggestion was sup-

ported by earlier observations on the mobility of positive ions in gases.

It was found that some gaseous ions had an exceedingly low mobility,

indicating clustering (2-13). It was further assumed that the chemical

reaction was completed in the process of neutralization of this ion

cluster by electron recombination. The amount of chemical change

produced per ion was assumed dependent on the size of the cluster.

With the development of quantum statistical mechanics and its ap-

plication to chemical kinetics by Eyring and others (14), the cluster hy-

pothesis fell into disuse. It was shown theoretically by Eyring and

Hirschfelder that cluster sizes were unreasonably large under ordinary

conditions, and, further, that the hypothesis did not offer a clearly de-

fined mechanism or course of reaction. In 1936, a separate theoretical

calculation was performed on the rate of the process

H+ +H 2  > [H4+]t >H3++H

and it was concluded that the rate for this reaction was high compared to
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ordinary free radical reactions (15). The significance of this calculation

to radiation chemistry was apparently overlooked for some time. The ex-

istence of H3 , and indeed its formation by secondary processes in a mass

spectrometer, had been known since 1916 (16-19).

The '30' s and '40' s saw a continued expansion in researches on

gaseous radiation chemistry by Lind. Essex, Mund, Bardwell, Burton

and others. While the cluster theory was rejected by the theory of

Eyring and co-workers, there was recurring evidence that ionic species

played a significant role in gaseous radiation chemistry. A most convinc-

ing demonstration of the importance of ionic intermediates in radiation

chemistry was the sometimes very pronounced effect of electric fields

on product yields in alpha particle irradiation. This work is due mostly

to Essex and co-workers (20-26).

In the 1950' s the problem of ionic intermediates received a new

approach with the rediscovery that the mass spectrometer was a tool

well suited to the detailed study of ion-molecule reactions. Starting in

1952 with the work of Tal roze and Lyubimova (27), several groups

rapidly became active in this field, both here and abroad. At the same

time, various radiation chemistry groups reported evidence for ionic

intermediates in a number of gas phase reactions and in liquid phase poly-

merization, A number of recenL theoretical and experimental studies

have also been reportedon various other problems relevant to ion-mole-

cule reactions. These studies include ion-molecule reaction cross. sec-

tions, ion-electron recombination, charge transfer, ion-molecule scat-

tering, and ion-molecule clustering.
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4. ION-MOLECULE REACTIONS

EXPERIMENTAL RESULTS

4.1 - INTRODUCTION

The principal tool for the detailed study of ion molecule reactions

is the mass spectrometer. With this tool it is possible to determine

the nature of the reactants and products of an ion molecule reaction

and, frequently, to determine the rate of such a reaction. The rate of

reaction is frequently expressed in terms of an equivalent reaction cross

section. The results obtained to date on more than one hundred and fifty

such reactions indicate that the reaction rates are large compared to re-

actions of neutral species, and, in consequence, these processes may

play an important part in bringing about radiation-induced chemical

change. This chapter presents a discussion of the experimental prob-

lems of studying ion molecule reactions, followed by survey of all re-

actions studied to date and by a series of general qualitative observa-

tions concerning these processes.

4. 2 - MASS SPECTROMETRIC STUDY OF IQN MOLECULE R EACTIONS

Although the mass spectrometer has yielded much important in-

formation on ion-molecule reactions and their reaction rates, the use

of this instrument is beset with inherent limitations, complexities and

arbitrary assumptions (28). These factors point to the desirability of

new experimental techniques or, at the very least, some work directed

towards removing some of these factors. Further, they must be kept
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in mind in judging the amount of meaning to be attached to the experi-

mental results.

In Fig. 1 is shown a schematic diagram of the source region of

a mass spectrometer. Gas is introduced from a reservoir through a

pinhole or capillary leak L into the ionization chamber. The gas is

ionized by an electron beam B which travels parallel to the plane of the

slit system Se, Sj, S2, S3. The slit system is shown in the diagram in

a lengthwise cross-section, the slit width being of the order of fractions

of a millimeter. Following ionization, the positive ions are pushed out

through the exit slit Se by a positive potential of the order of several

volts or less applied to the ion repeller plate R. The ion-molecule en-

counters which lead to ion-molecule reactions occur in the interval be-

tween ionization and passage through the exit slit, Se. The distance of

travel in this path is of the order of several millimeters.

The detection of ion-molecule reactions in a mass spectrometer is

generally performed as follows. The product of an ion-molecule reaction

is an ion which is normal in the sense that it will be detected at an inte-

gral mass number. The intensity of this ion, however, varies with the

square of the ionization chamber pressure.

In practice, this clearcut difference in behavior is obscured by the

fact that a given ion may be formed by both a unimolecular ion decomposi-

tion and a bi-molecular ion-molecule reaction.

An example of this is the reaction

CH+ + CzH6 > CH4 + CzH5 +

which has been demonstrated in the ethane mass spectrum (65). Another
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source of this ethyl ion is the primary unimolecular mass spectrum re-

action

+*+
CZH6 + e > CZH6  + Ze >CZH5 + H + Ze

which is linearily dependent on ethane pressure in the ionization chamber.

The pressure dependence on the CzHs+ peak is not quadratic, nor

is it linear. However, the existence of the secondary process can be

demonstrated by plotting the intensity of this peak divided by the inten-

sity of a second peak (which is assumed not to have a secondary reaction

contribution, such as the parent peak of the mass spectrum) against pres-

sure. In this procedure, a linear pressure dependence of the ratio indi-

cates a secondary process, and a finite intercept of the ratio at zero

pressure indicates the contribution from the primary unimolecular pro-

cess. It is apparent from these considerations that the detection of such

secondary processes depends to some extent on the non-interference from

primary processes. This is an inherent limitation of the one-stage mass

spectrometer technique. The nature of this problem is illustrated by the

fact that in some isolated cases it has been shown that a given pair of re-

acting partners form a collision complex which dissociates in several

ways. For example (39, 46, 57)

+ ,+ I7C4H3+ + H

CzHz +CzHz > [ C4 H4 + +
C4 Hz + Hz

There is a definite possibility that other reaction products may be form-

ed from these reactants which are masked by normal peaks in the mass

spectrum. Studies of ion-molecule reactions which are not hampered by

this defect are essential for further understanding of the systematics of
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ion-molecule reactions. A possible solution to this problem is the em-

ployment of two-stage mass spectrometers, in which the first stage

selects the reactant ion, and the second stage mass-analyzes the reac-

tion products. A mass spectrometer designed according to this principle

is in operation in Sweden; it is being used for studies of charge exchange

(66).

An inherent problem of the single stage mass spectrometer is the

identification of the reactant ion which is involved in a reaction leading

to a particular product. This identification is generally done by varying

the electron energy, which causes the abundance of different primary ions

to vary, each in a characteristic way. The intensity variation of the pro-

duct ion peak will parallel that of the reactant ion. Further, the onset of

the product ion (appearance potential) will occur at the same electron

energy as the onset of the reactant ion. However, this appearance poten-

tial method is hindered by the grossly different intensities of reactant ion

(high) and product ion (low), which makes an exact correspondence of ap-

pearance potentials unlikely. Frequently, however, appearance potential

differences of three or four tenths of a volt do not obviate an exact identi-

fication of the reactant ion.

An alternate approach, developed by Melton and co-workers (57)

overcomes these difficulties to some extent. In their apparatus, the ion-

molecule collisions occur in a separate chamber following the ionization

chamber. This collision chamber has separate pressure control which

permits pressures up into the millimeter region, while the ionization

chamber pressure is essentially unchanged. This makes it possible to

substantially increase the fraction of the ions which undergo ion-molecule
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reactions, thus reducing the masking problem. Further, the fraction

of ions reacting is high enough that product ion formation can frequent-

ly be correlated with disappearance of reactant ion, giving evidence of

the particular mechanisms involved. Further, it permits the study of

ion-molecule reactions in gas mixtures in which only one component is

ionized, and a second component is bombarded in the collision chamber.

With more complex molecules, however, some of the ambiguities of in-

terpretation arise here as well.

The problem of determining reaction cross-sections is, to start

with, a problem of determining the pressure in the ionization chamber.

The gas pressure in the ionization chamber is determined by steady-

state conditions with gas being supplied through the leak, and escaping

through a variety of openings in the chamber. These openings include

the exit slit and the electron entrance and exit holes following the fil-

ament F and preceding the electron collector T. Further escape routes

depend on the tightness of construction of the ionization chamber and the

presence, if any, of a gap between the gas inlet tube and the ionization

chamber wall. The escaping gas fills the main vacuum envelope of the

analyzer tube and is pumped out by means of the pumping system P.

Depending on the design, pressure differentials of one hundred or more

can be maintained between the ionization chamber and the analyzer tube.

The complexity of the gas flow problem indicates that an a priori determ-

ination of pumping characteristics cannot be used to determine the rela-

tion between gas reservoir, ionization chamber, and analyzer tube pres-

sures. An indirect approach is indicated.
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Generally a gas of known ionization cross section is injected at

a known reservoir pressure (measured, for example, with a microman-

ometer) and one measures the ion current produced by a .known

electron beam current. The positive ion current is measured by revers-

ing the polarity of the ion repeller plate and measuring the current drawn

to it. Assuming a value of the cross-section for ionization, and assum-

ing 100 per cent collection of the ions, this method then gives the pres-

sure in the ionization chamber. This method has also been used by

Stevenson and co-workers, (29, 30, 31) and by Lampe and co-workers,

(32, 33) in an inverse way to determine ionization cross-sections. The

agreement between the two groups is not too good, in some cases dif-

fering by a factor of two. It is clear that this method has some limita-

tions of accuracy. One problem is certainly that electron ejection

from the repeller by excited atoms or molecules or by photons would

contribute to the measured current, varying from gas to gas. Further,

insofar as absolute cross-sections are concerned, they are all based

on measurements done about twenty-five years ago (34, 37). Clearly,

there is a need for some determination of absolute cross-sections. One

of the most careful studies of the pressure relationships in a mass spec-

trometer is that of Wells and Melton (38). One assessment is that rel-

ative cross-sections are correct to perhaps 10 per cent, while absolute

cross sections may be off by as much as a factor of two (31).

One arbitrary assumption in the determination of ion-molecule re-

action cross-sections is that the collection efficiency of the mass spec-

trometer for secondary ions is unchanged compared to primary ions.

There are to date no detailed studies of the validity of this assumption.
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It is entirely probable that some reaction products may be formed with

small amounts of excess kinetic energy, which would affect the collection

efficiency. The problem of excess kinetic energy is discussed in more

detail in a later section.

4.3 ION-MOLECULE REACTIONS

The experimental techniques discussed above give evidence of ion-

molecule processes which can be divided into two classes.

1. Electron exchange or charge exchange reactions

A+ + B- > A + charged products

2. Ion-Molecule reactions

A++B->C++D

The first category, charge exchange reactions, has been the subject of

much study by physicists for many years (37). In all cases, the charge

which is transferred is an electron, and the reaction is generally studied

at ion energies of several hundred volts or more.

The second category, ion-molecule reactions includes all processes

involving a change in atomic composition of the reacting species. It in-

cludes, as a special case, the recently discovered hydride transfer re-

actions (65) which are, in a sense, charge exchange

A+ +BH >AH+B+

reactions involving the H~ ion rather than an electron. This second

category will now be discussed in some detail.
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In Table 1 are listed all ion-molecule reactions studied to date.

The tabulation is confined to experimental studies, and does not include

references which contain only postulated reactions. It is entirely pos-

sible that a number of Russian references have been overlooked. There

is also given, where possible, the heat of reaction of the process as cal-

culated from thermochemical data on heats of formation, bond energies

and ionization potentials.

The first group of reactions, involving hydrogen molecule ions is

important from a fundamental standpoint. It constitutes experimental

confirmation of a reaction that was postulated on purely theoretical

grounds by Eyring and co-workers some twenty years earlier (15).

Further, the experimental and theoretical reaction cross sections agree

almost exactly. It is of some interest to compare the analogous neutral

reaction. Again, the agreement is very good.

Table Z. De uterium Reaction Rates

Rate Constant, cc molecule- 1 sec- 1

Reaction
Calculated Ref. Experimental Ref.

D2 +Dz->D 3  +D 1.45x 10-9  15 1. 44 x 10-9  52

D + D2 -> [D3 ]$-->D + D 0. 76 x 10-1 67 0. 57 x 10-12 68

(at 100 0 *k) (at 1000* k)

It is to be noted that the rate constant for the neutral reaction is

temperature dependent, because the reaction has an activation energy



TABLE 1. ION-MOLECULE REACTIONS

OHrl
kcal Rate(z,3 ) Rate Other Rate 4

No. Reaction mole-1 References kt x 109 References References

Hz +H->H 3 +H

D2+ + D- > D3 + + D

HD +ED >D2 H +H

HD +ED >DH2 +D

[He+ Ez]+ ->HeH +H

Ne+ + H2 > NeH+ + H

A+ +H2 >AH+ +H

A+ + HD > (AH+ + AD+) + (H + D)

A+ +1HD >AH+ +D

A+ + DH > AD+ +1H

A+ +D2 >AD+ +D

Kr+ + H2 >KrH+ + H(or Kr + H2 +)

Kr +D 2  >KrD +D

H2+ + OZ-> O2H+ + H

D2+ +O 2 -- >O2 D+ + D

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

44

30, 52

30

30

62, 63, 64

30,47

30, 31, 52, 61

31

30, 31, 52

30, 31, 52

3.0,31,52,61

30, 47

30, 47

30, 47, 61

30,47

1. 4

-34

- 34

30, 52 30

30

0.

1.

34

89

30, 47

30, 31, 52

0.

0.

1.

0.

0.

9.

4.

69

79

40

50

35

6

7

30, 31, 52

30, 31, 52

30, 31,52

30, 47

30, 47

30, 47

30, 47



,&Hrl
kcal Rated' a Rate Other Rate 4

No. Reaction mol References kt x10 References References

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

H2+ +Oz -- > HzOz+

H + H2 0 --- > OH + H2

N2+ + H 2 ----> N2 H+ + H(or N 2 + H 2+)

N2+ +D 2 -- > N2 D+ + D(or Nz + D2 +)

CO +D 2  >CoD +D

HCI+ + BC1-> H2 C1+ + C1

HC1+ + CH4 > HCI +CH 3

HC1+ + CD4 -> HDCI +CD3

HBr+ + HBr-> HzBr +Br

H2O++ +H

D2 O+ + H 2  > HDO+ + H

H2O+ + H2O > H30+ + OH

D20+ + D20 -- - -> D3O+ + OD

H2O+ + HzO -> H30+ + HS

HzO+ + NHS -- > H30+ + NH

H2 O+ + CH4 -- > H3 0+ + CH,

-30

-52

-45

-46

-109

-18

-43

-44

1.

1.

0.
0.

76

48

4
80

30, 47

30, 47

30, 47
48,49

61

55, 56

30

30, 47

30,47

30, 47,48

48

48,49

30, 47

54

50

27, 50, 54

50

54

54

27, 54

1.

0.1

5

47

48

30, 47

503.05

50

2. 19 50

32. (hz0 + CH4)+ > H,O+ + CH3

48

l

5050



AHr~l
kcal
mole 1Reaction

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

(D 20 + CH4 )+ >HDO + CH3

HzO+ + C 2 Hz > HO + C2 H

H2O+ + C 3H 8 -> H30+ + C3H7

D20+ + cyclo C3 H b > HDZO+ + C3H 5

D20+ + n-C4Hio > HD2 O+ + C4H 9

Hz+ + H2O-> H30+ + H

HaS+ +H 2 -O > H 30+ + HS

CH3+ + H2O > H30+ + CH

CH4+ + HzO > H30+ + CH

CZH6+ + D20 > HD2O+ + C2H

C3H$+ + HzO-> H 30+ + C3H7

C3Hg+ + D20 > HD2 O+ + C3H7

H2 S+ + HzS > H3S+ + HS

H2 S+ + CH4 > H3 S+ + CH3

HZS+ + CD4 > HDS+ + CD3

No.
Rate(2, 3)

kt x 109

3. 36

Rate Other Rate (4

References References

50

48, 49

48

48, 49

48. NH3+ + NH 3  > NH4 + + NHz

49. NH3 + CHz -> NH 4 + CZH

-26

-53

-108

-3

0

-56

-20

References

50

54

54

50

50

54

44, 54

54

54

50

54

50

-28

-9

54

54

50

50

50

50

48

48

48
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kcal Rate(Z 3) Rate Other Rate (4

No. Reaction mole' References kt x 10 References References

C2HZ+ + NH3  > NH4+ + CzH

C2 H4+ + NH3  > NH 4 + + CZH3

C6 H6 +NH 3 -> NH 4 +C 6H5

CH3 OH+ + CH3 OH > CH3 0Hz+ + CH3 O

CH 3 DH+ + HO -> CH3 OH2 + + OH

C 2H50H+ + HzO > C2HSOHz+ + OH

-40

-19

-20

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

54

54

54

47

44

44

58

58

58

58

58

58

58

58

58

27, 22, 40, 41,
42,44,45,48

HCN++Dz->HDCN++D

CH3ON+ + H 2  > CH3 CN+ + H

CH3CN+ + DZ -> CH3 CND+ + D

CH3CN + CH4  > CH4CN+ + CH3

HCN+ + HCN > HZCN +CN

CH3 CN + CH3CN -> CH3CNH+ + CHZCN

CHZC1CN+ + CHaCICN > CHzCICNH+ + CHCiCN

CHZCHCN+ + CHZCHCN > CHzCHCNH+ + CHCHCN

CH3CH2CN+ + CH3CHZ CN -> CH 3CHzCNH++CHzCHzCN

CH4+ + CH4 --- > CH5+ + CH3

11. 1

2.0

0. 57

0.39

1. 7

47

58

58

58

58

2.8

58

58

58

58

58

48, 3333
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kcal _. Rate(Z, 3) Rate Other Rate

No. Reaction mole References kt X 109 References References

66. CH4+ + D2 -> CH4D+ + D

67. CH4+ + HC-> CH5+ + Cl

68. CH 4 + CD4 mixture in Mass Sp. > CH3DZ+

69. CD4 +CH 4 -> CD 4H +CH 3

70. CD4 +CD 4 -> CD5 +CD 3

71. CD4+ + HZ > CD4H+ + H

72. CD4 + + H2 S > CD4 H+ + HS

73. CD4 + + HC1 > CD4 H+ + Cl

74. CD4 +NH 3 -> CD4H +NHz

75. CD4 ++ CH 3C1 > CD4H +CHzC1

76. CD4 + + C2H 6 -> CD4H +CzHs

77. CD4+ + C3H8  > CD4 H+ + C3H 7

78. CD4+ + isoC 4 H1 -> CD4 H+ + C4H9

79. Hz +CD 4 > CD4 H+ + H

43,44

48

53

49, 53

42, 48, 52, 53

43, 44

48,49

48,49

49

49

49

49

49

43,44

80. DZ +CH 4 > CH4D+ + D

1. 38

42

48

53

53

42, 5352

0. 8 48

48

49

49

49

49

49

49

49

42

4243,v44



Hr()kcal Rate(2, 3) Rate Other Rate(4)
No. Reaction mole 1  References kt x 109 References References

81. C2H6 + X+ > CZH5 + 65 3.8 65
X+ = CH3+, CH3+

82. C31-8 + X+ > CH7 65 2. 4 65

X+ = CH3+, C2H3+, C2H4+, C2H5+, C3 H3 +, C3H+

83. n-C4H1o + X > C4H9+ 65 1. 3 65

X+ = C2 H3 +, C2H4+, CZH5+, C3 H3+, C3 Hs, C3H6+, C3H+

84. iC4H1o + X+ > C4H9+ 65 2. 2 65

X = C21i, C3H3, CH , , C3H6 , C3H7

85. neo C 5 H1 2 + X+ > CH11+ 65 0.27 65

X =CzIH3, CzHS+, C3H3, C3H5-

86. neo C6H14 + X+ > C6 H13+ 65 0. 35 65

X+ = CZ 3 , C2 H5+, C3 H3+, C3H5 ,

3 ' 7 0+, C4H8+, C4H9+, C5H11+

87. NH3+ + C3H6 > C3H+ + NH2  -2 54

88. CH+ (or CH4+) + HS -> CHS+ + 2H(+H) 48 48

89. CH3+ (or CH4+) + H2 S > CH3 S+ + H(+H) -35 48 48

-105

90. CH+ + C 2H8 2  > C3H+ + H2 (or 2H)(ref 5) -109 (or-5) 39,46 39 46

} 2.5

+ d4(combined) 46zA
91. CHT + (,2H2 -- > C3H2' + H

-Z to 3U 39,



OHr~l

kcal Rate( ' Rate Other Rate (4

No. Reaction mole~1 References kt x 109 References References

CH3+ + CH4  > CZH5 + + H2

CD+ + CD 4  > CZD5 + + DZ

CH4 + + CZHZ-> C 3H3 + + HZ + H

CH4+ + C3H 6 -> C 3H7 + + CH3

Oz+ + CZHZ-> C4 H+ + H

92.

93.

94.

95.

96.

97.

98.

99. C2 H2 + + CH4  > C2 H3 + + CH3

100. C2H2+ + CH4 > C3H4+ + HZ

101. C2 H2+ + CH4  > C3H5+ + H2

102. C2 H2 + + C2HR 4  > C4HZ+ + H2

103. C2H2+ + C2H2  > C4H3+ + H2

104. C2 H2 + + C2 H4  > C3H+ + CH3

105. C2H2+ + C2H4 -> C4 H 5+ + H

-19, -20

-19

+5 to -9

-71

-210
-181

-162

-92

-3 to +13

-15 or -20

-17 or - 27

-20
-10

-16

-15

33, 40,41,42
45, 47, 54

47

46

54

39,46

33,41

33, 41

3. 2

2. 1

3. 5

1. 2

46

46

46

39, 46, 57

39,46,57

33, 41, 47

-13(?) 33,41

2.1
(combined)

11. 5
(combined)

C2 + C 2H4 > C4H2 ' + H2

C2 -+ + CZH4 > C4H3+ + H2

33 33, 47

47

46

39

33

33

46

33

33

46

46

46

46

46

39

33 47, 33

33

+. +I-



AHr(1
kcal Rate (4, 3)Rate Other Rate(4)

No. Reaction mole 1 References kt x 10 References References

106. C2H3+ + C2 H4 > CzH s+ + CzHz

CZH4 ->

C2H6 ->

CzH 4 >

C3 H3 +

C6 S +

C3H5 +

CH4

CH4

CH3

-16

-25

-53

-10

110. CZH4+ + C 2H4 > C4H 7+ + H

CH4 > C3H7+ + H2

C3H6 '> C3H7+ + Cz2H

C4H6 > CsH5+ + CH3

C4H6 -> CH7 + + H2

C4H6 -> C7H8+ + H

C3 H6 > C4 H 7+ + CZH4

C3H6 > C3 H7 + + C3H5

C3H6 >

CZH4 >

C3H6 >

-12

-16

-39

-103

-83

-31

-21

C4+ + C2H4

CZH+ + C3H7

C3H7+ + C3H7

-7

-35

33, 41,47

47

47

33, 41, 47

33, 41

45

54

46

46

46

47

27, 47, 54

47, 33

47

47

47, 33
} 1.5 33

33

46

46

46

47

47

4747

44

54

107.

108.

109.

C2H3+

CIH3 +

CZH4 +

+

+

+

CzHs+ +

C2H6+ +

C3H2+ +

C 3H3+ +

C3H3+ +

H3+5 +

C3H6+ +

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

C3H6+

C3H8+

C3H8+

+

+

+



AHr(1
kcal Rate(2 3) Rate Other Rate 4

No. Reaction mole- 1  References kt x 109 References References

121. C4H2+ + CzHz > C6H4 -4 57

122. C4HZ+ + C4H6  > C6H4+-+ C2H4 -77 46 46

123. C4H3+ + CzHz > C6H 5+ -87 57

124. C4H4+ + C4H6 > C6H5+ + C2H5 -26 46 46

125. C4H5+ + C4 H 6  > C7H 7+ + CH 4  -81 46 46

126. C4H5 + + C4 H6  > C7H1+ + CH 3  -31 46 46

127. C4H6+ + C4 H 6  > C5 H6+ + C3H 6  -27 46 46

128. C4H6+ + C4 H 6  > C5H7 + C3H5  -7 46 46

129. C4H6+ + C4H 6  > C 6H 6+ + CzH 6  -52 46 46

130. C4H 6+ + C4H 6  > C 6H7+ + C2H5  46 46

131. C 4H 6+ + C4H 6  > C 6H8 + + C2H4  46 46

132. C4H6+ + C4H 6  > C 7H 9 + + CH3  46 46

133. I+ + CH3I > I2+ + CH 3  -15 51 51

134. I+ + CH 5I > HIz+ + CZH4 51 51

135. HI+ + CH3I > CH3I2+ + H 51 51

136. HI+ + C 2HgI > I2+ + CZH6 -34 51 51

137. HI+ + CzH 5I > C2H5 I2+ + H 51 51



AHr~'
kcal Rate(Z' 3) Rate Other Rate 4

No. Reaction mole-' References kt x 109 References References

138. CI+ + C HI-> CI+ + CH3  51 51

139. CI+ + C2H5I > CI+ + C2 H5  51 51

140. CHI+ + CH3I > CHI2+ + CH3  51 51

141. CHI+ + C2 H51 -> CHI2 + + C2H 5  51 51

142. CH2I+ + CH 3 I-> I2+ + C2 H5  51 51

143. CHI+ + C2 H5I > CH3Iz+ + C2 H4  51 51

144. CH3 I+ + CH3 I > CzH 6 f+ + I 51 51

145. CH3I+ + C2 H5I > C3H8 I+ + I 51 51

146. C2 H 5I+ + CH3 I > C3 H8I+ + I 51 51

147. C2 H5I+ + C2H 5I -> C4H1 oI+ 51 51

148. CzHSI+ + C2 H51 > C4H1oI+ + I 51 51

149. HCOO + HCOOH > HCOOHCOOH 59 59

150. HCOO^ + DCOOH > HCOODCOOH 59

151. DCOO + HCOOH > DCOOHCOOH 59

152. DCOO + DCOOH > DCOODCOOH~ 59

153. HCOO+ N2 > CN~+ ? 59,60 59

I



AHr~i
kcal Rate(Z, 3) Rate Other RateNo. Reaction mole 1i Reference8 kt x lO' References References

154.

155.

HzO+ + CZH4 --- > CZHS+ + OH

Hg +HZ-> HgH+ + H

-17 54

61

NOTES: (() Heat of reaction, determined from independent thermo chemical data. The figures are probably accurate to f 5 kcal.

No heats are given for reactions involving proton affinities derived from these reactions. Principal sources are ref-

erences 75 - 78.

(2) The dimensions of the rate constant are cc molecule~1 sec 1 .

(3) These rate constants are for thermal distributions of ions and molecules at room temperature, as extrapolated

from mass spectrometer data. For details see references 33 and 74.

(4) These references contain rate constants or equivalent reaction cross sections at various ion energies or electric

field gradients, but no extrapolation to thermal conditions.
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of about 6-7 kcal/mole, depending on the particular isotope involved.

The ion-molecule reaction is temperature independent, both experi-

mentally and theoretically. The difference in rate constants illustrates

clearly the comparative role these reactions might play in an irradiated

gaseous system.

The next group of reactions, is that of rare gas ions and hydrogen.

There are no analagous reactions of neutral species. It is seen that the

ions function to generate hydrogen atoms and, subsequently, neutraliza-

tion of the molecule ion by an electron undoubtedly produces more hydro-

gen atoms via the reaction.

AH++e->A+H

The rare gas atom functions rather like a catalyst. The rate constants

for formation of the molecule ion are of the same order of magnitude

as the hydrogen ion reactions and, correspondingly, rapid to ordinary

radical reactions.

The hydrogen oxygen reactions, Nos.14 and 15 are interesting be-

cause in these reactions oxygen produces hydrogen atoms. It is prob-

able that in an irradiated hydrogen-oxygen system the hydrogen atoms

react rapidly to form HOz radicals.

The nitrogen-hydrogen reaction is written with the nitrogen as the

ionic reactant. This mechanism was not established directly, but is

suggested on the basis of the theoretical expression for the rate con-

stant. As written, the theoretical and experimental values agree closely,

if H2+ were assumed to be the ionic reactant the rate would be too low by

a factor of two. The reaction of CO with hydrogen is quite similar in
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magnitude, as expected from the ionization cross sections and ioni-

zation potentials.

The next groups of reactions are those leading to the formation

of "onium" ions, which may be defined as saturated molecules to

which a proton has been added. It is well known that H+ in water is

hydrated, H30+. Further, hydrogen bonding in polar liquids, which

is primarily an electrostatic effect, is indirect evidence that some

molecules have an affinity for protons. Thus it is not surprising to

find "onium" ions for substances such as HZO, HC1, HBr, HZS, NH3 .

Other substances, especially hydrocarbons have proton affinities as

well. This is not surprising in the case of, say, ethylene since there

does exist an ethyl ion CZH5 . On the other hand, existence of alkane

ions such as CHS+ and CzH 7+is somewhat unexpected.

The numerical values of proton affinities are of some interest.

They may be obtained in three ways. Mass spectrometric appearance

potentials implicitly contain considerable information on proton affin-

ities. This may be seen as follows. From appearance potentials one

can determine the heat of formation of a positive ion CmHn+. If there

is thermochemical data available on the heat of formation of the neu-

tral species CmHn-i , the proton affinity can be determined (70). The

second and third methods depend on the generalization that only exo-

thermic ion molecule reactions are observed. This is seen from in-

spection of Table 1. The reasons for this are discussed later. Now,

for an observed reaction

X++ YH >XH++ Y
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The condition that the reaction be exothermic or thermoneutral, com-

bined with appropriate thermochemical and appearance potential data,

gives a lower limit to the proton affinity of X. By using suitably chosen

pairs of reactions of which one occurs and a second does not, there can

be derived upper and lower limits to the proton affinity. This method

has been used by Tal' roze and Frankevitch (44). The values of proton

affinities determined by these methods are listed in Table 3.

It is clear that these data can be used in the converse sense to

decide whether a postulated reaction is thermoneutral or exothermic.

A systematic study of twenty-eight reactions involving hydrogen atom

or proton transfer indicates that this criterion correlates with the ob-

servance or failure to observe in all cases (54).

The reactions involving proton or hydrogen atom transfer are in

some ways reminiscent of hydrogen atom abstraction by free radicals.

It should be noted that many ions are free radicals or even Lewis acids,

i. e. with a missing electron pair, as CH3 + for example. A number of

additional hydrogen abstractions have been studied by Melton and co-

workers (58) in a series of alkyl cyanides. Hydrogen abstraction was

observed both with hydrogen and methane as well as self abstraction of

hydrogen atoms. Hydrogen abstraction is observed from Hz and CH4

only with HCN+ and CH3 CN+but not with the higher homologs, whereas

self abstraction is observed in all cases. This difference in behavior

is no doubt ascribable to changes in the energetics of the reaction.

A number of hydrogen transfer reactions have been observed which

result in the formation of CHs+,

CH4+ + R > [CH4 RH] > CHS+ + R



TABLE 3 - PROTON AFFINITIES

Proton Affinitya, b

Kr

Hz

HZO

H2S

HCl

CH4

Reference

>92

61 - 79

167-171

>175

>120

>115, 113, 114-129
113-129

>61, 101-121

>61

149-165, 156. 6

>183, 185

177-183

185-202

130

a. Proton affinities are given in kcal mole 1 .

b. Ranges indicate lower and upper limit.

Molecule

31

(52)

(44)

(44)

(48)

(48)

(52)(49)(44)
(42)

(44)(42)

(44)

(44)(70)

(44)(70)

(44)

(44)

(54)

C2H 6

C3H 8

CaH4

C3 H6

CH3 OH

CZH5 OH

NH3

I
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In all ion-molecule reactions the configuration of the activated

complex [CH4. RH] is of interest. Wagner, WadswortI and. Stevenson

(53) have studied the formation of CH3 Dz+ and CD4 H+ in mixtures of

CH4 and CD4 . The very small amount of CH3 D2 + formed (about one

tenth of the CD4 H+ abundance) leads to the conclusion that the hydro-

gens and deuteriums essentially retain their identity in the activated

complex. The complex is thus much more like a CH4 ion or molecule

closely associated with a CD4 molecule or ion, rather than a [CZHS]+

structure.

A number of reactions have been detected in hydrocarbons which

appear to involve transfer of hydride ions (65). The reactions were first

found in the neopentane, C(CH3 )4 , mass spectrum at higher pressures.

At low pressures neopentane ion decomposes almost exclusively by car-

bon-carbon bond rupture, there being only traces of parent C5H1Z ,

C5Hu1 or other parent-minus-hydrogen ions. At higher pressures it

is found that CSH+ appears and has the pressure dependence of a sec-

ondary process. The appearance potential of this species is equal to

that of several fragment ions in the nor mal mass spectrum, namely,

C3H5 and CH3 . This suggests the process

CsHiz + C3 H5 + > C5H5+ + C3H6

and similarly for methyl. It has been further found that in a neopentane-

methane mixture, in which methane supplies methyl ions, the C5H11+

intensity varies linearly with the methane partial pressure. These re-

actions have been found in a number of other hydrocarbons, and in methane-

hydrocarbon mixtures have some astonishingly large rate constants. It has
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been suggested (65) that these reactions may be fairly common in hydro-

carbons, but experimental study is made difficult by masking due to .normal

mass spectrum peaks.

A considerable amount of work has been done on hydrocarbon ion

molecule reactions which result in an increase in the carbon numbers of

the ions. It is well known in gaseous radiation chemistry that higher hy-

drocarbons as well as polymers are among the products of irradiation.

Although there are free radical mechanisms which yield higher hydro-

carbons, such as

C2H6  > C2 H-5 + H.

H- +CZH6 > Hz+ CzHs-

C2H5 -+ C2H 5 -> C4H1o

The fact that ionic reactions can produce anologous products is of great

significance in view of their high rate constants. A most convincing study

is that of Rudolph and Melton (57) in which acetylene is ionized by alpha

particles and at higher pressures both C4Hm+ and C6Hn+ ions are detect-

ed, which represent steps in polymerization.

Lastly, some studies of reactions in methyl iodide and formic acid

have been reported. Some of the reactions in methyl iodide are similar

to the reaction of the hydrogen halides. The formic acid study is interest-

ing because it is an example of ion molecule reaction involving negative

ions.

4.4 GENERAL OBSERVATIONS

On the basis of the above results there are four general observations
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that may be made about ion molecule reactions observed in the mass

spectrometer:

1. All observed reactions are either thermoneutral or exothermic

but not endothermic.

2. All observed reactions have rate constants which are several

orders of magnitude greater than those for corresponding

neutral reactions and increase with decreasing ion kinetic ener-

gy, frequently according to the inverse square root of energy.

3. With only a very few exceptions only the reaction products

are observed and not the activated complex or collision com-

plex.

4. A given pair of reactants can frequently produce a variety of

products.

The first two observations are really a statement of the limitations

of mass spectrometer detection sensitivity. It has been stated that if a

reaction is observable in the mass spectrometer it must have a rate con-

stant which is large compared to conventional neutral reactions (31). This

circumstance essentially limits the observed processes to those which have

no activation energy (or are exothermic). These reactions might be said

to proceed to completion at virtually every collision. Accepting this, the

reason for the large cross sections is the fact that there are collisions be-

tween partners which exert long range attractive forces of an ion-induced

dipole type. The energy dependence is a consequence of the force law.

Since the observed reactions are generally exothermic the collision

complex has sufficient excitation energy to decompose quite rapidly into
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products. It is well known from mass spectra theory that the lifetime

of an ion is very strongly dependent on the amount of excitation energy

possessed by the ion (71). This fact has been considered in the problem

of whether the "non-existence" of C H7 + ion can be used to set an upper

limit to the proton affinity of ethane (42, 44). Clearcut evidence for the

existence of such collision complexes has been found by Pottie and

Hamill (72) in a study of alkyl halides. The results are given in Table 4.

Table 4. Persistent Ion-Molecule Collision Complexes (72)

Substance

CH 3Br

CH3I

CZH5Br

CZH5 I

C3H 7C1

C 3H7 I

CH3 I - C2 H 5 I mixture

Complex

none

none

C 4HioBrz+

C4H1oIz+

none

CH14Iz+

C3H8I2

Cross Section at 4V/cm

1. 5 x 1016 cm2

3. 2 x 1016 cm?

12 x 10-16 cm2

It was shown that these complexes result from an ion molecule reaction

and not a collision between an excited and a neutral molecule which forms

molecule ions, for example, in argon (73)

A +A- >AZ +e

There is some evidence that two distinct states of the ethyl iodide ion are

involved in the processes, leading to different stability of the C4HoIz+

complexes.
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The study of Melton and Rudolph (57) also shows some evidence of

such complexes formed by the reactions

C4H2+ + C2 H2  > C6H4+

C4 H3+ + CzHz --- > C6 H5 +

The fact that a given pair of reactants can frequently produce several

sets of products is of considerable importance in the systematics of these

processes. The results of the CH4 -CD 4 study indicated a loosely associated

complex. On the other hand, many of the organic reactions imply a consid-

erable amount of structural rearrangement during the course of the reac-

tion. Further, the reacting partners are such that true valence bonds can

be established in the complex, as for example methyl ions can associate

with ethylene molecules to form propyl ions as a reaction intermediate

CH3+ + C2 H4  > [C3H7J+ > products.

In these cases there appears considerable evidence that the assumption of

an excited ionic intermediate of normal bonded structure is a reasonable

one. Ordinary mass spectra give considerable information on the decom-

position paths of excited ions, and in some cases the decomposition pro-

ducts parallel quite closely the products found in ion-molecule reactions

in which the intermediate has the same empirical formula. It is thus de-

duced that the structures are quite similar. Such parallels are shown in

Tables 5 to 9 where the relative abundances of various ions in mass spectra

and ion molecule reaction products are compared.

Less complete correlations have been discussed for the ionic com-

plexes C3H6+ , C7H8 , C8H8 and C8Ho by Barker et al (46). It is found

that no correlations exist between the C3H6+ complex found in methane-
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TABLE 5 - Relative Abundance of Ions in Ion-Molecule Reactions
and in Unimolecular Decomposition of C4 Hs+ (33)

Ion Reaction a Decomposition as Shown in Mass Spectra
1-butene cis-butene-2 isobutene cylobutene

C3 H4 + 1.5 6.5 7 11 6.5

C3 H5+ 100 100 100 100 100

C4H6+ 0.2 2.5 4 2.5 3

C4H7+ 8.8 18 22 16 21

a. Reaction: GzH4+ + CzH4 ---- > [ C4 H8 + * > products.

TABLE 6 - Relative Abundance of Ions in Ion-Molecule +Reactions
and in Unimolecular Decomposition of C4 H6  (33)

Ion Reaction a Decomposition as Shown in Mass Spectra
1, 2-butadiene 1, 3-butadiene 1-butyne 2-butyne

C3 H3+ 100 100 100 100 57

C4H4+ 7 28 11 10 23

C4H5+ 54 100 59 57 100

a. Reaction: CzHZ+ + C2H 4 > [ C4 H6+ I* -> products.



38

TABLE 7 - Relative Abundance of Ions in Ion-Molecule+Reactions
and in Unimolecular Decomposition of C4 H 4 . (39)

Ion Reactiona Mass Spectrum
Vinylacetylene

C4H3+ 100 100

C4HZ+ 81 83

C4H+ 6 13

+ +_*a. Reaction: CzH.2 + CZH.Z > [ C4H 4 ] > products.

TABLE 8 - Relative Abundance of Ions in Ion-Molecule +Reactions
and in Unimolecular Decomposition of C4 Hz . (39)

Ion Reactiona Mass Spectrum
Biacetylene

C4H+ 100 100

C4+ 45? 24

a. Reaction: ,Cz + Cz z > [ C4HZ ] -> products.
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electron and a nucleus the radial potential A' is

A' = -k+ Lra (15)r +2i r

A plot of the two radial potentials is shown in Figures 2 and 3. In the

case of the inverse square force, the following situation exists. Defin-

ing as the energy zero the two particles at rest at infinite separation,

these particles will approach one another to a minimum separation ro and

the curve A represents the energy of the radial motion ~i. . The dist-

k
ance between E and the curve r represents the total kinetic energy.

A \ Lz

A E = 0
r i r- r1 -

ro1

rm

I r
Fig. Z. Radial Potential for r-1 Potential.

A pair of particles of negative energy E < 0 has closed orbits, i. e. the

radial separation will oscillate between a minimum and a maximum value

of r.

The case of an inverse fourth potential is substantially different.

Here there is a maximum in the potential curve at r = rc, and there is

no minimum, the potential dropping to minus infinity at the origin. If

the particles have energy between 0 and Ec, they cannot come closer
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than the potential barrier allows. On the other hand if the energy is

greater than Ec, they will pass through zero separation before once

more separating. It iF evident from Fig. 3 that the value of Ec and rc

depends on the constants of the force law and on the angular momentum

L. The relation between them is obtained by noting that at rc, A is a

maximum.

LZ

AO

/-ez a
2rj Zr'4

Fig. 3

-eZa LaA=- +r2r4 2r

3. Radial Potential for r' 4 Potential.

(16)

8A 2etc _ La
8r =r0

Solving for r,

_e__ La
a -r

rz = 2

(17)

(18)

(19)

E=E - -
_
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r = rc ,= - 2a (20)

And Ec is obtained by evaluating A at rc

Ec = 8ea 2  (21)

The relation betve en the angular momentum and the impact para-

meter is obtained as follows.

Let the particle m2 be at rest in a coordinate system and let particle

mi be moving with instantaneous velocityvv and instantaneous separation r

from im. Then ij is the relative velocity of the particles, vrel, see Fig. 4.

The center of mass moves parallel to ml, with a velocity

vc = vi (22)
mi + 2 v

The velocities perpendicular to the line connecting mi and mZ are

for ml: vi 1 = v1 sine0 (23)

for c. of m: vct= -- m-I- visin e (24)

The angular momentum of mi about the center of mass is then:

La c = ml mllin r(vi- vcj)= r(vi- vc,) (25)

and for in2

L2, c = mZ m +m rvcj = IFrvc j (26)

Hence

L1, c + Lz, c = LrviI = .rvj sin (7(27)
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Impact Parameter, s.m 2

"r
vc mi + mZ

vc 3

center of mass

ml + m2

VI

MI

Vi-

Vjj

Fig. 4. The Center of Mass System
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but r sin 0 is the impact parameter s, so the angular momentum about

the center of mass can be expressed as

L = sv1 = svrel (28)

The cross section is now readily obtained. From eq. (21) it is

seen that for a given kinetic energy E, the angular momentum must be

less than some fixed value in order that the incident particle can sur-

mount the centrifugal potential barrier. Solving for L

L = [8e2 a 2 E] (29)

From eq. (2) the kinetic energy of the particle is s 'rel where vrel

is the relative velocity. So

L = [4e2ca 3 "'2 re1 (30)

From eq. (28) one substitutes for L and solves for the impact parameter

*o = [ 4ej* ](31)
svrel

Since the angular momentum and the impact parameter vary together, it

is clear that so is the maximum value the impact parameter can have for

fixed L. This then can be used to define a cross section

0 (vrel) = n sot = r ( a)Z (32)vrel 1-i

It is seen that the cross section varies inversely with the relative velocity,

or the square root of the energy.

An analysis similar to the above, carried out for the potential
2

4 indicates that generally the cross section varies as E , as
r
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long as n> 2.

5. 3 MACROSCOPIC CROSS SECTION

With the above treatment of the microscopic cross section, the

problem of computing the cross section observed in the mass spectro-

meter can be defined in the following terms. In the mass spectrometer

ionization chamber, an assembly of neutral molecules with a Maxwellian

distribution of velocities is ionized by the electron beam B. These ions

are driven towards the exit slit by a potential gradient E applied between

the ion repeller R and the exit slit. Thus at points between the beam and

the exit slit the distribution of ion velocities is not Maxwellian because-of

the accelerating action of the field E. These ions undergo collisions

with neutral molecules (which have a Maxwellian distribution) and form

collision complexes. Since these distributions determine the distribution

function for relative velocities, which is the important variable in the

microscopic cross section, the average cross section must be computed

at each point between the beam and the exit slit, and then averaged over

this path. The remaining assumption is that the occurrence of reac-

tion does not in itself perturb the distribution function. This general ap-

proach has been used by Gioumousis and Stevenson (74). A somewhat

different approach has been used by Field et al (33) who used averaged

quantities throughout, bypassing the distribution function. The treatment

of Gloumousis and Stevenson is more complete and will be discussed in

some detail.

The problem of the velocity distribution function of the ions as a

function of distance from the electron beam has been solved by Gioumousis
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and Stevenson (74) with the result that the z component of the velocity,

VZ, where the 2 axis is along the ion path, is given by

f(vz, z) = V(vz,z) B_ _m exp f-(l/kT)( mv - eEz)1 (33)- 2kT [(1/kT) (ZmvZZ4- eEz)]2

where B is the rate of formation of ions and the quantity v(vz, z) assumes

the following set of values

v = 1 for z <0

=Zforz>0, vz>0, mv2Z - eEz>0

= 0 for vZ <0

= 0 for jmvzz - eEz < 0

This function rapidly goes to zero as z becomes negative. This indicates

that ions formed with a thermal velocity component directed towards the

ion repeller plate do not travel far because of the field gradient.

The velocity distributions of the ions in the x and y directions is

unchanged and are each one-dimensional Maxwellian distributions

-mvk

f(vx) dx = (ZkT a eZkTdv,- (34)

as are all velocity components of the neutral molecule.

The rate of reaction, R, is now determined as follows. The two

velocity distribution functions imply a distribution of relative velocities

of ion-molecule pairs. The rate of encounter is proportional to the

relative velocity and the rate of collision or formation of ion-molecule

* The equations in reference (74) contain a number of typographical

errors.
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complexes is the relative velocity multiplied by the microscopic cross

section. Since the ion velocity distribution function varies with z, the

result must be averaged over all values of z for which there are ions,

i. e. even back of the electron beam.

d

R = BNn [ fi(vi) fn(vn)' vi - vn i(vi - vn) dvi dvn ] dz (35)

-o0

where the subscripts i and n refer to ions and neutral species, respective-

ly, and d is the distance from the electron beam to the exit slit.

Now since the microscopic cross section 0' is an inverse function of

relative velocity, i. e.

0=-I 4e-[ ]2 (36)
vrel

the product of relative velocity times cross section is a constant, equal to
I

n [4 a and the integral reduces to an integral of the product of the dis-

tribution functions. It should be noted that this simplification occurs only

for the r-4 potential. In general for an r-n potential the cross section is a
4

function of vrel n and the relative velocity is retained in the integral.

Under the restriction that the potential energy acquired between the elec-

tron beam and the exit slit is large compared to kT, the integral becomes

R = BNn(2Ta) e ( ) (2mikT)) E d kEd

(37)

=2rnBdNn( ( )ZaeZ (Ed)

The macroscopic cross section Q observed in the mass spectro-

meter is the ratio of the secondary ion current i(S+) to the primary ion
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current i(P+) at a standard concentration of neutral molecules, per unit

length of travel between the beam and the exit slit. Thus

i(S+) = i(P+) Nn d Q (38)

so that, finally

1

Q= 2 r( 2m; ae 2 i 1 1(39)(e E d)Z

This cross section is expressed in terms of molecular variables

mi, a and and in terms of the mass spectrometer variables E and d.

This equation predicts that the intensity of secondary process ions varies

inversely with the square root of the repeller voltage, that the isotope ef-

fect is dependent only on reduced mass, and that the cross section does

not depend on temperature.

Two critical assumptions in this treatment are, first, that the r-4

potential truly represents the interaction potential and, second, that all

ion-molecule pairs which undergo an intimate collision do undergo reac-

tion.

An approximation which has to be made in its application is that the

polarizability of the neutral species is isotropic. This is frequently not

the case, 40 per cent differences in polarizabilities along different axes

of a molecule being not uncommon. The four tests of this treatment are

1. Comparison of absolute cross sections.

2. Prediction of isotope effects.

3. E-1 dependence of microscopic cross section.

4. Temperature independence of macroscopic cross section.
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The preceeding assumptions indicate that the theory is most likely to

apply to simple systems such as rare gas-hydrogen mixtures and not to

systems involving dipole interaction such as the hydrogen halides, water

or ammonia. These comparisons have been made by Gioumousis and

Stevenson (74) with the results shown in Tables 10 and 11. The agree-

ment is sometimes quite good and sometimes rather poor, as in the dis-

crepancies of the calculated isotope effect, which is a less severe test

than the agreement of calculated cross sections.

Table 10. Comparison with Experimental Rate Constants (74)

k. 109
amax cc /molecule sec.

Reactions a- 102 4 cm3  amin Exptl. Theoret.

A + + HZ--> AH+ + H 0. 7894 1.40 1. 68 1. 50

A + + HD ->{ +i+iH 0.7829 1.40 1.43 1.23

A ++D 2 >A D +D 0.7749 1.40 1.35 1..09

Kr+ + H2 ->KrH+ + H 0. 7894 1.40 0. 48, 1.47

Krt + D2-> KrD+ + D 0. 7749 1.40 0. 304 1. 05

Ne+ + H2 ->NeH +H 0. 7894 1.40 0. 274 1. 53

N+ + DZ -> NZD+ + D 0. 7749 1. 40 1. 72 1. 10

CO+ + D -> COD +D 0.7749 1.40 1.63 1. 11

OZ+Hz+ ->OZH +H 1.60 1.94 7.56 2.16

02 + DZ+_> OZD+ + D 1.60 1.94 3.36 1.52

D2 + Dz+ -> D3+ + D 0. 7749 1.40 1.43 1. 45

HC1+ + HC1->H2Cl+ + C1 2. 63 1. 31 0.438 0.89

HBr+ + HBr->HZBr+ + Br 3. 61 1. 27 0. 221 0. 67
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Table 11. Ratios of Rate Constants for Isotope Effect (74)

k/k'
Reaction Exptl. Theoret.

A + +HZ--> AH+ + H 1.24 1.38

A + +HD >.AD+ +Hor A H+ +D 1.06 1.13

A + + D2 -- > AD +D 1.00 1.00

Kr+ + HZ-->KrH+ + H 1. 60 1.40

Kr+ +D 2 -- >Kr D' + D 1. 00 1. 00

Kr+ + HZ ->KrH+ +1H 1. 78 0. 96

Ne+ + Hz ->NeH+ + H 1.00 1.00

The situation regarding the dependence of the macroscopic cross

section on E is confusing. Gioumousis and Stevenson (30, 42, 74) report
1

an E-Z dependence in simple systems such as deuterium-deuterium and

argon-hydrogen isotope mixtures, and indicate that in hydrocarbon sys-

tems such as methane, ethane, ethylene.. and propylene an E-1 depend-

ence is in better accord with experimental facts (47). Barker, Hamill

and Williams (46) state that in a variety of reactions studied in acetylene,

acetylene-methane, and 1, 3-tutadiene the cross sections follow essen-

tially an inverse square root dependence. Field, Franklin and Lampe

report in a series of studies on hydrocarbons, DzO-Hz, CH4 -HC1, and

CH4 -H2S, that generally an E 1i dependence is found (33, 39, 48, 50). In

particular, Field et al (39) and Barker et al (46) do not agree on the
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energy dependence of the reaction CZHZ+ + CZHZ --- > products. It is

entirely possible that there are some experimental artifacts which may

differ in the various mass spectrometers employed in these studies.

One factor that should be explored is the collection efficiency for secon-

dary ions. It is well known that mass spectrometers discriminate a-

gainst ions with high kinetic energy (28). The available data on heats of

reaction indicate that a kinetic energy of as much as several electron

volts (lev = 23 kcal) may be imparted to the fragments by these exo-

thermic reactions. The fraction, fi, of the energy going to the ion de-

pends on the mass of the product ion, mi, and the mass of the product

neutral, mn, in the following manner

f. =_ -
1 mi + mn

so that a great degree of variation can occur in the kinetic energy of

various product ions. An energy of even half an electron volt can pro-

duce discrimination effects. The magnitude of the effect depends both

on this energy and the ion optics of the mass spectrometer. It would

be worthwhile for several research groups to compare results of de-

pendence of various macroscopic ion reactions on repeller voltage.

It is of some interest to note that the theoretical treatment of

Field, Franklin and Lampe (33) predicts a cross section dependence

which is close to E~1 , and is frequently corroborated by the experiment-

al results of these workers. However, their treatment is approximate

in using averaged physical variables throughout, such as average ion

energy and and average relative velocity. Their treatment contains an

arbitrary efficiency factor (analogous to the transmission coefficient in
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absolute reaction rate theory) which is assigned an arbitrary functional

form. Further, their treatment contains an error in the definition of

cross section, as pointed out by Gioumousis and Stevenson (74). This

makes it difficult to evaluate their final equations.

The problem of temperature dependence of cross sections has re-

ceived some attention. According to the theoretical development out-

lined above, the macroscopic cross section should be temperature in-

dependent. This has been confirmed by Schissler and Stevenson for

simple systems, D2, A-HZ, A-HD and Kr-HZ (30, 31, 52) and by Martin

and Melton for a number of alkyl cyanides (58). In the case of some

hydrocarbons such as methane, ethane, ethylene and propylene, on the

other hand, Schissler and Stevenson (47) report a small negative tem-

perature coefficient. This sort of dependence follows from the more

approximate treatment of Field. Also if the force field were anything

but r-4 , some temperature dependence would result, but could not be ex-

pressed in simple form.

It would appear, then, that for simple systems of monatomic and

diatomic molecules and ions the theory does account for many experimen-

tal facts, though not all. In more complex hydrocarbon systems the as-

sumptions of the theory are less clearcut in validity and, further, the

experimental problems appear to be but incompletely resolved.

One apparent oversight in the current theory of ion-molecule re-

actions is the failure to consider the effect of angular momentum con-

servation on the possibility of completion of a reaction by the subsequent

decomposition of the ion-molecule complex. The considerations are as

follows:
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An ion and a molecule approaching one another with a given

energy (or velocity), have an angular momentum about the

center of mass which depends on the impact parameter. This angular

momentum is related to a centrifugal force which must be overcome in

order to produce an intimate collision. The condition for a reaction is

that the kinetic energy be sufficient to overcome this centrifugal poten-

tial barrier, which establishes a maximum impact parameter and,

hence, the cross section.

When the complex decomposes, the products must surmount another

such potential barrier in order to separate, and they must have sufficient

energy to do this. Because of changes in the reduced mass, the polariza-

bility and the kinetic energy (exothermic reactions) it may happen that

not all such complexes can decompose to give products.

The maximum angular momentum which the ion-molecule pair can

have was determined by equation (28).

1

Lmax = [8e2 a Z E]4

in terms of the reduced mass , the polarizability a and the kinetic energy

E. In the typical process

A+ +HZ >[AHZ+-->AH+ +H

it is clear that a and change and that E may or may not increase, de-

pending on the exothermicity of the reaction. The separating products

thus have their own Lmax, and if

Lmax, r > LmaxP
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only those reactants can undergo reaction which approach with an impact

parameter small enough to have an angular momentum equal to or less

than Lmax, p . The reactants approaching with larger impact parameter

have no choice but to separate once more into reactants since angular

momentum must be conserved.

From eq. (28), the ratio of maximum angular momenta is

Lmax,p _ pp LEp(4
-- = t ] 41)

Lmax, r r r Er

and since = mimn and the sum of masses is unchanged, and
mimn

Ep = Er + A Hr

Lmax,p = p ,m * (1+ (42)

Lmax, r ar m1, r mn, r Er

The angular momentum varies linearly with impact parameter, s,

and since the microscopic reaction cross section is 7T sZ, the cross sec-

tion is reduced by a factor.

1
0' -=(2 ( mi Pmn E 1) + Hr )2(43)
if ar mi, r mn, r Er

For the argon-hydrogen case, we have the estimates that a (H2) =

0. 79 x 10- cc, a (H') = 0. 66 x 10-24 cc, (ref. 81) and using atomic

masses

=(0. 92) (0. 51) (1 +Er) 2 (44)
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from which it follows that, if the reaction is thermoneutral, the cross

section is reduced by a factor of 0. 47 or, alternately, only if the reaction

is exothermic by 3. 54 Er is the cross section equal to that calculated with-

out the angular momentum limitation. This for a one volt ion one would re-

quire an exothermicity of about 82 kcal or an AH+ bond energy of nearly

200 kcal. Thus it is concluded that in this case the angular momentum

correction factor is real and may amount to as much as 0. 5.

It is well known that for number pairs, n1, n2 such that nI + n2

= const, the product of the pair is largest when ni equals n2 . It follows

that in all reactions in which the mass disparity of the products is high-

er than that of the reactants the angular momentum limitation can arise

and may reduce the cross section by as much as an order of magnitude,

unless offset by polarizability and exothermicity. For example in the

reaction

C2 H4 ++CZH4 -> C4H 6 +HZ

the mass factor is 0. 137 and the polarizability of HZ (0. 79 x 10-24 cc)

is less than that of ethylene (-_4 x 10-24 cc). Here the cross section

is much reduced below that calculated from the theory presented earlier.

These angular momentum considerations are not strictly accurate.

The conservation of angular momentum applies to the sum of the angular

momentum of the motion of the ion and molecule with respect to one an-

other and the angular momentum of rotation of the ion and the molecule.

In this type of collision it is almost certain that the rotational angular

momentum suffers a change as a result of the collision. Depending on the

sign of the change the limitations may be eased or made more restrictive.
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Detailed study of this question in the present context would be quite diffi-

cult and has never been carried out. In any event, it would appear that

the actual cross section lies somewhere in between the limits set by the

presence or absence of the angular momentum limitation. Further, this

will be true only so long as another assumption is valid. This assumption

is that in the approach to the top of the centrifugal force barrier the rota-

tions of the colliding partners are unaffected. This was assumed in the

Eyring treatment of the hydrogen ion-molecule reactions. It may not

hold in the case of molecules with a dipole moment. In that case, of

course, the force law itself is changed. These questions deserve further

detailed study.

5.4 MACROSCOPIC CROSS SECTION FOR THERMAL IONS

The reaction cross section or rate constant for ions and molecules

both in a Maxwellian distribution at temperature T is again obtained by

integrating equation (35) with fi (vi) and fn (vn) in the form of Maxwellian

distributions. This leads to a rate constant

k = 2r (e ) cc molecule~ sec-1 (45)

which is related to the macroscopic cross section Q, eq. (39).1 by

k=(eEd)? Qcc molecule-1 sec- 1

2 mi

where Ed is the potential between the ion repeller and the exit slit.

This leads to the important result that the rate constant for a thermal

distribution is temperature independent. Also, the rate constant is just

the product of the microscopic cross section and the relative velocity.
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The result obtained in this war agrees exactly with the expression

for the rate constant as obtained from absolute reaction rate theory twen-

ty-three years ago (15). The treatment of Field et al (33) is in disagree-

ment.

5.5 ELASTIC SCATTERING.AND THE POTENTIAL FUNCTION

The theoretical treatment presented above contains the explicit as-

sumption that the interaction potential is 2r where a is the polariza-

bility. There arises a question of the validity of this assumption. It is

obvious that this represents only a part of the interaction potential; as r de-

creases repulsive forces must set in. Fortunately, in ion-molecule re-

actions it is not necessary to have information about the entire potential

curve. It is sufficient to have information for values of r at which the

centrifugal ptential barrier has its maximum. For ions of an energy

less thyemay, five electron volts, the values of r range upwards of

three or four angstroms.

a e2
There are several possible reasons for deviations from theZ4

potential. First, the polarizability may be different than that measured

by conventional techniques, because the eie-tric fields at these ion-mole-

cule separations are very intense and the polarizability may not remain

linear with field strength. Second, in this range of distance, Van der

Waals forces are sma.l, but perhaps not entir iy negligible. Finally,

for some types of icn -molecule complexes valence forces are established

which may still be app.-eciable for several angstroms or more. All these

factors can change both the magnitude and f'inctional form of the interac-

tion potential.
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The complexity of this problem is such that an experimental approach

is necessary for the determination of the shape of the force field. One type

of experiment that is well suited to this end is elastic scattering of ions by

molecules. In its broadest terms, this type of experiment involves a mea-

surement of the angular distribution of ions which are elastically scattered

out of an incident collimated beam. Alternately, the experiment may con-

sist of a determination of the dependence of the fraction of ions scattered

into a given angle on the energy of the incident beam. Both types of ex-

periments give information on the nature of the force field and, depend-

ing on the scattering angle and the incident beam energy, this information

applies to one or another range of ion-molecule separation. Obviously,

for the purpose of elucidating the nature of ion-molecule reactions, this

information should apply to the appropriate range of separation.

The relations among these quantities can be readily developed for

the case of small angle scattering (82). For a spherically symmetrical

force f(r) derived from a potential, the angle of scatter,

Co

6 sf(s 4 1 + uZ du (46)

where s is the impact parameter, E is the kinetic energy of the colliding

pair, and u is defined by r = s I 1 + u2 .

-KFor the general potential V = n-1 , which leads to the force

K (n-1) r
f = r , the integral becomes

00

e K +du +(47)
2E sn-l-0 (1 + uZ) -,
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Introducing the substitution u = tan 4, the integration is readily carried

out with the result

= c (48)
2E sn-1

where the constant c takes on the following set of values at different

values of n

n c
2 2

3 T

> 3 and odd (n-2)(n-3)(n-4) ... 3 . it= 37r
(n-1)(n-2)(n-3) ... 4 2 2n-2

> 3 and even (n-2)(n-3)(n-4) ... 2 * 2 = -
(n-1)(n-2)(n-3) ... 3 n-1

In experiments with ion beams and molecules, the impact parameter

cannot be directly controlled. One can, however, determine the value

of the exponent n with the aid of the differential cross section for scat-

tering into an angle between 0 and 0 + dO. The differential cross section

is defined by the relation

q(0)d=Zrs dds(49)

which, for the above cross section leads to the result

2

q (0) d0 = 2wKc n-1 1 ) n1 ) d8 (50)

en-1

It is seen from this equation that the value of n can be determined

either by studying the 0-dependence of the cross section at fixed energy E

or by studying the energy dependence at fixed 0. This will also determine
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the constant K. Returning to eq. (48) -the measured.angle-of deflection,

e, determines the impact parameters -at which this deflection occurred.

This impact-parameter--is-very tlose-in value to the distance.from the

scattering center -about which -the nature of.the force-ifield is . eiug-probed.

In- this. manner,. the choice of 0 and E can be made -in.-order to probe -the

force-field.

In the case of the r'4 potential assumed in ion-molecule reactions,

the differential cross section for scattering between 0 and 9 + d8 has the

functional formm .

conet .
q(8) d= -r de(51)

EZ e a

Measurements to confirm this power law have been carried out by .Muschlitz,

et al (83-88). - Their results indicate clearly that the --- potential..is not

always correct.

In studies of H~ and H+ scattering in hydrogen, the potential for H

is quite close to the polarization expression, but the H+ potential is larger,

i. e. , there is more attraction.. Also, in several cases the potential has

an exponent nearer to 3, and varies depending on distance. It is clear that

the assumed potential is an oversimplification and that deviations of varying

magnitude will be found,

Mason and Vander slice (89) have recently published extensive numer-

ical tables of computed differential cross sections for electric scattering

of slow ions in.a potential of the form

V(r) = Z [ (1+r) )1- 4r (-Z)6 - 3(1-r) ( )4 ] (52)2r r r
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where the first term is a short range repulsive term, the second is an

attractive term due to dispersion forces, and the last terms is the ion-

polarizable molecule term used earlier.
1

It should be remarked that the E ? dependence of the macroscopic

cross section is found theoretically only for the r-4 potential. For r-n

with n14, the macroscopic cross section, Q, as well as the thermal rate

constant would have to be calculated numerically. Neither the Stevenson

nor the Eyring approach appear to admit of an analytic treatment of these

cases.

5.6 THE PROBLEM OF ION CLUSTERING

With the renewed emphasis on the role of ions in radiation chemistry,

a re-examination of the question of the existence of ion-molecule clusters

assumes some importance. A detailed examination of this problem has re-

cently been carried out by Magee and Funabashi (95). They concluded that

small clusters, involving perhaps one or two molecules, could occur under

ordinary conditions of temperature and pressure, large molecular clusters

would be formed only under conditions of saturation, where the gas phase

is in equilibrium with a liquid phase. No gas phase radiation chemistry has

as yet been carried out under Such conditions. This is in accord with mech-

anisms of droplet formation in a cloud chamber. These writers suggest

that in the saturation region, large clustering could lead to changes in radi-

ation chemical mechanism and, further, that in gas mixtures preferential

clustering between the gaseous components may lead to a useful selectivity

in radiation-chemical reactions. The problem of preferential clustering

could receive much insight from elastic scattering experiments, such as
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discussed above, which would provide information on the interaction

potentials.

5. 7 DECOMPOSITION OF ION-MOLECULE COMPLEXES

The frequently close parallel between the decomposition patterns

of ion-molecule complexes and the fragmentation patterns of ions in the

mass spectrometer suggests that the statistical theory of mass spectra

(71) may be applicable. Such an approach would be of great usefulness

since it would point the way to the utilization of the large body of informa-

tion that is available on fragmentation of molecules by electron impact.

The structure of this problem is already clarified in considerable

detail and reveals a number of difficult, but solvable, problems. It is,

on second thought, rather startling that one should have such a close cor-

respondence between the decomposition patterns of two populations of

ions created by two different mechanisms. This requires a close corres-

pondence in the distribution of internal excitation energy in the two popu-

lations, since it is this factor that controls the fragmentation pattern in

a given ion. If the distribution changed, the pattern would change at least

quantitatively.

The distribution of excitation energy in ions produced by electron

impact is at present understood only incompletely. Critical studies of

this problem by various authors have narrowed the range of possibilities

considerably (71, 90. 91). In the case of parent ions undergoing ion-

molecule reaction, only those ions will undergo reaction which have in-

sufficient energy to decompose to product ions prior to collisions.
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The distribution of excitation energy in the complex is now determined by

the above distribution, the distribution of thermal excitation energy in the

neutral molecule, and the kinetic energy of the ion, which depends on the

site of the collision in the ionization chamber.

The subsequent decomposition of the complex is, then, determined

by this distribution and the fraction of different product ions formed is,

in principle, calculable. At this point, two problems arise, one experi-

mental and one theoretical. Comparison with experimental data is mean-

ingful only where some of the ions resulting from decomposition of the

complex are not masked by the mass spectrum peaks. There is also the

theoretical question of the validity of the theory in its p resent form to

cases where the amount of excitation energy is small. Some detailed

studies on the latter problem have been carried out (92-94) and modifica-

tion of the theory is indicated for that case.
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6. ION-MOLECULE REACTIONS AND RADIATION CHEMISTRY

6.1 INTRODUCTION

The discussions of the preceding chapters have shown that there are

numerous ion-molecule reactions. We will now consider what role these

reactions play in irradiated gaseous systems. It is well known that the

elucidation of the elementary processes occurring in any irradiated system

is a formidable task. It is not surprising, therefore, that few systems

have been reported in enough detail to provide relevant information.

Although many features of radiation-induced chemical changes are

explainable in terms of free radical processes, the evidence is gradually

accumulating that ionic reactions can be important, or perhaps even domi-

nant, especially in the gas phase. Furthermore, there appears to be

sufficient parallel between some ion-molecule reactions and some free

radical reactions that the true mechanisms may actually be obscured by

this similarity. It is now clear that much further work will be needed to

delineate the areas of importance of ion-molecule reactions, especially in

liquid systems.

The present-day evidence for ion-molecule reactions is summarized

in the following paragraphs. The systems which are covered include hydro-

gen.reactions, the radiolysi s of acetylene, methane, and ethylene, the

polymerization of terminal olefins and isobutene, and the oxidation of

nitrogen.

In considering the liquid state, we have restricted our attention to

non-aqueous systems because the aqueous systems pose special problems
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of dissociation of electrolytes and of oxidation-reduction reactions.

Finally, a number of observations are made on the importance of

ion-molecule reactions to radiation chemistry and on the further work that

is required to understand, and, therefore, exploit these processes.

6.2 HYDR OGEN -R EACTIONS

The simplest system that has been studied in detail is the ortho-para

hydrogen system. An early study by Capron (96) on the ortho-para conversion

of hydrogen by alpha rays indicated that the conversion was between 700 and

1000 molecules per ion pair, pointing to a chain reaction. This reaction

was studied theoretically by Eyring et al (15) who concluded the reaction pro-

ceeded by the free radical chain step

H" + H2 (p)-> H2 (o) + H-

and were able quantitatively to account for the yield as a function of the

geometry of the source and the reaction vessel. The hydrogen atoms,

about si.x per ion pair, were assumed to be formed by the following steps

H---- -Hz++ e

H2++ H2- > H3 ++ H

H3 +e --- - 3H or Hi + H

More recently the hydrogen isotopes exchange reaction has been studied

in some detail by Mund et al (97, 98), Dorfman et al (99, 100) and

Schaeffer et al (101, 102). It is found that up to 20, 000 molecules are

converted per ion pair, and that the yield is very sensitive to impurities

such as oxygen or volatile material from stopcock grease. Schaeffer
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et al investigated the effect of added rare gases on the conversion and

found that extremely small amounts of added xenon (0. 0004 per cent)

or krypton produced a marked inhibition. The other rare gases, helium,

neon, and argon produced effects when added to the extent of several

per cent, first a slight increase in yield, followed by gradual inhibition

with neon and argon at higher concentrations. The amount of conver-

sion in the presence of inhibiting amounts of xenon and krypton was

much less and about equal to that expected from a radical chain, for

which rate constants are known, under corresponding conditions of

temperature, pressure and reaction vessel geometry.

The above results have been explained by Schaeffer and Thomp-

son (102) in terms of the following mechanism.

Chain initiation Hz + H2  > H3 + H (A)

Ion chain H+ + D2  > H2 + HD+ (B)

Initiation inhibition H2 + R >R H +H (C)
(R is any rare gas)

Chain inhibition H3+ + R > RH+ H2  (D)
(R is Kr or Xe only)

Enhancement R+ + Hz > RH+ + H (E)

(R is He, Ne or Ar

only) R H++ Hz > R + H3 + (F)

Chain termination H3 + + M - > H2 + H + M (G)

H3+ + M+e->H 2 + H + M (H)

The restriction of steps (C) and (D) to the particular gases listed

is based on energetic considerations. The moderate inhibition at high-

er rare gas concentrations is due to step (C) which interferes with the

initation of ion chains but not their propagation, and the marked inhibi-

tion by traces of krypton and xenon is due to step (D) which prevents
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chain propagation. The initial enhancement of yield is due to steps (E)

and (F) which initiate both radical and ion chains.

The ion chain length has been estimated by calculating a rate con--

stant for step (B) from. ion-molecule reaction theory. The calculated

chain length .is much greater than that found experimentally and. this

discrepancy is attributed to the presence of impurities. In view of

the pronounced effect of the very small traces of xenon,. this appears

reasonable. *The step terminating the chain is not clear. In the mech-

anism neutralization at the wall] step (G)., or recombination in the gas

phase,.step (H), are suggested.

6.3 RADIOLYSIS OF ACETYLENE

The radiolysis of acelyene is perhaps the best known reaction in

radiation chemistry, and has received considerable attention. The

products of this reaction are a white insoluble polymer, cuprene and

benzene (103, 104). No other volatile product is found. The G-value

for disappearance of acetylene is about 72, and 21% of this appears as

benzene. Studies of pressure dependence indicate that the benzene

fraction is independent of pressure. This suggests that the processes

leading to the formation of benzene and polymer are not in competition

(10 5).

Ion-molecule reactions of acetylene have been studied by several

workers, and were discussed in Section 4. It was found that poly-

meric ions containing up to six carbons could be formed by reactions

of acetylene ions.

A recent study by Dorfman et al (106) has contributed much to the

understanding of this reaction, particularly with regard to the role
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played by ionic species. It was found that in radiolysis of rare gas -

acetylene mixtures containing but a small fraction of acetylene the

production of benzene was almost completely suppressed. In this

system, the acetylene is energized primarily by charge exchange or ion-

molecule reactions with rare gas ions and by collision with excited rare

gas atoms in a metastable state, which also produces ions. These

processes lead to some radical fragments as well but presumably no

excited acetylene molecules are formed. Further, radiolysis of

acetylene itself at low pressure exhibited a pronounced wall effect

for the production of benzene but not cuprene, with indications that the

reaction intermediate(s) leading to benzene had a mean lifetime of

about 10-4 seconds. These observations suggest that ionic species

lead solely to the formation of polymer and that benzene is formed

by an excited neutral molecule, possibly a triplet state of acety-

lene which has a configuration similar to a portion of the benzene

molecule. Neutral free radicals also contribute to polymerization

processes.

It is of interest in this connection that the photolysis of acetylene

leads also to both benzene and to polymer. In this case however there

appears to be a wall effect on the polymerization as well as on the

benzene formation. This difference in behavior is not understood.

6.4 RADIOLYSIS OF METHANE

The radiolysis of methane produces primarily hydrogen, ethane,

ethylene, propane, butane and traces of acetylene, pentane and hexane

(40, 45, 107 - 109). The studies by Lampe (109) on the pressure dependence
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of product yields showed that they were independent. Further the par-

allel increase of ethane and propane indicated that the latter did not

require the former as a precursor. These results suggested that the

reactions occured at least in part via ion-molecule reactions.

Further studies were carried out by Hamill and.co-workers with

methane - rare.gas mixtures (40, 45). The use of rare. gas sensitizers

resulted in alterations in the distribution of radiation - produced ionic

species such as CH4+ and CH3+ which led to pronounced changes in the

distribution of products. The overall results were interpreted in terms

of ion-molecule reactions of the type

CH4 + CH4 -> CHs + CH3

CH3 +CH 4 -.-- CZ. H s + HZ

and reactions of the methyl radicals and hydrogen atoms found in the

gas .moisture. Further, ethylene-.r.d w~tinwae-po s tcdte o-eur .

on electron recombination of CzHs+, C3 H7+ and the transient ion

Ca 7+. Electron recombination with CH was assumed to produce

mostly methyl and some methylene radicals along with hydrogen atoms

and molecules. On the basis of these reactions, along with the rad-

ical reactions Hamill et al (40) were able to account for the relative

amounts of products formed in irradiated pure methane. It was

.assumed that in that system the relative amounts of CH4 + , CH3+

CH. CH+ and C+ ions formed were the same as found in the mass

spectrum where ionization is produced by 75 volt electrons.

6. 5 RADIOLYSIS OF ETHYLENE

The radiolysis of ethylene in the pure state and in the presence of
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argon and hydrogen has been studied recently by Lampe (110). In the

pure state a complex mixture of twelve gaseous products is formed

ranging from hydrogen to normal hexane and including acetylene and a

variety of two- , three- , and four-carbon olefins. In addition there is

also some polymer. The distribution of gaseous products appears

to be pressure independent. Further, there is evidence that not all

acetylene is formed by unimolecular decomposition of excited ethy-

lene molecules. In the presence of argon, the product distribution

is quite similar.

Radiolysis of ethylene - argon - hydrogen mixtures produces a

much simpler set of products, consisting principally of n-butane,

ethane, acetylene and propane. The systematics of this radiolysis

suggest that the principal role of the argon is to provide hydrogen atoms

by the reactions

A+ HZ-----> AH++H

AH +e--->A+ H

The hydrogen itself would form hydrogen atoms directly or after

neutralization. These results, while very suggestive require more

work for a satisfactory understanding of this system.

6.6 DIMERIZATION OF TERMINAL OLEFINS

A study of the radiolysis of 1-hexene and 1 -octene by Chang,

Yang and Wagner (111) gives some evidence of ion-molecule reactions

in the liquid state. The principal eff ect of radiation of polymerization

Dimers, trimers and tetramers were identi fied and a residual materi-

al of an average molecular weight of hexamer was found. The evidence
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for iorrmolecule reactions is as follows. The radical-induced reactions

of these compounds involve a rearrangement of the double bond, follow-

ed by dimerization to a molecule with two double bonds. The radiolysis

dimer product gave no evidence of rearrangement and consisted prin-

cipally of material with but one double bond. The product distribution

is consistent with an ion-molecule addition reaction without rearrange-

ment. Further, the oth er products indicate that ion-molecule reactions

involving a hydrogen atom transfer are not important. The authors re-

ported a molecular orbital calculation which suggests that olefins have

a positive electron affinity, on the basis of which it is possible that

ion-electron recombination may be delayed. The disparity between

the amount of hydrogen liberated and the smaller amount of unsatur-

ation found in the product suggests that some cyclization has occured

in the polymeric products. This may occur as the result of cyclization

of the diradical which is formed when the electron recombines. Inde-

pendent evidence for such cyclization reactions has been found in the

photolysis of 2-octanone, which forms a substituted cyclobutaml on uv

irradiation (112).

6.7 ISOBUTENE POLYMERIZATION

The polymerization of isobutene can be carried out in either the

vapor or liquid phase by means of catalysts of the Friedel-Crafts type,

which are known to produce cationic polymerization. To date, no free

radical-initiated polymerization has been reported. Dainton et al

(115) and Pinner et al (113, 114) have studied the radiation induced

polymerization and conclude that it, too, proceeds by an ionic mechanism.
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The studies of Dainton et al ahowed that the polymerization was not

affected by the addition of DPPH, a well known radical trap, although

the DPPH did undergo reaction.

It was found by Pinner that the addition of finely divided zinc

oxide or silica to the system increased the yield of polymer chain

initiators from G r-i 0. 1 to G -: 2. 8. Further, Dainton found that

oxygen and benzoquinone did exert some inhibiting action on the poly-

merization. These two effects, of which the latter is particularly

confusing since the substances are well known radical traps, can be

reconciled as follows. It is assumed that the zinc oxide or silica can

trap ejected electrons, thus permitting the primary ion to undergo a

chain reaction. In the absence of these additives, this role is played

by suspended dust particles and the walls of the container. The in-

hibiting action of oxygen and benzoquinone is attributed to electron

trapping action which in this case forms a more mobile trap than a

wall or a dust particle. This increased mobility increases the pro-

bability of chain termination by charge recombination. The failure

of DPPH, ferric chloride or iodine to act as inhibitors is then as-

cribed to an electron affinity which is either too low to act as a

good electron trap or so high that the resulting recombined ion pair

A+ B- can still undergo polymerization. The latter is probably the

case for both ferric chloride and for iodine.

6.8 NITROGEN OXIDATION

Considerable effort has been expended on the problem of nitrogen

fixation by radiation. Of the numerous papers on the subject, two
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papers by Dmitriev and Pshezhetskii (116, 117) are particularly

relevant to the problem of ion-molecule reactions. In a study of the

oxidation of nitrogen with slow electrons they found that the reaction

was initiated at an electron energy of 16. 2 ev, the ionization potential

of nitrogen and considerably accelerated at an electron energy

of 24 ev, probably corresponding to the formation of nitrogen. atoms

and atomic ions. No changes in reaction were observed at electron

energies leading to molecular or atomic oxygen ions.

They propose the mechanism

NZ + e-->NZ + Ze

N2 + e->N+ + N+e

with the main reaction steps

NZ + +02--->NO++0

N2 *+ 0Z -- >NO2 + N

N2 + O --- > NZ O++0

N +0 2---- > NO + 0

N + 02 + M-> NO2 + M

N2 + 0 +M-> N2 0+ M

Here M refers to a third body or a wall.

The principal terminating reactions which remove active species are

NZ + 02 - >N2 + 02

NZ + 02 --- > N2 + 02

Nz+ + e-> N2

N + N+M-->N 2 + M

N + NO 2 -> N2 + 02
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of which the first is the principal one. It would appear that none of

the ion-molecule reactions have been experimentally investigated.

6.9 GENERAL OBSERVATIONS

The results which have been discussed in the preceding sections

of this chapter cover the few systems which have been studied in de-

tail. These results and the theoretical discussions of the previous

chapter are the basis for a number of conclusions concerning the

present knowledge and theory of ion-molecule reactions, especially

as they may apply to advances in radiation chemistry and in high-

level radiation technology. These conclusions are presented in the

following paragraphs.

6. 9. 1 Ion-Molecule Reactions in the Gas Phase

In the gas phase there is little doubt that ion-molecule reactions

are important mechanisms of radiation-induced chemical change. This

is due primarily to the large cross sections or rate constants of ion-

molecule reactions, as compared to radical reactions. Furthermore,

gaseous systems whose irradiation is of industrial as well as acade-

mic interest will in genera]. be quite complex, and any attempt at a

categorical statement of the role of ion-molecule reactions -- other

than that they take part -- is impossible. It is clear, however, that

these complex systems because of the presence of ion-molecule pro-

cesses will have their own characteristic behavior with variable temp-

erature, pressure, composition, dose rate, and radiation quality.
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6. 9. 2 Charge Recombination Processes

In the case of ionic chain reactions, the number of molecules

converted per active species is so large that the nature of the ter-

minating step seems in one sense irrelevant. The chemistry is the

same but the yield is sensitively dependent on the termination con-

ditions. It is, however, desirable to attain long chain lengths in

order to maximize the product yield. Hence, it is important to under-

stand the termination mechanism. In the other case, which might be

termed "one-step chemistry", the immediate product of chemical

change is still an ion, and the fate of the ion on neutralization is

strongly reflected in the apparent overall effect of the radiation in-

duced change. This situation is aggravated by the fact that ion-electron

and positive-negative ion recombinations are some of the least understood

p r o c e s s e s in radiation chemistry, In the above discussions various

recombination processes were suggested, but all of them suffer from

a serious lack of experimental and theoretical justification. This is

an area that requires further work in order to establish even good

qualitative guides for systematic interpretation of gaseous radiation

chemistry.

6. 9. 3 Rare Gas Sensitization

The judicious use of rare gas sensitizers or catalysts (118,

119) can lead to considerable information on gaseous ionic reaction

mechanisms, as evidenced in the discussions on methane and ethy-

lene. Furthermore, these substances offer means of transferring

excitation and ionization in discrete amounts which may make possible
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a greater specificity in the creation of radiation induced act.-

ive species, with subsequent narrowing of -the spectrum of radiation

produced products. This technique-should be particularly useful with

more complex moleeulles containing a weak. bond... Also, the forma-

tion of.GH+. ions. by. rare gases -may lead -to-a useful technique of creat--

ing radicals, such -as by the reaction

G++ HR ->GH++ R

These. radicals could then, undergo further reaction. If the proton

affinity-of the .rare gases were known., .one could -set some..limits on

the possible. substances, RH, which would undergo such reactions.

6. 9. 4 Ion-Molecule Reactionr in the Liquid Phase

The ion-molecule reactions reported to occur in the liquid. state

have one feature in common - they are combination reactions of the type

A + B-> AB

in .which it is .not necessary for a product to escape the liquid cage. It

may be that this type of reaction is the only one that could proceed by

an ionic mechanism if the electrons recombine in the short time inter-

val, 10-13 sec (12Z)or 10-11 aec (121), that has been estimated theorom

tically. If it is necessary for one of the reaction products to -escape

the cage, the time is set by the diffusionrate of this product,. which

requires a time-long compared to the..round .trip time of the-electron.

The. rapid escape of reaction products could occur if-.they are

formed with sufficient kinetic energy. Another distinct possibility

is that the ionized species initiallyformed .by .radiation-decompose

essentially instantaneously with large amounts of kinetic energy.
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This would certainly be the case if multiple ionization of molecules

occurs. The circumstancial evidence from mass spectra suggests

that multiple ionization may occur to a significant extent. Further

research is clearly required on this point.

Another possibility centers on the computed positive electron

affinity of olefins, mentioned earlier, which raises once more the

question of the "round trip time" for the electrons. In this connect-

ion, information must be developed on the nature of possible electron

traps in a liquid or a solution. Some work of Williams and Hamill

(122) on hydrocarbon-alkyl halide systems suggests that dissocia-

tive electron capture can occur in these irradiated systems. This

observation is extremely significant with regard to the time that a

positive ion has available for ion-molecule reactions. Libby

(123) has suggested an ionic mechanism for polymer cross link-

ing. Although it is not possible to single out any one question as

the most important one in radiation chemistry, it is clear that the

problems of multiple ionization and of electron traps in liquid are

of considerable importance in assessing the role of ionic reactions

in those media.

The alteration of reaction mechanism from free radical to

ionic by adding electron trapping substances may offer some in-

teresting possibilities for changing product distribution in irrad-

iated systems.
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