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ABSTRACT 

Attachment of low-energy electrons (0-10 eV) to six normal 

perfluoroalkanes ^ 1-6)]. three isomeric perfluoroalkanes 

^^"^4*^10' ^"*"5^12' cyclic perfluorocarbon (c-C^F^q), 
four fluoroethers (CF^OCF^, CF3OCF2H, CF2HOCF2H, and CF^OCH^), two 

fluorosulphides (CF^SCF^ and CF^SCH^), and the freon CCIF^ has been 

studied using a time-of-flight mass spectrometer. The molecules 

n—C^F2^_j_2 (fi — 4—6). i—C^Fiqj ̂ "^5^12' 6gFi2. and were 

found to attach electrons dissociatively and/or nondissociatively. 

The autodetachment lifetimes, of the long-lived metastable parent 
a 

and fragment anions of all these molecules were measured. Additionally, 

for those long-lived anions whose cross section was large, the variation 

of with incident electron energy was measured. On the other hand, 

for the lower normal perfluoroalkanes (N=l-3), the fluoroethers, the 

fluorosulphides, and the CCIF^ molecules studied, only fragment negative 

ions were observed. The relative cross sections for all observed 

negative ions have been measured and corrected for the finite width of 

the electron pulse using an unfolding procedure. Possible fragmentation 

mechanisms of the dissociative negative ion states (NISs) leading to the 

production of the observed fragment anions have been suggested and 

discussed. From the appearance onsets of a number of fragment negative 

ions, various bond dissociation energies, heats of formation, and 

electron affinities of certain fragments have been determined and are 

reported. The separation times of the dissociating fragments and the 

autodetachment lifetimes of the extremely short-lived ('v-lO"^^ s) and 
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dissociating NISs of CF^ and were estimated. The effect of 

molecular size and geometry and the effect of atomic substitution in a 

molecule on its electron attaching properties are discussed in relation 

to the position of the observed NISs and to the relative intensities of 

the parent and fragment anions. 

A high temperature (300-900 K) electron swarm apparatus was 

constructed and used to study the effect of temperature on the electron 

attachment to the molecule CCIF^. The electron attachment rate constant, 

•<=(<e>), of this molecule was measured as a function of temperature. 
a 

The swarm-unfolding technique was used to determine the attachment 

cross section, o^(e), from the measured k,(<e>) at all the temperatures 
a d 

studied. The enhancement of k^(<E>) with T is discussed and 
a 

rationalized. 
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CHAPTER I 

INTRODUCTION 

I. GENERAL CONSIDERATIONS 

The interaction of low-energy electrons with atoms and molecules to 

form negative ions is a field of immense interest both for fundamental 

and practical reasons and as such it has known enormous and continuous 

progress over the last two decades. Negative ion studies and more 

generally the knowledge on electron-molecule interactions by their 

transdisciplinary nature have stimulated the advancement of broad areas 

of physics, chemistry, and biology. Of equal importance is also the 

application of this knowledge in many areas of technology and energy, 

chemical and electrical engineering, life and radiation sciences, 

space, atmosphere, and the environment. 

The existing literature in this field is voluminous. For a 

detailed treatment of the various aspects of the subject and for 

references to previous work in this area, the reader may refer to 

the recent review by Christophorou (1983). In this chapter a brief 

but comprehensive outline of the electron attachment processes is 

given, and the importance of negative ion studies is highlighted. 

Also, the present work is outlined and its significance is indicated. 



II. PROCESSES OF ELECTRON ATTACHMENT TO MOLECULES 

A. Modes of Production of Negative Ions 

Negative ions can be formed in either the gaseous or condensed 

phase through the collision of either a free electron or a bound 

electron with a molecule. The negative ions so formed may live for 

-1 R -?times ranging from '\'10 to >10 s and the process of their formation 

is strongly dependent on the environment (Christophorou and Siomos, 

1983). The bound-electron capture by molecules includes the cases 

which are referred to invariably as charge exchange, chemi-ionization, 

ion-pair formation or collisional ionization. Free electron attachment 

to molecules may be of resonance or nonresonance character. Non-

resonance processes include cases like ion-pair formation (Christophorou, 

1971; Massey, 1976), free-electron capture by dipolar molecules 

(Christophorou, 1971; Christophorou et al., 1983; Lane, 1980) and free-

electron capture by molecular clusters (Wegener, 1974). Resonance 

electron attachment is the most significant mode of electron capture by 

molecules. The remainder of the discussion in this section will be 

devoted to the resonance processes. 

B. Resonance Electron Attachment to Molecules 

Resonance electron attachment processes are characterized by the 

fact that they occur at low energies (< 20 eV), they take place over a 

narrow range of incident electron energies and are generally discussed 

within the formalism of resonance scattering theory and the formation 

of transient negative ions. Resonances can be classified into four 

categories according to the mechanism by which the incident electron is 
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temporarily trapped by the molecule (Christophorou et al., 1983; 

Bardsley and Mandl, 1968; Schulz, 1973): (1) shape or single-particle 

resonances, (2) core-excited shape resonances (type II), (3) nuclear-

excited Feshbach resonances, and (4) electron-excited Feshbach (core-

excited type I) resonances. 

In both the shape and the core-excited shape resonances the 

trapping mechanism is a potential barrier which is the combined effect 

of the attractive polarization potential between the neutral molecule 

and the incident electron and the repulsive centrifugal potential 

arising from the relative motion of the two bodies. The difference 

between these two types of resonances is whether the ground or an 

excited electronic state of the target molecule is involved in the 

attachment mechanism. For both resonances the negative ion state (NIS) 

lies above the neutral ground (for the former) or, respectively, 

excited (for the latter) state, and therefore the electron affinity 

(EA) of the molecule is negative. 

In a Feshbach resonance, the incident electron loses energy to the 

target molecule and thus has insufficient energy to escape until some 

energy is regained from the target. In the nuclear-excited Feshbach 

resonance the incident electron loses its energy to the nuclear motion 

of the target, while in the electron-excited Feshbach resonance the 

electron excites electronically (and/or vibrationally and rotationally) 

the target molecule. Contrary to the shape resonances, in the Feshbach 

resonances the NISs lie below the corresponding neutral ground (for the 

former) or, respectively, excited (for the latter) state, and thus they 

are characterized by positive EA. Knowledge on the number and energies 



of NISs is normally obtained from electron scattering and transmission 

experiments. Similar knowledge can be acquired also from electron beam 

and electron swarm techniques as in the present work (see Chapters III 

to VI). 

Within the formalism of the resonance scattering theory the 

interaction of a slow electron of energy e, e(e), with a polyatomic 

molecule AB...CD (G; v = 0) in its ground electronic state G and 

predominantly in its lowest (v = 0) vibrational state of excitation, is 

considered as proceeding through the formation of a transient ion 

AB...CD"* (G or E) in either the field of the ground (G) or excited 

(E) electronic state with a capture cross section The initial 

formation of AB...CD~* and the ensuing decomposition channels may be 

represented as (Christophorou, 1980; Christophorou et al., 1983) 

AB...CD + e(e) (I-l) 

AB. ,CD"*(Gor E) AB...CD^*^+e(e') (1-2)
e(e)+ AB...CD(G; v= Q)-

f*l
AB^ ^ +CD 

(I-3a) 

{AB...C}^*^ + D", 
or 

AB(*)+ CD"
_* 

(I-3b)^ CD^*^ +e 
(I-3c)C^*^ + D" 
(1-4)AB...CD"+ energy 

where e'(<e) is the energy of the scattered electron. The asterisk 

indicates excess internal energy and the asterisk in parentheses indi 

cates possible increase in the internal energy of the corresponding 

species. Reactions (I-l) and (1-2) are, respectively, indirect elastic 
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and inelastic electron scattering. Reaction (I-3a) is dissociative 

attachment producing stable fragment negative ions; for a polyatomic 

molecule this process can lead to simultaneous multiple fragmentation. 

Reactions (I-3b) and (I-3c) are dissociative attachment processes pro 

ducing metastable negative ion fragment(s) which are subject to auto-

detachment and/or autodissociation. Finally, reaction (1-4) represents 

parent negative ion formation which is possible when the electron 

affinity, EA(AB...CD), of AB...CD is positive (>0 eV) and the excess 

internal energy is remaved, usually by collisions of AB...CD~* with 

another body. In this study, we used time-of-flight mass spectrometry 

to explore channels (I-3a) and (I-3b). In addition, the relative 

cross sections for formation and the autodetachment lifetimes of 
a 

those anions which were long lived (x > 10" s) have been measured. 
a 

Channel (1-4) can be probed in a high-pressure swarm experiment which, 

however, was used only for a part of this work in conjunction with 

high temperature studies (Chapter VI). 

In molecules, nuclear and electronic motion are separable in the 

Born-Oppenheimer approximation and application of the Franck-Condon 

principle permits electron attachment to molecules to proceed by 

vertical transitions between potential-energy curves (surfaces) from 

the equilibrium positions of the atoms. The Franck-Condon region and 

other pertinent parameters for resonance dissociative and non-

dissociative electron attachment processes and the energy dependences 

of the respective cross sections for a diatomic or diatomic-like molecule 

AX are illustrated schematically in Figure I-l (from Christophorou et 

al., 1983). The widths of the potential energy curves of AX~* were 
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drawn progressively larger the smaller the value of R to illustrate the 

increased probability of autodetachment with decreasing R. The magni 

tude, energy position and shape of the cross section functions provide 

most useful information on the state AX~. As stated earlier 

[Reaction (1-4)] and is shown in the figure, for AX" to be formed, 

EA(AX) must be positive and the transient anion must be stabilized, 

whereas dissociative attachment does not require stabilization. 

C. A Theoretical Treatment of Electron Attachment 

1. Molecular parent negative ions. It has been established that 

many complex polyatomic molecules have very large electron attachment 

cross sections at thermal and near-thermal energies (<0.5 eV) and their 

parent anions have long lifetimes (see Christophorou, 1971, 1978 and 

Christophorou et al., 1983). To reconcile the large cross sections and 

the long lifetimes, Compton et al. (1966), Klots (1967), and 

Christophorou et al. (1973, 1977) assumed that the excess energy of the 

anion (comprised of the molecule's electron affinity and the captured 

electron's kinetic energy) is rapidly distributed among its many 

internal degrees of freedom, thus delaying the time required for the 

metastable anion to return to a configuration which will lead to auto 

detachment. Although it is difficult to assess quantitatively the 

complete—and equally probable—randomization of the excess energy 

among all the vibrational degrees of freedom (De Copro et al., 1971; 

De Copro and Franklin, 1971; Franklin, 1976; Compton et al. (1966), 

Klots (1967) and Christophorou et al. (1973, 1977 and 1983) used this 

hypothesis to relate the rate for the capture and the autodetachment 
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processes through the principle of detailed balance and with the aid of 

unimolecular reaction rate theory (see Robinson and Holbrook, 1972; 

Forst, 1973) derived expressions relating a,(e), EA, N (number of 
d a 

degrees of freedom), and (the vibrational frequencies of the 

molecule). The derived expressions allow a qualitative understanding 

of long-lived negative ions as well as of the energy dependence of x 
d 

on incident electron energy. A more comprehensive theoretical under 

standing is, however, needed. 

2. Dissociative electron attachment. Dissociative attachment has 

been treated within the resonance attachment formalism by a number of 

authors (Bardsley et al., 1964, 1966; O'Malley, 1966; Chen, 1967; Chen 

and Peacher, 1967). Much of the theory, however, deals with the case of 

diatomic molecules, and its application to polyatomic molecules is only 

possible when polyatomic structures can be considered—as far as 

dissociative attachment is concerned—as diatomic-like (see Chapter III). 

Within this theory the cross section, ̂ ^^(e), for dissociative attach 

ment as a function of electron energy, e, is equal to the product of 

the cross section, cr^(e), for capture of the electron by the molecule 

to form the metastable negative ion intermediate and the probability, 

p(e), that the transient negative ion will decay via dissociative 

attachment, viz., 

°da^^^ = fJ(,(e)p(e) • (1-5) 

O'Malley (1966) calculated an expression for cyj^(e) for a diatomic 

molecule AX initially in its lowest vibrational level (v = 0) and with 



 

 
 

 

a purely repulsive ion state AX~* (upper curve in Figure I-l) given by 

i2-> 
exp 

40 
,-p(e) 

"da'^'v = 0 (2m/h2)£ (1-6) 

o^{e) P(e) 

In Equation (1-6) m is the electron mass, ft is Planck's constant 

divided by Ztt, g is a statistical factor, r is the total autodetach-
a 

ment width, r_ is the partial autodetachment width, is the dis-
d 

sociative attachment resonance width, 7q = + 1/2 ftu (see Figure I-l), 

Eq is the true electron energy at the peak of ̂ ^^(e) and 1/2 ftco is the 

zero-point energy. The quantity defined explicitly (Bardsley 

et al., 1964, 1966; Chen, 1966; 0'Mailey, 1966) by 

Rc rJR) 
= exp dR exp(-Ts/T^) , (1-7)ftV(^

R 

is the survival probability of AX~*. That is, the probability that 

AX * will not autoionize while separating from the point of formation 

by capture of an electron with energy e at an internuclear separation 

R to the point c (Figure I-l) at an internuclear separation R where 
c C 

the potential energy curves of AX and AX~* cross. For R > R^, AX"* 

will dissociate with unit efficiency [p(£) = 1]. The is the 

separation time needed for A-X~ to separate from R to R , given by 
£ C 

dR 
(1-8)^S WJ 
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where v(R) is the relative velocity of separation of A and X" and 

Ta (= is the mean autoionization lifetime of AX"*. 

In Chapter III, Section IVA, Equation (1-6) is used under certain 

assumptions to calculate the "x for two of the molecules studied. 
a 

III. BASIC AND APPLIED SIGNIFICANCE OF NEGATIVE ION STUDIES 

Negative ions are important in a large number of basic and applied 

areas. The reader may refer to a review of these in the recent works 

of Massey et al. (1982) and Christophorou and Hunter (1983). The 

discussion in this section only touches on some of these applications. 

Free low-energy electrons are ever present and/or can be produced 

in a variety of ways (e.g., through interaction of radiation with 

matter, field ionization, thermally, chemically, etc.) in various 

physical, chemical or biological systems. The essence of the signifi 

cance of the electron attachment processes to various applications may 

then be easily understood. Some applications require the preventing 

of the attachment of these electrons. On the other hand, some other 

applications require thermalization of the electrons through negative 

ion formation or more generally the monitoring of their number density 

and energy distribution. For example, in tailoring good gaseous 

dielectrics for use in high-voltage applications, one is looking for 

electron capturing gas molecules which can prevent the initiation of 

the avalanche by removing the free electrons. The development of 

better gaseous insulators is today an area of enormous interest and 

applications (Christophorou et al., 1982a). On the other hand, in a 
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laser device or in an electrical discharge lamp or in a gas-filled 

radiation detector (Christophorou and Hunter, 1983), gaseous mixtures 

are required which should not attach electrons but instead must have 

other desirable properties. In a diffuse-discharge opening switch, for 

example, a gas mixture is required which among other properties is 

desired to be a good conductor at low E/N (density reduced electric 

field) and a very good electron attacher (insulator) at high E/N 

values. 

A recently developed technique where electron attachment plays 

an important role is the so-called negative ion chemical ionization 

mass spectrometry (e.g.. Field, 1980, and Dougherty, 1981) which 

seems promising for high detection sensitivity and selectivity. Rele 

vant to this application is also the use of electron attaching 

molecules as tagging materials for detection of explosives 

(Christophorou et al., 1982b). 

The role of negative ions in the atmosphere and the environment is 

important and diverse also. Negative ions influence the basic 

character of the ionosphere (e.g., see Danilov, 1970; Ferguson, 1968, 

1969, 1974), may contribute to the destruction of atmospheric ozone 

(e.g., see McConnell and Schiff, 1978), and clusters of these ions 

constitute condensation nuclei with climatic consequences and other 

health effects (e.g., see Castelman and Keesee, 1981). 

Another interesting area in which the role of electrons and anions 

is undeniable is biological science. Albert Szent-Gyorgui (1968) 

characterizes the electron as the fuel of life and addresses the role 

of intermolecular transfer in cellular regulation, defense and cancer. 
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Christophorou (1971, Chapter 9) and Christophorou and Hunter (1983) 

review the physicochemical foundation of biological action, the possible 

role of dissociative attachment in the toxic action of some molecules, 

the possible correlation of carcinogenicity and electrophi1icity of 

molecules, the use of molecules of high affinity in radiosensitizers 

and radiopharmaceuticals and other interesting aspects of the problem. 

Examples of other applications of negative ion formation are; 

Isotope separation for fission generators (e.g., see Chen and Chantry, 

1979), chemical accelerators (Greene et al., 1975), radiocarbon dating 

14 -
using electrostatic accelerators and detection of C (Bennett et al., 

1977), inhibition of flames, plasmas and arcs (e.g., see Creitz, 1961; 

Mills, 1968), plasma etching (e.g., see Coburn and Winters, 1979), 

ozone production (Phelps, 1979), magnetohydrodynamics and plasma fusion, 

electrical power generation, communication, space and defense (see 

Massey et al., 1982, Vol. 3, for a review), and so on. 

Concerning the contribution to basic studies, negative ions 

provided a means for probing molecular structure and obtaining informa 

tion on many molecular parameters. In the following chapters we 

describe in detail how negative ion data were used to yield various 

thermochemical data (e.g., bond dissociation energies, electron 

affinities, heats of formation of radicals and molecules), negative 

ion potential energy curves, number and position of negative ion states, 

separation times of dissociating fragments and autodetachment life-

-15times of extremely short-lived ('^^10 s) and dissociating NISs. 
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IV. OUTLINE AND SIGNIFICANCE OF THE PRESENT WORK 

The present work consists of experimental studies and analyses of 

attachment of low-energy (0-10 eV) electrons to four groups of 

molecules: 

1. The normal perfluoroalkanes n-C|^F2N+2 ^ 

2. The isomeric perfluoroalkanes i-C^F^q, i-C5F^2' 

'^■^s'^io' 
3. The fluoroethers CF3OCF3, CF3OCF2H, CF2HOCF2H, and CF3OCH3) 

and the fluorosulphides CF3SCF3 and CF3SCH3. 
4. The freon CCIF3. 
In Chapter II the experimental apparatuses and procedures used in 

the present work are discussed. 

In Chapters III, IV, and V the results and analysis are presented 

for the molecules of the 1st, 2nd and 3rd group of molecules, 

respectively. All the molecules were studied in a time-of-flight mass 

spectrometer (TOFMS) at room temperature and the results are compared 
with the results of a swarm study whenever available. The objective of 
the TOF mass spectrometric study was to study "all" the negative ions 
which could be observed below 10 eV and also to measure the auto-

detachment lifetimes of those anions which were long lived. From the 

deduction of these data (e.g., nature of negative ions observed, their 

relative intensities, fragmentation mechanisms leading to the formation 

of the fragment anions) the gaining of an insight into the nature of 

the attachment processes to polyatomic molecules was intended. 
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Chapter VI contains the results of a room temperature TOP mass 

spectrometric study and a high temperature swarm study of CCIF^. The 

objective of the high temperature swarm study was to examine the effect 

of internal excitation of the molecule on its electron attaching 

properties. 

Finally, in Chapter VII the results of the present work are 

summarized and possible future studies are indicated. 

The study of the above molecules was motivated by practical as well 

by intrinsic interest. Some of these molecules have high dielectric, 

strengths and can be used as gaseous insulators, especially in com 

bination with other gases. Other possible uses indicated are for 

diffuse-discharge switches, plasma etching, gas-filled radiation 

detectors, etc. As it has been pointed out in Section II, no theory 

applicable to electron attachment to polyatomic molecules is available. 

Existing theories for dissociative attachment were derived only for 

diatomic or diatomic-like molecules. There is therefore a need to 

overcome the shortcomings of the theory and still being able to get a 

deeper insight into the electron attachment processes in polyatomic 

molecules. In this work the approach was to study a series of similar 

compounds and observe how small changes in a complex molecule may 

affect its electron attaching properties. Thus, in the first group of 

the molecules studied the molecular size was changed. The molecules 

of the second group are also similar differing only in the geometrical 

arrangement of the constituent atoms in the molecule. In the third 

group of molecules the effect of substituting one atom by another of a 



15 

different kind in the molecule on negative ion formation was examined. 

Finally, the study of CCIF^ was undertaken to examine the effect of 

internal excitation of the molecule on its electron attaching 

properties. 



CHAPTER II 

EXPERIMENTAL METHODS AND PROCEDURES 

In this chapter the experimental methods and the analytical 

procedures for the two techniques (electron beam and electron swarm) 

used In the present study are discussed. In the Introductory section 

a comparison of the two techniques Is presented. In the next section 

the time-of-fllght mass spectrometer Is discussed In more detail with 

emphasis on the Improvements of the experiment by Interfacing It to a 

PDP-11 computer. In the final section a description Is given of the 

swarm technique along with a description of a new swarm apparatus 

which was built for high temperature electron attachment studies. A 

considerable amount of time was Invested In refining the apparatus, 

although this will not be reflected In the extent of the measurements 

obtained by this technique. 

I. INTRODUCTION 

A great variety of experimental techniques can be employed to 

study electron attachment to molecules. The choice of a specific 

technique pertains to the particular application of Interest. For the 

present study a time-of-fllght (TOP) mass spectrometer and a high tem 

perature electron attachment swarm apparatus were used. In this chapter 

both experimental methods are discussed. The basic operating 

principles of both techniques have been employed for many years. Con 

sequently, the discussion will be directed mostly to those aspects of 
I 
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the apparatuses and procedures which have been innovated during this 

work. At the same time those experimental features which pertain to 

the understanding and interpretation of the experimental results will 

be given particular emphasis. 

In order to have a better perspective of the two experimental 

methods of the present work, and how they compare between themselves 

and also with other techniques used for negative ion studies, it is 

probably worth to mention how the various techniques relate to the 

lifetime, t , of the negative ions. Christophorou (1971, 1978)
d 

classified the metastable atomic and molecular negative ions with 

regard to their lifetimes broadly as (a) extremely short lived 

(10~^^ 10"^^ s), (b) moderately short lived ('\.10'^^ ^ t, 
a a 

^ 10"^ s), and (c) long lived (x, > 10"® s). The basis of this 
a 

classification entails to the experimental method employed to determine 

T,: low-energy electron scattering techniques for (a), high pressure 
a 

electron swarm studies for (b), and TOP mass spectrometry and ion 

cyclotron resonance techniques for (c). Of course the various 

techniques can be grouped into categories not only according to the 

magnitude of the x , but also according to other important quantities 

they can measure, like electron attachment cross sections and rate 

constants, electron energy loss, types of molecular ion products 

resulting from electron attachment, kinetic energy of fragment ions, 

etc. The different techniques have been discussed and reviewed by 

various authors (e.g., Christophorou, 1971; Christophorou et al., 1983; 

Massey, 1976). 
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The TOF mass spectrometer is a powerful technique with a number 

of distinct advantages. The electron beam interacts with the molecule 

being studied under single collision conditions (pressure: 10"^ to 

10"^ Torr). This provides a direct way of obtaining information on the 

various products of the electron-molecule interactions. The long-lived 

negative ions formed following the electron attachment are mass analyzed 

fairly easily, their relative intensities as a function of the incident 

electron energy can be monitored,and at times the kinetic energies of 

the dissociative attachment fragments at ambient or higher temperatures 

are measured. The spread of the electron energy in the beam can vary 

from a few to a few hundred millivolts depending on the type of the 

electron source [Retarding Potential Difference (RPD), electron mono 

chromatic or electrostatic source]. The autodetachment lifetimes of 

metastable long-lived ions can be measured and the variation of as 
a 

a function of incident electron energy can be observed. Negative ion 

species which live shorter than a microsecond cannot be observed in a 

TOF mass spectrometer. Also quite generally beam experiments do not 

provide accurate means of measuring the absolute attachment cross 

section. 

In an electron swarm experiment the pressures employed (a few 

Torr to '^-50,000 Torr) are much higher than those in a beam experiment. 

Short-lived (x <10~® s) negative ion states, which in a beam experiment
d 

could not be observed,can be stabilized by collision in a swarm 

experiment and thus can be probed. Variation of the pressure can also 

provide a means for studying the pressure dependence of electron 
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attachment processes. These facts have to be kept in mind when one 

compares results obtained by the beam and the swarm techniques. A 

difficulty, however, associated with the fact that the swarm technique 

utilizes high pressures is the determination of the electron energy 

distribution. Electrons suffer many collisions and their energy dis 

tribution can be found only through a solution of the appropriate 

energy balance and transport equations and be based on knowledge of 

various elastic and inelastic electron scattering cross sections. 

Finally, swarm experiments provide accurate data on the magnitude of 

the total electron attachment rate constant. 

As it will be demonstrated in the next chapters, swarm and beam 

techniques can complement each other to a great extent concerning the 

type of information they can provide. This is particularly true when 

the electron-molecule interaction leads to dissociative attachment and 

thus both techniques probe the same rapidly dissociating negative ion 

state. In this case the attachment rate constants measured by the 

swarm method are found to be pressure independent and they can be 

related directly to those of the dissociating NISs as probed by the 

beam technique. In a number of such cases the so-called swarm-beam 

combination (see Section III) is effectively utilized in a quantitative 

way to yield the magnitude and the energy dependence of the absolute 

electron attachment cross section. 
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II. TIME-OF-FLIGHT MASS SPECTROMETER 

A. Apparatus 

The TOF mass spectrometer used in this study was constructed at 

Oak Ridge National Laboratory and is similar to the Bendix Model 14-206. 

The principles of operation of this type of mass spectrometer have been 

described by Wiley and McLaren (1955). The particular mass spectrometer 

has been used and discussed extensively in earlier studies (Compton et 

al., 1966; Collins et al., 1970; Naff, 1971; Hadjiantoniou et al., 1973; 

and Johnson, 1977). The major improvement made in the apparatus during 

this work was its automation by the introduction of a PDP-11 computer. 

The discussion here primarily deals with the computer enhancement 

capability of the experiment, but a brief description of the mass 

spectrometer itself is included as well. 

A schematic diagram of the entire apparatus is shown in Figure II-l. 

The TOF mass spectrometer can be described as having three parts: 

(1) the ion source consisting of the electron source ("electron gun") 

and the collision chamber where the ions are formed, (2) the flight 

tube which is the field-free region where ions are separated by their 

times of flight, (3) the detection system which is an electron multiplier 

with pulse shaping and pulse selecting electronics. The computer is 

employed to control the electron gun and to measure the pulse rate of 

a particular ion signal from the electron detection system. 

In the ion source electrons are produced by a heated tungsten 

filament containing 3% Rhenium and pulsed into the collision chamber 

through the focusing electrodes (number 1 through 5 in Figure II-l) of 
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the electron gun. The electron pulsing is controlled by the first of 

these electrodes called the anode. The anode is normally negatively 

biased to turn back all electrons released by the filament. Every 

100 ys a positive pulse of 7 V magnitude and 1 ys duration is applied 

to the anode to allow electrons to pass through into the collision 

chamber. At 0.5 ys after the anode pulse, a large negative pulse of 

100-200 V magnitude and 4 ys duration is applied to the backing plate 

to push the negative ions formed by the electron pulse into the flight 

tube. As is shown in Figure II-l the backing plate pulse has a very 

sharp leading edge. A small negative bias has to be continuously 

applied to the backing plate to compensate for the small positive 

overshoot of the pulse. 

The shape of the energy distribution of the electron beam which 

enters the collision chamber is controlled by the potentials applied 

on the electrodes of the electron gun as shown in Figure II-2. The 

electron beam is collimated by the slits of the electrodes, and its 

alignment is further improved by a magnetic field B which is perpen 

dicular to the electrodes [Figure II-2(a)]. Figure II-2(b) shows the 

potentials in the gun, and Figure II-2(c) shows the resulting electron 

energy distribution. The anode is shown with the positive pulse 

applied to allow all electrons leaving the filament to pass through. 

The second and fourth electrodes are kept at the same potential as the 

filament and serve as an einzel lens to improve focusing. The third 

electrode, called the retarding electrode, blocks the passage of 

different portions of the electron distribution as it is shown. The 

fifth electrode is kept at ground potential. 
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The energy distribution of the electrons as they leave the 

filament is essentially Maxwellian. The full width at half maximum 

(FWHM) of the distribution is about 1 eV and is characteristic of the 

filament temperature. The profile of the distribution is given by the 

curve in Figure II-2(c), both solid and broken portions. The electron 

source in Figure I1-2 can operate in two modes: (1) in the retarding 

potential difference (RPD) mode, first described by Fox et al. (1955), 

and (2) in the ordinary or non-RPD mode. In the ordinary mode the 

retarding electrode is negatively biased with respect to the filament 

by an amount [Figure II-2(b)] to block the low-energy electrons. 

This results in an energy distribution with a sharp lower cutoff [solid 

portion of curve in Figure II-2(c)] having a FWHM of eV. In the 

RPD technique, the retarding potential, Vj^, can be varied slightly 

under computer control to obtain a quasi-monoenergetic electron beam. 

If Vj^ is changed by a small amount then the electron energy 

distribution which enters the collision chamber will change by the 

amount shown in the shaded area in Figure II-2(c). By subtracting the 

ion currents before and after 6Vj^ is applied, the signal due to the 

electrons in a narrow energy range of width 6V„ is obtained. The value 
K 

of 6Vj^ is normally set to 0.1 volt and would ideally produce an 

electron distribution with a FWHM of 0.1 eV. The actual width of the 

electron energy distribution, however, depends on the experimental con 

ditions and generally falls between 0.10 and 0.15 eV for a 6Vn setting 

of 0.1 eV. It should be pointed out that the electron energy distri 

bution obtained by the RPD method is a virtual one as it comes from the 
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difference of two real energy distributions. This makes the beam not 

readily useful for certain measurements (like measurements of auto-

detachment lifetimes) which are too sensitive to noise. Furthermore, 

the RPD technique is restricted for measurements of rather strong 

negative ion signals. The quality of its operation and other problems 

which are encountered have been discussed by many authors (Fox et al., 

1955; Burns, 1964; Simpson, 1961; Marmet, 1964, and Shulz, 1960), 

whereas a theoretical description of its operation is given by Gordon 

et al. (1969). 

The energy of the electrons when they reach the collision chamber 

is determined by [(Figure II-2(b)], the potential difference between 
a 

the retarding electrode (scanned by the computer) and the collision 

chamber (ground potential). V is measured directly, and it provides
d 

an accurate measure of relative energy shifts of the quasi-monoenergetic 

electron distribution. Due to stray contact potentials, V does not 
d 

accurately measure the absolute energy of the electron beam. The 

energy scale can be calibrated by using a negative ion with a large 

cross section which peaks at a known electron energy. The difference 

between the known peak and the observed peak is the amount by which the 

energy scale must be shifted. 

The flight tube (shown in Figure II-l) is a field-free region 

maintained at a high positive potential (which can be adjusted from 

1.0 to 4.5 KV in steps of 0.5 KV) relative to the collision chamber. 

Negative ions are accelerated to a high kinetic energy as they drift 

from the position of their formation to the entrance of the flight tube 
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(acceleration grid 3 in Figure II-l), and then travel the length of it 

at constant velocity. The first two ion focus grids are kept at ground 

potential to prevent penetration of the field into the collision 

chamber. The deflection plates along the path of flight can be used 

to deflect all ions when measuring lifetimes of metastable negative 

ions, and are normally kept at the same potential as the flight tube 

liner. The negative ions can be slowed down by the application of a 

negative voltage to the ion lens but it too is normally kept at the 

same potential as the flight tube liner. 

The detection system is composed of the electron multiplier and 

associated pulse shaping and pulse selecting electronics, a block 

diagram of which is shown in Figure II-l. The electron multiplier is 

a magnetic-type multiplier (Bendix model M306) which assumes equal 

detection efficiency for both an ion or a neutral species resulting from 

electron detachment during the time of flight. When the ion or neutral 

species is detected by the electron multiplier, a pulse is produced 

which is fed into a high impedance unity gain preamplifier (Keithley 

model 111) and then to two timing filter amplifiers (ORTEC model 454). 

The amplified pulse then goes to an oscilloscope and is also fed into 

a fast discriminator (ORTEC model 417). The discriminator produces a 

standard square output pulse for every incoming pulse above a certain 

amplitude. The minimum level is set below the amplitude of any true 

mass pulse, so the discriminator will discriminate only against noise. 

The pulses from the discriminator are fed into a fast coincidence unit 

(ORTEC model 414A) along with a pulse from a gate and delay generator 
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(ORTEC model 416A) triggered by the master pulse. The amount of delay 

Is variable and is set equal to the time of flight of the mass of 

interest. The coincidence unit then will produce a pulse only if the 

mass signal is received within a selected resolving time of the gate 

pulse. The oscilloscope is triggered by the backing plate pulse and 

provides a continuous display of the mass spectrum as a function of 

time of flight. It also is used to set the gate pulses on the desired 

mass. The output of the coincidence unit represents the signal corres 

ponding to a specific mass, and this signal is counted and recorded. 

One output of the coincidence goes to a ratemeter (ORTEC model 441) 

which provides a continuous reading of the count rate. Another output 

of the coincidence goes to the interface panel. The interface unit 

was designed and fabricated to be adaptable to computer control. 

Located within the interface panel and under computer control are 

modular D.C. power supplies used to provide the various voltages to the 

electrodes of the electron gun, and two digital counters for concurrent 

counting of pulses from two different selected masses. A software 

program employing FORTRAN SUBROUTINES and run by the computer is used 

to operate the mass spectrometer. For a selected mass, the program is 

used to scan the electron energy across the negative ion resonance and 

to display on the video terminal the negative ion intensity as a 

function of electron energy. The acquired signal is then stored on the 

floppy disk of the computer for future recall and manipulation. 
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B. Experimental and Analytical Procedures 

The TOP mass spectrometric study of each molecule of the present 

work included the following stages: (1) mass identification of "all" 

the negative ions formed from the molecule under electron impact, 

(2) measurement of the intensity of each observed negative ion as a 

function of electron energy, and (3) measurement of the autodetachment 

lifetimes, x^, of those anions which were found to be metastable within 

the time of flight of the anion. 

Prior to any measurements on any of the molecules under 

investigation the calibration gas SFg was admitted into the collision 

chamber. The presence of SFg in the system served a multiple purpose. 

Since the electron attachment cross section for SFg is very strong and 

narrow peaking at 'v-O.O eV (Hickam and Fox, 1955; Christophorou et al., 

1971a; Chutjian, 1981), the shape of the SFg* resonance was used to 

monitor the electron energy distribution. To establish the operating 

conditions of the instrument the procedure described below was followed. 

First the filament current was set at '^1 A to give a current at the 

electron collector (Figure II-l) of o-l-s x 10"^ and '>^1-3 x 10"^ A 

without and with electron pulsing, respectively. Then the SFg* 

resonance as a function of electron energy was observed on the computer 

video terminal, and the magnetic field alignment, the filament current 

and backing plate bias were varied until a strong ('^^4000 counts per 

second at the peak, at a pressure -v-l x 10"® Torr) and narrow (FWHM = 

'vO.5 eV) resonance was obtained. If the above conditions could not be 

fulfilled, this was. considered as an indication that the instrument was 



29 

misfunctioning and the cause of the trouble had to be found and 

removed. 

1- Mass identification. After establishing satisfactory operation 

of the system, the molecule under study was introduced into the collision 

chamber. When first trying to identify the masses of the negative ions 

produced from the molecule, the operating pressure was increased to 

*^>1 X 10 ̂  Torr, which is well above the normal operating pressure of 
-5<3 X 10 Torr. This ensured that weak ions were detected and identi 

fied. In this way we were able to detect anions whose intensity was 

as low as one part in one thousand of the intensity of the strongest 

negative ion from the same molecule. The basic parameter determining 

the mass separation in the TOFMS is the time of flight, t, of the ion, 

given by 

t = iWim , (II-l) 

where L is the distance that the ion travels, M is the mass of the ion 

and E is the kinetic energy the ion receives on entering the flight 

tube. A discussion on the mass resolution of the TOFMS and relevant 

references can be found in Johnson (1977), Instead of using 

Equation (II-l) for mass identification, which would require precise 

knowledge of L and E, a known mass signal was used for mass calibration. 

For two ions of different mass which are present in the spectrometer at 

the same time. Equation (II-l) can be used to write 

"x ° • (H-2) 
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where the subscript x refers to the unknown mass. The time of flight 

can be measured with an accuracy of a few tenths of a percent by using 

the delayed sweep of the oscilloscope. The strong signal of SFg*/SFg 

was used as a calibration mass. The resulting mass determinations were 

accurate to at least ±0.3 amu for all ions in this study. 

2. Negative ion intensity as a function of electron energy. Once 

the various negative ions were identified, their relative peak intensi 

ties and their relative cross sections as a function of e were measured. 

During these measurements care was taken that the operating pressure 

was kept in a range in which: (1) The intensity of each observed 

negative ion varied linearly with pressure. This ensured that the 

negative ion being studied was the result of a primary rather than of 

a secondary reaction. It can be stated that this condition was ful-

_5 
filled when the pressure was £ 3-4 x 10 Torr or even higher in some 

cases. (2) The peak counts per second (c/s) for very strong ions did 

not exceed 4000 c/s. This number was found to be a safe limit below 

which no saturation of the signal occurred, e.g., the measured signal 

was not underestimated. Justification for this number comes from the 

following. Ions or neutrals species which might arrive at the detection 

system in times closer than 1 ys cannot be distinguished, and only the 

first one will be counted. This is due to the fact that the fast discrimi 

nator in the detection system has a recovery time of 1 ys and therefore 

cannot properly be triggered on the second of two pulses which are 

closer than 1 ys. In this study no two ions of the same or different 

type had a time-of-flight difference <1 ys. This definitely was the 
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case for any two ions of different type, even if they were produced 

within the same electron pulse, since their difference in mass implied 

a difference in the time of flight >1 ys. For two ions of the same type 

we have to recall that electrons are pulsed into the collision chamber 

for 1 ys 10,000 times a second. So even if it is assumed that only one 

(and no more) ion is formed per pulse, then the maximum count rate 

expected for this ion would be 10,000 c/s which was never reached, since 

the count rate was kept <4000 c/s. For the proper counting of "all" 

species, ions and neutrals and those having both strong and weak 

currents, the settings of the amplifiers, discriminator and gate pulse 

had to be chosen carefully so that single particle equal efficiency 

counting is taking place. 

As it has been mentioned in the previous section, the energy, e, 

of the electron beam from the electron gun, is varied by changing the 

quantity V^, the potential difference between the retarding electrode 

and ground. A software program run by the computer was used to scan 

repeatedly the electron energy. The gate was set on a particular 

mass signal and e was repeatedly scanned and the counts at every energy 

point were accumulated until a smooth curve giving the ion current as 

a function of e was observed on the computer video terminal. The raw 

experimental data for each negative ion obtained in this way represented 

the shape of its cross section broadened by the electron beam energy 

distribution. The data had first to be energy calibrated, as it was 

explained in Section IIA. Resonances often used for energy scale cali 

bration are SF^/SFg, C1 /HCl, and O'/N^O. The SF^/SFg resonance which 
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peaks at 0.37 eV (Christophorou et al., 1971a) was used in this work. 

The positions of the peaks in the cross sections of all observed nega 

tive ions were reproducible with a scatter of ±0.05 eV. Considering 

the overall uncertainty, however, the accuracy of the values given for 

peak position is ±0.1 eV. To eliminate the effect of the broad 

electron energy distribution on the measured relative cross sections 

of the negative ions observed, an unfolding technique similar to that 

of Allen and Grimm (1979) was employed. 

The measured ion current of each observed ion as a function of 

electron energy, 1(e), is related to the "true" ion current, I(eO, 

through 

K.) = F(e,e') I(e') de' , (II-3) 
0 

where F(e,e') is the experimental smearing function (i.e., the profile 

of the electron pulse). We assumed that F(c,e') is represented by the 

reverse of the cross section function, a (e), for SF"* taken under 
a 0 

identical experimental conditions as for 1(e). Smoothing was performed 

by replacing each point I(e^.) by the weighted average [I(e^. ^) + 21(e^.) 

+ I(e^-+l)]/4 prior to unfolding. For some ions a comparison was made 

between the unfolded functions obtained from 1(e) without RPD and the 

functions 1(e) measured with RPD which showed good agreement between 

the two functions with respect to the appearance onset, FWHM, and 

energy dependence (see Figure 11-3). 

The energy scale calibration and the determination of the electron 

energy distribution both rely on the operating conditions of the ion 
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source. Factors such as magnetic field alignment, filament current, 

backing plate bias, effect of the sample on the gun conditions, may 

cause the energy scale to shift or the beam distribution to change. 

During the course of this study a continuous monitoring of these two 

parameters with time was made. For almost all but a few cases no 

noticeable changes were observed within the time necessary to complete 

an entire set of measurements. 

3. Autodetachment lifetimes of negative ions. If a metastable 

negative ion has an autodetachment time, t , which is greater than or 

of the order of its time of flight, then the TOFMS can be employed for 

measurements of t,. Let us assume that at time t=0 a total number of 
a 

negative ions are entering the flight tube all with the same 

kinetic energy. As these ions travel along the flight tube, some under 

go autodetachment becoming neutrals, but still continuing to travel 

with the same velocity they had at the time of autodetachment (which is 

that at t=0) and both neutrals and negative ions reach the detector and 

are detected with equal efficiency. The signal will then give a 

measure of N^. If, however, a potential is applied on the horizontal 

deflection plates (Figure II-l, p. 21),the survived ions will be swept 

away from the beam and only the neutrals, N®,are detected. The nega 

tive ion signal N will be given by N^-N^. If we now assume that the 

T, obeys an exponential decay law, viz., 
a 

N = N e ® (II-4) 

T,, can be determined from a measurement of N'/n"*^ and t. Usually N~/n"''
d 
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is measured for a number of values of t, the latter being varied by 

changing the flight tube acceleration voltage. Then from Equation (II-4) 

it is obvious that will be given by the inverse slope of the plot 

of -iin(N"/N^) versus t. Determining in this way is referred to as 
a 

the "slope method." At times the negative ion signal may be too weak 

to allow such plots, and in those cases, is determined by averaging 

many values of t, calculated directly from individual measurements of 
a 

N /n"'^. For negative ions whose signal was strong to permit lifetime 

measurements as a function of electron energy, the was found to vary 

with £. The variation of with e in connection with the spread of 

the electron energy, is a complex subject discussed in previous work 

(e.g., Christophorou, 1978; Johnson, 1977). Throughout the lifetime 

measurements of this study the operation of the instrument was monitored 

by measuring the t, of the strong parent ion of SF>/SF^. The 
a D O 

lifetime measurements can be affected by the electron gun conditions 

and these and a number of other possible sources of error have to be 

considered in the measurements; they have been discussed in detail by 

various authors (e.g., Collins et al., 1970; Naff, 1971; Hadjiantoniou 

et al., 1973). 

C. Materials 

The compounds used for the present study were obtained as follows: 

The gases CF^ and C^Fg were obtained from Union Carbide Corporation, 

LINDE Division, with a stated minimum purity of 99.7% and 99%, 

respectively, CClFg, from Matheson Gas Products, with a stated 

minimum purity of 99.6% and 99%, respectively, n-C^F^g and n-C^F^g 
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Columbia Organic Chemicals Company, Inc., with a stated minimum purity 

of 95%, n-CgF.|^ from Pierce Chemical Company with a stated minimum 

purity >95% and i-C^F^q, CF^OCF^, CF3OCF2H and CF^HOCF^H from PCR 

Research Chemicals, Inc., with a quoted minimum purity of 95-99%. Gas 

chromatography and positive ion mass spectrometric analysis have indi 

cated that the purity of these compounds was much higher than the quoted 

minimum value. The compounds i-CgF^j^, neo-CgF^j^, c-C^F^q, CF3QCH3 and 

CF3SCH3 were synthesized by Dr. J. Adcock of the-Chemistry Department 

of The University of Tennessee. For CF3SCF3 two samples were used, one 

purchased from Armagedon Chemical Company and the other prepared by 

Dr. J. Adcock. The compounds and n-CgF^^, which are liquids 

at room temperature, were deoxygenated prior to use by the freeze-pump-

thaw method. All the other samples, which are gases at room temperature, 

were used without further purification. In general, the negative ion 

spectra were "clean" with all masses identifiable with specific frag 

ments of the molecules investigated. It was found difficult, however, 

to obtain the fluorosulphide compounds studied completely free of 

traces of Cl-containing impurities. 

III. THE HIGH TEMPERATURE SWARM APPARATUS 

A. The Electron Swarm Method 

The electron swarm method has been used extensively over the last 

twenty-five years. A detail description of the method can be found in 

earlier works (e.g., Bortner and Hurst, 1958; Christophorou, 1971; 

Christodoulides and Christophorou, 1970; McCorkle and Christophorou, 

1972; Rademacher, 1974). In this section only a brief description of 
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the basic principles of the technique will be given. This will help 

the reader to realize more easily the various modifications made on the 

swarm apparatus during this work to extend the measurements to high 

temperatures (up to 900 K). 

In the electron swarm method (first described by Bortner and Hurst, 

1958) a swarm of electrons is produced in a given plane by a well-

collimated a-particle source (Figure II-4). Under the influence of an 

externally applied uniform electric field, E, the electrons drift to a 

positive collector plate (anode) where they are collected. The total 

number densities, N, employed are such that the electrons attain an 

equilibrium energy distribution, f(e, E/N), very quickly, e.g., from 

the very beginning of their drift space. The distribution function is 

broad and is determined from the nature of the gas, the temperature and 
p

the density-reduced electric field E/N (Volts cm ). To overcome the 

problem of the lack of accurate knowledge of f(e, E/N) for every gas 

studied, swarm experiments on electron attachment are performed in 

binary mixtures. The electron attaching gas is mixed in minute 

amounts (usually less than one part in one million) with an abundant 

nonelectron attaching gas, called "buffer" or "carrier" gas, for 

which f(e,E/N) is known over a wide range of E/N values. In such cases 

it is important (especially when the buffer gas is a rare gas) to keep 

the partial pressure of the attaching gas as low as possible so that 

its presence does not affect the f(e, E/N) or the electron transport 

properties of the buffer gas. The gases nitrogen (N2) and argon (Ar) 

are most commonly used as buffer gases. By changing E/N and buffer 

gas one can scan easily the mean energy range from thermal to 5 eV. 
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(a) 
ROOM TEMPERATURE ELECTRON SWARM APPARATUS 

HIGH VOLTAGE AND 

HIGH PRESSURE 

CERAMIC FEEDTHROUGHS 

X 

PRESSURE GAUGES. 
GAS HANDLING AND d 
PURIFICATION 
SYSTEMS 

GOLD plated; 
ELECTRODES 

STAINLESS STEEL 
HIGH PRESSURE 

VESSEL • 

PROGRAMMABLE 
HIGH VOLTAGE 

VOLTAGE DIVIDER SUPPLY(0-30liV) 
AND FILTER I 

CATHODE 

VIDEO 
DISPLAY 

SOURCE TO UHV 
PUMPING 

ANODE SYSTEM 

- PRINTER 

MICROCOMPUTER 

multichannel 

PREAMPLIFIER ANALYZER 

LINEAR 

AMPLIFIER 

(b) 

MESSUlf SENSOR 

VACUUM IINE 

VACUUM/ 

SAMPLE GAS LINE 

REMOVAME FURNACE 

HIGH VOLTAGE 

SOURCE PLATE 

DRIFT CHAMRER 

StONAL PLATE 

THERMOCOUPLE WELL 

VACUUM LINE 

SUPPORT STAND 

SIGNAL CONNECTOR 

HIGH TEMPERATURI ELECTRON SWARM APPARATUS 

(c) 

DIMENSIONS OF THE HIGH TEMPERATURE 

ALPHA PARTICLE SOURCE 

5.00 cm 

X 
0.153 cm 

f 

l«- R -H 
0.377 cm 

0.157 cm WIDE 

0.0127 cm DEEP 

ALPHA PARTICLE 72 SLOTS 

TRACK 

50 cm 

Figure II-4. Comparison of the room temperature [in (a)] and the high 
temperature [in (b) and (c)] electron swarm apparatuses. 
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The swarm studies monitor the rate of removal of electrons in the 

swarm as a function of E/N. Let n(x) be the number of electrons at a 

distance x from the source plane and let dn(x) be the number of 

electrons removed from the swarm by the attaching gas as the swarm 

drifts a distance dx. We then have 

dn(x) = -nn(x)dx , (II-5) 

where n is the probability of electron attachment per cm traveled in 

the field direction. Using dx = wdt, where w is the drift velocity of 

the swarm, and integrating Equation (II-5) we obtain the solution 

n(t) = nQ exp[-(n/Ng)NgWt] , (II-6) 

where n/N is defined as the attachment coefficient with the units of 
a 

cm 2, Ng is the partial attaching gas number density, and ng is the 

initial number of electrons produced by each a-particle. 

The change in voltage at the anode due to the drift of the swarm 

in the gap is 

dV(t) _ n(t)ew g , 
~dt 01 t , (II-7) 

where e is the electronic charge, d is the drift distance between the 

source electrode and the anode, and C is the effective capacitance to 

ground at the anode, and includes contributions from the capacitance 

between the electrodes, the input of the preamplifier and connecting 

cables (C == 50 pf). Equation (II-7) describes the voltage induced on 

the anode by motion of the electrons provided that the time constant 
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of the anode circuit, = RC, is large compared to the transit time 

of the electron swarm, = d/w ^10" s and % 10" s in these 

experiments). Substituting Equation ((II-6) into Equation (II-7) and 

integrating between t = 0 and t = t the variation of the collector 

potential is found to be 

= - Cd(n/f)N - ^xPf-tn/Nj)^)] 0 < t < t, . (11-8)
dl d I 

The voltage given by Equation (11-8) is then fed through a charge 

sensitive preamplifier to a linear pulse amplifier that has a response 

to a step function given by 

V-(t) = :^exp[-:f] , (II-9) 

where Tq is the integrating and differentiating time constant of the 

amplifier (tq = 15 ys in this study). The output of the amplifier for 

times T > T-| is given by 

^1 
V(t) = V'(t - t) dt , (11-10) 

0 

which on integration gives (Bortner and Hurst, 1958) 

A GXp[^~ t/t JV(t) = - TQf)'^ [(exp(UTi) - 1)t - exp(UT.|)(Ti - 1/U) - -J-] , 
(11-11)

where A = nge/C, f = (n/Ng)Ngd and U = (x-, - TQf)/xQX^ . 

The maximum of V(x), V(x'), at the time x' can be found in an 

analytical form by first finding x' through solution of 
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^^=0, (11-12) 

and then substituting t' in Equation (11-11). In practice, the 

determination of the attachment coefficient n/N^ from V(t') is done as 
a 

follows: The voltage V(t) is fed into a multichannel analyzer (MCA) 

operating in the pulse height analysis mode. For a fixed E/N and 

temperature the channel corresponding to the maximum of V(t) is found, 

first for the pure carrier gas and then for the binary mixture of the 

attaching-carrier gas. The ratio of these two channels is the 

experimentally determined parameter needed to calculate n/N,(=f/N^d). 
a a 

The product of n/N^ and the electron drift velocity, w, at each E/N 
a 

o *1 
gives the absolute attachment rate, constant, k (in units of cm s" ). 

Knowledge of f(e,£/N) allows one to transfer k,(E/N) into the more 
a 

meaningful quantity kg(<e>), where <e> is the mean electron energy 

determined at each E/N from the known buffer gas f(e, E/N). 

B. Apparatus and Experimental Procedures 

1. Modification of the chamber and the g-particle source. The 

apparatus of the present study was designed and built with the 

capability of performing measurements of electron attachment rate 

constants over the temperature range 300-1200 K. Although the basic 

principles for the operation of the apparatus are the same as those 

employed in the past (Section IIIA), we found it necessary to intro 

duce a few modifications in the construction of the chamber of the 

present high-temperature swarm apparatus (HTSA). In Figure II-4 are 

shown for comparison the chambers and the source arrangements of the 
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room temperature swarm apparatus (RTSA) and the HTSA. Two basic 

differences between the two apparatuses are noticed from this figure. 

The first difference concerns the chamber as a whole. The HTSA 

chamber is a one body chamber, with a shape different from that of the 

RTSA, the main difference being the two long necks of the former. 

With this construction of the new chamber it is calculated that even 

when the temperature at the collision region is 1200 K, the tem 

perature at the end flanges will not exceed 400 K. In this way the 

system can be heated up and cooled down without the fear of creating 

a leak. The new geometry of the HTSA chamber might have eliminated 

the leak problem, but it imposed a limitation on the maximum permissible 

operating temperature for the following reason. The swarm experiment 

has its optimum performance when the electron swarm is formed as close 

to the center of the source plate as possible. For this to happen 

the source plate diameter and the total number density have to be 

chosen in such a way that the a-particle stops hear the center of the 

plate, since it is known that an a-particle drifting in a gas produces 

the maximum number of ion pairs at the end of its track. However, due 

to the construction of the chamber, the radius of the source plate (as 

well as that of the collector) cannot be made greater than 2.5 cm. 

For an a-particle of 5.16 MeV energy (produced from a Pu^^^ source) to 

have this range, the operating pressure has to be '\^2000 Torr at room 

temperature. Given that the chamber can be safely operated at pressures 

up to 6000 Torr at the maximum operating temperature, this means that 

the higher permissible temperature should not exceed 'v^OOO K. The 
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chamber, of course, can be heated at the maximum temperature of 1200 K, 

provided that the pressure at this temperature is <_ 3000 Torr. 

Besides the maximum temperature limitation problem, a second 

problem was found to be related to the shape of the HTSA chamber. The 

measured attachment rate constants were observed to show a significant 

time dependence. If, however, the two gases (attaching and buffer) 

were first premixed in a compact-shaped cylinder and then introduced 

into the collision chamber, the measured rates were found to be time 

independent. The extensive use of insulating material, associated 

also with the shape of the chamber, created obstacles for the overcome 

of which considerable time was invested. It was found that the insu 

lators were losing their insulating properties becoming conductors as 

the temperature was raised. The original insulators made out of lava 

material were replaced by new macor (ceramic material) insulators 

which permitted measurements up to 600 K. To go above this tem 

perature new AI2O2 insulators are needed, which at the time this work 

was done were not possible to obtain. 

The second difference between the HTSA and the RTSA concerns 

the source-electrodes arrangement. In the HTSA, the cathode (high-

voltage electrode) is identical with the source plate. This arrange 

ment is advantageous over the RTSA arrangement. It makes unnecessary 

the use of a second high voltage feedthrough [Figure II-4(a)] which 

would be needed to provide the proper voltage to the source plate in 

case this was separate from the cathode. Furthermore, separated 

source and cathode plates would mean more difficulties in mounting 
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these two plates and additional uncertainties in determining various 

separation distances. Figure II-4(c) gives the dimensions of the HTSA 

a-source. The radioactive material was electroplated on a thin ribbon 

of platinum, which was mounted in a groove, cut at a distance R from 

the inside edge of the annul us. To avoid back scattering of the a-

particles from the plane AB [Figure II-4(c)], the distance R was chosen 

to be 0.377 cm. This distance is much higher compared to the values 

(0.0355 cm < R < 0.0965 cm) used for the RTSA sources. With these 

dimensions, however, the intensity of the signal obtained with the 

present source was found to be lower by a factor of ten compared to 

that obtained with the room temperature sources. This not only made 

the statistics of the measurements poorer but also required longer 

times for the measurements to be performed. It is felt that this was 

the most serious deficiency of the present apparatus as compared with 

the RTSA. As it is seen from Figure II-4(c), increase in the number 

of slots was not possible. Also the source was already used at its 

maximum activity, whereas a decrease in the distance R was not per 

missible. Thus no remedy was found possible for the low count rate. 

2. The entire apparatus. A schematic diagram of the entire 

apparatus is shown in Figure II-5. The apparatus may be described as 

consisting of three parts: the drift chamber, the gas manifold, and 

the carrier gas purification system. The chamber and the manifold 

were pumped by a turbo-molecular pump (Pfeiffer TSU 111 type), whereas 

the gas purification system was pumped by a diffusion pump 

(Varian HS-2). Background pressures of *^^10 ^ Torr were obtained 
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between measurements, with an outgassing rate <0.1 y/hr. The total and 

partial attaching gas pressures were measured, respectively, with a 

10,000 (±0.1) Torr and a 1.00000 (±0.00001) Terr MKS Baratron bakable 

heads (170 Series). The electronics of the system are similar to those 

of the room temperature system shown in Figure II-4(a) (p. 38). The 

drift voltages were provided by Bertan programmable power supplies 

(model 205A-10N and 205A-30N for voltages up to 10 and 30 KV, 

respectively), and measured using a precision voltage divider and a 

Keithley (model 176) digital multimeter. The induced anode voltages 

produced by the electron swarm were detected and amplified by a pre 

amplifier (Tennelec No. TC 161D) and a linear amplifier (Tennelec 

No. TC222) and passed into a microprocessor based 2048 chennel MCA 

(Nucleus model 2048) where the distribution of the resultant peak 

voltages pulse height were stored. The pulse height histogram was 

analyzed by the microprocessor to find the most probable pulse height, 

which was then used to obtain n/N,, and then k , using a simple 
a a 

numerical iteration procedure. The microprocessor then reset the pro 

grammable voltage supply and hence E/N, and a new histogram was 

obtained and the whole procedure was repeated. 

3. Temperature system. As it has been already pointed out the 

capability of measuring electron attachment rates of various molecules 

over a relatively large range of temperatures was built into the 

apparatus. A specially designed furnace (series 3210, split type) and 

control system (series 230), both built by the Applied Test System, 

Inc., were used for this purpose. The walls of the cylindrical-shaped 
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furnace, of 2.5" thickness at the side and 3" at the top and bottom, 

were made of low "K" factor vacuum cast ceramic fiber insulation that 

provides minimum heat loss, high temperature capability and rigid 

structure. Extra insulation plates were fitted at the top and bottom 

of the furnace to minimize heat loss, while a stainless steel shell 

was covering the side walls of the furnace. Two zones—upper and 

lowei—of 8800 Watts heating elements each, were embedded into the 

inside of the insulation walls of the furnace. The two zones were 

heated independently by the passage of 19 AMP/zone current provided 

by the temperature controllers to which they were connected. Two 

thermocouples, the one being used to measure the temperature of the 

upper zone and the other to measure the temperature of the lower zone 

were also connected to the temperature controllers (one for each zone). 

The desirable temperature at which the swarm chamber had to be heated 

was set on the setpoint of the two controllers (.0-1000°C range, 1°C 

resolution). Six chromel-alumel type KX thermocouples were placed 

into an equal number of wells extended inside the chamber so that to 

measure the temperature as close to the collision region (space 

between the a-particle source and the collector) as possible. Two 

of the thermocouples (one measuring the temperature at the upper and 

the other at the lower part of the chamber) were connected to a 

Honeywell multipoint chart recorder. The other four thermocouples 

were connected to a digital temperature indicator (Instrulab 5000 

series). It was observed that because of heat losses there was a 

gradient of temperatures between the inside walls of the furnace and 

the outside walls of the chamber. This required that the temperature 
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settings on the setpoint controllers had to be higher than (depending 

on) the actual temperature of the chamber as read by the temperature 

indicator. By the use of the furnace and the accessory equipment 

described above, the desirable temperature of the chamber could 

easily be set with an uncertainty of ±1°C. The determination of the 

actual temperature, however, was not better than ±2.2°C, since this 

was the limit error specified for the thermocouples used. 

4. Experimental procedures and errors. The whole experimental 

procedure applied in the present experiment was very briefly as 

follows: The chamber was first brought to the desired temperature, 

after it had been baked for MB hours at a higher temperature so that 

the outgassing rate was low. At a fixed temperature the pure gas was 

first admitted into the chamber, and using the procedure as described 

in Section IIIA.2 a series of the channel numbers corresponding to the 

most probable pulse height ("peak channel number") as a function of 

E/N was obtained. A mixture of the attaching gas (one part in 10 to 
g 

10 of the total gas pressure) with the buffer gas, which had been 

prepared in the premixing cylinder, was then admitted into the chamber 

and a new series of peak channel numbers as a function of E/N was 

obtained. The ratio of the peak channel numbers at every E/N were 

used to determine the n/N^ at the corresponding E/N. The partial 

pressure of the attaching gas was extremely small, and thus it was 

permissible to assume that the influence of the attaching gas on the 

electron energy distribution function was negligible. To observe and 

to remove any possible such influence, the measurements as a function 

of the partial attaching gas pressure were performed, and the pressure 
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independent attaching rates could be obtained from an extrapolation of 

the rates to zero partial attaching gas pressures. Similar sets of 

measurements were performed at all temperatures studied. Before every 

measurement the buffer gas (quoted purity 99.9995%) was further 

purified by fractional distillations in the liquid nitrogen traps of 

the carrier gas purification system. The attaching gases were 

deoxygenated with repeated freeze-pump-thaw cycles. 

The possible sources of errors and their uncertainties are 

summarized in Table II-l. The total uncertainty in the determination 

of is estimated to be 6-8%. 
a 

C. Analytical Methods 

The electron attachment rate constants, k^, measured directly in 

the swarm experiment, can be used to obtain the absolute electron 

attachment cross sections, for each of the attaching molecules. 

The quantities k^(E/N) and a^CE) are related through 

ka(E/N) = [ e""/^ a^(E)f(E,E/N)dE , (11-13)
0 ^ 

where e is the electron energy, m is the electron mass and f(E,E/N) is 

the electron energy distribution function at each value of E/N. For 

the present study, as it has been pointed out in Section IIIB.4, the 

f(£, E/N) used are assumed to be those of the pure buffer gas and the 

addition of vanishingly small quantities of the attaching gas does not 

perturb f(E, E/N). For this study the f(E, E/N) for N2 and Ar were 

obtained from a numerical solution of the Boltzmann transport equation 
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Table II-l. Sources of errors and their estimated uncertainties 
in the electron attachment swarm apparatus 

Source Error 

Drift distance ±1.0% 

Chamber temperature ±0.5% 

Total gas pressure ±0.5% 

Electric field voltage ±0.5% 

Partial attaching gas pressure ±2.0% 

Electron swarm transit time ±0.5% 

Statistical uncertainty in ±1-2% 
determining the average 
electron signal pulse height 

Approximations in the analysis Expected to be small when the 
of the pulse heights to obtain electron swarm transit time 
the electron attachment rate ^ the time constant of the 
constant linear amplifier (15 ys) 

Non-ideal response characteristics Same conditions apply as 
of the linear amplifier above 
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developed by Luft (1975). A recent comprehensive discussion on the 

derivation of the distribution functions is found in Hunter and 

Christophorou (1983), whereas older treatments on this subject can be 

found in, e.g., Christophorou, 1971, and McCorkle and Christophorou, 

1972. 

The utilization of Equation 11-13 to determine a^(e) can be employed 
a 

in two ways: through the swarm unfolding technique and through the 

swarm-beam technique. 

1. Swarm unfolding technique. In the swarm unfolding technique, 

first derived by Christophorou et al. (1971b) aAe) is determined solely 
a 

from the swarm determined k^(E/N) and from a knowledge of f(e, E/N). 

To perform the unfolding procedure, the monoenergetic attachment rate 

constant kj^(e) is first defined as 

Thus the measured rate constant at the mean energy <e>. (i.e., at the 
J 

jth value of E/N) is expressed as 

l<a(<e>j) = Q l<fn(e)f(e, <e>j)de . (11-15) 

To start the iteration procedure, k^(e) is initially approximated 

by the k^(<e>) or by another function [the final values of ag(e) are 

independent of the initial choice of k^(e)—see Christophorou et al., 

1971b], with the constraint that k^(e) = 0 above the maximum energy 

accessible by the distribution function at the highest E/N value. These 
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values of l<^(e) are then substituted into Equation (11-15) and a new 

series of values of k (<e>.) are calculated for every <e>. (e.g., for 
® J J 

every E/N) value used. 

If we define the weighting factors W(<e>.) to be the ratios of the 
«J 

experimental rate constants k (<e>.) and the calculated rate constants 
cXp J 

k^^l(<E>j), a new function ^^(e) can be determined through 

I W(<E>j)"f(e,<£>j)W'(<E>j) 
■^m ' (11-16)%ew "'old I f(E.<E>.)W'(<E>.)j J J 

where n is an accelerator factor >1 which can be used to speed up the 

convergence rate and W'(<e>.) is an "importance factor" which may be 
J 

used to attach a different significance to each of the k (<e>.)
exp' j' 

values depending on the estimated accuracy. 

The new value of k^(E) is substituted in Equation (11-15) and the 
whole procedure is repeated several times until the residuals are 

minimized, i.e. 

<e>j)]^ ->■ minimum . (11-17)
J 

The weighting factors, then, approach the value one and the mono-

energetic rates k^(£) do not change with successive iterations. 
The use of the unfolding procedure as described above requires a 

considerable degree of experience and discernment, otherwise it can 

lead to misfacts and false results. For example, continuation of the 

iterating procedure beyond a certain number of iterations, statistical 
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uncertainties in the experimental data and the nature of the data 

itself (see Chapter VI) may lead to spurious effects on the unfolded 

function. See a further discussion on this subject in Hunter and 

Christophorou (1983). 

Swarm-beam method. The swarm-beam method (Christophorou, 1971) 

provides a second way to determine a^(e) from Equation (11-13) by com 

bining the negative ion currents 1(e) obtained by the beam technique 

and the l<3(<e>) measured by the swarm technique. There are, however, 

some limitations but also some advantages discussed in Chapter V, where 

this method has been employed. 

Briefly in this method, cj^Ce) is represented by 

"^ai^^^ " Ki-T^-I(e) (11-18) 

where is the ith trial attachment cross section function 

obtained when 1(e) is transferred from arbitrary to absolute units 

by the factor K^. and is translated by T^. along the energy axis. The 

constants K^. and T^ are determined by a double least square procedure 

through 

e
1/?

T-I(e)f(e,<e>.)de - k (<e>.)dT. = 0 
1 0 ^ J a J 

(11-19) 



CHAPTER III 

ELECTRON ATTACHMENT TO THE PERFLUOROALKANES n-Cj^F2,^^2 

I. INTRODUCTION 

In this chapter are presented and discussed the results of a study 

on the negative ions produced by direct electron impact on the per-

fluoroalkanes (PFAs): tetrafluoromethane (CF^), hexafluoroethane {C2Fg), 
perfluoropropane (C-^Fg), n-perfluorobutane (n-C^F-jg), n-perfluoropentane 

n-perfluorohexane (n-CgF^^). Negative ion formation by 

slow electron ('^'0-10 eV) impact with these molecules is of intrinsic, 

as well as of practical, interest. The study of these molecules 

provides information on the effect of the size of the molecule on its 

electron attaching properties. Additionally, an increased number of 

uses have been found in recent years for these PFAs in various 

applications. Their high dielectric strength (due to their ability 

to attach slow electrons) (James et al., 1980; Wootton et al., 1980) 

makes them potentially useful as gaseous insulators, especially in 

combination with other gases (Christophorou et al., 1982c). Also 

the magnitude and energy dependence of the electron attachment rate 

constants for some of these molecules are such as to make them good 

for applications in fast gas mixtures for neutron counters 

(Christophorou et al., 1979; Kopp et al., 1982), diffuse discharge 

switches (see e.g., Christophorou et al., 1982d), plasma etching 

(Coburn and Winters, 1979), etc. 

54 
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II. RESULTS 

A. Negative Ion Formation from Molecules of the Form 

n'^2N+2 ~ 

1. CF^. Two complementary fragment ions, CF^ and F~, were 

observed for CF^. Their relative cross sections as a function of e are 

shown in Figure Ill-l(a). Each curve represents the average of at least 

four sets of data. Each set of data has been deconvoluted [Section IIB-

(2), Chapter II], and the average of the corresponding unfolded functions 

are shown in Figure Ill-l(b). The relative peak intensities, energy of 

the maximum ion intensity, FWHM, and appearance onsets for the two 

anions are listed in Table III-l, where a comparison with literature 

data is made (see Section IV for discussion). 

2. ^2^6' nonunfolded and the unfolded relative cross sections 

for the three anions (C2Fg, CF^, and F~) observed for C2Fg are shown, 

respectively, in Figures III-2(a) and III-2(b). The pertinent physical 

quantities are listed in Table III-l and are compared with literature 

data. The ^2^s peaks at 4.8 eV; it is much weaker in inten 

sity and narrower in FWHM compared with the F~ and CF^ resonances which 

both peak at '\'4 eV. Note that these NISs at ̂ -4 eV are ^3 eV lower than 

those observed at '^7 eV in CF^. 

3. C^Fg. Five fragment negative ions were observed for CgFgi 

C3F7, CgFg, CFg and F". Their relative cross sections as a 

function of e are shown in Figure III-3(a) with the corresponding 

unfolded cross section functions shown in Figure III-3(b). The peak 
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Figure III-l. Negative ion intensity as a function of e for CF., 
(a) Nonunfolded data; (b) unfolded data. 
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Figure III-2. Negative ion intensity as a function of e for C2F5. 
(a) Nonunfolded data; (b) unfolded data (note trie 
multiplication factors). 
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Figure III-3. 
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intensities, resonance maxima, FWHM, and onsets for each negative ion 

are summarized in Table III-2 and are compared with literature data. 

The complementary ions CF^ and C2F^ and the ion have their 

resonance maxima at 3.3 ± 0.2 eV. The peak position of the predominant 

ion F" and its weak complementary ion C^Fy are shifted to lower and 

higher energies, respectively, relative to the position of a possible 

common NIS at 3.3 ± 0.2 eV. There is also evidence for a second NIS 

at >5.5 eV. 

4. n-C^F^Q. The n-C^F^^ molecule is the first member of the 

perfluoroalkane series for which we observed a parent negative ion. 

The energy dependences of the weak parent anion signal and the observed 

five fragment anions (C^Fg, C^Fy, C^Fg, CF^, and F") are shown in 

Figure III-4(a). The corresponding unfolded cross section functions 

are shown in Figure Ill-b(b). In Table III-3 are summarized pertinent 

quantities which are compared with literature data. With the exception 

of C^Fg, the results from the present work agree well with those of 

Harland and Thynne (1973). The appearance onsets for C^Fy, C2Fg, and CF^ 

as determined by Reese et al. (1956) and Greenhaus (1965) are consider 

ably higher than those of the present work. Differences have also been 

observed in the relative abundances of the various negative ions as they 

have been determined by different authors (see Table III-3). 

The parent ion intensity at '^^0.6 eV, well below 

the energy of 3.0 ± 0.2 eV, where the dissociative attachment resonances 

exhibit their maxima. There is a grouping of the fragment anion maxima 

at '\-3 eV which may indicate common short-lived (<<10"^ s) NIS(s) as the 
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precursor(s) of these ions at this energy. A similar suggestion can be 

made for the secondary maxima in the 1(e) functions of F~, CF^, and 

C^Fg at 4.2 ± 0.3 eV. The peak of the C^Fg cross section at '^1.8 eV 

is probably due to the presence of an i-C^F-iq impurity, as can be seen 

from the results for the fragmentation under electron impact 

and also on the basis of energetic considerations (see Section III). 

5. parent, CgF^^, and eight fragment, CgF^-j, CgF^g, 

^4^9' ̂ 41^8' observed when 
slow electrons collided with ""C5F^2' parent anion is the most 

intense. The relative cross sections are shown in Figures III-5(a) and 

III-5(b), and the relative peak intensities, resonance maxima, FWHM, 

and onsets are summarized in Table III-4. Four NISs can be identified 

for n-CgF-j2: a low-lying one at 'v^O.6 eV leading mostly to parent anions. 

a second NIS at '^'l.S eV leading mostly to dissociative attachment frag 

ments, and a third and fourth NIS, respectively, at '\'2.5 and 'v^S.S eV 

each leading to dissociative attachment fragments. The observation of 

dissociative attachment at '^'O.O eV, if real, implies that parent nega 

tive ions are produced at a higher energy than are fragment anions (see 

discussion in Section III). 

6. n-C,F The behavior of n-CgF-i^ under low-energy electrongF^^. 

impact is similar to that of n-CgFi2- The parent ion CgF^| is the 

predominant ion with its peak at 0.55 eV. The observed fragment anions 

are: CgF^^, CgF^2' *^5^11' ''4^7' ^3^7' ^ 

average yields of all the ions detected as a function of electron energy 

are given in Figures III-6(a) and III-6(b), and the pertinent quantities 
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Figure III-5. Negative ion intensity as a function of e for n-CcF-.^. 
(a) Nonunfolded data; (b) unfolded data (note the , 
multiplication factors). 
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Table 111-4. Negative Ions due to low-energy electron impact on 
n-C5Fi2 

Energy of maximum 
Negati ve Relative peak ion intensity FWHM® Appearance onset 
ionb intensity (eV)'= (eV)d (eV)3 

1000 0.6±0.05 0.75 '\-0 

170 1.65-^-0.1 2.05® 0.65'v-O.l 

200 2.25±0.05 <1.65 

500 -x-O 0.2 

51 1.7±0.1 2.0® 0.8±0.15 

66 2.45±0.05 <2 

15 -x-O 0.22 

5 0.75-^0.1 0.75 0.2-^0.05 

300 1.65'x-O.l 2.3® 0.9'^-0.15 

280 2.4±0.2 <2±0.5 

22 2.7±0.1 1.7±0.1 

40 3.65±0.05 1.5 >2.7 

33 1.3±0.05 1.1 0.5±0.2 

F' 80 2.5±0.1 1.65 0.65±0.1 

180 3.8±0.05 >2.5 

Full width at half maximum of the respective negative ion inten 
sity as a function of electron energy. 

An asterisk (*) indicates that the ion is long lived with 
respect to autodetachment. 

^Energy scale calibration determined using for the SF5/SF5 
resonance the value of 0.37 eV. The ± refers to the standard deviation 
from the average. 

'^Values listed are from the unfolded data. 
e ' 
Includes both peaks. 

https://3.8�0.05
https://1.3�0.05
https://3.65�0.05
https://0.9'^-0.15
https://0.2-^0.05
https://2.45�0.05
https://0.8�0.15
https://2.25�0.05
https://0.6�0.05
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Figure 111-6. Negative ion intensity as a function of £ for n-C.F,..
(a) Nonunfolded data; (b) unfolded data (note the ' 
multiplication factors). 
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are summarized in Table III-5. In addition to the NIS at 0.55 eV 

leading to formation of the parent negative ion, two additional NISs 

leading to dissociative attachment can be identified at 1.8 and '^3.4 eV. 

These NISs may be compared with those of n-C5Fi2 at 2.5 and 'v^3.7 eV. 

The formation of ̂ 6^12 and CgF^g at 0.0 eV and of C^Fg and C^Fy at 

'v^l.l eV involves the breakage of more than one bond and possibly also 

atomic rearrangement of the anion itself (see discussion in Section III) 

B. The Autodetachment Lifetimes of the Long-Lived Parent and Fragment 
Negative Ions of the " ^-6) Molecules 

The parent anions of n-C^F^g, n-C5F^2' were found to 

be long lived with > 10"^ s. The t of the parent anions of n-CcF,o 
a a O IL 

and n-CgF-j^ were found to decrease with increasing e (Figures 111-7 and 

II1-8) as did the of the long-lived fragment ion C5F^g/n-CgF.|2 

(Figure III-9). The n-C^F^^ ion was too weak to allow for similar 

measurements to be made; its was estimated to be 21 ± 4 ys. The 

lifetime data presented in Figures III-7(a) to III-9(a) are the averages 

of five sets of data taken at five different times; each set of data was 

obtained by repeated scanning of the electron energy across the nega 

tive ion resonance (at different accelerating voltages) and by averaging 

at each point the corresponding value of t . In Figures III-7(b) to 

III-9(b) the Tg values determined at a number of energies by the slope 

method are shown. In Table III-6 are listed the values of t at the 
d 

peak of the respective negative ion resonances. 

The variation of t with e and the increase of x with increasing 
a a • 

number of vibrational degrees of freedom of the molecule observed ip 
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Table III-5. Negative ions due to low-energy electron impact on 

Energy of maximum 
Negative Relative peak ion intensity FWHM^ Appearance onset 
ion° intensity (eV)c (eV)d (eV)d 

1000 0.55 0.7 "X/O 

64 2±0.02 1.85 0.65±0.1 

120 •v^O 0.24 

25 2±0.05 2 0.7±0.1 

18 ^,0 0.24 

1 0.85±0.05 0.5±0.1 

28 1.05±0.05 0.7 0.4±0.15 

C4F; 165 1.65+0.05 1.8 0.6±0.1 

C4F-7 25 0.7 
1+
01.15±0.05 0.55±0.15 
• 

210 1.6±0.02 1.3 0.75±0.1 

88 3 >2.5 

F" 114 3.45±0.05 1.5 

4.5(shoulders) 

5.8(shoulders) 

^Full width at half maximum of the respective negative ion inten 
sity as a function of electron energy. 

^An asterisk {*) indicates that the ion is long lived with 
respect to autodetachment. 

c
Energy scale calibration determined using for the SF5/SF5 

resonance the value of 0.37 eV. The ± refers to the standard deviation 
from the average. 

*^Values listed are from the unfolded data. 

https://3.45�0.05
https://1.6�0.02
https://0.55�0.15
https://1.15�0.05
https://1.65+0.05
https://0.4�0.15
https://1.05�0.05
https://0.85�0.05
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Table III-6. Lifetimes of long-lived negative ions observed in
collisions of slow electrons with (N = 4-6) 

Long-lived negative 
Parention 
iiiu lecu le 

r F~* 

""^4^10 21±4,^(12.7)^ 
r F~* 

"■^5''l2 10.9±0.7^ 
C F~*''5^2 "■^5''l2 49±2,^(34.3)^
C F~* 

53±2,^(43.9)'' 
A 

Determined from an averaoe of nvpv icin j.averdge oT over 150 separate measurements. 

Iisted'in''tte"^tat?e''a"%te'fi4eti-L'ra"? ttT"by the slope method (see text). i^esonance peak determined 
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the present study are consistent with previous studies (see 

Section IIB.(3) in Chapter II). 

III. DISSOCIATIVE ATTACHMENT ENERGETICS 

AND THERMOCHEMICAL DATA 

For a reaction of the form 

e + RX R" + X , (III-l) 

the heat of reaction, aH^, is related to the heats of formation 

aH^(R), aH^(X), aH^(RX) of R, X, and RX, respectively, and the electron 

affinity, EA(R), of R by 

AH^ = AH^(R) - EA(R) + aH^(X) - aH^(RX) . (III-2) 

Also, aH^ is related to the appearance onset, AO(R'), of R~ by 

AO(R") = AH^ + E* , (III-3) 

where E* is the excess energy of the reaction comprised of the 

internal energy of excitation and the total translational energy of 

the fragments. We made use of Equations (III-2) and (III-3), or of 

Eq. (I.II-3) and the energy balance equation 

AO(R") = D(R-X) - EA(R) + E* . (III-4) 

[D(R-X) is the bond dissociation energy of RX], and the thermochemical 

data in Table III-7 in an effort to identify possible fragmentation 

mechanisms of the NISs leading to the production of the observed frag 

ment anions and also to deduce electron affinities of radicals, hebts 
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Table III-7. Thermochemical data used in Chapter III 

Values (in eV) Values (in eV) 
Ouantity and references Quantity and references 

AH^(F) 0.82® AHf(n-C4Fio) -21.9'^ 

aH^(CF2) -1.72^' AHf(C5Fii) -21.48"^ 

AH^(CF3) -4.94® AH^(n-CgF^2) -26.0*^ 

AH^(CF2=CF) -1.99^^ AHf(C6Fi3) -25.58*' 

AH^(CF4) -9.58® AHf(n-C6Fi4) -30.1" 

iH^(C2F4) -6.74® EA(F) 3.45® 

AHf(C2F5) -9.19^ EA(CF3) 2.1^" 

AHf(C2Fg) -13.7*^ EA(CF3-C) 2.8,3.i9 

AH^(C3F5) -7.9*^ EA(CF2=CF) 2.1±0.29 

AHf(C3F6) -11.22'^ EA(C2F5) 2.1^" 

AH^(n-C3F7) -13.29'^ EACC^F/E-C^Fg) '^'3.59 

AH^(i-C3F7) -13.87^ EA(2-C4Fg) >0.6,<0.9" 

AHf(C3Fg) -17.82^^ EA(C5Fg/C4F5(CF3)2) 3.UO.39 

AH^(2-C4Fg) -16.6'' D(F-C^F2n+i),N=2,3... 5.35® 

AH^(c-C^Fg -15.7" D(F-F) 1.64' 

^Hf(C4Fg) -17.38'^ D(C-C) 3.7 + 0.2'' 

J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, 
K. Draxl, and F. H. Field, NSRDS-NBS 26 (1969). 

''S. W. Benson and H. E. O'Neal, NSRDS-NBS 21 (1970). 

•^W. M. Bryant, J. Polytn. Sci. 277 (1962). 

'^I. Sauers, L. G. Christophorou, and J. G. Carter, J. Chem. Rhys. 
21, 3016 (1979). 

®R. S. Berry and C. W. Reimann, J. Chem. Phys. 38, 1540 (1963). 

^H. M. Rosenstock, K. Draxl, B. W. Steiner, and J. T. Jerron, 
J. Phys. Chem. Ref. Data Suppl. No. 1 (1977). 

^J. C. J. Thynne, Dynamic Mass Spectrometry. edited by D. Price 
(Herden and Son, Ltd., London, 1972), Vol. 3, p. 67. 

^P. R. Hammond, J. Chem. Phys. 3468 (1971). 

^B. Darwent, NSRDS-NBS 31 (1970). 

•^Obtained using for the reaction C^F2f^^2 ''N-x''2N+2-y ^ 
the energy balance equation D(C-C) = 4H^ = '^"f^^x'^y^ 
- ^H^(C^F2m^2^ thermochemical data of this table. 

https://2.1�0.29
https://2.8,3.i9
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of formation of fragment anions, and dissociation energies for various 

C-C and C-F bonds. 

The appearance onsets of the observed fragment anions and the 

proposed reactions leading to their formation along with the respective 

aH^ are listed in Tables III-8 to III-IO. In the same tables are listed 

values of E* estimated from Equation (III-3) for these reactions and 

are compared with literature data whenever available. It should be noted 

that when E* is not known, only limiting values are determined for the 

thermochemical data listed in Tables III-8 to III-IO. In general, the 

data we obtained (Tables III-8 to III-IO) show satisfactory consistency 

except for a few cases discussed later in this section. 

The relative cross sections of a number of fragment anions exhibit 

(Figures III-3 to III-6 (pp.59, 62, 65, and 67); Tables III-2 to III-5 

(pp. 61, 63, 66, and 69)) two (or more) maxima. We interpret (see 

Tables III-8 to III-IO) these maxima as originating from separate NISs 

with different asymptotic limits depending on the kind of products 

which we assumed to be in their electronic ground states (except for the 

reaction e + CF^ F' + CF|, where CF* can be electronically excited). 

When multiple-fragment reactions are involved in the production of a 

particular anion, energetic considerations were used to identify the 

most likely reaction(s). Further discussion on the multiple- versus 

two-fragment reactions is given in the next section. We were unable to 

identify specific reactions for C3F^/n-CgF^2» ^5*^11'' 

""^5^12 P®3king at, respectively, 2.4, 2.45, and 2.25 eV. 
It was pointed out in Section IIA.(4) that the cross section 

maximum for C^Fg from ""C4F-1Q at 1.85 eV may be due to an i-C^F-jQ 
I 
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Table III-8. Possible dissociative attachment processes leading to the formation of F" from n-C„F N = 1-6,
N 2N+2'

and thermochemical data deduced 

AH ^ 
AO Thermochemical data deduced 

(eV) Reaction (eV) (eV) 

4.5+0.1 e + CF^ +• F" F CFg 2.0 E*** = 2.5(3.26) 

2.0±0.1 e + CjFg -+ F" + C^Fg 0(F-C2Fg)'^< 5.45±0.1(5.35)1.9 

1.7+0.2 1.9 D(F-C3F2)1 5.15±0.2(5.35)® ^ '^3''7 
1.6±0.1 1.9e + n-C4FiQ •+ F" + C^Fg ''(F-C4F9) 1 5.05±0.1(5.35) 

<4 F- t 2-C^Fg + F 3.5" 

F- t CgFg t CFg 3.1 

F- t C^Fg + CgF, 3.35 

1.65+0.1 e + n-CgF,2 "+ F" + CgF,, 1.9 D(F-CgF,,) < 5.1±0.1{:.35) 

>2.5 F- + F + CgF,g 3.4® 

F + CgF^ + C^F^ 3.35 

^ ^ ̂ 2^5 2.95 

l.BtO.l e + n-CgF,^ -+ F" t CgF^g 1.9 D(F-C6Fi3) < 5.25±0.1{5.35) 

'v4.5(shoulder F- t F t CgF,2 3.4® 

3.35 

F" + C3F7 + CgFg 3.0 

■v5.8(shoulder) F- t CgFg t C2F4 f CF3 4.6 

5.35^ ^ ':2'^5 + CFg 

Heat of reaction determined by using Equation (III-2) and the data of Table 111-7. 

''Excess energy determined from Equation (III-3). Numbers in parentheses are results of P. N. Harland and J. L. 
Franklin, J. Chem. Phys. 1621 (1974). 

"sond dissociation energies determined from Equation (111-4) using E* ^ 0 eV. The numbers in parentheses are 
the values of J. L. Bryant, J. Polym. Sci. 277 (1962). 

If the structure of C^Fg is cyclic (c-C^Fg), then = 4.4 eV. 
®See Footnote c of Table III-IO for of CgF^g and EgF^^-

https://5.25�0.1{5.35
https://5.1�0.1{:.35
https://5.05�0.1(5.35
https://5.15�0.2(5.35
https://2.5(3.26
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Table III-9. Possible dissociative attachment processes leading to the formation of from d-CfjF2|i,+2' 
N = 1-6, and thermochemical data deduced 

AHr^ 
Thermochemical data deduced 

Ion (eV) Reaction (eV) (eV) 
AO 

5.1±0.1 e + CF^ - CF3 + F 3.35 E**" = 1.7510.1(2.0)
"3 

2.4t0.1 e + C2F6 - CF3 + CF3 1.7 E* = 0.710.1(0.66) 

2.4±0.2 e + l.E E* = 0.810.2(0.85)''3^8 "■ '■'^3 ^ ''2''5 
>5 - CF3 + CF3 + CF2 A.l 

- OF" + C2F4 + F 4.85 

2.210.1 e + l.E E* = O.EiO.l""''a'^IO "" **^3 * 
>3.2±0.3 3.2- CF- . C2F4 t 

C2F- 3.510.1 e + 3.25 D(F-C2Fj)''i 5.610.1'^2''6 ''2''5 ^ 
2.I1O.2 e + l.E E* = 0.5''3''8 " ''2''5 * '"^3 
I.81O.I5 e + 1.4 E* = 0.4±0.15"■'"a'^IO ''2''5 * ''2''5 
<4 -»■ CgFg + CF3 + CF2 3.95 

1.710.1 e + n-C5Fi2 -> C2F5 + C3F2 1.4 D(F5C2-C3F7) ^ 3.8+0.1 
>2.7 -> C2F5 + + CF3 3.0 

C3F- 2.5i0.2 C3F8 ^ C3F2 t F (2.710.4) EA(C3F2) > 2.6510.4"^e + 

I.21O.3 e + ""'•a'^IO ''3''7 '-''3 (1.2i0.4) EA(C3F2) > 2.5+0.4'' 
0.9i0.15 e + n-C5Fi2 - C3F2 + C2F5 (0.9i0.15) EA(C3F2) > 2.6+0.15,® 2.910.25*' 
0.75i0.1 e + (O.751O.I)"''-S'^IA '-3''7 * ^3^7 EA(C3F2) > 2.75+0.1® 
>2.5 (2.410.1)- C3F- 1 C2F4 ^ CF3 

<^4^9 + p-CaFio - C^Fg + F (1.310.2) ^^(C^Fg) > 4.05+0.E''-''l.OiO.l e 

<2.0i0.3 - C.Fg 1 F (2.3i0.4) EA(C^Fg) i 3.0510.4** 
0.8i0.15 e + n-C5Fi2 - C^Fg + CF3 (0.8i0.15) EA(C^Fg) > 2.9+0.15® 
O.EiO.l e + i-CeFia - C^Fg + C2F5 (O.EiO.l) EA(C^Fg) > 2.9+0.1® 
0.65i0.1 e + n-C5Fi2 -> CgF", + F (0.9i0.2) EAlCjF,^) 1 4.45+0.2*''-s'^ii 
O.71O.I e + ^^(CjF,^) < 3® or EA(C5F^,) = 4.5, E+ = 1.5 
0.65i0.1 e + (O.751O.2) EA(CgF,3) > 4.610.2*'"-•^E^A " '^6''i3 

®Heat of reaction determined by using Equation (111-2) and the data of Table III-7. Values in parentheses were 
obtained by using the EA values listed in the last column of this table. 

''Excess energy determined from Equation (111-3). Numbers in parentheses are results of P. M. Harland and J. L. 
Franklin, J. Chem. Phys. 1621 (1974). 

''Bond dissociation energy determined from Equation (III-4) using E* ^ 0 eV. 

'^Electron affinity determined from Equation (III-4) using the dissociation energy deduced from the complementary anion 
production. It was assumed that E* ^ 0. 

^Electron affinity determined from Equations (III-2) and (III-3) with E* ^ 0 and the data in Table III-7. 
See discussion in text. 

https://2.9+0.15
https://0.8i0.15
https://0.8i0.15
https://2.910.25
https://2.6+0.15
https://0.9i0.15
https://0.9i0.15
https://0.4�0.15
https://I.81O.I5
https://0.810.2(0.85
https://0.710.1(0.66


 

T
a
b
l
e
 
I
I
I
-
I
O
.
 
P
o
s
s
i
b
l
e
 
d
i
s
s
o
c
i
a
t
i
v
e
 
a
t
t
a
c
h
m
e
n
t
 p
r
o
c
e
s
s
e
s
 
l
e
a
d
i
n
g
 
t
o
 
t
h
e
 f
o
r
m
a
t
i
o
n
 
o
f
 a
n
i
o
n
s
 
o
f
 t
h
e
 

fo
rm
 C

|^
F2

[^
 a
nd

 
an

d 
th

er
mo

ch
em

ic
al

 d
at
a 

de
du

ce
d 

A
H
 ^
 

r
 

T
h
e
r
m
o
c
h
e
m
i
c
a
l
 
d
a
t
a
 
d
e
d
u
c
e
d
 

An
io

n 
Re
ac
ti
on
 

(
e
V
)
 

(
e
V
)
 

e
 
+
 

I
 

1G
.4

2+
AH

^(
C^

F-
) 

EA
(C

4F
g)

 =
 0
.7

''
0
.
0
 

""
''
5'
'l
2 
I

C4
F-

+ 
CF
3 
+ 

F 
21

.9
+A

H^
(C

^F
-)

 
EA

(C
4F

3)
= 

6.
2'
' 

0
.
0
 

e
 
+
 

3
 

26
.0
+A
H^
(C
5F
:;
g)
 

EM
Cg

F^
o)

 =
 5

.2
''

''
s'
^i
o 

"-
'^

5'
'l

2 
'

'
z
 

i
C5

F-
* 
+
 F
 +
 F
 

27
.G

5+
AH

^(
Cg

F:
fg

) 
EA

(C
5F

^q
) 
=
 G

.O
''
 

0
.
0
 

e
 
+
 

5
 

20
.5
+A
Hf
(C
5F
-g
) 

EA
(C
gF
,g
) 
= 

o'
'

^5
^1

0"
f^l

^A 
2G
.0
+A
H^
(C
5F
:j
g)
 

EA
CC

gF
^g

) 
=
 5

.2
*^
 

0
.
0
 

e
+
 

I
 

= 
5.
2'
'

'-
6'

'l
2 

"
-
V
1
4
 

''
6'

'l
2 

^Z
 

30
.1

+A
Hf

(C
gF

^2
) 

EA
(C
gF
^2
) 

§
^'

'1
2 
+ 

F 
+ 

F 
31

.7
5+

AH
^(

Cg
F^

2)
 

EA
(C
gF
^2
) 
= 

G.
O'
' 

1
.
1
+
0
.
1
 

e
 
+
 

+ 
CF
4 
+ 

F 
9.
05
+A
Hg
(C
2F
3)
 = 

S'^
''
2'
'3
 

S
^
8
 
'=
2'

 
0
.
5
±
0
.
2
 

e
 
+
 

7.2
5+A

Hg
(C2

F3)
 = 

3''
"-

'^
5'

'l
2 

-►
 

'^2
''3

 
'^2

''5
 ^

 '^
''4

 
+

 
->

C4
F7

 
0

.5
5

±
0

.1
5

 
15

.6+
AH

g(C
^F

2) 
EA

(C
4F

2) 
= 

3.0
±0

.45
®(

'>-
3.5

)''
e

 
"-•

^g
'^i

a 
''4

'^7
 

'"'^
4 

CjF
-g 

0
.4

±
0

.1
5

 
C5

F-
+C

F4
+F

 
21

.35
+A

Hg
(C

gF
g) 

EA
(C

gF
9) 

= 
4.

6±
0.

45
®(

3.
1)

^ 

®H
ea

t 
of

 r
ea

ct
io

n 
de

te
rm

ine
d 

by
 u

sin
g 

Eq
ua

tio
n 

(I
II-

2)
 a

nd
 t

he
 d

at
a 

of
 T

ab
le 

III
-7

. 
''u

sin
g 

aH
-IC

.Fq
) 

= 
AH

,(C
-Fo

) 
-

EA
(C

.Fq
) 

an
d 

the
 A

H,
(C

.Fq
) 

fo
r 

the
 c

yc
lic

 s
tru

ctu
re

, 
c-C

,Fq
(T

ab
le 

II
I-

7
)/

 
48

 
f 

48
 

48
 

f 
48

 
48

 
'"T

he
 E

A 
va

lue
s 

we
re 

de
ter

mi
ne

d 
fro

m 
Eq

ua
tio

n 
(I

II-
2)

. 
Th

e 
AH

, 
va

lue
s, 

-2
0.

8±
0.

2 
an

d 
-2

4.
9 

0.
2 

eV
,

fo
r 

Cs
Fi

q 
an

d 
Cc

Fi
2.

 r
es

pe
ct

iv
el

y,
 w

er
e 

ca
lc

ul
at

ed
 u

sin
g 

Cg
F-

ig 
C-

F,
 +

 C
2F

g 
an

d 
C5

F1
2 

-<■ 
C3

F5
 +

 C
3F

7,
re

sp
ec

tiv
ely

, 
wi

th 
aH

^ 
= 

D(
C-

C)
 =

 3
.7±

0.2
 e

V 
an

d 
the

 a
H^

 f
or

 
f'2'

^5«
 

C^
F^

 f
rom

 T
ab

le 
III

-/
. 

''by
 a

ssu
mi

ng
 th

e 
str

uc
tu

re
 C

F„=
CF

 fo
r 

C,
F, 

an
d 

us
ing

 A
H,

(C
,F^

) 
= 

aH
,(C

oF
,) 

-
EA

(C
oF

,) 
an

d 
the

 d
ata

 
in

 T
ab

le
 I

II
-7

. 
^ 

f 
2

J 
f 

2
J 

2
3

 

®T
he

 E
A 

va
lue

s 
we

re
 d

et
er

m
ine

d 
fro

m
 E

qu
at

ion
 (

III
-2

).
 

Th
e 

AH
, 

va
lu

es
, 

-1
2.

1±
0.

3 
an

d 
-1

6.
3+

0.
3 

eV
,

fo
r 

C4
F7

 a
nd

 C
gF

q, 
re

sp
ec

tiv
el

y,
 w

er
e 

ca
lc

ul
at

ed
 u

sin
g 

C/
jFg

 -+
 C

4F
7 

+ 
F 

an
d 

C5
F1

Q 
-+ 

Cc
Fg

 +
 F

,
re

sp
ec

tiv
el

y,
 w

ith
 A

Hp
 =

 D
(C

-F
) 

= 
5.

3+
0.

3 
eV

 a
nd

 t
he

 A
H,

 f
or

 2
-C

.F
, 

an
d 

F 
fro

m
 

Ta
bl

e 
II

I-
7

 a
nd

 C
,F

,, 
fr

o
m

 
fo

o
tn

o
te

 
c 

o
f 

th
is

 
ta

b
le

. 

f.
 . L
ite

ra
tu

re
 

va
lu

es
 

(f
ro

m
 T

ab
le

 
II

I-
7

).
 



80 

impurity. Support for this contention comes from two sources: (i) the 

cross section for C^Fg from has a rather strong maximum at this 

energy and (ii) if we use the first AO of C^Fg from n-C^F^g to calculate 

via Equation (III-4) the EA of C^Fg, we obtain a value for the EA of 

C^Fg which is more than 1 eV larger than that deduced from similar data 

from either n-CrF,o or n-C^F,.. If, however, the AO for the second 
5 12 6 14 

used, the EA (C^Fg) value obtained is more con 

sistent with the EA (C^Fg) obtained from the C^Fg/n-CgFi2 and C^Fg/ 

n-CgFiA measurements (see Table III-9). 

The formation of C^Fg and C^F^g from "-CgF^^ ^5^10 

from "-CgF^^ at '\'0.0 eV (i.e., well below the peak of the corresponding 

parent anion at 0.6 eV) is rather puzzling. (Notice also a second 

maximum in the relative cross section of C4Fg/n-CgF^2 ^5^10'''^''"6'^14 

at '\>G.7 and o-O.BB eV, respectively.) Reaction 1 in Table III-IO gives 

EA (C^Fg) =0.7 eV, whereas reaction 2 gives (Table III-IO) EA (C^Fg) = 

6.2 eV. Similarly, reactions 3, 6, and 7 (Table III-IO) gives consis 

tent but rather large values (>5 eV) for the EA of C^F^g and CgFi2 

radicals. Such large values for the EA of the species C^Fg, C^F-iq, and 

^6^12 rather unlikely, and these fragment anions may be due to 
traces of impurities. A study of c-CgF^g (Chapter IV) showed that 

CgF^g is a very strong anion at 0.0 eV and has the same as the 

^s'^lO "'^5''l2" 
It is difficult to understand the production of C2Fg from CgFg and 

"~^5'^12' energies 1.1 and 0.5 eV, respectively. If we 
assume for C2F2 the structure CF2 = CF, the heats of the reactions 

leading to the formation of C2Fg are 5 and 3 eV, respectively. If, on 
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the other hand, we assume the structure to be CF^-C, the heats of the 

reactions are even higher. In both cases the appearance onsets are well 

below the heats of the reactions. 

IV. DISCUSSION AND CONCLUSIONS 

A. Types and Relative Intensities of Parent and Fragment Negative Ions 
as a Function of Molecular Size. Calculation of Separation Times 
and Autodetachment Lifetimes 

1. Parent anions. From the results presented in Section II, it is 

evident that low-energy electrons attach to PFAs dissociatively and/or 

nondissociatively. Which mode of attachment will predominate depends 

on the size of the molecule. For the lower PFAs (CF., C^F^, and C-Fo)
4 2 6 3 8 

only fragment negative ions have been observed. The F" ion was found 

to be the most abundant anion. For n-C^F^^ a weak parent negative ion 

was detected, but for this molecule, too, F~ still remains the most 

abundant anion. For the larger members of the series we studied 

(i.e., n-CgFi2 and ""CgF-j^) the parent negative ion is formed and is 

more intense than any of the fragment negative ions. Interestingly, 

for all three molecules the parent anion cross section peaks at '\'0.6 eV. 

This contrasts with earlier findings (Sauers et al., 1979) on the 

unsaturated and cyclic perfluorocarbons for which the parent anion 

cross section was found to peak at '\'0.0 eV. As in the case of the 

unsaturated and cyclic perfluorocarbons, the parent anions of n-C^F^^, 

""''5^12' ""^6^14 found to be long lived with autodetachment 
lifetimes of the order of 10"^ s. Actually, the lifetimes of n-C^F^^ 
and n-CgF^I—49 and 53 ys at 0.6 eV, respectively—increase with 

increasing molecular size and decrease with increasing electron energy 

i 
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from 90 and 90 ys at 0.0 eV to 30 and 40 ys at 1.1 eV, respectively). 

It seems also that the larger the number of vibrational degrees of 

freedom of the molecule, the smaller the rate of decline of the life 

time with increasing e. 

The results of a swarm study (see Hunter and Christophorou, 1983) 

and Part C of this section) showed that the electron attachment cross 

sections, a,, for the PFAs studied increase with increasing size of the 
a 

molecule. However, not only the size of the molecule but also its 

shape and the deformation of the transient anion (and thus the effective 

ness of dissipation of the excess energy) affect both the magnitude of 

the attachment cross section for the formation of parent negative ions 

and their x^. Thus, whereas parent negative ion formation in 

is stronger than in n-C^F^g, it becomes weaker for neo-CgF.]2 (see 

Chapter IV for results on i-C^F^g and neo-C^F^^) compared with 'i-CgF^2-

The EA of perfluorocarbon radicals (Section III; Tables III-8 to 

III-IO) increases with increasing size of the radicals. An analogous 

statement can be made for the perfluoroalkane molecules themselves. 

This would imply that the equilibrium distance for the parent negative 

ion increases when the molecule becomes larger since the vertical 

attachment energy is the same (0.6 eV) for n-C^F^g, n-CgF^2» 

2. Fragment anions; separation times and autodetachment lifetimes; 

potential energy curves. The present work has shown that in slow-

electron-PFA molecule collisions in addition to the parent negative 

ions and F~, other fragment negative ions are produced of the form i 
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^n'^ZN+I'^n'^ZN' ^N^ZN-1 ~ ^ ^N^ZN+1 
involve single bond (C-C or C-F) breakage, whereas the anions of the 

form C|^F2j^ and Cn^F2f^_i require the cleavage of more than one bond. It 

should be stressed here that even the ions F~ and C^FIm^i whose forma-
N tN+l 

tion is assigned to two-fragment processes may be formed also in 

multiple-fragment reactions (see part B in this section). 

Although for a polyatomic molecule C|^F2|^+2' molecular 

neutral state and the negative ion state are described by potential 

energy surfaces rather than by two dimensional potential curves as in 

the case of diatomic molecules, the formation of complementary ions 

(e + RX ̂  X + R; R + X) may be viewed as dissociation along the R-X 

coordinate of the energy surface following the electron capture and be 

approximated by a "diatomic-like" molecule process. 

Adopting a diatomic-like picture, the separation time, (which 

we define as the time it takes for the fragments X~ and R to move from 

1^0 '"c coordinate r(R-X), where r^ is the internuclear 
distance at equilibrium of the neutral molecule, and r^ is the point 

of intersection of the potential energy curves for the initial neutral 

state VQ(r) and the final negative ion state V (r)), is given by 

1/2 r'c dr 
^s = (f) 

where y is the reduced mass of R and X. 

For VQ(r) we chose a Morse function 

Vo(r - rg) = Dg{l - exp[- 6(r - rg)]}^ , (IIl'-6) 
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where 0^ = 0 + hC(D/2 (D is the dissociation energy of R-X, h is Planck's 

constant, and c is the speed of light) and 

3 = 0.1218U, , (III-7) 

where 3 is in 108 cm"-1, if the wave number co (determined from the average 

frequency of vibration of the normal modes of the R-X bond) is in cm~\ 

y in atomic mass units, and in cm'^. 

For the negative ion potential energy curve we assumed a purely 

repulsive function of the form 

V_(r) = Dg - EA(X) + . (III-8) 

The constants B and C were determined by imposing the condition that 

V_(ro)" Eg ^ hcoi)/2 (eq is the peak energy of the negative ion 

resonance), and that the slope of the curve at rg is equal to the 

ratio of the FWHM of the negative ion resonance to the FWHM of the 

Gaussian curve describing the probability distribution for the ground 

vibrational state of the molecule. 

In Figure III-IO are shown the VgCr) and V (r) curves for CF^ and 

C2Fg. In the same figure are shown also the probability density 

distributions 

exp [-a(r - ^g)^] , (III-9) 

"9 1 ?
(a = 2.965 10 yo) in 10 cm" ) for the v = 0 level for these molecules. 

The curves were calculated using the data listed in Table III-ll. 



 

 

85 

(»)CF4 

i
i 

F+CF3 

CF3+F 

F"+CF3 
/ 

1 r 1 1.. 

Lft 2 . as 

r (10 cm) 

CpFfi 

F+C2F5 

> 
A 

CF3+CF3_ 

>• 
U 

C2F5+F -

F +C2F5 

CF3+CF3 

/ 
r (lO"" cm) 

Figure III-10. Potential energy diagrams for (a) CF4 and CF4*, 
(b) C2F5 and C2F6*. The curve is along the 
r(C-F] coordinate and the curve is along the 
r(C-C) coordinate. The curves for the neutral states 
were obtained using the Morse function, and the 
curves for the negative ion states using the experi 
mental data as described in the text [Section VA.(2)], 
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The mean autodetachment lifetime was calculated from 
a 

Equation (III-IO) which relates t /x to the measured dissociative 
S a 

electron attachment cross section for a diatomic (or diatomic-like 

molecule (see Section IIC.(2) in Chapter I) 

3/2- r- fr^2 _ _ ^)2^
^ / \ 4Tr'q a exp{-T^/T^} . 

^ ° (2m/h^)e ^d 
(III-IO) 

In Equation (III-IO) m is the electron mass, e is the incident electron 

energy, g is a statistical factor, is the experimentally determined 

dissociative attachment width, r_ is the partial autoionization width, 

is the total autoionization width, ~ ^0 ̂  hcu/2. We took g = 1, 

r- = r [this is true if there is no excited state of the neutral 
d d 

molecule below the negative ion state, which is the case for all the 

molecules in the present study (Robin, 1974)], Sq = (experimentally 

determined peak energy), x = ii/f . To obtain the values for the 
d d Qd 

various anions, we made use of the swarm data (Hunter and Christophorou, 

1983) in combination with the present data. For example for ap-ZCF^, 

we assumed that the peak value for the total attachment cross section, 

("alf. obtained from the swarm study is equal to the sum of the peak 

values of the cross section for F" and CF~. If we use the fact that Op-

and CT - at their respective peaks are equal (Table III-l, p. 57), then 

^F~ ^ ^s ^a as described above 
[Equations (III-5) and (III-IO)] and by using the data shown in 

Table III-ll are listed in the last two columns of Table III-ll. 

The following general observation is made for the present stud^: 

In a two-fragment dissociative attachment process the negative ion with 



88 

the lower asymptotic limit (corresponding to the fragment with the 

larger EA) peaks at lower energy than its complementary anion and, with 

the exception of F~ from CF^ and , is more intense (see 

Tables III-l to III-5 (pp. 57, 61, 63, 66, 69) and III-8 to III-IO 

(pp. 77-79). This may be attributed to the fact that is shorter for 

the anion peaking at lower energy (Table III-ll) and also due to the 

fact that is inversely proportional toe [Equation (III-IO)]. In 

light of this argument the following observations concerning the 

relative cross sections of fragment anions can be understood: (i) As 

the size of the molecule increases, the abundance of the small negative 

ion fragments produced in a direct two-fragment dissociation process 

decreases. Thus, CF^ from ""^5^12 and CF^, n-CgF-j^ have not 

been detected, (ii) The intensity of F~ relative to that of the com 

plementary (M-F)" changes drastically from one molecule to another. 

For example, the ratios of the relative peak cross section values, 

^F"/^(M-F)'' ^2*^6' ^3'^8' ""^4^10' "~^5'^12 ''sspectively, 
1000:1, 500:1, 1000:53, and 80:200 showing a decline with increasing 

(M-F) fragment size. The F" and (M-F)~ from CF^ and n-CgF^^ do not 

follow this trend (see Discussion below), (iii) for PFAs (C2Fg, n-C^F^Q, 

and n-CgF-i^) with an even number of carbon atoms, the second most 

intense negative ion fragment is that which results from a symmetric 

breaking of the parent molecule (Tables III-l, III-3, and III-5). 

A comment should be made on the relative intensities of F~ and 

(M-F)~ for the molecules CF^ and n-CgF-j^. According to the general 

observation made at the beginning of the previous paragraph, we would 
I 
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expect for CF^ (as for the case of ̂ 2^6' ̂ 3^8' 

more intense than (M-F)~, and for n-CgF^^ (as for the case of n-CgFi2) 

the (M-F)" to be more intense than F~. Of all molecules studied, CF^ is 

the only molecule for which the fragment ions F~ and CF^ are formed with 

considerable translational energy (Tables III-8 and III-9, pp. 77 and 

78). This results in smaller for both anions (Table III-ll); this 

alone, however, does not explain the equal peak intensities for F" and 

CF^. It can be seen from Figure III-2 (p. 58) that the F~ resonance is 

too broad (FWHM =2.75 eV) and asymmetric (broader to the high-energy 

side) with an indication of a hump of '^^8 eV. It seems reasonable to 

assume that below 'v.6 eV the energetic F~ ions are produced primarily 

through the reaction e + CF^ -> F~ + CF^, and in this energy region F~ is 

indeed more intense than CF^ as is expected on the basis of the data of 

the other PFAs. For energies >6 eV, however, F~ can be produced with 

less kinetic energy via e + CF^ F~ + F + CF^ with a resultant reduction 

in its intensity. For e > 8 eV the reaction e + CF^ -v F~ + CF|[the 

first excited electronic state of CF^ is at 5.9 eV (Hastie and 

Margrave, 1969)] becomes energetically possible. Concerning the 

F /n-CgF^^, we proposed in Table III-8 that its formation at the onset 

1.8 eV is due to a two-fragment reaction. From Figure III-ll, however, 

it seems that the formation of F~ at the peak energy 3.45 eV may be due 

to a multiple- rather than a two-fragment reaction. In this regard it 

should be noticed that whereas in "-C^F-jq the F" is produced predominately 

via a two-fragment reaction, in n-C5F^2 the F~ ion is formed more 

efficiently via a multiple-fragment reaction. 
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B. Numbers and Positions of NISs 

For each molecule we studied, the resonance peaks for the various 

anions group in certain energy regions. This would indicate the exist 

ence of negative ion states, precursors of the multiple anions. 

Figure III-ll summarizes the energy positions of the relative cross 

section maxima for parent anions and anions of the form 

(N = 0-6) observed from the normal PFAs. Three types of resonances are 

evident from Figure III-ll. Firstly, there are the resonances leading 

to the parent ion formation at 0.6 eV independently of the molecular 

size. Secondly, there are the resonances (open symbols) which lead to 

direct fragmentation of the NIS (Tables III-8 to III-IO, pp. 77-79). 

Thirdly, there are those resonances (solid symbols) which lead to 

multiple fragmentation of the NIS (Tables III-8 to III-IO). The 

dissociation accompanied with multiple radical formation is at higher 

energies; it may have various asymptotic limits and, because of many 

possible combinations, many peaks for a particular small fragment anion. 

Also, it may involve electron-excited Feshbach resonances. It is also 

clear from Figure III-ll that the NISs leading to dissociation processes 

occur at lower energies as the size of the molecule increases. This 

reflects the fact that the negative ion states are lowered with 

increasing size of the molecule. It may also reflect the fact that the 

dissociation leads to bigger rather than smaller negative ion fragments. 

It has already been pointed out in Section IV.A that the larger the 

size of the fragment, the greater its EA. This would result in a lower 

ing of the asymptotic limit and the peak energy for the production of 

the negative ion. 
I 
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C. Comparison with Electron Swarm Data 

Although data obtained using the electron beam technique may not 

always be straightforwardly compared with data obtaind using the electron 

swarm technique, they can complement each other in many respects. 

Short-lived negative ion states (<10"^ s) which in a TOFMS experiment 

cannot be observed (unless they lead to dissociative attachment frag 

ments) can be stabilized by collisions in a swarm experiment where high 

pressures are employed. A swarm study of the PFAs by Hunter and 

Christophorou (1983) has shown that electron attachment to OF. and C^F. 
4 do 

is independent of gas pressure. This is consistent with the presence of 

only dissociative attachment for these molecules and negative EA. A 

strong pressure dependence of the attachment rate constant, k , was 
cl 

observed for C^Fg indicating that although in the beam study only frag 

ment ions were observed, the EA of this molecule is slightly positive 

allowing short-lived (<10 s) CgFg* to be stabilized under high-pressure 

conditions. For n-C^F^g, the were less dependent on pressure, and 

the pressure dependence was virtually absent for n-CgFi2 and n-CgF^^, 

a finding consistent with the present study where besides the fragment 

anions the parent anions formed are long lived. Also consistent with 

the present study are the swarm data on the increase in k and the 
d 

shifting of the k^(<e>) function toward lower energy with increasing 

molecular size. Finally, the unfolded total (i.e., for all negative 

ions formed, parent and fragments) cross section for electron attachment 

agrees satisfactorily with the present results (Hunter and Christophorou, 

1983). The agreement is especially good for CF^ and C2Fg for which the 
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same rapidly dissociative NISs are probed [see Hunter and Christophorou 

(1983) for further discussion]. 



CHAPTER IV 

ELECTRON ATTACHMENT TO i-C,F,«, i-C.F,,, neo-CrF,. AND c-C.F,^
4 10 5 12 5 12 5 10 

I. INTRODUCTION 

Electron attachment to the perfluorocarbon molecules has received 

increased interest over the last few years. In the previous chapter 

the results of a study on the normal perfluoroalkanes n-C|sjF2|yj+2 ~ 

were presented. The purpose of that study was to investigate the effect 

of molecular size on the electron attachment properties of a series of 

similar molecules. 

In this chapter an investigation is made of another aspect of the 

attachment of low-energy electrons to polyatomic fluorocarbon molecules 

using the TOF mass spectrometric technique, namely the possible effect(s) 

of the geometrical structure of a molecule on its electron attaching 

properties. The molecules perfluoro-iso-butane (I-C^F^q), perfluoro-iso-

pentane perfluoro-neo-pentane (neo-CgF-|2) and perfluoro-cyclo-

pentane were chosen for this purpose. The names and chemical 

structures of these molecules are shown in Figure IV-1. 

II. RESULTS 

A. Negative Ion Formation 

1. i-C^F^Q. The parent C^F^J* and four fragment C^Fg, C3F', CF^, 

and F negative ions were observed in low-energy electron impact with 

i-C^FiQ. The relative abundances of all anions as a function of electron 
I 
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Figure IV-1. Chemical structure of the perfluorocarbons studied in 
this chapter. 
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energy are shown in Figure IV-2(a) and the corresponding unfolded 

functions in Figure IV-2(b). The pertinent data on relative peak 

intensities, resonance maxima, full widths at half maximum (FWHM), and 

appearance onsets are summarized in Table IV-1, along with those for 

"'^4'^10 comparison. The i-C^F-jQ molecule behaves differently under 
electron impact from its isomer n-C^F-iQ. The most striking difference" 

is that in contrast to n-C^F.|Q, for i-C^F^q the parent ion i-C^F^g is 

the most intense ion. Also, the ion was not observed for i-C^F-jQ 

which is reasonable since its formation would require the severing of 

two C-C bonds and the intramolecular transfer of a fluorine atom to a 

CF^-CF radical. For the fragment ions C^Fg and C^F^ are stronger 

compared to those from n-C^F-jg, their peak intensity being, respectively, 

"^75 and '^^55% that of the predominant ion 

The data in Figure IV-2(b) indicate that there are three NISs below 

5 eV for the i-C^F-ig: a low-lying one at 0.6 eV leading mostly to parent 

anions, a second one at 'vl.8 eV leading mostly to fragment anions, and a 

third NIS in the range 3.2 to 4 eV leading exclusively to fragment 

anions. The 1.8 eV NIS lies '^^1 eV lower compared with n-C^F-jg. 

2. ^"^5F]2' nonunfolded and unfolded relative cross sections 

for the strong parent anion C^Flj* and the four fragment anions CgF^-j, 

C4F9, CgFy, and F observed for i-CgF-i^ are shown, respectively, in 

Figures IV-3(a) and IV-3(b). The pertinent physical quantities are 

summarized in Table IV-2, where a comparison is made with the relevant 

quantities for ""^5^12- The relative peak intensities, energy of 

maximum ion intensity, FWHM and appearance onsets for CrFiJ, C.Ft,!, 
b I ̂  b M 
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Figure IV-2. Negative ion intensity as a function of e for 
(a) Nonunfolded data; (b) unfolded data (note the 
multiplication factors). 
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Table IV-1. Negative tons due to low-energy electron impact on 

^"Vio 

Energy of maximum 
Negati ve Relative peak ion intensity FWHM® Appearance onset 
ion^ intensity (eV)c (eV)d (eV)d 

1000(80)® 0.6±0.05(0.6)® 0.65(0.57)^ '^.0 ('v.O)® 

C4F9 630(46) 1.85±0.1(1.85) 2.6^ 0.9±0.1(1.0) 

750(53) 3.2±0.05(3.25) 2.0±0.3(<2) 

177 1.7±0.1 0.9±0.1 

535 (80) 3.2±0.05(2.85) 1.2(1.25) 2.2±0.2(1.2) 

(8) (3.2) (2.2) 
10(13) 4±0.05(4.6) 1.5(1.9) 2.5±0.1(>3.2) 

F" 103(1000) 1.85±0.1(2.65) (1.35) 1.2±0.1(1.6) 

440(300) 3.7±0.05(4.2) 1.6 2.1±0.2(<4) 

Full width at half maximum of the respective negative ion 
intensity as a function of electron energy. 

'^An asterisk (*) indicates that the ion is long lived with 
respect to autodetachment. 

'^Energy scale calibration determined using for the SF5/SF6 
resonance the value of 0,37 eV. The ± refers to the standard deviation 
from the average. 

^Values listed are from the unfolded data. 

^Numbers in parentheses refer to n-C-F,„ (Chapter III). Informa 
tion on the anion CpFc observed for n-C^F-,n out not for i-C-F,^ is not 
shown in this table? ^ ^ ̂ 0 

Includes both peaks. 

https://1.85�0.1(2.65
https://1.2(1.25
https://3.2�0.05(2.85
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Figure IV-3. Negative ion intensity as a function of e for i-Cc.F,„.
(a) Nonunfolded data; (b) unfolded data (note the 
multiplication factors). 



100 

Table IV-2. Negative ions due to low-energy electron impact on i-C5Fi2' neo-CgF^^' '-"^5'^10 

Molecule 

Negative 
ion" 

Relative peak 
intensity 

Energy of maximum 
ion intensity 
(eV)C 

FWHM® 
(eV)'' 

Appearance onset 
(eV)3 

'■^5''l2 1000(1000)® 0.55±0.05(0.6) 0.82(0.75) Ml (Ml) 

170(170)
200(200) 

1.7+0.1(1.65)
2.25±0.05(2.25) 

2.15^(2.05)^ 0.4±0.2(0.65) 
<1.2±0.3( 1.65) 

C4F9 57(51)
67(66) 

1.6±0.1(1.7)
2.4±0.05(2.45) 

2.2^(2.1)^ 0.5±0.1(0.8)
<1.6(<2) 

S^7 265(300)
180(280) 

1.5±0.05(1.65)
2.25+0.2(2.4) 

1.85^(2.3)^ 0.7±0.2(0.9) 
<1.7(<2) 

F" 25(80)
55(180) 

1.7 (shoulder)(2.5)
3.45±0.1(3.8) 1.9''(1.65) 

1.1±0.1(1.65)
(>2.5) 

neo-C5Fi2 15 0.55+0.05 0.7 %0 

^s'^ll 3 
4 

1.75+0.2 
2.3±0.1 

2.1^ 0.7±0.2 
<1.7 

C4F9 1000 2.6±0.05 2.0 1±0.3 

C3F7 5 
3.5 

1.5+0.1 
2.3+0.2 

2.0^ 0.6±0.3 
<2 

F* 60 4.5±0.1 2 1.9±0.1 

<^-'^5^10 1000[1000]9 "vO [Ml] 0.22 

F' 25 [100] 4.5+0.1[4.6] 1.4 3.4±0.1 
60 60] 7.8+0.l[8.2] 1.25 6.8+0.2 

50 ■42] 10.3±0.1[10.4] 2.35 8.4±0.3 

®Full width at half maximum of the respective negative ion intensity as a function of electron 
energy. 

''An asterisk (*) indicates that the ion in long lived with respect to autodetachment. 
^Energy scale calibration determined using for the SF5/SF5 resonance the value of 0.37 eV. The ± 

refers to the standard deviation from the average. 

"^Values listed are from the unfolded data. 

^Numbers in parentheses refer to n-C5F^2 (Chapter III). 
^Includes both peaks. 
^Numbers in brackets refer to c-C.Fq (P. W. Harland and J. L. Franklin, J. Chem. Phys. 1621 

(1974). 
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C^Fg and C^Fy, for the two molecules are in agreement within the 

experimental uncertainty. The F~ from ■i-C5F^2 is weaker by a factor of 
three and its onset is lower by 'V'0.6 eV as compared to F~ from n-C5F^2* 
The two peaks of C^Fg are better resolved for i-C5Fi2 

The peaks of the various anions for i-C5F^2» ^^se for 

""''s'^lZ' grouped at certain energies indicating the existence of 
common NISs, precursors of these anions at these energies. Four such 

NISs can be identified: one at '^^0.6 eV leading mostly to parent anion 

formation, one at 1.6±0.1 eV leading mostly to fragment anions, and a 

third and a fourth at 2.3±0.2 and 3.5±0.1 eV, respectively, leading 

exclusively to fragment anions. 

3. neo-CgFi2. The parent CgF^| and four fragment CgF^-j, C^Fg, 

^3*^7' observed in electron collision with neo-CgFi2. 
The nonunfolded and unfolded cross sections as a function of e for all 

anions are shown, respectively, in Figures IV-4(a) and IV-4(b), whereas 

the relative peak intensities, energy of maximum ion intensity, FWHM 

and appearance onsets are listed in Table IV-2. The latter three 

quantities for the neo-CgF^2 with a few exceptions (the C^Fg 
resonance is asymmetric showing only one peak and the F~ peaks at higher 

energies for this molecule) in agreement with those of fi-C5F-|2 and 
i-CgFiz. There is, however, a dramatic difference in the relative 
intensities of the various anions for neo-CgFi2 as compared to n~C5Fi2 
and ■'-C5F-J2. For neo-CgF^2 predominant ion is the fragment C^Fg, 

all other anions being much weaker. This finding will be discussed in 
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Figure IV-4. Negative ion intensity as a function of e for neo-C(-F,„.
(a) Nonunfolded data; (b) unfolded data (note the 
multiplication factors). 
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the next section. The formation of C^Fy from neo-CgF^2 requires the 

severing of two C-C bonds in the parent molecule and the transfer of 

an atomic fluorine to the radical (CF2)2C. The analogous formation of 

^2^'^ from i-C^F-jQ was not observed, however. 

4. c-CgF^Q. Only two negative ions were observed.in low-energy 

electron impact with the parent anion C^F^^ and the fragment 

anion F~. The relative cross sections for the two anions are shown, 

respectively, in Figures IV-5(a) and IV-5(b). The pertinent quantities 

are summarized in Table IV-2. In the same table are also listed for 

comparison the relative peak intensities and the energy of maximum 

intensity for the anions C^Fg* and F" observed from c-C^Fg. There are 

distinct differences between the aliphatic and the cyclic perfluoro-

carbons in the way they attach low-energy electrons. The cyclic com 

pounds form a strong parent anion peaking at thermal energies, and 

the F from these molecules shows multiple, well resolved structure, 

being discussed in Section III. 

B. Autodetachment Lifetimes, t. 

The parent anions of all four molecules i-C^F^Q, i-C5Fi2, 

neo-CgF^2» found to be long lived with > 10"^ s. 
The of the parent anions of i-C^F-jg, i-C5Fi2 and c-CgF^g were found 

to decrease with increasing e. The intensity of the CrFTi/neo-CrF,o 
0 \l 0 \c 

ion, however, was too weak to allow similar measurements to be made. 

The for this anion was estimated to be 89±13 us. The variation of 
a 

T, with e for the parent anions of i-C.Fn^, i-CrFio and c-CcF 
a 4 1U D I ̂  b 10 

https://observed.in
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Figure IV-5. Negative ion intensity as a function of e for c-CgP^Q. 
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(measured as described in Chapters II and III) is shown, respectively, 

in Figures IV-6(a) to IV-8(a). In Figures IV-6(b) to IV-8(b) the x 

values determined at a number of energies by the slope method are shown. 

In Table IV-3 are listed the values of x^ at the peak of the respective 
a 

negative ion resonance. 

III. DISCUSSION 

A. Energetics of Dissociative Electron Attachment Processes 

In the previous chapter we used energetic considerations to 

identify possible dissociative attachment processes leading to the 

formation of all observed negative ions. We have applied similar 

arguments to the fragment anions of the present chapter by making use 

of the energy balance equations of the previous chapter [Equations 

(III-2) to (III-4)] and the data of Table IV-4. The proposed fragmen 

tation processes along with their estimated heats of reaction are 

summarized in Tables IV-5 and IV-6. A few remarks concerning the 

information in these two tables can be made. 

The F~ production (Table IV-5) from the c-CnFi^ molecule is 
0 I u 

different from that from the molecules i-C.F,„, i-C,-Fio and neo-CnFio. 
4 10 5 12 5 12 

For the latter molecules the F~ formation at its lowest onset involves 

a direct cleavage of a C-F bond. This onset depends on whether the F~ 

comes from a carbon connected to three other carbon atoms (tertiary 

carbon) or from a carbon connected to only one other carbon atom 

(primary carbon). Thus for i-C^F^jq and i-C^F^i^ the onset is by eV 

lower than that for neo-CgF.|2 and this reflects the fact that the 

tertiary C-F bond dissociation energy is lower by the same amount than 
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Table IV-3. Lifetimes of long-lived negative ions observed in 
collisions of slow electrons with i-C»F,«, i-CcF-.^, 
neo-C5F^2 

Long-lived negative Parent 

ion molecule (10"^ s) 

C F~*
^4ho ^•-Vio 20.3±0.7® 

C F~* 
^'"''5''l2 65±4® 

r F~* neo-C5Fi2 89±13'^ 

C F~* 8.5±0.5® 

Lifetime decreases with increasing electron energy. The values 
listed in the table are the lifetimes at the resonance peak deter 
mined by the slope method. 

'^Determined from an average of over 150 separate measurements. 



 

0 
nTable IV-4. Thennochemical data used in Chapter IVCO 

Value (in eV) Value (in eV) 
Quantity and reference Quantity and reference 

Heat of formation -22.35(c)"■"Vio 
F 0.82(a) -15.5±0.2(e)^"^5''8 
CF2 -1.72(b) 

-4.94(a) (CF3)2CFC2F^ -21.92(c) 

-1.99(c) CF2C(CF3)3 -22.54(c) 

-6.74(a) c-C.F.jo -Z..0±0.2(f) 

-9.19(c) -26.44(c)hh ^■^5''l2 
-7.9(d) -27.07(c)neo-C5F^2 
-11.22(c)Hi 

(CFjj^CF -13.87(c) Electron affinity 

C-C4F6 -10.1(b) F 3.45(g) 

C-C^Fg -15.7(b) CFg 2.1(h) 

C(CF3)3 -18.88(c) 

CF2CF(CF3)2 -17.82(c) 

L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, 
K. Draxl, and F. H. Field, NSRDS-NBS26 (1969). 

^S. W. Benson and H. E. O'Neal, NSRDS-NBS21 (1970). 

^W. M. Bryant, J. Polym. Sci. 277 (1962). 

*^1. Sauers, L. G. Christophorou, and J. G. Carter, J. Chem. 
Phys. 21, 3016 (1979). 

^Obtained using c-CgFg c-C^Fg+CF2, with aH =D(C-C)=3.7±0.2 eV
and the aH^ for c-C^Fg, c-C^Fg, and CF2 from this'^table. 

£ 

The value listed is the average of the values obtained from the
reactions c-CgF-jQ ^ c-C^Fg+CF2 and c-CgF-iQ C2Fg+C2Fg as in foot 
note e. 

^R. S. Berry and C. W. Reimann, J. Chem. Phys. 38, 1540 (1963). 
. 

H. H. Rosenstock, K. Draxl, B. W. Steiner, and J. T. Herron, 
J. Phys. Chem. Ref. Data 6, Suppl. No. 1 (1977). 
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Table IV-6. Possible dissociative attachment processes leading to the formation of various anions 
from i-C^F^Q, i-C5Fi2 and neo-CjF^j and thermochemical data deduced 

AO 4Hr® Thermochemical data deduced 

Ion (eV) Reaction (eV) (eV) 

CF- 2.5 •f- 0.1 e + ̂ -^4^10 - 6F3 + (663)266 1.45 E* = 1.05 ± O.l'^ 

0.9 0.1 e + i-VlO"(663)266' + 663 [1.05i ± 0.3] EA[(663)266] > 2.65 ± O.l"^ 
i2.2 + 0.2 E* = 1.15 ± 0.5 eV 

0.7 ± 0.2 i-¥l2"(663)266- + 6265 [1 ± 0.4] EA[(663)266] > 2.7 ± 0.2"^ .e ^ 
d 

<1.7 

0.6 + 0.3 e + 000-656,2 - (663)266" + 6265 [0.6 + 0 3]e EA[(663)266] _ 3.4 ± 0.3^^'® 
d 

<2 E* < 1.4 ± 0.3 

eC4F9 0.9 0.1 ^'-Vio"(663)6' ■+ 6 [1.2 ± 0.3] EA[(663)36] i 3.4 ± O.l"^ 
+ 0.32.0 (663)366663 + 6 (1.8 ± 0.5) EA[(663)266662] > 3.55 ± 0.5^ 

0.5 0.1 (663)26666' + 663 [0.5 ± 0.3] EA[(663)266662] > 3.2 ± O.l"^e+ ^ '■-'^5^12 " 
G 

<1.6 E* _< 1.1 ±0.3 

1 ± 0,.3 e + 000-656,2 ^ (663)6' + 663 m 0.3(MD) E* :i; 1 ± 
* 

1A0.4 0.2 e + i-65F,2 - (663)266265 + 6 (0.4 ± 0.3)9 EA[(663)266265] >4.15 ± 0.3^± 
0 

<1.2 0.3 (663)266626' + 6 [1.2 ± 0.5] EA[(663)266626^] >4.15 ± 0.3"^ 
1+ 

+ 00.7 0.2 e + 000-656,2 - (663)36663 + 6 (0.7 ± 0.3) EA[(663)36662] > 4.65 ± 0.3*' 
d 

<1.7 E* < 1 ± 0.3 

Heat of reaction determined from Eqn. (III-2) and the data of Table IV-4. Values in parenthe 
ses were obtained using the EA values listed in the last column of this table. Values in brackets 
were determined from Eqns. (I1I-3) and (III-4), using the EA values listed in the last column of 
this table and the value 3.7 ± 0.2 eV for C-C bond, 5.3 + 0.2 (Table III-7) for primary and secondary
and 4.6 ± 0.2 eV (Table IV-5) for tertiary C-F bond dissociation energies. 

'^Excess energy determined from Eqn. (III-3). 
""Electron affinity determined from Eqns. (111-2) and (III-3) with E* 0 and the data in 

Table IV-4. 

"^Reactions denoted by (d) correspond to the second AO of double-peak anions and it was assumed 
that they lead to identical products as the reactions corresponding to the first AO. Only the 
excess energy for these reactions is given in the table. 

®The EA value found for C3F7 from neo-CsFij is higher than that for C3F7 from either i-C4Fig
and i-C5F.|2- text for discussion. aHp was taken to be equal to AO. 

^Electron affinity determined from Eqn. (III-4) using the dissociation energy deduced from 
the complementary anion production. 

^Heat of reaction determined as in footnote a of this table and using for aH,[(CF,)pCC2Fc.]
the value -22.7 ± 0.1 eV found in Table IV-5. ^ 
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the primary C-F bond dissociation energy (Table IV-5). The F~ from 

C-C5F10 is observed at higher energies (3.4 eV) and there is an indi 

cation that its formation involves multiple fragmentation of the 

parent molecule accompanied by possible formation of double bonds in 

the neutral fragments. The relative cro^s section function of the 

F' from the cyclic structures [see Figure IV-5(b) (p. 104) for c-C5F^q 

and also Table IV-2 (p. 100) for c-C^Fg] shows a multipeak structure. 

The many peaks in the small fragment anion F* can be understood from 

a multiple fragmentation of the parent molecule, since such 

fragmentation may have many possible combinations and thus various 

asymptotic limits. 

The other fragment anions observed from the three aliphatic 

molecules of this chapter are also produced in a direct cleavage of 

a single C-C or C-F bond of the respective parent molecules. The 

only exception is the C^F^ from neo-CgF-|2 whose formation involves 

breakage of more than one bond and fluorine transfer from one frag 

ment to the other. The anions CgF^, C^Fg and C^F^^ from the same 

molecules show two resonance peaks in their negative ion intensity 

functions, except for C^Fg from neo-CgFi2 which is single peaked. It 

was found not possible to attribute the second peak to a reaction 

different from that describing the first peak. And since the energy 

difference in the onsets for the two peaks is small ('\- 1 eV) (and thus 

not permitting to attribute the double peak structure as due to 

electronic excitation of the fragments), it was assumed that in 

general the two peaks originate from two separate NISs which lead to 
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the same asymptotic limits. The second peak is then accompanied by 

excess energy of the order of 1 eV distributed among the fragments 

(see footnote d of Table IV-6, p. 112), 

The electron affinity (EA) values of the radicals C^F^, C^Fg and 

CgF-j.], determined and listed in the last column of Table IV-6, are 

consistent with themselves and also with the values determined in the • 

previous chapter for the case of the normal perfluoralkanes. The present 

findings confirm the previous findings that the EA of the fluoro-

carbon radicals increase with increasing size of these radicals. The 

EA value determined for C^Fy from neo-C^F^^ "is higher by 0,7 eV 

than that from either "i-C^F.jQ or ■'-C5F^2 (see also footnote e of 
Table IV-6), This discrepancy may be attributed to uncertainty in 

the determination of the EA of C^Fy from neo-CgFi2 due to the fact 
that this radical is formed from this molecule not directly but 

rather through multiple fragmentation and molecular rearrangement. 

B, Energy Position of NISs, Types and Relative Intensities 
of Parent and Fragment Negative Ions 

All four molecules [i-C^F-jg, ■'-C5F-12, neo-CgFi2J and c-CgF-jg] 
of the present chapter were found to attach low-energy electrons 

nondissociatively and dissociatively. It was found in the previous 

chapter that the parent anion cross sections for the normal perfluoro-

alkanes peak at the same energy of 0,6 eV independently of the size 

of the molecule. The results on the above first three molecules 

suggest that not only the size but also the geometrical structure of 

the molecule leaves unaffected the energy position of the parent anion 
I 

formation, as long as the structure does not change from noncyclic to 

https://i-C^F.jQ
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cyclic or the change in the structure does not involve the 

introduction of double or triple bonds. However, for cyclic and 

unsaturated perfluorocarbons with four or more carbon atoms the parent 

anion is always formed at 0.0 eV (see also Sauers et al., 1979) 

and is generally very strong (Christodoulides et al., 1979). It has 

to be pointed out here that the energy position of the observed long- • 

lived parent anion is a measure of the vertical attachment energy 

which is usually not a good measure of the EA of the molecule. Thus 

for the normal perfluoroalkanes n-C^F.|Q, and n-CgF^^, for 

which it was indicated (Chapter III) that the EA increases with 

increasing size of the molecule, it was suggested that the equilib 

rium distance for the parent negative ion increases when the molecule 

becomes larger, so that the vertical attachment energy remains the 

same for the three molecules. The fact that the parent anions for 

the cyclic perfluorocarbons (e.g., c-C^Fg and c-CgF^jg) peak at lower 

energies compared to the noncyclic structures may suggest that the EA 

values for the former are larger than those for the latter, but may 

be due also to smaller equilibrium distances for the parent negative 

ions of the cyclic molecules as compared to the noncyclic structures. 

The results of the previous chapter showed that for normal 

perfluoroalkanes the dissociating NISs shift to lower energies with 

increasing size of the molecule, and this was satisfactorily 

rationalized. There is, however, no obvious correlation between the 

geometrical structure of the molecules studied in the previous and 

in this chapter and the energy position of the dissociative NISs. 

The NISs for i-C^F-jQ, for example, are lower by 1 eV compared to
I 
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those of n-C^F-jQ (Table IV-1, p. 98), whereas the NISs for ■'-C5F^2 
and neo-CgF-j2 are generally at the same position as those for 

"~^5'^12* dissociating NISs of c-C^F^q lie at higher energies 
than those of the aliphatic perfluoroalkanes and this was attributed 

to the fact that fragment negative ion formation in c-C^F^q proceeds 
through multiple fragmentation which as requiring more energy 

raises the asymptotic limits and the positions of the NISs to 

higher energies. 

Concerning the types of the fragment anions observed, we notice 

that the small anion OF, is hardly observed from i-C.F,«, whereas 
^ 4 IU 

the anions CF^ and C2Fg have not been observed from ''"C5F12 

"®°~^5'^12' small F ion, however, has been observed from all 
molecules "'-C^F^q, ■i-C5Fi2. neo-CgF-|2, and c-C^F-jq. The absence of 
small anions over large anions from the aliphatic fluorocarbons can 

be attributed to two reasons. The first reason is based on energetic 

grounds. Larger fragments have larger electron affinities and there 

fore lower asymptotic limits, which result in more energy available 

during the dissociation. The second, and probably more important 

reason, has to do with the localization of the extra electron in the 

molecule upon capture. The fluorocarbon molecules do not have any 

particular electrophilic site for the extra electron to be prefer 

entially located (like e.g., the fluorosulphides—see Chapter V), 

the entire molecule being an electrophilic site. The extra electron 

charge is distributed more or less uniformly in the whole molecule, 

and thus the probability is greater for the electron to be found on 

a larger rather than on a smaller fragment. Also the large number
I 
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of fluorine atoms in the molecule enhances the chance for the 

electron to be found on a n-orbital of a fluorine atom, thus explain 

ing the observance of F~ from all the above molecules. 

The most interesting finding from the study of the molecules of 

this and the previous chapter is probably that pertaining to the 

relative intensities of the parent versus fragment anions. Let us 

summarize here these findings very briefly: For n-C^F^jg the predomi 

nant anion is the F , all other anions (including the parent anion) 

being by more than a factor of ten weaker. For "i-C^F^g the strongest 

ion is the parent anion but the intensity of the fragment anions is 

'V 50 to 80% that of the parent anion. For n-CrFio and i-CcFno the 
0 Iz 0 Iz 

predominant ion is again the parent anion, with the fragment anions 

having intensities by a factor of -v 3 to 15 lower. For neo-CrF,o 
b IL 

the fragment anion C^Fg is by far the most abundant ion with the 

other anions (parent and fragment) being by a factor of 'v- 15 to 250 

times less intense. Energetic considerations (associated with the 

position of the NIS and/or the asymptotic limits for dissociative 

attachment) cannot account for these differences in the relative 

intensities of the various anions from each molecule, since from the 

data summarized in Tables IV-1, IV-2, IV-5 and IV-6 (pp. 98. 100, 

111 and 112) these energetics do not vary too much from one molecule 

to another. Also, the types of the anions observed from the various 

isomers of each molecule are the same. The key factor determining 

the dramatic differences in the relative intensities of the fragment 

anions as compared between themselves and to the parent anions must 

be sought elsewhere. We propose that what affects crucially the 
I 
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probabilities by which the transient anion decays to the various 

channels, is the way as well as how fast the excess energy (comprised 

of the incident electron kinetic energy and the EA of the molecule) 

is distributed among the various degrees of freedom of the molecule. 

It seems that the geometrical structure of the molecule and its 

symmetry affect these factors more heavily than does the size of 

the molecule. Thus for the symmetric molecule neo-CrF,„ the excess 
D I C 

energy should be distributed very rapidly and almost entirely in 

the mode leading to fragmentation along any of the four coordinates 

CF3-C4F9, thus explaining why C^Fg is by far the strongest anion. 

On the other hand, for "'"C^Fig which has an analogous structure to 

neo- but not so symmetric, the excess energy is distributed 

among the various degrees of freedom of the molecule in such a way 

that the probability for this energy to be concentrated along any 

particular coordinate leading to dissociation is almost as high as 

to remain equally shared by all degrees of freedom, thus explaining 

the observed relative negative ion intensities for this molecule. 

It is obvious that the pictures described above involve dynamic 

considerations and so represent extra difficulties to be encountered 

by any theoretical approach attempted, although such approach would 

be very interesting and is suggested. 



CHAPTER V 

FRAGMENTATION OF FLUOROETHERS AND FLUOROSULPHIDES UNDER 

LOW-ENERGY (< 10 eV) ELECTRON IMPACT 

I. INTRODUCTION 

In this chapter the results of a TOF mass spectrometric study 

on the attachment of low-energy {< 10 eV) electrons to four fluoro-

ethers (CF^OCF^, CF^OCF^H, CF2HOCF2H, and CF^OCH^) and two fluoro-

sulphides (CF^SCF^ and CF^SCH^) are presented and discussed. Electron 

attachment to these fluoroethers and fluorosulphides is of basic and 

practical interest. This group of molecules provides a basis to 

study the effect of atomic substitution in the molecule on its electron 

attaching properties. Additionally, since these molecules attach 

electrons dissociatively, and thus their attachment rate constants 

are expected to be pressure independent, they provide a straight 

forward comparison of the results obtained by the TOFMS and electron 

swarm techniques. The magnitude and energy dependence of the attach 

ment rate constants for CF^OCF^ and CF^SCF^ are such as to make them 

excellent gas dielectrics, and also good candidates for additives in 

mixtures for diffuse-discharge switches (Christophorou and Hunter, 

1983). 

None of the molecules described in this chapter has been studied 

previously. 

119 
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II. RESULTS 

A. Negative Ion Fragments 

The present TOP mass spectrometric study has shown that low-

energy electrons attach dissociatively to the fluoroether and fluoro-

sulphide molecules investigated. No parent anions were observed in 

any of these molecules. 

1. F1uoroethers. The relative cross sections as a function of 

e for all fragment anions observed for the four fluoroether molecules 

studied are shown in Figure V-1. Each curve represents the average 

of at least four sets of data. Each set of data was deconvoluted 

and the averages of the corresponding unfolded functions are shown 

in Figure V-2. The relative peak intensities, energy of the maximum 

ion intensity, full width at half maximum (FWHM), and the appearance 

onsets for all the anions are listed in Table V-1. It is evident 

from these results that the types, relative intensities and energy 

positions of the maxima of the various anions depend strongly on the 

number and relative positions of the F atoms in the molecules. The 

molecules having one or both of the methyl groups partially 

fluorinated are more fragile upon electron impact compared with the 

molecules for which all the atoms of the methyl group are of one kind 

(H or F). Five anions: (CF^O", CFO", CF^, HF^, F") and four anions 

(CF^O , CFO , HF2 and F ) have been observed, respectively, for 

CF2OCF2H and CF2HOCF2H. The formation of CFO" and HF^ requires 

multiple molecular fragmentation and the formation of CF20"/CF2H0CF2H 

also requires strong molecular rearrangement. For both molecules 
I 
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the predominant ion is CF^O", with the other anions having an 

intensity up to thirty times less than that of CF^O". On the other 

hand, for CF^OCF^ only two (CF^O" and F~) and for CF^OCH^ only one 

(F") ion have been detected. The relative intensity of F~ to CF^O" 

from CF^OCF^ is 2:1. A possible explanation for the absence (or 

extremely weak intensity) of CF^O" from CF^OCH^ is given in the next 

section. 

2. F1uorosulphides. The relative cross sections as a function 

of e for the two fluorosulphides are shown in Figure V-3, whereas the 

peak intensities, resonance maxima, FWHM and onsets for each negative 

ion are summarized in Table V-2. The types of the anions observed 

are analogous to the fluoroether counterparts: CF^S" and F~ from 

CF^SCF^ and CF^S from CF^SCH^. There is, however, a dramatic 

difference in the relative intensities of these ions and their energy 

positions as compared to those for the fluoroether counterparts. 

For the fluorosulphides the predominant ion is the CF^S" peaking at 

0.6 eV for CF^SCF^ and at thermal energies for CF^SCH^- f^or CF^SCF^ 

the F~ ion is 300 times less intense than CF^S", whereas for CF^SCH^, 

F~ was not observed. 

B. Electron Attachment Rate Constants and Absolute 
Attachment Cross Sections 

The results of the TOF mass spectrometric study on the molecules 

of this chapter can be compared with those obtained by the swarm 

technique (Spyrou et al., 1983). The electron attachment rate 
« 

constants, k^, measured by the swarm technique show that ' 
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Figure V-3. Negative ion intensity as a function of e (open symbols: 
nonunfolded, solid symbols: unfolded data) for
(a) CF3SCF3, (b) CF3SCH3. 
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fluorosulphides attach lower energy electrons than do the 

fluoroethers, a finding consistent with the beam data. From the 

measured k^, the total electron attachment cross sections, a , were 
a a 

determined using the swarm unfolding technique and the swarm-beam 

technique analysis. In Figure V-4 are compared the a obtained by 

the two techniques for the case of CF^OCF^. In the swarm-beam 

analysis the shape for the <7g(e) function was obtained by adding 

the relative cross sections of the F~ and CF^O" anions, and the 

magnitude and the energy scale calibration shift were calculated as 

described in Chapter II. The agreement between the cross sections 

as obtained by the two techniques is very good as far as the onset, 

FWHM and the peak energy position is concerned, but the agreement 

of the absolute magnitude of the two cross sections is not as good. 

The 20% discrepancy in the magnitude may be attributed to the fact 

that the swarm-unfolded crg(e) function has a higher edge tail which 

in turn is due to the fact that the unfolding analysis is trying to 

determine in a region far beyond the region where the experi 

mental k^ lie (0-4.5 eV). This comparison shows the capability as 

well as the possible limitations of the swarm-unfolding technique. 

Similar analyses were made for the other fluoroether and fluorosul-

phide molecules investigated and they showed good agreement between 

the beam and the swarm data. 
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III. DISCUSSION 

A. Energetics of Dissociative Electron Attachment Processes 

The main difficulty encountered in considering the energetics 

of the fragmentation processes for the fluoroether and fluorosul-

phide molecules of this chapter was the lack of sufficient and 

accurate thermochemical data (e.g., heats of formation, bond dis 

sociation energies and electron affinities of molecules and 

radicals) on the fluoroether and fluorosulphide molecules studied. 

The available literature thermochemical information necessary for 

the interpretation of the results of the present work is summarized 

in Table V-3. In the same table are also shown some values of the 

heats of formation of molecules and radicals and bond dissociation 

energies not available directly in the literature, but they were 

derived by us from the listed literature thermochemical information. 

The method of their derivation is explained in the footnotes of the 

table. 

We used Eqns. (III-2) to (III-4) and the data of Table V-3 to 

identify possible dissociative attachment processes leading to the 

formation of all observed negative ions. The proposed fragmentation 

processes along with their estimated heats of reaction are summarized 

in Tables V-4 and V-5. 

Some of the anions observed (CFO~ and HF^) can obviously be 

produced only in multiple-fragment reactions accompanied by intra 

molecular atomic rearrangement within the transient anion. In many 

cases, even the formation of the anions F~ and CF^, which can be 
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Value (in eV) Value (in eV) 
Quantity and reference Ouanti ty and reference 

AH (F) 0.82(a) aH^(C0F2) -5.52(b) 

AH (H) 2.25(b) AH^(CF3) -4.94(a) 

AH (0) 2.58(b) 4Hf(CHF3) -7.22(b) 

AH (CF) 2.55(b) 48^(08282) -4.53(a) 

AH (CO) -1.15(b) 48^(084) -9.58(a) 

AH (FO) 1.13 ± 0.4(b) 48^(8830) [-6.5](d) 

AH (HF) -2.82(b) 0(838-0) [3.9 ± 0.4](e) 

AH (HF2) [-2](c) 48^(8830883) [-15.4 ± 0.4](f) 

AH (CFH) 1.3 ± 0.3(b) 48^(88388828) [-13.5 ± 0.4]Ir^ 

AH (CFO) -1.78 ± 0.55(b) 48^(882888828) [-11.3 ± 0.4](h) 

AH (HOF) -1.02(b) 48^(8830883) [- 9.0 ± 0.4](i) 

AH (CH3) 1.51(b) EA(F) 3.45(j) 

AH (CHFg) -3.04(a) EA(8F3) 2.1(k) 

AH (CH2F) -0.3(a) EA{HF2) 3.0(k) 

AH (CHFO) -3.9(b) EA(8F0) 2.7, 3.3(1) 

0(838-8) 3.7 ± 0.2(m) 

0(8-883) 5.3 ± 0.2(m) 

L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, 
K. Draxl, and F. H. Field, NSRDS-NBS 25 (1969). 

''JANAF Thermochemical Table, edited by D. R. Stull (Dow Chemical 
Company, Midland, Michigan, 1969). 

■"This and all other values enclosed in brackets have been estimated 
using the data of this table as described in the footnotes of this 
table. The aHf(HF2), for example, was found using HF2^ HF+F and 
Eqn. (ni-2) and assuming that AHr = D(HF-F) .x, 0 eV, since HF2 is an 
unstable system, being detected only as a negative ion (P. N. Noble and 
R. N. Kortzeborn, J. Chem. Phys. 52, 5375 (1970). 

''obtained using CF3OF -»■ CF3O + F and Eqn. (III-2), with AHp
D(CF-!0-F) = 1.9 eV [J. Czarnowski, E. Castellano, and H. J. Schumacher,
Chem. Commun. 1255, 1958] and AHf(CF20F) = -7.7 eV [R. D. W. Kemmitt and 
D. W. Sharp, Adv. Fluorine Chem. 4, 215 (1955)]. 

^Obtained using CFjOF ■* CF^ OF and Eqn. (III-2) with D(CF2-0F) - aH^, 
^Obtained using CF3OCF3 -► CF, + OCF, and Eqn. (III-2) with 

aH^CFjC-O) = 3.9 ± 0.4 eV. 

^Obtained using CF3OCF2H -»■ CF2H + OCF3 and Eqn. (III-2) withaH^(F2HC-o) = 3.9 ± 0.4 eV. 
'^Obtained using CF2HOCF2H CF2H + 0 + CF2H and Eqn. (III-2) with 

AHf, = 2D(F2HC-0) = 7.8 ± 0.4 eV. 

^Obtained using CF3OCH3 ->■ CH3 + OCF3 and Eqn. (III-2) with
AH^ = 0(830-0) = 3.9 ± 0.4 eV). 

-'r. S. Berry and C. W. Reimann, J. Chem. Phys. 1540 (1953). 

''h. M. Rosenstock, K. Draxl, B. W. Steiner, and J. T. Herron,
J. Phys. Chem. Ref. Data Suppl. No. 1 (1977). 

'k. a. G. MacNeil and J. C. J. Thynne, Int. J. Mass Spectrom. 3, 35 
(1959) and P. W. Harland and J. C. Thynne, J. Phys. Chem. 74, 52 (1970),
respecti vely. 

m'Table III-7. 
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Table V-4. Possible dissociative attachment processes leading to the formation of various anions from 
CF3OCF3, CF3OCF2H, CFjHOCFjH and CF3OCH3 

jrr
AH 

AO Thermochemical data deduced 

Reaction 

CF3O" 2.5 + OJ e + CF3OCF3'CF3O' + CF3 (0.2 t 0.5) E*'' = 2.3 ± 0.6 

0.2 + 0.1 e + CFjOCF^H - CF3O" + CFgH (0.2 ± 0.5) EA(CF30)i 3.7 t 0.5" (1.35, > 1.9, 3.86) 

2.0 + 0.3 - CF3O' + (CF2H)'' (0.2 i 0.5) E*'1.8 ± 0.8'' 

0.9 + 0.1 e + CF2HOCF2H CF30' + CH2F (0.9 ± 0.4) EA(CF30) > 3.5 ± 0.5® 

F" 3.5 + 0.2 e + CF3OCF3 F" + CF3 + OCFg 1.25 t 0.4 E* = 2.25 ± 0.6 

- F" + CF3OCF2 [1.85 ± 0.1] E* = 1.65 T 0.3 

1.0 
♦ 0.1 e + CF3OCF2H ̂  F" + COF2 + CF2H 1.2 i 0.4 

+2.8 0.2 "F' + CF3OCFII [1.85 i 0.1] E* =■ 0.95 ± 0.3 

1.7 0.2 e + CF2HOCF2H - F' + CFHO + CF2H 1.7 ± 0.4 

F" + CFHOCF2H [1.85 i 0.1] 

E* >= 0.95 ± 0.3* F" + (CFHOCFgH)''2.8 0.2 

♦1.8 0.1 e + CF3OCH3 F" + CH3 + OCF2 1.25 ± 0.4 

- F" + CF2OCH3 [1.85 i 0.1] 

E* 2.853.7 0.3 - F" + (CF2OCH3)'' = ± 0.4 

±CFO" 2.8 0.1 e + CF3OCF2H CFO' + CF3 + HF 0.95 ± 1 E* = 1.85 ± 1 

- CFO" + CF^ + H 1.4 ± 1 E* = 1.4 ± 1 

^ CFO' + CHF3 + F 2.3 ± 1 E* = 0.4 ± 1 

+4.0 0.2 - CFO' + (CHF3 - F)'' E* « 1.7 ± 1 

2.9 e + CF2HOCF2H CFO' + CHFg + HF 0.7 ± 1 E* = 2.2 i 1 

CFO' + CHF3 + H 1.6 ± 1 E* ' 1.3 i 1 

CFO' + CHgFg + F 2.7 ± 1 E* =■ 0.2 i 1 

+HFj 3.7 0.2 e + CF3OCF2H - HFj + CO + CF3 2.4 ± 0.4 E* = 1.3 ± 0.6 

+1.0 0.2 + CF2HOCF2H ^ HF2 + ?e 

+2.6 0.3 - HF2 + CO + CF2H 2.1 ± 0.4 

*•CF- 3.1 0.1 e + CF3OCF2H - CF3 + CF2HO [1.8 ± 0.4] E* = 1.3 ± 0.5 

CF3 + CFO + HF 1.85 ±1 E* = 1.25 ± 1.1 

4.8 0.1 E* = 3» CF3 + (CFjHO)'' 

Heat of reaction determined using Eqn. (III-2) and the data of Table V-3. Values in parentheses were obtained 
using the EA values listed in the last column of this table. Values in brackets were found from Eqns. (III-3) and 
(III-4) and the data in Table V-3. 

''Excess energy determined from Eqn. (111-3). 
"Electron affinity determined from Eqn. (III-4) using D(F3C0-CF2H) 3.9 t 0.4 eV (Table V-3). It was assumed 

that E* ^ 0 eV. The first two numbers in parentheses are values found, respectively, by F. M. Page and G. C. Goode, 
Negative Ions and the Magnetron, Wiley Interscience, New York, 1969, and J. C. J. Thynne and K. A. G. MacNeil, Int. 
J. Mass Spectrom. Ion Phys. 95 (1970). The third number is the result of MNOO calculations by H. J. S. Dewar and 
H. S. Rzepa, J. Am. Chem. Soc. 100, 784 (1978). 

''fragmentation of these radicals additional to those listed in this table and described in the corresponding
proceeding reactions would lead to a reaction whose aH^ is much higher than the AO under consideration (see also 
text for discussion). The E* values listed refer to the proceeding reaction with aH closest to the AO under 
consideration. " 

"Electron affinity determined from Eqns. (III-2) and (III-3) using the data in Table V-3 and assuming that 
E» > 0 eV. 
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produced via two-fragment reactions, was found necessary to be 

attributed to multiple-fragment reactions. In all cases only reactions 

with aH^ lying below the corresponding AO of the negative ion have been 

listed in Table V-4, A comparison of the respective aH^ and AO 

[Eqn. (III-3)] shows that most of the processes describing the forma 

tion of the anions from the fluoroethers are characterized by con 

siderable excess energy, being listed in the last column of Table V-4. 

The energetics, as described in Table V-4, are useful for understand 

ing the NISs of the four fluoroether molecules studied. The energy 

dependencies of the relative cross sections of the various anions 

produced from these molecules (Figures V-1 and V-2, pp. 121 and 122) 

suggest that there may be two main NISs for each molecule: a low-

energy lying and a high-energy lying one. For the symmetric molecule 

CF3OCF3 (symmetry €2^) the two states are degenerate, while for the 

asymmetric molecule CF3OCF2H there is an indication for a third low-

energy lying NIS. The first NIS leads mostly to the production of 

CF3O (this anion was not observed for CF3OCH3) and its position 
shifts to higher energies with increasing F substitution. A similar 

observation can be made for the two fluorosulphides studied. 

Figure V-5 summarizes the energy dependencies of the relative cross 

section for CF3O and CF3S produced, respectively, from the fluoro 

ether and fluorosulphide molecules of this study. Whenever these two 

[and other anions (like F and possibly CFO )], have as precursor the 

low-energy NIS are formed with no excess energy. On the other hand, 

formation of anions associated with the high-energy NIS is accompanied 

by excess energy. 
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It is seen from Table V-4 that we were unable to identify specific 

reactions responsible for the production of some anions at certain 

energies. This was the case for anions which exhibit two maxima in 

their relative cross sections. We may consider these maxima as 

originating from two separate NISs which, however, converge to the same 

asymptotic limit. This will explain the formation of CF^O", CFO" and. 

CF^ from CF2OCF2H, and F from CF2HOCF2H and CF^OCH^ at their high-

energy maxima (see footnote d of Table V-4), but it leaves unanswered 

the problem of the low-energy peak of HF2/CF2HOCF2H. 

In addition to the determination of the E* of the various 

reactions which are listed in Tables V-4 and V-5, we were able to 

estimate the EA of the radicals CF^O and CF^S listed in the last 

column of these tables. It is not unreasonable for these EA to be 

high (>3 eV). These values as derived from the various molecules 

show good consistency between themselves and also good agreement with 

a MNDO calculated EA value of CF^O. Support for the high EA values 

of the radicals CF^O and CF^S comes also from the observation that 

CH^O and CH^S were found by photon impact techniques to have EA equal, 

respectively, to 1.59 and 1.86 eV (Christodoulides et al., 1983), and 

furthermore H to F substitution will increase the EA value even more 

[e.g., EACCH^) = 0.08 eV, EACCF^) = 2.0 eV and EA(CH) = 1.24 eV, 

EA(CF) > 3.2 eV; Christodoulides et al., 1983]. 

B. Results of CNDO/2 Calculations 

In addition to the energetic considerations described in 

Section IIIA of this chapter, as a second step to relationalize the 
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findings of this study concerning the types, relative intensities and 

energy positions of the various anions observed, we have performed 

CNDO/2 molecular orbital calculations (Pople and Beveridge, 1970). A 

general point regarding the application of molecular orbital theory 

for the present case has to be made. As it has been already pointed 

out (Section II) all molecules of the present study attach electrons , 

dissociatively. The dissociative attachment processes are known (see 

Section IIB in Chapter I) to take place in two steps: a very fast 
_16 

(10 s) initial step where the electron is captured by the neutral 

molecule to form a transient negative ion in a vertical transition, 

and a later step where the transient anion either loses the electron 

by autodetachment or it dissociates moving along a dissociative 

potential energy curve (surface). It is expected that the results 

of the present CNDO/2 calculations can be used in conjunction with 
k 

only the first step, since in these calculations no account was taken 

of any possible changes in the geometry of the neutral molecule upon 

formation of the transient negative ion, and obviously CNDO calcula 

tions do not address the question of the possible decay channels of 

the transient NIS. 

Despite these limitations, CNDO calculations can provide 

information on: (i) energies of the virtual (empty) molecular orbi-

tals, and (ii) charge distribution in the neutral molecules and 

negative ions. We tried to find any possible correlation between 

the experimental results on the position of the NISs and the CNDO 

virtual orbital energies. Using Koopmans' theorem (Koopmans, 1933) 

we assumed the resonance energies to be given by the energies of the 
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first virtual orbitals. The CNDO calculations did show that the 

orbital energies of the fluorosulphide molecules are much lower than 

those of their fluoroether counterparts, a fact consistent with the 

experimental findings. The calculations, however, were poor in show 

ing any correlation between the virtual orbital energies and the 

observed NISs for each group of molecules. This may be attributed to . 

inappropriate assumptions in using Koopmans' theorem, limitations of 

the CNDO method, as well as to other factors neglected in the calcu 

lations, such as reorganization and correlation energies. The CNDO 

calculations were more promising when used to find charge density 

distributions. The charge density distributions for each neutral 

molecule and for its corresponding negative ion were calculated and 

the differences between these distributions were used to find how the 

extra electron charge is distributed in the molecule. These calcu 

lations showed again a distinct difference between the fluoroether 

and fluorosulphide molecules in the way the charge of the attached 

electron is distributed in the molecule. In the fluorosulphide 

molecules 50% of the extra electron charge is localized on the S 

atom. This suggests that the CF^S" formation from either CF^SCF^ or 

CF^SCH^ is associated preferentially with the S atom rather than the 

F or C atoms. This may explain why for CF^SCF^ the CF^S" ion is 

'v. 300 times stronger than F", and why for CF^SCH^ the F" was not 

observed or if formed was too weak to be detected. On the other hand, 

for the fluoroether molecules no preferred localization of the extra 

electron to any particular atom was found. For these molecules the 
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electron attachment seems to be associated with the molecule as a whole. 

Support for this comes from the fact that for the two molecules 

CF2OCF2H and CF2HOCF2H negative ions have been observed whose formation 

implies considerable molecular fragmentation and rearrangement. For 

the molecules CF^OCF^ and CF^OCH^ (H and F atoms are not found on the 

same C atom), no indication for such a rearrangement was observed. For 

these molecules the dissociation is direct and the formation of F" is 

favored over the formation of CF^O" for the reason that the electron 

once captured has statistically increased probability to be found on 

any F atom. This is consistent with the observation that for CF^OCF^ 

the F" is twice as strong as CF^O", while for CF^OCH^, CF^O" is so 

weak (or not formed at all) to be detected. 

The results of the above calculations, although when combined 

with the discussion in the previous section provide some qualitative 

rationalization of the experimental results, still are inadequate 

for an exact interpretation. 

IV. CONCLUSION 

The results of the present study in combination with the molecular 

orbital calculations have revealed some important aspects of electron 

attachment to polyatomic molecules. They showed that the types, 

relative intensities and energy positions of the negative ions formed 

from a molecule under low-energy electron impact are very sensitive to 

the substitution of even one atom by another of a different kind in 

the molecule. The substituent atom apart from changing the energy 

positions of the NISs of the molecule, may introduce preferred 
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electrophilie sites in the molecule, thus affecting the way the 

molecule attaches the electron and dissociates. Electron attachment 

to even relatively small polyatomic molecules, as those of the present 

study, may be accompanied by extensive molecular fragmentation and 

rearrangement. 



CHAPTER VI 

EFFECT OF TEMPERATURE ON ELECTRON ATTACHMENT TO THE FREON CCIF^ 

I. INTRODUCTION 

In this chapter the results of a swarm study on the temperature 

dependence of electron attachment to the freon CCIF^ are first pre 

sented and discussed. For comparison are also presented the results 

of a room temperature TOF mass spectrometric study of the same 

molecule. In this section a brief survey of the dissociative electron 

attachment processes to "hot" molecules is given. In Section II the 

present results are given and in Section III a discussion of the 

results is given. 

The study of the effects of temperature on electron attachment to 

molecules is of intrinsic as well as of practical interest. Vibra-

tional and/or rotational excitation of the molecule affect the magni 

tude and the energy dependence of the cross section for negative ion 

production. Therefore, accurate determination of thermochemical data 

(see Chapters III to V) which use appearance onsets for dissociative 

electron attachment processes are expected to be dependent on the 

internal excitation of the molecule. A knowledge of the temperature 

dependence of electron attachment to molecules may be also helpful 

in the determination of various parameters relating to the neutral 

and the negative ion states of the molecule. Similar knowledge is 

valuable to many applied areas which employ temperatures higher than 

ambient (e.g., combustion, flames, circuit breakers, etc.). The effects 

140 
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of temperature on electron attachment processes have been investigated 

(see Christophorou, 1980, and Christophorou et al., 1983 for a review) 

by both the electron beam (Hickam and Berg, 1958; Fite and Brackmann, 

1963; Fite et al., 1965; Mahan and Young, 1966; Henderson et al., 1969; 

Spence and Schulz, 1969, 1973; Chantry, 1969; Chen and Chantry, 1972, 

1979; Allan and Wong, 1978, 1981) and the electron swarm (Compton et , 

al., 1966; Wentworth et al., 1967, 1969; Chaney and Christophorou, 

1969; Fehsenfeld, 1970; Warman and Sauer, 1971; Shimamori and 

Fessenden, 1979; McCorkle et al., 1982; Hunter et al., 1983) methods; 

the former extended to T = 3000 K and the latter have been restricted 

to T 500 K. 

Of all these works, here we refer only to the early experimental 

results of Fite et al. (1963) on the temperature dependence of 

dissociative attachment to O2 producing 0". The theoretical work 

developed for the interpretation of these results will be helpful in 

the understanding of the results of the present work as well. It was 

found that for O'/O^ as T increases the threshold energy decreases 

(it shifts from 'v 4 eV at 300 K to 1.2 eV at 1970 K), the energy 

position of the resonance maximum decreases, while the magnitude of 

the cross section and the resonance width increase. To explain these 

data O'Malley (1967) assumed that the direct effect of T on O2 is to 

produce a Maxwellian distribution of vibrational (v) and rotational 

(j) states. The effective cross section ^^^(T, e) for dissociative 

attachment, then, is the Boltzmann average of the cross section Ojg"^(e) 
from each of the individual states, i.e.. 
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I :'H.)"daC'' =) = I 'da (VI-1) 
V=V . 1=1 . 

min ^ "'nnn 

where 

~ -(E^+E.)/kTl -1 

N = I e J 
v=v j=j ■„

^ mi n mi n 

and and are subject to the energy threshold requirement 

= ^ = D{0 - 0) - EA(0) = 5.08 - 1.46 = 3.62 eV. 
The cross section is (O'Malley, 1966, 1967) 

t ' 2.vJ/ X = 4]^.^ 
X R - i ^ e-P (VI-2)

k2 r, 'dj 

where Xy is the initial vibrational wave function, k is the electron's 

momentum, is the partial autodetachment width for the state X and 

the rest of the symbols as defined in Eqns, (1-6) and (1-7). In his 

treatment O'Malley considered the effect of rotational states to be 

negligible and the excellent agreement of his predictions on the 

threshold, magnitude, width, and energy position of the 0~/02 resonance 
with the experimental results justifies this assumption. As T 

increases, higher vibrational levels are populated, the internuclear 

distances increase (and hence the Franck-Condon region broadens and 

thus the resonance width increases, whereas the resonance maximum and 

threshold energy decrease) significantly and although at 2000 K there 

is only a limited amount of vibrational excitation, there is a pro 

found change in the survival factor e"*^ in Eqn. (VI-2) which dominates 

the temperature dependence of the cross section. 
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II. RESULTS 

A. Electron Attachment Rate Constants 

In Figure VI-1 are shown the total electron attachment rate 

constants, k (<£>), as a function of <e> for the molecule CCIF- at the 

temperatures 300, 400, 500, and 600 K, measured in the high temperature 

swarm apparatus as described in Section III of Chapter II. All 

measurements were performed using Ar as the buffer gas. Measurements 

in N2 were not done because of lack of knowledge of f(e, <e>) and the 

drift velocities for this gas at temperatures higher than ambient. For 

the monatomic gas Ar, however, there are no inelastic processes in the 

electron-molecule interaction over the energy range of interest and 

it is possible to calculate f(e, <e>) at every temperature, since T 

will then affect only the translational energy. Within the temperature 

and E/N range studied it was reasonable to assume that the f(e, <e>) 

functions at the higher temperatures are well approximated by the 

f(£, <£>) at room temperature. The total number densities employed 

19 -3 
were 8.86 x 10 molecules cm for the temperatures 300 and 400 K and 

19 -3
6.44 X 10 molecules cm for 500 and 600 K (these densities corres 

pond to pressures at room temperature equal, respectively, to 2750 and 

2000 Torr). Measurements at all temperatures were performed over a 

range of partial pressures of the attaching gas. In Figure VI-2 are 

shown typical examples of k^ vs. N,/N. (ratio of the attaching gas 
a a t 

number density, N,, over the total number density, N.) for a number of 
a t 

<£> and T. To remove any possible effect of the presence of the 

attaching gas on the f(e, <e>) describing the pure buffer gas (see 

Section III in Chapter II), the k were extrapolated to zero N , and 
u d 
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these are the values used in Figure VI-1 and listed in Table VI-1. It 

was not possible in the present study to extend the measurements to as 

O 

low values of N /N. as 1:10 . The reason for this was the fact that 
a t 

11 1 1CCIF, is a very weak electron attacher, its k ('\. 10 cm s~ ) being 
^ ci 

by four orders of magnitude less compared to the maximum value of 

. Trt-7 3 -1 
10 cm s . 

B. Swarm Unfolded Cross Sections 

The swarm unfolding technique (Section IIIC in Chapter II) was 

applied to the measured k^(<e>) data for CCIF^ to obtain the total 
a o 

electron attachment cross section a (e). The a (e) for the four 
a a 

temperatures studied are shown in Figure VI-3 and are also tabulated in 

Table VI-2. These functions were obtained after 1000 unfolding 

iterations. Two resonance peaks are observed in the a (e) functions 

shown in Figure VI-3. The magnitude and the width of the low-energy 

lying peak increase with increasing T and its position shift to lower 

energies (from 1.7 eV at 300 K to 1.3 eV at 600 K). For the high 

energy peak, the magnitude and position do not change noticeably 

with increasing T, but its lower tail becomes progressively larger. 

A few remarks concerning the present unfolded functions have to be 

made. As it was pointed out in Section IIIC, Chapter II, the swarm 

unfolded results should be considered with certain precautions. This 

is particularly true whenever there are two peaks in the unfolded 

cross section function, as in the present case. The unfolding pro 

cedure may then give poor results on the relative magnitude of the 

two peaks, depending on how close the two peaks are. An additional 
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Table VI-1. Electron attachment rate constant for CClFo in argon at 
T = 300, 400, 500, and 600 K 

E/N 
/1 p.-18,, 2\ 
(10 V cm ) 

^^^T=300K 
(eV) 

'^T=300K 
(10^ cm s"^) 300 

^a (10"^^ cm^ s"b 
T(K) 

400 500 600 

0.217 0.412 1.097 0.30 

0.311 0.473 1.200 0.95 

0.373 0.509 1.258 1.40 

0.466 0.559 1.335 1.95 

0.528 0.590 1.38 0.60 2.30 

0.621 0.634 1.44 0.40 0.90 2.75 

0.777 0.702 1.53 1.13 1.70 3.50 

0.932 0.764 1.61 0.65 1.70 2.30 4.20 

1.09 0.822 1.68 1.15 2.15 2.80 4.60 

1.24 0.876 1.75 1.58 2.60 3.30 4.95 

1.55 0.976 1.87 2.15 3.35 3.90 5.50 

1.86 1.068 1.95 2.60 3.80 4.35 5.75 

2.17 1.152 2.03 2.80 3.95 4.55 5.83 

2.49 1.23 2.10 2.92 4.05 4.70 5.85 

3.11 1.37 2.22 2.95 4.10 4.75 5.85 

3.73 1.50 2.33 2.93 4.07 4.70 5.77 

4.66 1.67 2.46 2.78 3.92 4.60 5.65 

5.28 1.77 2.54 2.72 3.85 4.55 5.55 

6.21 1.92 2.64 2.70 3.80 4.50 5.45 

7.77 2.14 2.79 2.83 3.90 4.55 5.45 

9.32 2.33 2.92 3.04 4.00 4.75 5.50 

10.87 2.52 3.04 3.22 4.15 4.90 5.65 

12.4 2.69 3.14 3.35 4.25 5.05 5.80 

15.5 3.00 3.33 3.57 4.45 5.27 5.92 

18.6 3.29 3.49 3.67 4.55 5.40 5.95 

21.7 3.55 3.63 3.73 4.58 5.40 5.95 

24.9 3.80 3.76 3.72 4.58 5.38 5.88 

27.9 4.03 3.88 3.70 4.55 5.35 5.86 

31.1 4.26 3.99 3.67 4.53 5.30 5.70 
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Table VI-2. Electron attachment cross section for CCIF^ at T = 300, 
400, 500, and 600 K 3 

a^(e) (10'^® cm^) 
E 

T(K) 
(eV) 300 400 500 600 

0.20 0.015 0.135 
0.25 0.017 0.151 
0.30 0.019 0.09 0.164 
0.35 0.020 0.012 0.179 
0.40 0.021 0.013 0.192 
0.5 0.024 0.015 0.222 
0.6 0.029 0.019 0.008 0.261 
0.7 0.034 0.024 0.017 0.370 
0.8 0.042 0.051 0.045 0.544 
0.9 0.060 0.099 0.117 0.769 
1.0 0.102 0.191 0.297 1.08 
1.1 0.170 0.353 0.674 1.42 
1.2 0.274 0.619 1.23 1.68 
1.3 0.435 1.00 1.71 1.79 
1.4 0.672 1.44 1.81 1.69 
1.5 0.969 1.72 1.59 1.45 
1.6 1.22 1.68 1.27 1.19 
1.7 ' 1.30 1.39 1.01 0.972 
1.8 1.16 1.01 0.826 0.805 
1.9 0.860 0.690 0.690 0.686 
2.0 0.551 0.467 0.591 0.607 
2.1 0.318 0.328 0.510 0.505 
2.3 0.102 0.192 0.394 0.474 
2.5 0.042 0.144 0.311 0.432 
2.7 0.028 0.140 0.267 0.405 
3.0 0.037 0.180 0.258 0.378 
3.3 0.088 0.263 0.303 0.380 
3.6 0.236 0.386 0.400 0.427 
4.0 0.568 0.545 0.573 0.545 
4.5 0.728 0.606 0.719 0.681 
5.0 0.480 0.511 0.664 0.689 
5.5 0.266 0.390 0.479 0.551 
6.0 0.172 0.302 0.353 0.393 
6.5 0.141 0.246 0.262 0.283 
7.0 0.138 0.213 0.213 0.222 
7.5 0.128 0.194 0.189 0.188 
8.0 0.117 0.186 0.182 0.165 
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difficulty associated with the present k is related to the increased 
d 

random errors in the measurements. These errors are due to increased 

uncertainty in the measurement of the individual k at each attaching 
a ^ 

gas number density, because of the weak attachment in CCIF^, and also 

to an uncertainty in the extrapolated values of k to zero N . We 
cl d 

feel that these two sources of error were the most serious in the 

present study. Taking into account the effect of these errors on the 

unfolded o^{e) it can be said that the energy position and the widths 

of the resonance peaks are more accurately determined rather than 

their magnitude. The high leading tail of the first peak in the 

a,(e) function at 600 K most probably is not real but is rather 
a 

associated with the unfolding procedure. 

C. Comparison of the Swarm with the Beam Results 

The CCIF^ was also studied in the TOFMS to identify the negative 

ions produced in low-energy electron impact with this molecule. The 

nonunfolded and unfolded relative cross section as a function of e for 

the four anions Cl , F , CIF , and CCIF^ observed for CCIF^ are shown 

in Figures VI-4(a) and VI-4(b), respectively. Pertinent quantities on 

the relative peak intensities, energy of maximum ion intensity, FWHM 

and appearance onset for these anions are listed in Table VI-3, where 

a comparison is made with literature data. The agreement of the 

present results with those of Illenberger et al. (1979) is good, but 

with a few exceptions: Illenberger et al. reported the magnitude of 

the second peak in the Cl" cross section to be 10 times larger than 

that of the first peak. The beam results of Verhart et al. (1978) 
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and the present beam as well as the swarm results suggest that the 

first Cl~ resonance process is stronger than the second one. The 

0.7 ± 0.3 eV onset for the low-energy process for Cl~ measured by 

Illenberger et al. (1979) lies higher than the 0.3 ± 0.3 eV onset of 

the present beam study. This onset was not well reproducible in the 

present study and it was found to be dependent on the electron source, 

conditions and the filament temperature. The swarm unfolded cross 

section supports also a higher onset for Cl". 

The 3.9 eV peak position of the GIF" resonance measured by 

Illenberger et al. (1979) is lower by 0.8 eV compared to the 

4.7 eV value of the present work, although the appearance onset for 

this anion was found by both studies to be the same. The present 

4.7 eV value, however, is more consistent with a grouping of the 

peak resonance maxima of all anions observed for CCIF^ at 4.5 ± 0.2 eV, 

indicating the existence at this energy of a NISs precursor of the 

observed fragment anions. 

The total swarm unfolded and the beam relative electron attachment 

cross sections for CCIF^ agree reasonably well in revealing the 

positions and the relative magnitudes of the two negative ion 

resonances for this molecule. From this comparison it can be said 

that the swarm determined a,(e) should be associated with Cl" forma-
a 

tion at its low-energy peak, and with Cl", F~, GIF", and CCIF^ forma 

tion at its second peak. The first resonance maximum in the 0^(0) 
a 

function (at 1.7 eV) lies by 0.3 ± 0.1 eV higher than the beam deter 

mined value of 1.4 ± 0.1 eV, but this is within the experimental 
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uncertainty and the accuracy of the swarm unfolding technique. The 

low-lying resonance as determined from the swarm study is narrower 

compared to the Cl~ cross section function from the beam study. 

III. DISCUSSION 

A. Energetics of Dissociative Electron Attachment 
Processes for CCIF^ 

Before discussing the effect of T on the electron attachment 

processes for CCIF^ it is worth considering the energetics of these 

processes. In Table VI-4 are summarized possible fragmentation 

processes along with their heats of reaction leading to the formation 

of the four anions observed in low-energy electron impact with CCIF^. 

In the last column of the same table are also listed the excess 

energy, E*, of some of the proposed reactions, and the electron 

affinity, EA, of the radicals CCl and CCIF2 and are compared with 

literature data whenever available. All quantities were determined 

using the energy balance Eqns.(III-2) to (III-4) of Chapter III, as 

described in the footnotes of Table VI-4. 

B. Temperature Dependence of Electron Attachment to CCIF^ 

From the results presented in Section II it is apparent that the 

temperature does affect the k^(<e>) for CCIF^. By increasing T an 

overall increase in l<g(<e>) is observed. The increase is progressively 

toward lower energies (Figure IV-1, p. 95). For the cross section 

the effect of T is more pronounced for the low-energy process, as 

expected. As T increases the energy position of the first resonance 

maximum decreases, while the resonance width and generally the magnitude 
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of the cross section increase (Figure VI-3 (p. 148). This behavior is 

analogous to that of 0~/02 discussed in Section I. It can thus be 

understood in the framework of O'Malley's (1967) theoretical treatment. 

From the results in Section II it was clear that the first peak in 

the a (e) is associated exclusively with Cl~ production. We may then 
cl 

consider that in the energy range below 2.5 eV, the Cl formation , 

from CCIF^ can be described by a diatomic-like molecule picture. The 

CGI stretching vibrational frequency is 781 cm ^ (0.097 eV) 

Shimanouchi, 1972). Assuming a Boltzmann distribution describing 

the population of internally excited states in the CCIF^ molecule, 

even at 300 K, 2% of the molecules are in the first vibrational state, 

whereas at 600 K, 15% of the molecules are excited to the same 

state. Therefore the effect of increasing T on the electron attach 

ment to CCIF^ can be attributed to population of higher vibrational 

levels and hence broadening of the Franck-Condon region (compared 

with similar discussion for O2 at the end of Section I). The effect 

of rotational excitation cannot be excluded but its contribution 

cannot be assessed. 

In Figure VI-5(a) the log k^ versus 1/T is plotted for five 
a 

mean electron energies <e>. Within the accuracy of the data [see 

error bars in Figure VI-5(a)] and over the temperature range studied 

(300 to 600 K) the plots are seen to be straight lines. Similar 

straight lines [not shown in Figure VI-5(a)] were obtained for 

other values of <e>. From these results the k,(<e>) as a function 
a 

of <£> and T can be well described by the Arrhenius expression 
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k (<e>, T) = C(<e>) exp[-D(<e>)/kT] . (VI-3) 
a 

The value of the pre-exponential factor C(<e>) and the D(<e>) were 

calculated from straight lines similar to those shown in Figure VI-5(a). 

In Figure VI-5(b) values of D(<e>) are plotted against <e>. Henderson 

et al. (1969) used an expression similar to that in Eqn. (VI-3) for 

the cross section of 0'/02 and they argued that such description is 

expected when the energy levels are sufficiently closed spaced. 

0'Mailey, in his treatment of the same dissociative process for 0~/02, 

gave a physical interpretation of the activation energy D(<e>). He 

interpreted the D(<e>) as the average internal energy (vibrational 

and rotational) of the molecule which maximizes the cross section in 

Eqn, (VI-1). A similar interpretation can be given to the D(<e>) 

plotted in Figure VI-5(b). From the discussion presented in Section II 

we concluded that a reliable value for the Cl~ onset is 0.7 ± 0.3 eV, 

although the asymptotic limit for this process lies at 0.05 eV 

(Table VI-4). Figure VI-5(b) does show that when the mean electron 

energy is 0.7 eV, an activation (internal) energy of 0.1 eV is 

necessary to raise the system above the threshold. As <e> becomes 

progressively lower then D(<e>) becomes progressively larger [see 

Figure VI-5(b)]. 

These findings confirm the correctness of the diatomic-like 

picture adopted for the low-energy dissociation process observed in 

CCIF^. They also confirm the assumption of the Arrhenius dependence 

of k (<£>) on <e> and T. Studies of the same molecule at higher T 
a 

are recommended and they will be undertaken in the very near future. 



 

CHAPTER VII 

SUMMARY AND CONCLUSIONS 

Attachment of low-energy electrons (0-10 eV) to three series of 

polyatomic molecules has been studied using a time-of-flight mass 

spectrometer. The mass spectrometric study of each molecule included-

mass identification of the negative ions formed from the molecule, 

measurement of the intensity of each observed negative ion as a 

function of electron energy, and measurement of the autodetachment 

lifetime, t , of the long-lived (x, > 1 us) metastable anions. The 
a a 

effect of the broad electron energy distribution on the measured 

relative cross sections was removed by an unfolding procedure. In 

addition, a high temperature electron swarm apparatus was constructed 

and used to study the effect of temperature on electron attachment 

to the CCIF^ molecule. The results obtained by both experiments 

provided the basis of investigating various aspects of the attachment 

of low-energy electrons to polyatomic molecules. 

In the first series of molecules, including the normal 

perfluoralkanes (PFAs) n-C|y|F2f^+2 " ^"6), the effect of molecular 

size on negative ion formation was investigated. It was found that 

low-energy electrons attach to these molecules dissociatively and/or 

nondissociatively. Which mode of electron attachment predominates 

depends on the size of the molecule. For the lower PFAs (CF^, C2Fg 

and C^Fg) only fragment negative ions were observed, F" being the 

159 
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most abundant. For n-C^P-iQ a weak parent ion was detected, but again 

the predominant anion was F~. For the higher members of the series 

(n-CgFi25 n-CgF-|^) the parent anions were formed and were most intense 

than any of the fragment negative ions with relative cross sections 

peaking at a, 0.6 eV. The of the long-lived parent anion of 
a 

""^4^10' ""^6'^14~^^' 
respectively—was found to increase with increasing molecular size 

and to decrease with increasing electron energy. In slow-electron-

PFA molecule collisions, in addition to F~, other fragment anions 

were observed of the form , Cj^jF^i^, and i with N = 1-6. 

The position of the dissociating negative ion states (NISs) shifted 

to lower energies with increasing size of the molecule. Energetic 

considerations were used to identify possible fragmentation mechanisms 

of the NISs leading to the production of the observed fragment anions. 

From the appearance onsets of a number of fragment negative ions, 

various C-C and C-F bond dissociation energies, heats of formation, 

and electron affinities, EA, of certain fragments have been deter 

mined and reported. It was found that the EA of perfluorocarbon 

radicals increases with increasing size of these radicals, and 

similar behavior was indicated also for the perfluoroalkane molecules 

themselves. The separation times of the dissociating fragments and 

the autodetachment lifetimes of the extremely short-lived ('V' 10"^^ s) 

and dissociating NISs of CF^ and C2Fg were estimated. The energy 

position of the dissociating NISs and the relative intensities of 

the fragment negative ions were rationalized on the basis of the 

present work and relevant data from electron swarm data measurements. 
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In the second series of molecules, 1-C^F^q, neo-CgF^2' 

c-CgFiQ. the possible effect(s) of geometrical structure of a molecule 

on its electron attaching properties was investigated. All four 

molecules were found to attach slow electrons dissociatively and non-

dissociatively. For the first three above molecules, the parent 

anion cross section, as in the case of the normal PFAs, was found to . 

peak at the same energy of 'V' 0.6 eV independently of the size or 

geometry of the molecule. However, for c-C^F-jq [and generally for 

cyclic and unsaturated perfluorocarbons with four or more carbon 

atoms [see also Sauers et al. (1979)] the parent anion was found to 

peak at 0.0 eV. No obvious correlation was found between the 

geometrical structure of the molecule and the energy position of the 

dissociating NISs. But a dramatic effect was observed of the 

structure of the molecule on the relative intensity of the fragment 

anions as compared between themselves and to the parent anions. To 

understand these differences, we proposed that what affects crucially 

the probability by which the transient anion intermediate decays to 

the various channels, is the way as well as how fast the excess 

energy (comprised of the incident electron kinetic energy and the EA 

of the molecule) is distributed among the various degrees of freedom 

of the molecule. It is expected that these two latter factors depend 

strongly on the symmetry of the molecule. 

The third series of molecules, four fluoroethers (CF^OCF^, 

CF^OCF^H, CF2HOCF2H, and CF^OCH^) and two fluorosulphides (CF^SCF^ 

and CF^SCH^), provided the basis to study the effect of atomic sub 

stitution in the molecule on its electron attaching properties. All 
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six molecules were found to attach electrons dissociatively. The types 

and relative intensities of these fragment anions were found to depend 

strongly on the number and relative position of the F atom in the 

molecule and on the 0 to S substitution. The molecules having one 

or both of the methyl groups partially fluorinated were more fragile 

upon electron impact compared with the molecules for which all the 

atoms of the methyl group are of one kind (H or F). The fluoro-

sulphides attached lower energy electrons than did the fluoroethers. 

The magnitudes of the total attachment cross sections (determined 

by the swarm-beam method) increased with increasing F substitution. 

Energetic considerations were used to identify possible fragmenta 

tion mechanisms of the dissociating NISs leading to the production 

of the observed fragment anions and to deduce EA of the radicals 

CF^O and CF^S. CNDO/2 calculations were performed in an effort to 

rationalize the findings of this study concerning the types, 

relative intensities and energy positions of the various anions 

observed. It was found that the S atom lowered the energy position 

of the NISs of the molecule and it introduced preferred electro-

philic sites in the molecule, thus affecting the way the molecule 

attached the electron and dissociated. 

The electron attachment rate constant, k , for CCIF^ in the 
a o 

buffer gas Ar in the mean electron energy range 0.5 to 4.26 eV was 

measured at the temperatures 300, 400, 500, and 600 K, using the 

high temperature swarm apparatus. From the measured k , the electron 
d 

attachment cross section, a , at each temperature studied was calcu-
d 

lated by applying the swarm-unfolding technique. Two peaks at 1.5 
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and 4.5 eV, respectively, were found in the unfolded a . From a 
a 

comparison of the swarm and the beam results, the first peak was 

attributed to Cl" formation. The width and the onset of the first 

resonance peak increased with increasing T, whereas its position 

shifted to lower energies. These findings were understood in the 

framework of 0'Mailey's (1967) theory as due to population of excited, 

vibrational (and/or rotational) levels. The Arrhenius dependence 

of k^ on T was invoked to calculate activation energies for the Cl" 

production at various mean energies. 

The present work indicated the need for further theoretical and 

experimental work. The theoretical work should be extended to tackle 

problems in negative ion formation in polyatomic molecules. In this 

regard, measurements of the autodetachment lifetimes as a function 

of electron energy (using energy resolution down to 100 mV) and as 

a function of T and/or the internal excitation of the molecule will 

be helpful. 
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