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ABSTRACT

Low-energy (< 10 eV) electron attachment to a number of poly

atomic molecules has been investigated using a high-temperature electron

swarm apparatus. Results are reported for nitrous oxide (N20), azulene

(C QH ), biphenyl (C^H^, aniline (C^NH^, acenaphthene (C^Hg), and

1, 4-naphthoquinone (C H,0 ). A simple model of electron attachment to

polyatomic molecules is discussed and electron affinity calculations based

on this model are presented for a number of molecules. Also, experimental

data are presented and discussed which strongly support certain forms for

the energy distribution functions for electron swarms in the carrier gases

C H , N , and Ar.
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CHAPTER I

INTRODUCTION

I. GENERAL COMMENTS

The existence of negative ions has been recognized since the early

days of physics. Their intrinsically interesting properties and physical,

chemical and biological importance, however, were not fully appreciated

until the middle of the century. The wide range of importance of negative

ions spans phenomena occurring at the geophysical and astrophysical levels

to life-supporting, as well as toxic, biological functions. Of immediate

interest to the radiation physicist is the role that negative ions play in the

intermediate reactions leading to the final results observed when radiation

interacts with matter. The radiation chemist can gain valuable information

concerning bond dissociation energies and heats of vaporization by studying

negative-ion processes. The molecular physicist is finding that negative ions

of complex molecules are revealing new phenomena which allow a deeper under

standing of molecular structure and interaction. For example, he has found

that electron-scattering interactions which proceed via formation of a

temporary negative ion provide new information concerning the location of

energy levels of molecules. The study of negative ions is basic to the under

standing of the physics of the upper atmosphere of the earth as well as to



the understanding of the physics of the atmospheres of other celestial

bodies, such as stars and gaseous nebulae [Seaton (1968), Boyd (1968), and

Dalgarno (1968)]. In the field of molecular biology it is known that electron

transport and charge transfer phenomena are important in vital cellular

reactions. Thus toxic properties of certain substances may be related to

their electron-donating or electron-accepting capabilities. Blaunstein and

Christophorou (1968a), for example, observed a broad correlation between

the so-called toxicity indices and the thermal values of the mean electron

attachment cross sections for several halogenated aliphatic hydrocarbons.

Also, some of the present theories of chemical carcinogenesis imply a

relationship between carcinogenic action and electron attachment [see

Blaunstein and Christophorou (1968b) for a review of present theories].

Much of the more reliable work on negative ions has been done in

the last two decades and has been confined mainly to atomic systems. It

has only been within the last decade that interest has been turning to the

more complicated molecular systems. Some of the more comprehensive

reviews on negative ions are given by Massey (1950), Loeb (1955), Branscomb

(1957), McDaniel (1964), Christophorou and Compton (1967), Christophorou

(1969), and Compton and Huebner (1969).

The present study is confined to the investigation of the inter

actions of low-energy (< 10 eV) electrons with polyatomic molecules in the

gas phase. The interaction of particular interest, which may proceed via

one of several mechanisms, is negative ion formation. The experimentally



determined quantity is the absolute electron attachment rate. In this

chapter the general importance of negative ions is indicated and intro

ductory remarks are made concerning electron attachment mechanisms.

Experimental and theoretical techniques are also briefly mentioned. In

Chapter II the experimental and analytical techniques used in the present

study are described. In Chapter III we consider electron energy distribution

functions for several carrier gases. In Chapter IV we present experimental

data on nitrous oxide (N_0) and in Chapter V we are concerned with electron

attachment to a number of aromatic hydrocarbons. In Chapter VI a simple

model is discussed which relates the electron attachment cross section to

the number of degrees of freedom of a polyatomic molecule, the electron

affinity of the molecule, and the parent negative-ion lifetime. In Chapter

VII the present research is summarized.

II. ELECTRON ATTACHMENT TO MOLECULES

Mechanisms of Electron Attachment

The most important modes of electron attachment to molecules are

discussed below.

Dissociative attachment. Dissociative electron attachment may be

represented by the reaction [Christophorou (1969)]



AB + e elastic scattering (a)

e +AB AB —^—- AB* +e' inelastic scattering (b)

A(*) + B dissociative attachment (c)

(1-1)

where A and B are molecular fragments: cr is the cross section for for-
° a

-*

mation of AB ; and P , P. , and P, are probabilities for elastic
em da

scattering, inelastic scattering, and dissociative attachment, respectively.

The asterisk indicates excitation energy and the prime notation (e') indicates

that the scattered electron does not have the same energy as the incident

electron. The parentheses indicate that A may or may not be left in an

excited state. If the autoionization lifetime, i.e., the lifetime against

autodetachment of the extra electron, of AB~ is long compared with the

time between molecular collisions, and if the electron affinity (Chapter VI)

of AB is positive, then the parent negative ion AB~ may be formed by

collisional stabilization, i.e., the removal of excess energy by a third body

(stabilization by radiation is not important). In general, channels (a), (b),

and (c) of reaction (1-1) are in competition although one particular mode

may dominate.

Parent-negative-ion formation. For molecules which attach mole

cules strictly via a nondissociative mode, parent-negative-ion formation

may be represented by the reaction



ora(cm )

e+AB *- AB~^ -*e(') +AB^*l (1-2)
T(sec)

The parentheses indicate that there may or may not be an inelastic exchange

of energy. The quantity t is the autoionization lifetime of the parent ion

AB . Excited electronic states of the ion may be involved.

It is convenient to classify t according to the experimental method

which is used for observation of AB [Chaney et al. (1969)]:

1. Short (10~15 <T< 10~13 sec). The complex AB~ is manifested

through resonances in electron scattering experiments. The

complex in general does not live long enough for collisional

stabilization to occur in cases where the electron affinity of

AB is positive.

2. Moderate or intermediate (10 < j < 10 sec). Such ions can

be observed either directly or indirectly in high pressure

(multiple-collision) experiments where collisional stabilization

is possible.

3. Long (t > 10~° sec). Such ions can be detected in negative-ion

mass spectrometers and their mean autoionization lifetime

can be measured.

The parent negative ion AB may be thought of as a quasi-stable

system in that the extra electron is in a temporary bound state character

ized by a finite autoionization lifetime [Bardsley and Mandl (1968)].



Experimental Methods

There are two basic types of experiments which may be used to

study negative ions by electron impact. These are discussed below.

Electron beam experiments. In this type of experiment a quasi-

monoenergetic beam of electrons interacts with the target molecules at low

pressure. Either scattered electrons or resulting negative ions may be

observed under either single-collision or multiple-collision conditions. If

the energy width of the electron beam is narrow compared to the negative-

ion resonance being observed, then the shape of the electron attachment

cross section can be obtained by measuring the negative-ion yield as a

function of electron energy. Temporary-negative-ion resonances due to ions

of intermediate and short lifetimes can be detected by examining scattered

electrons in a suitable interaction chamber. Also, a variety of ion-molecule

reactions can be studied under multiple-collision conditions.

A time-of-flight mass spectrometer (TOFMS) has been used in

conjunction with some of the work reported in the present study. In this

type of electron beam apparatus [ see, for example, Compton et al. (1966)]

negative ions are formed in an interaction chamber and are pulsed down a

flight tube, of known length, where they are collected. The time of flight

of the negative ion is simply related to its mass; hence mass analysis is

possible. Also, the mean autoionization lifetime, r, of a particular negative

ion can be determined from the relation



T = (1-3)

fo[(N +N°)/N ]

where t is the flight time, N~ is the number of negative ions collected at

time t, and N° is the number of ions which have decayed into neutral mole

cules during time t. Lifetimes less than ~ 1 (isec could not be measured in

the TOFMS used in conjunction with the present study.

A disadvantage of electron beam experiments is that at near-

thermal energies the percent energy spread of the electron beam becomes

significant and a monoenergetic beam can no longer be obtained; however,

quite useful data can still be taken. Also, attachment cross sections are

usually measured in relative units. Other problems may include difficulties

in calibrating the energy scale of the electron beam and variation of the

negative-ion collection efficiency with electron energy.

Swarm experiments. In electron swarm experiments a pulse or

swarm of electrons with a broad distribution of energies interacts with a

gas at high pressure. Thus, average values of quantities such as the absolute

electron attachment rate are obtained. Swarm experiments are simple in

principle but suffer from difficulties associated with interpretation of data.

In Chapter II a technique is described for combining electron beam and

electron swarm data to obtain the absolute electron attachment cross

section.



Different experimental methods within the two types of experi

ments mentioned above are discussed by McDaniel (1964), Prasad and Craggs

(1962), Loeb (1960), and Christophorou (1969).

Theory

The first significant attempt to explain unimolecular electron

attachment was made by Bloch and Bradbury (1935) who assumed that weak

coupling occurred between the nuclear motions within the molecule and the

free electron, the result being electron capture. The Bloch-Bradbury

mechanism and capture into a resonance state, i. e. , a temporary bound

state, represent the two basic types of theoretical explanation for electron

capture. One formula of particular interest [O'Malley (1966)] derived from

resonance scattering theory is

, 3/2 H 7T2-(E -ef
/n 4tt — i r 2 l x '-i ,, , y°a(e)v=o =— z rf expL~~rp—Je*P-p(0 (i-4)

2 d

where <y (e) is the dissociative attachment cross section from the v=0
a v = 0

vibrational level of the ground electronic state for an electron of energy e,

k = (2m/h )e, m is the electron mass, g is a statistical factor, £_ is the
i

partial autoionization or autodetachment width, T- is the total autoionization

width, I\ is the experimental dissociation width, e " is the probability

that the ion will not dissociate, and E = E + 1/2 hco where E is the electron

energy at the peak of the cross section and 1/2 hw is the zero-point energy



associated with the bond that is severed when the ion dissociates. Dissocia

tive electron attachment to 30 molecular systems was discussed by

Christophorou and Stockdale (1968) within the framework of the O 'Malley

formulation, i.e., Equation (1-4), and it was found that the peak cross

section was a strong function of the resonance energy of the cross section

and that a break in the dependence occurred when electronic excitation of the

neutral molecule became energetically possible, thus showing the effect of

increased autoionization on the dissociative attachment cross section.

The various theoretical treatments are quite complicated and will

not be discussed here. Chen and Mittleman (1968) discuss problems concerned

with previous theoretical work, and Chen (1969) gives a comprehensive review

of theoretical studies. Bardsley and Mandl (1968) and Burke (1968) review

resonance electron attachment. As yet there has been limited consideration

of electron attachment to large molecules. In general, the theory that is

available is difficult to check experimentally due to the many unknown

molecular properties that enter into the theory.

Bardsley and Mandl (1968) classify electron-capture resonances

according to three different categories based on the mechanism by which the

electron is trapped in the molecule, as discussed below.

Shape resonances. If the electron is bound by an attractive

potential which is surrounded by a repulsive potential, the resonance is said

to be a shape resonance. A nuclear analog is a nucleus unstable toward
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a-particle emission; the a particle is bound by a short-range nuclear force

but is surrounded by a repulsive Coulomb barrier through which the a particle

must tunnel in order to escape.

Electron-excited Feshbach resonances. Electron-excited Feshbach

resonances occur when the incident electron excites one or more electrons of

the target molecule and is left with insufficient energy to escape. In order

to escape, the trapped electron must reabsorb energy from the target. It

has recently been found [Christophorou, Carter, and Christodoulides (1969)

and Chapter V] that the electron-excited Feshbach resonances are important

for certain large molecules.

Nuclear-excited Feshbach resonances. A nuclear-excited Feshbach

resonance occurs when the energy of the incident electron is distributed

among the nuclear motions of the target molecule. This type of capture

involves coupling of nuclear and electronic motion and thus results from a

breakdown of the Born-Oppenheimer approximation concerning the separ

ability of nuclear and electronic motions. Nuclear-excited Feshbach

resonances are particularly important for large molecules; the energy of the

incident electron becomes distributed among the many degrees of freedom

and hence the resulting ions may live for relatively long periods of time

(~ 1 to 10 fj.sec). The cross section for this type of resonance can be

expressed in terms of the negative-ion lifetime, the electron affinity, and

the number of degrees of freedom of the target molecule (Chapter VI).



CHAPTER II

EXPERIMENTAL AND ANALYTICAL TECHNIQUES FOR

ELECTRON ATTACHMENT STUDIES

I. EXPERIMENTAL TECHNIQUE

In a typical electron swarm experiment a swarm of electrons drifts

through a gas at high pressure under the influence of an electric field. For

a uniform field the energy distribution of the electrons is characteristic of

the gas and the ratio E/P, the pressure-reduced electric field expressed in

V cm torr at room temperature. For electron attachment studies

three common gases, so-called "carrier gases, " which do not remove

electrons from the swarm over the specific energy range of interest are

ethylene (C H ), molecular nitrogen (N ), and argon (Ar). These gases were

used in the present study and are discussed further in Chapter III.

In the present study small amounts of the attaching gas under study

were mixed with the carrier gas at high total pressure. The assumption was

made that the electron energy distribution of the swarm was characteristic

of the carrier gas and was undisturbed by the presence of the attaching gas.

This assumption was checked when possible by measuring the electron attach

ment rate aw (sec torr ) as a function of the attaching gas pressure.

However, for strongly attaching gases only very small amounts are needed

11
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(often at fractions of the total pressure < 10 ) and the above assumption

is valid.

The basic method used in the present study was first described by

Bortner and Hurst (1958). Electrons drift through a gas at high total

pressure under the influence of a uniform electric field between the plates

of a parallel-plate ionization chamber, and electrons are removed from the

swarm by the attaching gas (Figure II-l). The number dN of electrons

attached in a distance dx is given by

dN = - a N(x)f Pdx (II-l)

where a, the attachment coefficient, is the attachment probability per torr

of attaching gas (normalized to room temperature) per unit distance traveled

in the drift direction, N(x) is the total number of electrons in the swarm at

x, and f P is the pressure in torr of attaching gas. Integrating Equation

(II-l), we have

N(x) = N(0) exp - af Px (II-2)

where N(0) is the total number of electrons in the swarm at x = 0. The

change in potential dV at the positive electrode due to the electron swarm

moving the distance dx is given by

V

dV = N(x) y dx (II-3)

where V is the change in potential at the positive plate due to the drift of
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Figure II-l. Schematic of electron attachment in a uniform

electric field.
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one electron through the entire drift distance d. Using Equation (II-2) for

N(x) and integrating Equation (II-3), one obtains for the change in potential

after the swarm has moved a distance x'

N(0)V

V(x/) = af Pd°[l-e*P(-<*f!?*')}. (H-4)

To find the time variation of the potential at the positive electrode, one

replaces x' by td/r , where j is the collection time and is given by t =d/w,
o o o

where w is the drift velocity of the electron swarm. Thus one obtains

V(t)= j[l-exp(-ft/ro)], (II-5)

where A = N(0)v and f = af Pd.
o 1

If the voltage pulse given by Equation (II-5) is observed with a

linear pulse amplifier having a response to a step function given by

V '(t)= — exp(-t/t1), (H-6)
1

where t is both the amplifier differentiating and the integrating time

constant, then the output pulse will be given by

To

V(T)= J i^ElV'(T-t)dt (II-7)

for T>T . Integrating Equation (II-7), one obtains
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o 1

tlT tlT-exp {(to -tjfj/tj }(t0 -7Tf?) -7-IfJ] xexp (- T/tl). (H-8)

The maximum of V(t), occurring at j', is plotted in Figure II-2 as a function

of T /t, for various values of f.
o 1

Implicit in the above derivation is the assumption that voltage

variations due to the drift of negative ions can be neglected, an assumption

which in general is valid.

High Temperature Apparatus

Figure II-3 is a schematic drawing of the main chamber. An

a-particle source is situated at a known distance between the positive and

negative electrodes. The source is collimated so that the a particles are

emitted in a plane parallel to the two electrodes. The a particles ionize

the gas present in the chamber and create a pulse or swarm of electrons

which then begins to drift toward the positive electrode (collector). The

electron detector situated at the collector plate and the light entrance

window are for drift velocity measurements and were not used in the present

study [see, however, Hendrick, Christophorou, and Hurst (1968)].

The chamber was milled from one piece of non-magnetic stainless

steel in order to obtain minimum outgassing and to reduce background noise
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pickup within the chamber. All seals are either metal to metal, including

"0" rings, or welded joints.

The temperature of the chamber and all auxiliary tubing leading to

the chamber was controlled by wrapping the system with 200-watt heater

tapes and by mounting small 200-watt iron heaters on the top and bottom of

the chamber. Temperature was regulated to within + 1% by a Honeywell-

Brown pyrovane temperature regulator, which monitored an iron-constantan

thermocouple situated in the chamber, and by several General Radio Company

variac autotransformers which were controlled manually. The temperature

was monitored by several chromel-constantan thermocouples placed through

out the chamber, which were read with a Honeywell-Brown multipoint

recorder. The system is capable of a maximum temperature of about 210" C.

Figure II-4 is a schematic of the complete apparatus except for the

auxiliary electronic equipment. Ethylene was vacuum distilled through a set

of liquid nitrogen cold traps. Nitrogen and argon were passed through these

same cold traps before entry into the chamber. Total pressures were

measured with a pressure-sensitive transducer calibrated against a Wallace

and Tiernan gauge. The attaching gas pressure was measured with an MKS

Baratron pressure meter. A type 90M-XR indicator and 90H-1E 1-torr

pressure head capable of pressure readings as low as 1 x 10-5 torr were used.

The sensitivity of this type instrument (capacitance manometer) is discussed

by Utterback and Griffith (1966).
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Figure II-4. Schematic of high temperature swarm apparatus.
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All other features of the complete apparatus, including auxiliary

electronic equipment, are described in detail by Hendrick, Christophorou,

and Hurst (1968), and modifications are described by Blaunstein and

Christophorou (1968b).

Procedure

Initially the carrier gas was distilled through the liquid nitrogen

cold traps on the carrier gas manifold (Figure II-4), and the purified gas was

passed into the chamber. Reference pulse heights (maximum voltage

variations at the collector) were then collected as a function of E/P. The

system was evacuated and a background outgassing rate was obtained prior to

entry of the attaching gas sample. The attaching gas was then passed into

the chamber and a pressure reading was taken and corrected for outgassing.

The carrier gas was passed into the chamber until the same pressure was

attained at which the reference pulse heights were taken, and pulse heights

were again taken at the same E/P values as the reference pulse heights.

From the ratio of the two pulse heights taken at the same E/P value we

determined, with the aid of tables given by Eldridge (1962), the quantity

a£ Pd. Knowing the values of f P (sample pressure) and d (drift distance),

we then calculated a, the attachment probability per torr of attaching gas

per unit distance in the drift direction. The attachment rate was then

obtained by multiplying a by the known values of the drift velocity w for the

particular carrier gas used. Measurements show [Blaunstein and
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Christophorou (1968b)] that the drift velocities in the pure carrier gas are

virtually unaffected by the presence of small amounts of attaching gas.

The drift velocities used in the present study were taken from

curves given by Christophorou (1969) and represent averages of the best data

available. Table II-I gives w versus E/P for C H , N , and Ar at room

temperature [Christophorou (1969)]. For higher temperatures the drift

velocities of Hendrick, Christophorou, and Hurst (1968) for C H and N
Lt *! Lt

were used after normalizing their room temperature data to the values

given in Table II-I. The drift velocities in Ar do not vary significantly over

the temperature range of interest [Pack, Voshall, and Phelps (1962)].

Sources of Error

The main source of error in the present study relates to the

pressure measurement of the attaching gas. For extremely low sample

-3
pressures, e.g., < Ili (l|j. = 10 torr), the attachment rate could be repro

duced within + 20%. For higher sample pressures, aw could usually be

reproduced within + 10% or better. Negligible error resulted from pulse

height measurements. It was found that reference pulse heights were highly

reproducible over long periods of time; hence it can be assumed that the

pulse height measurements with the attaching gas present were accurate.

There was virtually no error in total pressure measurements.
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TABLE II-I

ELECTRON SWARM DRIFT VELOCITIES VERSUS E/P
IN C H , N , AND Ar

E/P

(V cm torr )

0.01

0.02

0.04

0.06

0.08

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

1.40

2.00

C2H4

0.098

0.194

0.390

0.580

0.760

0.940

1.750

2.350

2.850

3.310

3.690

4.010

4.260

4.460

4.510

4.740

4.840

4.980

5.100

wa (cm/u-sec)

N„ Ar

0.107 0.128

0.187 0.155

0.255 0.191

0.282 0.210

0.298 0.224

0.314 0.236

0.378 0.275

0.429 0.300

0.475 0.318

0.520 0.336

0.575 0.353

0.630

0.685

0.738

0.792

0.839

0.885

0.977

1.257

Taken from curves given by L. G. Christophorou, Atomic and
Molecular Radiation Physics (JohnWiley and Sons, Inc., New York, 1969)
(in press).
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II. ANALYTICAL TECHNIQUE

The two-body electron attachment rate aw (sec torr ) for a

particular process is given by

aw =N(2/m)* [ e* o- (e)f(e,E/P)de, (II-9)
o j a

where NQ is the number density of attaching molecules per torr at room

temperature, m is the mass of the electron, e is the electron energy, lt (e)
a

is the attachment cross section, and f(e, E/P) is the electron energy distri

bution function. Usually <r (e) is not known in absolute units. However,
a

negative-ion yields due to electron impact measured in electron beam studies

reflect the shape of the attachment cross section. This is true only when

the energy spread of the electron beam is narrow compared to the width of

the cross section; otherwise an unfolding procedure is necessary

[Christophorou, Compton, and Dickson (1968)]. Thus, if f(e, E/P) is known

(see Chapter III), then one can utilize Equation (II-9) to determine cr (e) as
a

described below.

The swarm-beam combination has been described by Christophorou

et al. (1965). The attachment cross section can be expressed in terms of

the negative-ion current 1(e) through the relation

o- . = K.T.I(e), (11-10)
aj ] 3 '

where K- is a multiplier that transfers the negative-ion current from



24

relative to absolute cross section units, and T. is an operator that trans

lates the energy scale of the negative-ion current so that an independent

energy scale calibration can be obtained. The subscript j refers to a

particular choice for T (which defines one value for K). Using Equation

(11-10) in Equation (II-9), one defines the quantity M- through the relation

Vl[(aw)ij-aiwi]
i

=^[^(2/m)*^ j e*T.I(e)£.(e)de-a.w. ] , (H-ll)
i 0

where a.w. is the experimental attachment rate for a particular value of

E/P (denoted by the subscript i). A best fit to the experimental data is

found by solving the equation

dM-/dTj = 0 (H-12)

and Equation (11-11) for M- and K: for a particular choice of T;, using

various choices of T; until a minimum for M; is obtained.

Several comments should be made concerning the swarm-beam

technique:

1. As stated previously, the energy width of the electron beam

should be narrow compared to the negative-ion resonance.

2. Corrections must be made for any differences in the negative-

ion collection efficiency which may occur with incident

electron energy.



25

3. The measured electron attachment rates must be representative

of the beam-measured relative cross section, i.e., the attach

ment rates must reflect only primary processes. Hence,

secondary effects due to collisions with third bodies must be

somehow subtracted from the experimental attachment rates.

This is usually done by extrapolating the attachment rates to

zero carrier gas and/or zero attaching gas pressure.

4. In applying the swarm-beam technique one should use experi

mental attachment rates measured in a carrier gas for which

the electron energy distribution functions have a maximum

energy overlap with the attachment cross section; if possible,

the distribution functions should overlap the cross section

completely. This procedure minimizes effects due to errors in

measuring either the shape of the attachment cross section or

the attachment rates.

In connection with the last comment above, it should be mentioned

that the maximum error in the presently accepted distribution functions

(Chapter III) occurs on the high-energy side of the distributions, where the

functions decrease rapidly with energy. Thus one should use caution in

applying the swarm-beam combination if the attachment cross section is

weighted heavily on the high-energy side of the distribution functions.



CHAPTER III

ELECTRON SWARM ENERGY DISTRIBUTION FUNCTIONS

I. INTRODUCTION

In the present swarm experiment electrons drift through a mixture

of an inert carrier gas and a small sample of attaching gas under the

influence of a uniform electric field. The parameters that characterize the

electron swarm, w (drift velocity) and D/u. (ratio of diffusion coefficient to

mobility), are functions of the carrer gas and E/P, the pressure-reduced

electric field. As the electrons drift they gain energy from the electric

field and lose energy through elastic and inelastic collisions with molecules

of the carrier gas. In attachment studies E/P is usually such that elec

tronic excitation and ionization processes can be ignored, although

rotational and vibrational excitations are important for polyatomic carrier

gases. Within several mean free paths for electron-molecule collisions the

energy-loss and energy-gain mechanisms attain equilibrium. The time

required to reach equilibrium is called the relaxation time and at high

pressures is usually much shorter than the time required for the swarm to

drift several centimeters. Thus, in this case the electron swarm is

characterized by an energy distribution function f(e,E/P) which depends on

E/P and the carrier gas.

26
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The distribution function f(e,E/P) is defined such that f(e, E/P)de

is the fraction of electrons with energies between e and e +de at a particular

value of E/P. Thus,

CO

J f(e,E/P)de= 1. (III-l)
0

The need for accurate knowledge of the various energy distribution

functions is made manifest when one attempts to analyze swarm data on

electron attachment in terms of the absolute attachment cross section

cr (e). The swarm-determined attachment rate aw (sec torr ) is given by
a

Equation (II-9), which involves cr (e) and f(e,E/P). Through application of the
a

swarm-beam combination (Chapter II), cr (e) can be determined. Thus, in
a

order to render the swarm-beam combination meaningful, it is essential to

have accurate knowledge of the electron energy distribution functions. In

the absence of electron beam data, valuable qualitative knowledge about the

attachment cross section can still be gained if the distribution functions are

known.

The purpose of the present study is to examine certain experimental

data which strongly support choices between the most reliable distribution

functions reported for the carrier gas molecular nitrogen (N?) and between

a Maxwell and a Druyvesteyn distribution for ethylene (C H ).
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II. MOTIONS OF SLOW ELECTRONS IN GASES

General Comments

Discussions, general theoretical treatments, and reviews con

cerning the motions of low-energy electrons in gases can be found in Massey

and Burhop (1952), Chapman and Cowling (1952), Allis (1956), Loeb (1960),

Huxley and Crompton (1962), McDaniel (1964), and Christophorou (1969). In

particular, Loeb gives a comprehensive historical account of the work done

on determining various energy distribution functions before 1955 and

Christophorou discusses work after 1955; Allis presents a thorough theoret

ical treatment of the motions of slow electrons in gases.

—•

In general the velocity distribution function fy(v, t, E/P) of an

electron swarm obeys the Boltzman equation

6f Sf -

TT = TT + V'v£ +-'Vf , (III-2)
6t ot v m v v

where v is the electron velocity, m is the electron mass, F is the external

force acting on the electrons, V is the gradient operator in configuration

—*

space, v is the gradient operator in velocity space, 6fv/6t is the rate of

change of f due to collisions with gas molecules, and ofv/ot is the rate

—•

of change of f due to variation of F. In Equation (III-2) electron-electron

interactions have been neglected. Under steady state conditions of /St is

zero, and, since 5f /6t is statistical in nature and does not involve time
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explicitly, the Boltzmann equation becomes time-independent. In addition,

in the presence of a homogeneous gas, vf is also zero and Equation (III-2)

becomes space-independent. It is the time- and space-independent solution

of Equation (III-2) that is of interest in the present study.

Solving the Boltzmann equation is difficult in general and several

methods of solution are discussed by Chapman and Cowling (1952) and by

Allis (1956). Solutions are known for the space- and time-independent

equation. Thus, the main problem lies in the lack of accurate cross sections

for the various collision processes involved for the various gases of interest.

Electron Swarm Energy Distribution Functions for the Carrier Gas Argon

Ritchie and Whitesides (1961) used a computer program to evaluate

equilibrium distribution functions for electrons undergoing only elastic

collisions in a gas in the presence of a uniform electric field. The form of

the solution to Equation (III-2) used was taken from Chapman and Cowling and

is given by

2

f(«. E/P) . B«* exp {- &=• J Yirl 2 }' (m"3)L MJ0[(eE/P)2 +2S!^(£)kT]J

where e and m are the mass and charge of the electron, respectively, M is

the mass of the gas molecule, E is the electric field strength, T is the gas

temperature, k is Boltzmann1 s constant, and B is a normalization factor
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such that

CO

J f(e,E/P)de =l . (III-l)
0

The quantity °"m(e) is related to the momentum transfer cross section and

is given by

cr (e)=2irN f 1(9, e)(l-cos9)sinQde , (III-4)
ILL O l)

0

3
where N is the number of gas molecules per cm per torr at room

temperature and 1(9, e) is the differential cross section for scatter of an

electron of energy e through an angle 6 by a gas molecule. Ritchie and

White sides (1961) used the values of cr (e) for argon given by Barbiere (1951)

to calculate distribution functions over the energy range where inelastic

scattering is unimportant.

Nelson and Davis (1968) used the total scattering cross section of

Golden and Bandel (1966) for argon and the computer program of Ritchie and

Whitesides to calculate f(e,E/P). Their results are not significantly

different from those reported by Ritchie and Whitesides at energies above

~ 0. 2 eV. The main difference in the two calculations is that Ritchie and

Whitesides used a linear approximation to the Barbiere data which ignored

the Ramsauer minimum in the scattering cross section at ~ 0. 2 eV, whereas

the scattering cross section used by Nelson and Davis included the Ramsauer

-1-1
minimum. At E/P values > 0. 05 V cm torr the influence of the Ramsauer

minimum is negligible.
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Frost and Phelps (1964) used Equation (III-3) to calculate electron

energy distribution functions in helium, argon, krypton, and xenon. The

authors assumed a momentum transfer cross section and adjusted the cross

section to obtain consistency between experimental values of w and D/jj. and

calculated values using formulas given by Allis (1956). In the energy range

above the Ramsauer minimum, the momentum transfer cross section

determined by Frost and Phelps agrees to within 10%with the cross section

of Barbiere (1951). Thus, there is reasonable agreement between the dis

tribution functions of Ritchie and Whitesides (1961) [ see also Nelson and

Davis (1968)] and those of Frost and Phelps over the energy range of

interest.

Electron Swarm Energy Distribution Functions for the Carrier Gas Nitrogen

Carleton and Megill (1962) analyzed the Boltzmann equation and

obtained numerically computed solutions for the electron energy distri

bution functions in nitrogen.

Engelhardt, Phelps, and Risk (1964) obtained a self-consistent set

of energy distribution functions, momentum transfer cross sections, and

inelastic collision cross sections for electrons in nitrogen from an analysis

of transport data (w and ~D/\i). The distributions of Engelhardt, Phelps, and

Risk differ significantly in shape from those obtained by Carleton and Megill

as seen in Figure III-l (see Section III for experimental test).
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Electron Swarm Energy Distribution Functions for the Carrier Gas Ethylene

Either a Maxwell or a Druyvesteyn distribution function is usually

assumed for electrons in ethylene at low E/P (<2Vcm torr ). The

familiar Maxwell formula is given by

2e*fM(e,E/P) = -j — exp-e/kT. (in-5)
TT?(kT)

Assuming the electronic mean free path for collisions with molecules to be

constant and considering only elastic collisions, Druyvesteyn (1930) derived

the following distribution function

1 ^m<=•

fD(e,E/P) = Ce^exp YT~l ' (III_6)
MX e E

where e and m are the electron charge and mass, respectively, M is the

molecular mass, X is the electronic mean free path for collisions with

molecules, and C is a normalization constant. Figure III-2 [McDaniel (1964)]

compares f and f for the same mean energy. There is a significant

different in the shapes of these two functions.

In order to determine the mean electron energy of a Maxwell or a

Druyvesteyn distribution at a particular E/P value, one uses experimental

values of D/u. as a function of E/P and the relation [see, for example,

Christophorou (1969)]
2A' k_ <e„>

T MD/V = ^ , (III-7)
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where (e >is the mean thermal molecular energy (3/2kT), kp is the Town-

send energy factor, and A' is a constant depending on the energy distribution

function. For a Maxwell distribution, A ' is 1. 00 and for a Druyvesteyn

distribution, A' is 1. 14. The Townsend energy factor is defined by the

relation

<€e>
^ = -j—T , (in-8)

where (e ) is the average electronic energy. Thus, Equation (III—7) can be

written

2A'<e >

DAi = ^ * (III~9)

III. CONSIDERATION OF EXPERIMENTAL DATA

Discussion

There have been no direct experimental verifications of the electron

energy distribution functions reported in the literature. Aside from direct

observation, another way to uniquely specify a distribution function is to

state all of its moments (see texts on statistics). The moment of a distri

bution is defined such that if g(T|) is a distribution in some quantity 11, then

the ntn moment is given by

Tl
max

Mn= J Ting(T))dTl, (111-10)
min
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where n = 0, 1, 2 . . . °°. Unfortunately, there is no experimental method to

verify even the first few moments of an electron energy distribution

function.

On a purely physical basis it can be stated that the distribution

function for a given gas at a particular E/P value is unique. Thus, if one

has several sets of apparently reliable distribution functions, a reasonable

experimental test of the distributions would be to collect a set of experi

mental observables related to the true distributions through a known

weighting function and determine which form of the distribution function

reproduces the experimental values through calculation. Thus, a test of the

electron energy distribution functions would be to compare the experimentally

measured attachment rates for a given process with the attachment rates

calculated from Equation (II-9) using an independently determined cross

section. The problem in this case is to find an accurate cross section for a

process for which good swarm data are available. Usually cross sections are

given in relative units, e.g., negative-ion-current values. However, if a

relative cross section with accurate energy calibration is available, then one

can perform the swarm-beam combination (Chapter II) and judge the reli

ability of the distribution functions by the magnitude of T-, the energy shift

of the negative-ion current necessary to give best fit between the experi

mental and calculated attachment rates. T- should be close to zero if the

distribution functions are indeed correct and if the energy calibration of the

relative cross section is accurate.
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Argon

Rapp and Briglia (1965) measured the cross section for O production

from NO (O /NO). The cross section for this process has been found to be

temperature dependent and it has been shown (Chapter IV) that the cross

section of Rapp and Briglia is characteristic of a temperature close to 373° K.

Figure III-3 compares the experimental attachment rates at 373° K (see

Chapter IV) for NO in argon with the attachment rates calculated from

Equation (II-9), using the Rapp and Briglia cross section and the distribution

functions of Ritchie and Whitesides (1961). It is seen that the agreement is

very good. Figure III-4 shows the large energy overlap between the attach

ment cross section and the distribution function for E/P = 0. 2 Vcm torr" .

Due to the large overlap, the results shown in Figure III—3 are strong support

for the distributions of Ritchie and Whitesides.

Chantry (1969c) has given the relative cross section for O /NO at

370° K. Using this cross section the swarm-beam combination has been per

formed using attachment rates to NO measured in argon at 373° K. The

small value of T- obtained (T- = 0. 04 eV) again lends credence to the distri

butions in argon.

Nitrogen

Figure III-5 compares the distributions of Engelhardt, Phelps, and

Risk (1964) for nitrogen to those of Ritchie and Whitesides (1961) for argon.

The E/P values are different but the mean energies are approximately the
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same. The shapes of the argon and nitrogen [Engelhardt, Phelps, and Risk

(1964)] distributions having the same <e > for <e >~ 1 eV bear a close

resemblance. As a consequence, Figure III-6 shows that the calculated

attachment rates for O /NO [Christophorou, Chaney, and Christodoulides

(1969)], using the argon distributions of Ritchie and Whitesides (1961) and

the nitrogen distributions of Engelhardt, Phelps, and Risk, mesh and form

a continuous curve when the attachment rates are plotted as a function of

<ee>, the mean electron energy. The same calculations performed with the

Carleton and Megill (1962) nitrogen distributions do not mesh with the argon

calculations.

Christophorou, Carter, and Christodoulides (1969) have studied

electron attachment to p-benzoquinone and have determined an attachment

cross section peaking at 2.1 eV using the swarm-beam combination with the

argon distributions of Ritchie and Whitesides. From the discussion above

and Figure III-5 one would expect that if the distributions of Engelhardt,

Phelps, and Risk are correct, then the experimental attachment rates

measured in nitrogen should mesh with the rates measured in argon when

plotted against mean electron energy. Figure III-7 [ Christophorou, Chaney,

and Christodoulides (1969)] shows that this indeed the case. The attachment

rates in nitrogen plotted against mean electron energy as determined from

the Carleton and Megill distributions are displaced toward lower energies.

Similar results have been observed for azulene and 1, 4-naphthoquinone
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(Chapter V). Recent data by Christophorou and Christodoulides (1969) also

consistently support the above observations.

Figure III-7 and the subsequent observations mentioned above are

taken as strong support for the nitrogen distribution of Engelhardt, Phelps,

and Risk (1964).

Ethylene

If it is assumed that the distribution function for nitrogen at near-

thermal energies (E/P < 0. IV cm torr ) converge to the shape of those in

ethylene for the same energy region (E/P <2Vcm torr ), then there

should be agreement between data taken in ethylene and nitrogen when the

data are plotted against mean electron energy. Figure III—7 shows attach

ment rates for p-benzoquinone measured in ethylene plotted against mean

energy assuming (1) a Maxwell and (2) a Druyvesteyn form for the electron

energy distribution functions. The mean energies were calculated using

Equation (III-9) and the D/u. data of Wagner, Davis, and Hurst (1967). These

authors measured longitudinal-diffusion coefficients, i.e., the coefficients

for diffusion in a direction parallel to the electric field. Their values are

in reasonable agreement with the data of Bannon and Brose (1928) for lateral

diffusion, i. e. , diffusion in a direction perpendicular to the electric field,

but differ appreciably from the lateral-diffusion data of Cochran and

Forester (1962). The latter data disagree substantially with well accepted

values of diffusion coefficients for other systems. There is agreement
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between attachment rates measured in nitrogen and ethylene when one

assumes a Maxwell distribution for the electrons in ethylene. This result is

again supported by data given in Chapter Vand by the recent data of

Christophorou and Christodoulides (1969). Thus, it is concluded that the

distribution functions in ethylene are best represented by a Maxwell form.

As mentioned in Chapter II, the maximum error in the accepted

distribution functions occurs on the high-energy side where f(e,E/P)

decreases rapidly with electron energy. Thus, calculations weighted heavily

in this region should be used with caution.

IV. SUMMARY

Experimental data have been considered which lead one to the con

clusion that the electron energy distributions of Ritchie and Whitesides

(1961) for Ar and the distributions inNz of Engelhardt, Phelps, and Risk

(1964) are correct and that the distributions in C H4 are best represented

by a Maxwell distribution. These distributions were used in the present

study. Table III-I lists <ee> for a number of E/P values for the three gases.
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TABLE m-I

MEAN ELECTRON ENERGY VERSUS E/P AT 300e K FOR
ELECTRON SWARMS IN Ar, N , AND C H

Ar N2 C2H4

E/P <oa
e

E/P (ee> E/P (Cef
(Vcm~ torr ) (eV) -1 -1,(V cm torr ) (eV) (V cm torr ) (eV)

0.01 0.50 0.033 0.057 0.05 0.043

0.05 0.94 0.066 0.093 0.10 0.048

0. 10 1.28 0.132 0. 162 0.20 0.054

0.15 1.56 0.198 0.225 0.30 0.057

0.20 1.80 0.330 0.349 0.50 0.060

0.25 2.01 0.412 0.421 0.80 0.076

0.30 2.20 0.495 0.490 1.00 0.083

0.40 2.53 0.577 0.538 1.20 0.090

0.50 2.81 0.660 0.583 1.40 0.096

0.80 3.49 0.824 0.656 1.80 0.108

1.00 3.87 0.989 0.710 2.20 0.118

1.20 4.21 1.154 0.754 2.60 0. 127

1.50 4.68 1.320 0.787 3.00 0.136

1.70 5. 10 1.648 0.841 3.20 0.140

2.00 5.54 1.980 0.878 3.30 0. 142

Using the distributions of R. H. Ritchie and G. E. Whitesides,
Oak Ridge National Laboratory Report ORNL-3081 (1961).

Using the distributions of A. G. Engelhardt, A. V. Phelps, and
C. G. Risk, Phys. Rev. 235, A1566 (1964).

c

Calculated from the D/u. data of E. B. Wagner, F. J. Davis, and
G. S. Hurst, J. Chem. Phys. 47, 3138 (1967), and F. J. Davis and D. R.
Nelson (unpublished data) assuming a Maxwell distribution (see text).



CHAPTER IV

ELECTRON ATTACHMENT TO N20

I. INTRODUCTION

Nitrous oxide (NO) is an interesting molecule to study in that most

of the electron attachment phenomena discussed in Chapter I take place, e. g.,

1. Three-body nondissociative capture at high pressures.

2. Dissociative capture in excited vibrational levels.

3. Formation of a temporary negative ion which may decay

either elastically or inelastically or may dissociate into

N v ; plus O .

There have been many investigations in recent years concerning

electron attachment processes in NO. However, the various reactions

occurring in electron swarm and electron beam experiments are not yet fully

understood, and the results of each method are in uncomfortable agreement.

The work described in this chapter has been undertaken in an effort to

resolve some of the existing experimental discrepancies and to determine

via the swarm-beam combination the electron attachment cross section for

0~/N O (0~ formation from NO).
2 ^
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II. REVIEW OF PREVIOUS WORK ON ELECTRON ATTACHMENT TO N O

Multiple-Collision Experiments

Bradbury and Tatel (1934) studied electron attachment to NO at

high N20 pressures and determined the probability of electron attachment

per collision as a function of E/P. For E/P values < 2Vcm torr" in pure

N20 no attachment was observed for NO pressures from 3 to 21 torr. Over

the same pressure range dissociative attachment was observed for E/P values

>2Vcm torr . The authors were able to determine that the most

probable mode of dissociation was cleavage of the N2-0 bond, i.e.,

e +N20 - 0" +N2 . (IV-1)

In agreement with the above results at low electron energies,

Ferguson et al. (1967) reported that no NO ions were observed when N O
^ 2

was added to a helium afterglow containing thermal electrons.

The apparent absence of electron attachment to NO at thermal

energies has been interpreted as due to a near-zero electron affinity for N O.

Loeb (1955) has pointed out that atoms with closed shells, electron pairs or

octets do not have positive electron affinities in the ground state while most

other atomic systems do. (Excited states, however, may possess a positive

electron affinity even if the ground state does not.) It is further pointed out

that equivalent molecular structures, e.g., £, would be expected to

demonstrate similar behavior and, in particular, NO would not be expected

to attach electrons nondissociatively in the ground state.
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The existence of the NO ion, however, has been recently
Cd

established by Paulson (1966) who observed its formation via an ion molecule

reaction originally postulated to be

0~ + NO— NO~ + 0. (IV-2)
& L*

More recent results by Chantry (1969b), however, have shown the reaction to

be

NO" + NO —N0~ + NO . (IV-3)

Presumably, the ions and molecules involved have several electron volts of

energy available for the reaction.

Ferguson e_t aL (1967) discussed the apparent absence of electron

attachment at low energies in terms of the differing geometries of the NO

molecule and the NO ion. It was argued that the NO ion has a bent con-
2 ^

figuration as opposed to the linear configuration of the NO molecule. Thus,

an activation energy of ~ 1 eV was quoted as necessary to attach an electron

to NO.

In contrast to the above studies and comments, Phelps and Voshall

(1968) presented evidence suggesting the three-body attachment process

e + NO+NO —NO + NO + energy (IV-4)

in pure N O at thermal energies for pressures ranging from 30 to 300 torr at

300° K. A thermal value of the apparent three-body attachment rate
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coefficient of 6+1x 10 cm6 sec" was obtained. At higher E/P values

two-body attachment was observed, consistent with dissociative attachment

at higher electron energies.

In support of the above results, Warman and Fessenden (1968)

reported a thermal value of the three-body attachment rate coefficient of

—33 6 —1
5.6 + 0. 2 x 10 cm sec determined in a microwave afterglow experiment

for NO pressures from 10 to 200 torr at 300° K.

In addition to the above studies, Moruzzi and Dakin (1969) and

Chantry (1969b) have studied ion-molecule reactions in NO. No N 0~ ions
£• Lt

were observed which could be attributed to process (IV-4); furthermore, no

processes involving collisional detachment of electrons were postulated in

any reaction schemes to explain experimental results. The latter point is

important since an electron detachment process is the only ion-molecule

type reaction that could affect the results of the present study since these

results are insensitive to the subsequent fate of an electron once it has been

removed from the swarm, unless, of course, it is returned to the swarm.

Single-Collision Beam Experiments

Knox and Burtt (1958) reported the first mass-spectrometric study

of negative ions formed in NO on impact of 0 to 50 eV electrons. Only the

O ion was found, with a resonance capture peak occurring at2.5 + 0.2eV.

Schulz (1961) used the trapped-electron method as well as con

ventional electron beam techniques to study electron impact on NO. Results
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from the trapped-electron method showed an inelastic scattering process at

2. 2 eV which was attributed to inelastic decay of a temporary negative ion

into vibrationally excited NO and a free electron. Christophorou and

Carter (1968) have presented evidence, however, that the above temporary

negative ion decays predominantly via an elastic mode.

In addition, the conventional beam data of Schulz (1961) on negative

ion current due to O production revealed peaks at 0. 7 eV and 2. 2 eV, with

onset occurring at ~ 0 eV. The low-energy process was attributed to

dissociative attachment, apparently with enhanced probability, to

vibrationally excited NO with the high-energy process being interpreted as

due to subsequent dissociation of the temporary negative ion mentioned above

into vibrationally excited N plus O .

Using the relation

D (N - O) - EA(O) = AP (O-) (IV-5)

[where D(N - O) is the dissociation energy of the N -O bond, EA(O) is the

electron affinity of O, and AP(0") is the appearance potential of 0~/N O

determined from electron beam data], and EA(O) taken from Branscomb

et al. (1958), Schulz determined D(N - O) to be 1. 2 + 0. 2 eV, in fair agree

ment with the value of 1. 34 + 0.2 eV determined by Curran and Fox (1961),

but lower than the value of 1. 67 eV determined by Schulz (1961) from thermo-

chemical data.
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In defense of the latter value of D(N - O), Kaufman (1967) has

pointed out that there is essentially no reason to doubt the thermochemical

data which have been consistently supported by many investigations dating

back to the late nineteenth century. He suggests that the early 0~ onset

observed by Schulz (1961) may be due to contributions from electron attach

ment to vibrationally or rotationally excited NO. Such an hypothesis could

be tested by temperature dependence studies of electron attachment near

threshold.

In addition to the above beam experiments are the studies of Curran

and Fox (1961), Rapp and Briglia (1965), and Rempt (1968). All three investi

gations agreed with the results of Schulz on the 2. 2 eV process; however,

there were profound discrepancies among all investigations as to the shape of

the low-energy process, although O onset occurred at ~ 0 eV in each case.

Mass analysis by Curran and Fox failed to yield N 0~.

Recently Chantry (1969a), in support of Kaufman' s hypothesis,

reported a very strong temperature dependence of dissociative attachment

to NO below 2 eV for temperatures ranging from 160° K up to 1040° K.

There was no observable temperature dependence above 2 eV.

Comments on Available Data on Electron Attachment to N O

Several striking features present themselves concerning the data

reviewed above:
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1. Beam data do not support the formation of NO via a primary

process, i.e., process (IV-4), as apparently occurs in high-

pressure experiments.

2. Electron attachment rates determined by Phelps and Voshall

(1968) and deduced from earlier experiments by Bailey and Rudd

(1932) and Bradbury and Tatel (1934) do not reflect the high

attachment cross section determined by Rapp and Briglia (1965).

3. The apparent early O onset observed in various beam experi

ments is questionable.

4. In view of the temperature dependence of the shape of the

attachment cross section below ~2 eV, the absolute cross

section determined by Rapp and Briglia (1965), as well as the

relative cross sections of others, should be assigned to a

temperature.

III. EXPERIMENTAL CONSIDERATIONS

The apparatus and experimental procedure were discussed in Chapter

II. The NO was supplied both by the J. T. Baker Chemical Company and the

Matheson Company and was of 98% minimum purity. The main impurity was

stated to be air; thus, the only contaminant of any consequence, O , was

present in quantities <0.4%. The Ar (> 99. 995% purity) and N2 (> 99. 9%

purity) were supplied by the Matheson Company.
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All straight lines shown in subsequent figures were obtained by a

least squares fitting to the experimental points. All pressures were

normalized to room temperature.

IV. EXPERIMENTAL RESULTS

NO-Ar Mixtures

The electron attachment rate, aw (sec torr ), to N O was

measured at various temperatures for NO-Ar mixtures containing small

amounts of NO. Both Ar and NO pressures were varied. In Figure IV-1

aw is plotted as a function of NO pressure, P , for several values ofi. N20

the pressure-reduced electric field, E/P (V cm~ltorr~l), for total

pressures of 1000 and 500 torr at 373° K. The variation over the higher

NO pressures is attributed to the effect of NO on the electron energy

distribution function in pure Ar. In support of this argument is the fact

that the slope of the second line (high NO pressures) approaches zero for

each E/P as the total pressure increases. The extrapolated values of aw

indicated on the ordinate axis were highly reproducible for each E/P at all

total pressures (400, 500, 750, and 1000 torr).

In Figure IV-2 aw is plotted as a function of E/P at 373° K for

various N-,0 partial pressures at a total pressure of 500 torr. For N O
L 2

pressures below ~ 8 microns the value of E/P for which aw is a maximum

is unchanged. As the NO pressure increases beyond 8 microns, however,
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for various E/P values.
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the value of E/P for which the attachment rate maximizes increases, indi

cating a shift of the electron energy distributions to lower energies as a

result of the increasing number of elastic and inelastic collisions of elec

trons with N O molecules. From the data presented in Figures IV-1 and
Ld

IV-2, one can conclude that there is no appreciable effect on the electron

energy distribution functions in Ar for NO partial pressure < 10 .

Figure IV-3 shows aw versus the ratio of the NO to Ar pressure,

P„T /P. . The extrapolated values of aw for P.. _ /P. —0 are in
No Ar NO Ar

2 ^

excellent agreement with the extrapolated values for P —0 for each

total pressure. The extrapolated values of aw are plotted in Figure IV-4

as a function of E/P for the temperatures 323°, 373°, and 473° K. For E/P

value < 0. 2 the attachment rates increase with increasing temperature, while

at higher E/P values no significant change is observed.

The attachment cross section of Rapp and Briglia (1965) was used in

conjunction with the electron energy distribution functions of Ritchie and

Whitesides (1961) to calculate aw using the formula

aw =N(2/m)* f cr (e) f(e,E/P)e*de . (II-9)
O .3.

o

The results of these calculations are compared in Figure IV-5 with the

present experimental results as a function of the mean electron energy,

(e >. The attachment rates calculated as described above are in excellent
N e'

agreement with the present experimental results at 373° K.
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It has been pointed out that the shapes of the negative-ion-yield

curves obtained in various beam experiments differ appreciably in shape. The

swarm-beam technique [Christophorou et al. (1965)], discussed in Chapter

II, has been applied using the present extrapolated values of aw measured in

Ar, the Ar electron energy distributions of Ritchie and Whitesides (1961),

and the O /NO ion-current curves of Schulz (1961) and Rapp and Briglia

(1965). The results are shown in Figures IV-6 and IV-7 for 323° and 373° K,

respectively. At 323° Kboth the energy scales of Schulz and Rapp and Briglia

had to be shifted by + 0. 22 and + 0. 14 eV, respectively, in order to obtain a

good fit to the experimental data. If the Schulz curve is actually repre

sentative of 323° K, then the energy shift of + 0.22 eV may account for the

apparent onset of 0~ by ~ 0. 21 eV [= D(N -O) - EA(O) = 1. 67 eV - 1. 46 eV]

below the energetically allowed threshold. However, it is unlikely that

Schulz1 s curve is representative of 323° K in view of the relatively large low-

energy peak, which is temperature sensitive and should be less intense at

this temperature. Further, Figure IV-6 shows that the cross section

obtained by Rapp and Briglia peaks at a higher value than the results of the

swarm-beam combination at 323° K using the shape of their cross section.

At 373° K there is excellent agreement between the cross section of Rapp

and Briglia and the swarm-beam combination. Table IV-I summarizes the

present results and gives a comparison in energy and magnitude of the peak

cross sections, <r (e ), determined at each temperature, e is the
a max7 r max
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TABLE IV-I

SWARM-BEAM DATA ON O /NO

Temperature T- e cr (e )
Z max a max

(K°) (eV) (eV) (cm x1018)

2.25a 8.6a
323 +0.22b 2.42b 7.07b
323 +0. 14c 2.39c 8. 18c

373 + 0.12b
+ 0. 06c

2. 32b
2. 31c

7.21b
8. 3C

473 - 0.08b
- 0.llc

2.12b
2. 14c

7. 58b
8.6C

D. Rapp and D. D. Briglia, J. Chem. Phys.
43, 1480 (1965).

Swarm-beam method using present attach
ment rates and ion-current curve of G. J. Schulz,
J. Chem. Phys. 34, 1778 (1961). Schulz's 0_/N20
curve peaked at 2. 2 eV.

Swarm-beam method using present attach
ment rates and ion-current curve of Rapp and
Briglia (Reference a above).
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energy at which the attachment cross section, cr , is a maximum. The

quantity T. listed in Table IV-I represents the energy shift that has to be

applied to the ion-current curves of Schulz and Rapp and Briglia in order to

obtain best fit between the experimental and calculated attachment rates.

It is important to point out that the cross sections determined

using the swarm-beam combinationare true cross sections insofar as the

shape of the ion-yield curves used reflect accurately the shapes of the cross

sections. Also, the experimentally measured attachment rates must reflect

the processes for which the ion-yield curves are representative. Thus, in

the context of the present investigation it is probably an accurate statement

that the cross section determined by Rapp and Briglia is representative of

~ 373° K. Also, the ion-yield curve as reported by Schulz is representative

of some temperature > 373° K and, in view of the relatively small negative

shift given in Table IV-I (T- = 0 0. 08) for 473° K, the representative

temperature is probably < 473° K.

N O-N Mixtures

Electron attachment to NO has been studied in mixtures of small

amounts of NO with N at room temperature for total pressures ranging
Ld L»

from 300 to 900 torr and NO pressures ranging from 0. 1 to 0. 9 torr. The
Cd

attachment rate decreased slightly with increasing NO pressure, decreasing

~ 30% for example at E/P = 0. 4 over an NO pressure range of 1 torr at a
Ld

total pressure of 500 torr.
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A strong dependence of aw on N pressure has been observed.
Cd

Figure IV-8 shows the variation of aw for P —0 with N pressure for
2 2

several E/P values. Studies extending down to P =25 microns did not
N2

show indication of an initial region, i.e., change of slope, similar to that

observed in Ar mixtures. This pressure dependence in N is discussed later.

Figure IV-9 (curve D) is a plot of aw for P^ ^ —0 and P -OasN20 N2
a function of the mean electron energy, (e >. Curve G of Figure IV-9 shows

the attachment rates deduced from the data of Phelps and Voshall (1968)

using the drift velocities in NO of Bailey and Rudd (1932). The mean energies

in this case were calculated assuming a Maxwell distribution for the elec

trons in N20 and using the D/u. data of Bailey and Rudd (see Chapter III).

Under these assumptions, then, it is seen that the present values of aw

measured in N20-N2 mixtures are higher than those reported by Phelps and

Voshall measured in pure NO.

The decrease in aw with NO pressure for N,0-N mixtures may be
L* L, Cd

due to a shift in the electron energy distribution functions for N to lower
Ld

energies, away from the region of the dissociative attachment resonance.

However, this decrease could possibly be due to an electron detachment

process, e.g.,

O" +N20 - N202 +e . (IV-6)

Fehsenfeld et al. (1966) failed to observe the above reaction ina flowing

afterglow experiment and established an upper limit to the rate constant for
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(IV-6) as 1 x 10~12cm sec . Thus, process (IV-6) should not be of impor

tance in the present study due to the small upper limit of its rate constant

and the low O" and NO pressures involved.
Cd

Also shown in Figure IV-9 are the attachment rates calculated

using the cross section reported by Rapp and Briglia (1965) and the Ar distri

bution functions of Ritchie and Whitesides (1961) (curve B) and the N

distributions of Engelhardt et al. (1964) (curve A). Curves F, C, and E are

the present experimental results for N O-Ar mixtures for 323°, 373°, and

473° K, respectively. From Figure IV-9 it is seen that the results for

N O-N mixtures at room temperature are in good agreement with the
Li Ct

results in N O-Ar mixtures at 323° K. Results at the latter temperature

should be higher due to the temperature dependence of the O /NO cross

section. Thus, since the N O-Ar data agree well with beam data on O

production from NO, one must conclude that the N O-N results for

N O —0 (Figure IV-9, curve D) are characteristic of the process

(aw)
v 'o

e +N,0 — O" +N . (IV-1)
Cd Cd

V. DISCUSSION AND CONCLUSIONS

With the present study three different sets of data are now avail

able concerning electron attachment to NO:
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1. Single-collision beam experiments.

2. Multiple-collision experiments with pure NO.

3. Multiple-collision experiments at high total pressures of

mixtures of small amounts of N^O with an inert carrier gas.
2 6

The present study provides new information on the attachment cross section

from the swarm-beam technique and, in addition, gives a comparison of low

pressure beam studies and high pressure swarm studies on an absolute basis.

This is possible because the present swarm data reflect the primary pro

cesses occurring in beam experiments. Furthermore, the temperature

dependence of aw for <e ) < 1. 6 eV supports the hypothesis of enhanced

dissociative attachment to higher vibrational levels of NO. Experimental

evidence suggesting that NO is formed as a primary product of electron

attachment at low energies is discussed below.

It has been pointed out that one is forced to conclude that curve D

of Figure IV-9, page 68, (aw for P„T ^ —0 and PlT —0) is characteristic
NO N '

Cd Cd

of 0~ production from NO. The slight decrease of aw with NO pressure
Cd Cd

was discussed earlier. The fact that aw increases with N pressure may be

attributed to the process

k
e +N20 + N — NO +N +energy . (IV-7)

The analogous process involving NO as the third body, i.e.,

e +N20 +N20 —N0~ +NO +energy, (IV-4)
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is excluded from consideration since P « PXT . One can write then
N2° N2

dn

—- = - van = -(aw) P.T _ n -kPM_PM n, (IV-8)
dt a e v 'o NO e NO N e

where n is the number density of electrons and v is the electron attach-
e J a

ment frequency. Now

v = awP„ n . (TV-9)
a NO v ;

Thus, inserting (IV-9) into (IV-8), one obtains

ow = (aw) +kP„ . (IV-10)N2

The above relation is consistent with the data presented in Figure 8, page

67. Thus, one can determine the three-body rate coefficient, k, as a

function of the mean electron energy for N . Figure IV-10 shows k plotted
Cd

against (e >. A thermal value of k was obtained by extrapolating, for each

P , the data of aw versus E/P to E/P = 0 and determining the slope of the
N2

extrapolated attachment rates as a function of P., (Figure IV-11). The
2

TO A —1

thermal value of 3. 0 + 0. 5 x 10" cm sec thus obtained is shown near the

origin of Figure IV-10. This value of the rate coefficient is comparable to
o o f. „ 1

those obtained by Phelps and Voshall (1968) (6 + 1 x 10~ cm sec ) and by

Warman and Fessenden (1968) (5. 6+0. 2x 10~33cm6sec" ) for process (IV-4)

involving N?0 as the third body. The values of k for higher <ee>' s were

determined from limited data and hence are considered less accurate than
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those values at lower energies. However, the trend in the variation of k

with <e > is clearly indicated. The fast increase of k with (e > and the
e s e

tendency for k to level off at higher values of (e > is consistent with the

hypothesis that the formation of NO requires activation energy, which, on

the basis of Figure IV-10, page 72, is in the vicinity of 1 eV. Thus, NO

is formed at lower electron energies with decreasing probability.

For N O-Ar mixtures the extrapolated attachment rates for

PN n —0 were independent of Ar pressure. Thus a process similar to (IV-7)

does not seem to be occurring with Ar as the third body. This observation

in a way is not surprising since the electron energies in Ar are such that

process (IV-1) dominates. Further, the three-body attachment rate for

Ar-N O mixtures may be quite small due re the atomic character of Ar.

The initial decrease or aw with NO pressure (P, _ < 8 microns)
2 r NO

is not well understood. Examination of the absolute value of the slope

|daw/dP | in this pressure region reveals that there is a good correlation

between the shapes of the curves aw versus E/P and jdaw/dP^. I versus
N20

E/P (Figure IV-12). Such a correlation suggests that the initial variation

(low P ) of aw with NO pressure is closely related to the resonance

dissociative capture process. Three possible effects are considered:

1. An effect of process (IV-1) on the number of electrons with

energies in the resonance region.

2. An overall relaxation effect of N?0 on the electron energy

distribution functions.
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3. An electron detachment process involving O and N O.

The last process can be excluded due to the very low NO pressures. As far

as effect 2 is concerned, if a gross shift of the electron energy distribution

functions to lower energies did occur, then one would expect to find for E/P

values > 0.2 (the E/P at which aw peaks) a pressure region where aw increases

rather than decreases. This effect indeed is indicated in the transition

region between the two sets of lines shown in Figure IV-1, page 55. Figure

IV-13 shows this effect more graphically. For P = 4 microns, the Ar
N2

pressure was decreased until the postulated increase in aw was observed for

E/P values > 0.2 The increase apparently is due to the shift of the electron

energy distribution to lower values, i.e., toward the resonance region. It is

seen, then, that effect 2 probably does not occur in the initial region,

although it cannot be completely excluded.

It is pointed out here that according to effect 1 an initial decrease

in aw with increasing NO pressure for the N_0-No mixtures would be due to
£ Cd Cd

depletion of electrons with energies in the region of the dissociative attach

ment resonance. Such an effect would be important for Ar due to the long

relaxation times involved for this atomic gas.

VI. SUMMARY

Electron attachment to NO has been studied with the swarm method

in mixtures with Ar and N , and the measured absolute attachment rates
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Figure IV-13. Experimental aw versus E/P in Ar for various P .
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have been combined with beam data on the production of 0~ from N O. The
Cd

cross section for the production of 0~ from NO at 373° K has a peak value

-18 2
of 8. 3 x 10 cm at 2. 3 eV. In the energy region between ~ 0. 2 and ~ 1. 5

eV the cross section for the production of O from NO increases with

increasing temperature (323° < T < 473° K), suggesting dissociative attach

ment from higher vibrational levels of NO. The results on mixtures with

N provide evidence for the formation of NO via a three-body electron

attachment process. The apparent three-body attachment rate coefficient

increases with increasing electron energy, suggesting an activation energy

for the formation of NO . The various swarm and beam data on electron

attachment to NO have been compared and discussed.



CHAPTER V

ELECTRON ATTACHMENT TO AROMATIC HYDROCARBONS

I. INTRODUCTION

A limited number of low-energy, electron-impact studies have been

made on organic molecules. The few studies that have been made have con

centrated on more volatile substances. For solid materials the vapor

pressures are usually such that room temperature experiments are difficult.

However, electron-impact experiments are possible if a high-temperature

apparatus is available.

Swarm experiments are particularly well suited for studies of

electron attachment at thermal energies. The mean cross section as

determined from swarm data alone using the relation

aw< v = , (v-i)

N0(Z/m)*<ee>*

where (cr ) is the mean velocity-weighted attachment cross section and the
a v

other quantities are defined as for Equation (II-9), have been found by

Blaunstein and Christophorou (1968a) to give a good approximation to the

true cross section for energies < 0. 5 eV. Beam experiments at thermal

energies suffer from difficulties arising from a significant energy spread

of the electron beam and from low beam currents.

79
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The most important modes of electron attachment to organic

molecules are discussed below.

Dissociative Attachment

Christophorou et al. (1966) studied electron attachment to a number

of halogenated benzene derivatives using beam techniques and found that when

the electron affinity of the halogen was greater than the corresponding

bond-dissociation energy, halogen native ions were formed for electron

energies above and close to thermal values. The peak energy of the cross

section (0. 0 to 1. 1 eV) depended on the halogen substituent and decreased

with increasing electron affinity of the halogen. Compton, Christophorou,

and Huebner (1966) observed temporary-negative-ion resonances for the same

compounds by examining inelastically scattered electrons. The temporary-

ion resonances coincided with the dissociative attachment processes,

indicating competition between the two modes of decay by the parent ion.

No long-lived parent ions were observed.

Dorman (1966) observed that various fragments were formed on

dissociation of the negative ion of acetaldehyde (CH CHO) for the same

electron energy, indicating competing decomposition paths for the same

state of the parent ion. This work has recently been confirmed by Collins

and Christophorou (unpublished results).

Blaunstein and Christophorou (1968a) reported electron attachment

rates and mean electron attachment cross sections for dissociative
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attachment to a number of halogenated aliphatic hydrocarbons determined

by electron swarm techniques. Additionally, mean electron attachment

cross sections were calculated for 16 other aliphatic hydrocarbons from

previously known attachment rates using Equation (V-l).

Dissociative attachment to hydrocarbons, as well as to other poly

atomic molecules, is not energetically possible at thermal and epithermal

electron energies if the electron affinities of the various fragment ions

which may conceivably be formed on dissociation are not great enough to

initiate dissociation.

Nuclear-Excited Feshbach Resonant Capture

Polyatomic molecules which capture electrons nondissociatively at

very low electron energies usually have long negative-ion lifetimes [Compton

et al. (1966)]. Thus stabilization of the ion is possible in high pressure

experiments and the absolute rate for the forward reaction, electron attach

ment, can be measured without complications arising from the backward

reaction, autoionization.

Christophorou and Blaunstein (1969) reported cross sections for

nondissociative attachment of thermal and epithermal electrons to nine

aromatic hydrocarbons determined in the high-temperature swarm apparatus

used in the present study. The cross sections peaked sharply at thermal

energies. By examining the temperature dependence of aw, it was found

that the cross sections varied as the inverse of the electron velocity, a

dependence which is to be expected for s-wave capture [Compton et al. (1966)].
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Electron attachment at low energies has been studied for other

hydrocarbons using the so-called pulse-sampling technique [see Wentworth

and Steelhammer (1968) for a recent review]. However, attachment rates

are not usually given in absolute units.

Compton et al. (1966) reported thermal attachment rates and parent

negative-ion lifetimes at thermal energies for sulfurhexafluoride (SF,) and

nitrobenzene (C,H_NO_) and also the parent negative-ion lifetime for biacetyl
6 5 2

(CH-CO) at thermal energies. The lifetimes were 25, 40, and 12 Li.sec for

SF~ C.HJO", and (CH CO) ~ respectively,
o o 5 2 5 c.

Naff, Cooper, and Compton (1968) measured the lifetimes at thermal

energies of the parent negative ions formed by a number of alicyclic and

aromatic fluorocarbons. The lifetimes increased with increasing complexity,

ie. , degrees of freedom, of the molecules. Transient negative-ion states

for the fluorinated aromatics were detected at higher energies (0. 1 to 2. 0

eV) by examining inelastically scattered electrons.

Other studies similar to those described above are discussed in

reviews by Christophorou and Compton (1967), Christophorou (1969), and

Compton and Huebner (1969).

Electron-Excited Feshbach Resonant Capture

Christophorou, Carter, and Christodoulides (1969) found that

p-benzoquinone attaches electrons nondissociatively via; (1) a thermal

process with a cross section of 3. 5 x 10 cm , and (2) a 2. 1 eV process
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with a cross section of 6. 7x 10~17cm2. Both swarm and beam studies were

made. The thermal process was too weak to observe in the mass spectro

meter. However, the parent negative ion at 2. 1 eV was observed and the

mean lifetime was found to decrease from ~ 50 u.sec at 1. 7 eV to ~ 8 iisec at

3.2 eV. Collins et al. (1969) ascribed the thermal-energy process to capture

by the benzene ring and the 2. 1 eV process to capture in the field of the

lowest triplet state resulting from an n-nr transition. This is the first

reported case of nondissociative electron capture in the field of an excited

electronic state with the parent negative ion so formed living as long as

1 ixsec or more.

In the following sections the results of the present electron attach

ment studies on aromatic hydrocarbons of general physical, chemical, and

biological interest are described.

II. ELECTRON ATTACHMENT TO BIPHENYL,

ANILINE, AND ACENAPHTHENE

Biphenyl

Biphenyl (C,H ) of 99. 99% purity (James Hinton, Newport News,

Virginia) was studied in mixtures with Ar, N , and C?H at temperatures of

423° K and 448° K and at total pressures of 500 torr (Ar, N , C H ) and 1000
Cd Ct Q

torr (N ). No evidence for electron attachment was found for biphenyl

pressures ranging from 25 to 500 u. in N and for pressures of ~ 500 u. and
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~ 850 (j. in C2H4 and Ar, respectively. These results place an upper limit on
4 -1 -1

aw at thermal energies of ~ 10 sec torr .

Aniline

Stock grade aniline (C,H NH ) was repurified to better than 99.9%

purity by the Chemical Technology Division of Oak Ridge National Laboratory

using gas chromatography techniques. The repurified sample was used to

study electron attachment to aniline in mixtures with C H (500 and 1250
Cd ~Z

torr) and N2 (500 torr) at 373° K(C^) and 473° K(N , C H ). In C H at

373° Kand 473° K, respectively, thermal attachment rates of 7. 2 x 104 and

7. 7x 104 sec torr were measured for sample pressures of ~243u. (373" K)

and ~ 1000 a. (473° K). The electron attachment rates measured in N mix

tures at 473° K for a sample pressure of ~ 1000 u. are shown in Figure V-l

as a function of E/P. The rapid increase of aw with decreasing E/P at low

E/P values is consistent with behavior observed for other aromatic hydro

carbons [Christophorou and Blaunstein (1969)]. The value of ~ 5 x 10 sec"

torr for aw obtained by extrapolating the data shown in Figure V-l to

zero E/P (Figure V-2) is consistent with the measurements in C H..

Due to the low attachment rates the experimental results were

reporducible only to within ~ 30%; however, the qualitative behavior of the

attachment rate with E/P was consistent, especially at the lower E/P

values. The attachment rates at the higher E/P values tended to increase
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with increasing age of the sample. Since aniline undergoes spontaneous

decomposition, the latter behavior may be associated with decomposition

products of aniline.

Acenaphthene

Zone-refined acenaphthene (C H ) of quoted purity > 99. 99%

(James Hinton, Newport News, Virginia) was studied in mixtures with C H
Cd rx

(500 torr) and N (750 torr) at 423° K for acenaphthene pressures ranging up

4 -1 -1
to 500(1. A thermal attachment rate of ~ 5 x 10 sec torr was measured

in C H . No evidence of capture was observed in mixtures with N for E/P

values > 0. lOVcm torr . However, the value of ~2 x 10 sec torr for

aw measured at E/P = 0. 01 Vcm torr in N is consistent with the results

in C2H4.

III. ELECTRON ATTACHMENT TO AZULENE

Introduction

Azulene (C H ) is a chemical isomer of naphthalene consisting of

one seven-member and one five-member carbon ring. Azulene exhibits

peculiar optical properties, including fluorescence resulting from an

electronic transition between the second excited singlet state (S ) and the

ground singlet state (S ), and extremely weak phosphorescence. These

anomalous emission characteristics, first observed for azulene but now

known to occur for other molecules [ see, for example, Poole and Dhingra (1969)],
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have stirred quite an interest in the physical properties of the azulene

molecule.

Azulene has been studied extensively with optical methods and to a

much lesser extent by electron impact. Van Brunt and Wacks (1964) made a

study of ionization-dissociation processes in azulene under impact of 70 eV

electrons. Compton and Huebner (1968) measured an electron-impact

excitation spectrum of azulene between ~ 1. 5 eV and ~ 6. 0 eV and related

the results to optical levels. In addition, the authors measured the mean

autoionization lifetime of C H at low electron energies and found a value

of 9 u.sec. Results obtained on low-energy electron attachment using the

pulse-sampling technique [Wentworth, Chen, and Lovelock (1966), Wentworth

and Steelhammer (1968)] have been interpreted as indicative of an activation

energy for electron attachment to azulene; see, however, a discussion later

in this section. The latest electron-impact study has been reported by

Chaney et al. (1969). The results of the latter study are presented and dis

cussed below.

Experimental Results

Swarm data. Zone-refined azulene of quoted purity > 99. 99% (James

Hinton, Newport News, Virginia) was studied in mixtures with CO , C H ,
Cd Cd TI

N , and Ar at 423° and 488° K for each carrier gas and at total pressures

of 500 torr (CO_, C H , and N ), 750 torr (C H and N ), and 400 to 1275
L L "I Ci L 7 Cd

torr (Ar). Azulene pressures ranged from ~ 0. 5u. for the CO?, C H , and
C C, ti



89

N_ mixtures to~ 3|jl for the Ar mixtures. No temperature dependence was

observed over the range investigated. No reliable data below 423*K could be

obtained due to condensation of the azulene vapor onto the walls of the

chamber. A slight pressure dependence of aw (sec torr ) on Ar pressure

was observed and is shown in Figure V-3. Curve A of Figure V-4 shows aw

for azulene plotted against the mean electron energy (e ) for the carrier

gases CO_, C H , N , and Ar. The points shown for Ar and N are averages
Cd Cd "i Cd Cd

of runs taken at 423° and 488° K. The points shown for Ar are for 1000 torr;

curve D represents the approximate values of aw in Ar extrapolated to zero

Ar pressure. The important features of curve A are:

1. There is no temperature dependence of aw over the range 423°

to 488° K.

2. There is very good agreement between the values of aw measured

in different carrier gases at different pressures, indicating

that only primary processes are reflected in the attachment

rates.

3. The attachment process peaks at thermal energies.

4. The variation of aw with (e ) (or E/P) is distinctly different

from that observed for other aromatic molecules known to

capture via a nondissociative process at thermal energies

[see, for example, Christophorou and Compton (1967) and

Christophorou and Blaunstein (1969)]. The attachment rates
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for other aromatics decrease rapidly for (e > > thermal values;

the same is not true for azulene.

Curves B and C of Figure V-4 are discussed later.

Beam data. Figure V-5 [ Chaney_et al. (1969)] compares the sharp

electron attachment resonance observed for azulene in a TOFMS at near-

thermal energies with the SF, resonance which is known to peak at ~ 0. 0 eV.
6

The widths of both peaks are instrumental.

Although the SF, resonance peaks at ~ 0. 0 eV, the coincidence of the
o

C.-H0 and SF, resonances does not necessarily imply that the C,„H
10 8 6 j e j 10 8

resonance peaks at zero energy. Due to surface potentials which may exist

in the collision chamber of the spectrometer and which may vary for different

substances being studied, the energy-scale calibration based on a zero-peaking

resonance may be underestimated by as much as ~ 0. 5 eV [Christophorou et

al. (1965), Schulz (I960)]. However, the peak of the C H resonance at
10 8

zero energy was verified using the SF peak at 0. 3 eV. This calibration is

independently supported by the thermal-peaking absolute swarm data.

No ions were observed in the energy range 0 to 4 eV other than the

thermal process. However, in the range 5. 0 to 9. 0 eV a broad, structured

negative-ion peak less than one-hundredth the intensity of the C nH peak
10 8

at low energies was observed. The ion observed had a mass equal to that of

cioV
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Swarm-Beam Combination. As mentioned previously, azulene

captures electrons strongly at energies well above thermal values. In an

effort to explain this phenomenon by one capture process we employed the

swarm-beam combination using the data shown in curve A of Figure V-4,

page 91, in conjunction with the negative-ion current due to C1QH shown

in Figure V-5, page 93, and the N electron energy distribution functions

of Engelhardt, Phelps, and Risk (1964). It was found that the experimental

aw vs (e ) could not be reproduced by assuming a single process identical
e

in shape to that shown in Figure V-5 for C H no matter what width

was assumed for the process (0. 1 to 0. 8 eV) and no matter where the

process peaked. For a width of 0. 2 eV, for example, it was found that

for a best fit to the experimental data, the cross section should peak at

-15 2
0. 12 eV with a peak value of 3. 9 x 10 cm . The values of ow

calculated from Equation (II-9) using the above cross section are given by

curve B of Figure V-6 which is compared with the experimental data

(curve A). It is seen that curve B is actually a very poor fit to the

experimental data. It might be expected that better fits would be obtained

by increasing the width of the trial cross section. However, this has been

found not to be the case. The above behavior clearly demonstrates that

the experimental data cannot be explained by assuming a single resonance

process.

In connection with the above results it might be argued that the

actual attachment cross section at low energies has a shape entirely
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different from that shown in Figure V-5, page 93, and that the negative-ion

current shown in Figure V-5 results only from those ions formed which live

for a long time (7 usee). However, such behavior is inconsistent with

observations on other aromatic systems [ Christophorou and Blaunstein

(1969); Collins et al. (1969)]. In addition if this were the case, one would

expect to find a variation in the negative-ion lifetime, at least on the

high-energy side of the negative-ion peak. No such variation was detected.

This observation is consistent with a sharp resonance at zero energy.

In view of the preceding analysis, it is reasonable to assume that

the low-energy process observed for azulene in the mass spectrometer

does in fact peak very sharply at ~0. 0 eV and that the swarm data are

explainable in terms of an additional process peaking at a higher energy.

The assumption of a thermal-peaking cross section is strictly valid as

pointed out earlier. In order to separate the two processes in the swarm

data, the mean velocity-weighted attachment cross section (cr > (scr )
a v

for azulene was calculated from Equation (V-l) using the present experi-

8 -1 -1
mental value of the thermal attachment rate (= 9.4 x 10 sec torr ).

The resulting cross section value was used to normalize the negative-ion

current at thermal energies shown in Figure V-5. The width chosen for

the ion-current curve was 0. 2 eV (the instrumental width) and may be

considered an extreme case. The cross section resulting from the above

normalization was then used to calculate aw from Equation (II-9) using

the N distribution functions of Engelhardt, Phelps, and Risk (1964).
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Curve B of Figure V-4, page 91, shows the results of these calculations.

Curve C of Figure V-4 was obtained by subtracting curve B from the

experimental data given by curve A. There is good agreement between

curve C and the extrapolated values of aw in Ar given by curve D. Curve

C is a sharply peaking curve characteristic of a resonance process, and

thus it is reasonable to assume a typical shape for a resonance-attachment

process in order to explain curve C. Employing the swarm-beam combination

using a sharp trial cross section and curve C in conjunction with the energy

distribution functions for N of Engelhardt, Phelps, and Risk (1964), it

was found that the "true" cross section peaks at 0. 37 eV. Changing the

width of the trial cross section from 0. 1 to 0.4 eV did not change the peak

energy but did, of course, change the peak cross section value. For a width

-15 2
of 0.2 eV the peak cross section was found equal to 1 x 10 cm . Cross

sections obtained from the above analysis were used with Equation (II-9) to

calculate ow and it was found that curve C could be reproduced to within

5% over the center portion of the curve and to within 15% over the low- and

high-energy "tails. " When a delta function cross section was used to

calculate curve B it was found that th e cross section necessary to explain

curve C should peak at 0. 22 eV.

The preceding analysis clearly demonstrates that the absolute

attachment rate for azulene at low energies (< 5 eV) can be explained by two

resonance-capture processes, one peaking at thermal energies and one

peaking between 0. 22 and 0. 37 eV.
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Discussion and Conclusions

The experimental results presented above have shown that azulene

negative ions are formed by resonance thermal-electron capture. This

finding contradicts previously published reports [Wentworth, Chen, and

Lovelock (1966); Wentworth and Steelhammer (1968)] as to the need of an

activation energy (~0. 15 eV) for the formation of C JH . Barring experi

mental errors by the latter workers, a possible explanation of this

discrepancy is discussed below.

The theoretical model of the pulse-sampling technique [Wentworth,

Chen, and Lovelock (1966)] is based on the Arrhenius equation [see, for

example, Menzinger and Wolfgang (1969)]. Theoretically the activation

energy for a particular reaction is given by

cr(e)e exp(-e/kT)de

I kT (V-2)
act » 2

J o-(e) eexp(-e/kT)de
o

where e . is the activation energy, cr(e) is the cross section for the
act

reaction at an electron energy e, k is Boltzmann's constant, and T is the

temperature. The exponential functions in the integrands of the above

equation represent the energy distribution function of the electrons, which

has been assumed to be Maxwell. If one assumes, for simplicity, that

cr(e) is composed of two delta-function processes at energies e, and e ,

then Equation (V-2) reduces to
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cr(e.)c,2 expt-e./kT) +<r(e )e] exp(-e /kT)
r _ _i * i e—6 £ - - kT (V-3)
^act o-te^Cj exp(-€^kT) +tr(e2)€2 exp(-€2/kT) 2

If e is 3/2 kT and e is between 0.22 and 0. 37 eV, then the terms involving
J. C

e in Equation (V-3) can be neglected and one finds
Ca

e ^7kT-fkT=0 . (V-4)
act 2 2

If, however, the electron energy distribution is not Maxwell, as has been

suggested by Stockdale, Hurst, and Christophorou (1964), considerable

contributions can result from terms involving the higher energy process

and e would assume some value > 0. In this case, Equation (V-3),
act

modified to account for the non-Maxwell form of the distribution function,

would yield an "average" energy for the two capture processes. An

analogous situation arises when one attempts to explain the present

experimental attachment rates by a single process, which may be considered

an "average" of two processes. One finds that the single process should

peak at ~0. 12 eV in order to best explain the data. The latter value is

close to the value of 0. 15 eV quoted as the activation energy for formation

of C H~ [Wentworth, Chen, and Lovelock (1966)]. A general conclusion
10 8

from this analysis is that caution must be taken in interpreting the

meaning of an activation energy based on the Arrhenius equation when there

is a possibility that two or more processes exist that, lie close together on

the energy scale.
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An analysis has been presented which strongly suggests that azulene

attaches electrons via a resonance process peaking between 0. 22 and 0. 37 eV.

The latter process, however, was not observed in the beam experiment.

This may be due to the presence of surface potentials which cause the higher

energy process to be masked by the more intense zero-energy process.

Another possibility is that the C H ion formed at higher energies decays
10 8

in the flight tube (t < 1 fisec), although its observation in the swarm experi

ment and the absence of any pressure dependence of ow for (e ) < 1 eV

suggests that the negative ion should be relatively long-lived. The pressure

dependence of aw observed in Ar, which may be due to collisional stabilization

-*
of C H ions, supports the latter hypothesis.

10 8

Rentzepis (1969) has observed the emission spectrum of azulene in

methyl cyclohexane at 77°K excited by an intense laser beam. The spectrum

which is attributed to phosphorescence from the lowest triplet state (T ) of

azulene has a 0-0 transition at ~1. 3 eV and a peak at 1. 11 eV. The value of

T ~1.3 eV agrees reasonably with Lamola's (1965) estimate of T > 1.36 eV

from triplet energy transfer experiments and with Pariser's (1956) calculated

value of T = 1.47 eV. The heavy-atom-induced emission, originally attributed

by Robinson and Frosch (1963) to a triplet-triplet transition in azulene, was

subsequently found to be due to naphthalene impurity [G. W. Robinson

(private communication)], thus invalidating their estimate of T. <^ 0.74 eV.

If the capture process observed by us at ~0. 37 eV is associated with electron

attachment in the field of the first excited triplet state of azulene, then
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the spectroscopic data of Rentzepis indicate an electron affinity in T^ of

~0. 8 eV, which is much higher than that of 0.46 eV calculated from the

ground state (see Chapter VI).

IV. ELECTRON ATTACHMENT T O p-BENZOQUINONE

AND 1,4-NAPHTHOQUINONE

Introduction

The quinones represent an extremely biologically important group

of molecules. As an indication of their importance it will only be mentioned

here that 1,4-naphthoquinone is the basic unit of the vitamin K series.

Prior to the work of Christophorou, Carter, and Christodoulides (1969), no

electron impact studies on the quinones have been reported in the literature.

The present study summarizes the results of Christophorou, Carter, and

Christodoulides and presents new swarm data on 1,4-naphthoquinone [Collins

etal. (1969)].

p-Benzoquinone

Swarm Data. Figure V-7 [Christophorou, Carter, and Christodoulides

(1969)] shows the absolute attachment rate for p-benzoquinone (BQ) as a

function of the mean electron energy for C^, N2> and Ar at room temper

ature. No pressure dependences were observed. The interesting feature of

these data are the weak attachment at thermal energies and the strong peak

at 2. 1 eV.
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Beam Data. Figure V-8 [Christophorou, Carter, and Christodoulides

(1969)] shows the attachment cross section for formation of long-lived parent

negative ions of BQ at 2. 1 eV. No ions were observed at lower energies. The

negative-ion lifetime was observed to decrease from ~50 usee at 1. 7 eV to

~8 usee at 3. 2 eV.

1,4-Naphthoquinone

Swarm Data. Figure V-9 [Collins et al. (1969)] shows the absolute

attachment rate for 1,4-naphthoquinone (NQ) as a function of mean electron

energy for C H (400 and 1000 torr), N2 (400, 750, and 1000 torr), and Ar

(400, 750, and 1000 torr) at 348°K. No carrier gas pressure dependence was

observed and measurements at 363°K indicate no change in the attachment

rate. Above 363°K reliable data could not be taken due to decomposition of

NQ.

Beam Data. A sharp NQ resonance has been observed in the TOFMS

at thermal energies [Collins et al. (1969)], in agreement with the thermal-

peaking absolute swarm data. However, some structure was apparent on the

high-energy tail of the resonance and has been interpreted as possibly due to

excitation of higher-vibrational levels of NQ [Collins et al. (1969)]. The

lifetime of the NQ~ ion was observed to decrease from ~350 usee at 0. 0 eV

to ~10 usee at ~1.5 eV.
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Discussion

The BQ ion at 2. 1 eV has been attributed [Christophorou, Carter,

and Christodoulides (1969)] to capture in the field of the lowest excited

triplet state of BQ resulting from an n-ir* transition at 2. 3 eV. This is the

first reported case of a long-lived, polyatomic negative ion formed via an

electron-excited Feshbach resonance. The decrease in t with energy has

been attributed [Collins et al• (1969)] to excess energy of the ionic system,

which enhances autodetachment.

NQ is the first reported long-lived negative ion formed via a

nuclear-excited Feshbach resonance whose lifetime has been observed to vary

with electron energy. The decrease in t with electron energy for NQ was also

attributed [Collins et al. (1969)] to excess energy of the ionic system. In

addition, the cross section for formation of NQ at thermal energies is

the first reported case where vibrational structure is strongly indicated.

V. SUMMARY

Nondissociative electron attachment to aromatic hydrocarbons has

been discussed and the absolute electron attachment rate as a function of

mean electron energy has been presented for a number of molecules. For

aniline and acenaphthene the attachment rates were found to be small and to

peak at thermal energies. No evidence for attachment to biphenyl was

observed. Azulene was found to attach electrons strongly at thermal and

higher energies. Swarm data coupled with beam data provide evidence for
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electron attachment in the field of a low-lying excited electronic state of

azulene (possibly the lowest ir-triplet state). The electron attachment rate

for 1,4-naphthoquinone was found to peak at a high value at thermal energies,

but significant attachment was observed at epithermal and higher energies.

Electron attachment to p-benzoquinone has been briefly discussed.



CHAPTER VI

THEORETICAL CONSIDERATIONS OF ELECTRON ATTACHMENT

TO POLYATOMIC MOLECULES AND THE MOLECULAR

ELECTRON AFFINITY

I. A SIMPLE MODEL OF ELECTRON ATTACHMENT

Compton et al. (1966) considered the equilibrium reaction

ow ^

M + e 2 M~ , (VI-1)
1/T

where M is some polyatomic molecular system that captures electrons

nondissociatively, ffw(sec torr ) is the forward rate for the reaction,

and 1/t (sec ) is the rate for the backward reaction. Through the principle

of detailed balance the authors obtained the formula

T = K (VI-2)
p v cr (v)

a

where cr (v) is the attachment cross section for an electron of velocity v,
cL

p is the density of states for the ionic system, and p is the density of

states for the molecule-free electron system. If the molecule is left in its

ground state on detachment of the electron, then p is the density of states

for a free electron, i. e. ,

108
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2
i \

Tr"h~

p° =-f^f- (VI-3)

where m is the electron mass. The "v" in Equation (VI-3) is the same as that

in Equation (VI-2), as implied by the principle of detailed balance.

If the molecule is regarded as a set of n (= number of atoms) weakly

coupled harmonic oscillators and if it is assumed that the attaching electron

shares its energy with the N (= 3n - 6 for nonlinear molecules) vibrational

degrees of freedom of the molecule, then p can be written [Whitten and

Rabinovitch (1963)]

[e +(l-p«')£ ]N_1p- =_T __z (VI_4)

(N - 1)! n hv.
i=l *

where e is the sum of the kinetic energy e of the attaching electron, the

electron affinity EA and any excess vibrational energy above the ground
N

state (usually assumed zero), e is the zero-point energy (= 1/2 ^ h^), v^
Z i=1is the i* vibrational frequency, and (1 - (3a>') is a correction factor described

by Whitten and Rabinovitch (1963). (3 is given by

D=<N -" <"2> (VI-5)
N(u>

2 . 2 .
where (v > is the mean square of the vibrational frequencies and (v) is the
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square of the mean frequency. The quantity a>' is a function of e s cJe

and is given in Figure VI-1. The use of Equation (VI-4) is tantamount to

assuming a nuclear-excited Feshbach resonance and the model is restricted

to this type of resonance.

Introducing Equations (VI-3) and (VI-4) into Equation (VI-2) and

assuming a spin degeneracy of 2 for the negative ion, one obtains

2 2 [e +EA+(l-(3w')e f~*
'.w—H i^ryr^— • <VI"6>

Tme II hy.

fc=l X

If there is a distribution of electron energies, then one can multiply

Equation (VI-6) by the electron energy distribution and integrate, i. e. , one

can write

o

2ttVn (m/2)* " [e +EA +(1 -(3o>')e f ~1
N

m (N-l)! n hu. ° €
i=l X

y f(e)de (VI-7)
2

3
where N is the number of attaching molecules per cm per torr at room

o

temperature and f(e) is the electron energy distribution function. The left

side of Equation (VI-7) is the usual form of expressing the electron attach

ment rate aw [see Equation (II-9)]. If it is assumed that f(e) is Maxwell
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and that T does not vary much over the distribution, one can integrate the

right side of Equation (VI-7) by parts and obtain

2ttV NQ(m/2)t ^_1 ^ _N-A-1 ^
aw = ~

?N 4
Tm n hv.(e) 1=°

i=l x

where (e > = (4/TrkT) , k is Boltzmann's constant, T is the absolute temper

ature, and 0) ' is the correction factor u)' for e = 0. Equation (VI-7) was
o

integrated under the assumption that a/ does not vary significantly with e,

which is certainly true for EA >> e. This is the case at thermal energies

for the molecules of interest in the present study.

There are a few comments that should be made concerning the

model described above and the applications of Equations (VI-7) and (VI-8):

1. Each degree of freedom has been assumed to participate equally

in trapping the molecule. This is a questionable assumption and

one that bears investigation.

2. In applying the above formulae, one normally uses the mean auto

ionization lifetime as determined from beam experiments. Since

this type determination is not performed under equilibrium con

ditions, it has been pointed out by Klots (1967) that the equations

yield only a lower limit when used for calculating the electron

affinity.

I [EA +(l-po,;)ez] ^L— (VI.8)
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3. The vibrational frequencies of the negative ion are assumed to be

the same as those for the neutral molecule when applying the above

formulae since little or no data are available on the vibrational

frequencies for negative ions. For large molecules this is

probably a good approximation.

4. There is very little error involved in the use of the correction

factor 1 - (3a/ [Whitten and Rabinovitch (1963)].

5. Physical reasoning based on the model described above leads one

to conclude that for similar molecular systems the lifetime T

should increase with increasing N. Thus the model has been

qualitatively verified by Naff, Cooper, and Compton (1968) who

found that t increased with increasing N for a series of

fluorinated hydrocarbons.

6. The model is further supported by the fact that reasonable values

for EA can be obtained from Equations (VI-7) and (VI-8).

Unfortunately, only a limited amount of the necessary data are

available for these calculations.

7. Since autoionization is a unimolecular process one would expect

Equation (VI-6) to be consistent with unimolecular rate theory.

Klots (1967) has shown this to be the case.

8. In the light of a recent study by Collins et al. (1969), it is

questionable whether or not Equation (VI-4) is a good approxi

mation for p at epithermal and higher electron energies.
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Collins et al. (1969) found T to vary with e for the parent ion

of 1,4-naphthoquinone at thermal and epithermal energies. It

can be shown that unreasonably large values of cr (e) result
a

when one uses the data of Collins et al. (1969) in Equation (VI-6).

This is due to the presence of the electron energy, e, in the

expression for p [Equation (VI-4)].

II. ELECTRON AFFINITY CALCULATIONS

The electron affinity, EA, of a molecule is defined as the energy

difference between the neutral molecule in its electronic, vibrational, and

rotational ground states and the singly-charged negative molecular ion in its

ground states. This definition can be generalized to define an electron

affinity with respect to an excited electronic state. The electron affinity

is positive when the energy of the ionic system is less than that of the

neutral system. In this case the electron affinity can be thought of as the

upper limit for the binding energy of the extra electron.

The electron affinity is essential in considering the energetics of

the various electron scattering, electron capture, and charge transfer

processes and thus is an important quantity to know. However, for molecular

systems EA is difficult to measure. What is usually measured is the

vertical detachment energy, i. e., the minimum energy required to detach

an electron from the negative ion in its ground states without a change in
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nuclear configuration, leaving the neutral system in its electronic ground

state. Only in the special case where the neutral molecule is formed in its

ground vibrational and rotational states is the vertical detachment energy

equal to the electron affinity.

The limited amount of work that has been done on determining

values of the electron affinity for molecules has been reviewed by Pritchard

(1953), Moiseiwitsch (1965), Briegleb (1964), and Page and Goode (1969). Tables

of values of the electron affinity, with references, can be found in

Christophorou and Compton (1967), Christophorou (1969), Compton and

Heubner (1969), Kunii and Kuroda (1968), and Vedeneyev et al. (1966). At best,

only fair agreement exists between different experimental values for the

same molecule and thus various theoretical predictions, when they do exist,

cannot be checked with certainty.

Table VI-1 gives the results of EA calculations using Equations (VI-6)

and (VI-8) for molecules for which sufficient data are available. These

calculations are compared with other values in the literature.

III. SUMMARY

A simple model of electron attachment has been discussed and

results of electron affinity calculations based on this model have been

presented for several molecules.
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TABLE VI-I

SOME CALCULATED ELECTRON AFFINITIES

Molecule

Electron Affinity (eV)

Present

Others Calculation3

Azulene (C^Hg) (0. 59, 0. 66)b
0. 052c, 0. 92d

(0. 46, 0.45)e

Sulfurhexafluoride (SF.) 1.49£, 1.4g (1.06,0.96)h'i
(1.34, L23)h,:'

Nitrobenzene (C.H.NOJ
bo 2

0.4^ (0. 53, 0.49)1,k

Biacetyl (CH CO) l.l8 (0.41,0. 37)1,£

1, 4-Naphthoquinone (C H.O ) 0.7m,1.60n (0.60, 0.60)°,P

p-Benzoquinone (C,H .0 )
a m1.374, 0. 77 ~or

The two numbers in parentheses represent calculations using
Equations (VI-6) and (VI-8), respectively.

W. E. Wentworth, E, Chen, and J. E. Lovelock, J. Phys. Chem.
70, 445 (1966).

°S. Ehrenson, J. Phys. Chem. 66, 706 (1962).

J. R. Hoyland and L. Goodman, J. Chem. Phys. 36, 21 (1962).

e

Using the vibrational spectrum of A. van Tets and H. H. Gunthard,
Spectrochim. Acta 1_9, 1495 (1963), and the lifetime and attachment rate
reported by E. L. Chaney, L. G. Christophorou, P. M. Collins, and J. G.
Carter, J. Chem. Phys. (submitted) (see also text).

J. Kay and F. M. Page, Trans. Faraday Soc. 60, 1042 (1964).
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TABLE VI-I (continued)

gR. N. Compton, L. G. Christophorou, G. S. Hurst, and P. W.
Reinhardt, J. Chem. Phys. 45, 4634 (1966).

u

Using the vibrational spectrum of T. Y. Wu, Vibrational Spectra
and Structure of Polyatomic Molecules (Edwards Brothers, Inc., Ann Arbor,
Michigan, 1946).

Using the lifetime and attachment rate given in Table I by L. G.
Christophorou and R. P. Blaunstein, Rad. Res. 37, 229 (1969); the swarm
value of the attachment rate for SF/ was used.

''Using the microwave value of the attachment rate given in
Reference i.

v

Using the vibrational spectrum of J. H. S. Green, W. Kynaston,
and A. S. Lindsay, Spectrochim. Acta 1_7, 486 (1961).

Using the vibrational spectrum of J. W. Sidman and D. S. McClure,
J. .Am. Chem. Soc. 77, 6471 (1955).

mG. Briegleb, Angew. Chem. 76, 326 (1964).

nT. L. Kunii and H. Kuroda, Theoret. Chim. Acta 1_1, 97(1968).

Using the vibrational spectrum of S. N. Singh and R. S. Singh,
Spectrochim. Acta 24A, 1591 (1968).

PUsing the lifetime and attachment rate reported by P. M. Collins,
L. G. Christophorou, E. L. Chaney, and J. G. Carter, Chem. Phys. Letters
(submitted) (see also text).

qA. L. Farrager and F. M. Page, Trans. Faraday Soc. 62, 3027(1966).

Using the vibrational spectrum of T. Anno and A. Sado, J. Chem.
Phys. 32, 1602 (I960), and the attachment rate reported by L. G.
Christophorou, J. G. Carter, and A. A. Christodoulides, Chem. Phys.
Letters 3, 237 (1969). No parent ion was observed at thermal energies by
the latter workers and thus an upper limit to the lifetime of ~ 1 usee was
assumed.



CHAPTER VII

SUMMARY

Experimental data have been considered which strongly support

certain forms for the energy distribution functions for electron swarms in

Ar, N , and C H . For Ar and N_, the distributions of Ritchie and

Whitesides (1961) and of Engelhardt, Phelps, and Risk (1964), respectively,

were found to be consistent with experimental data. For C H , a Maxwell

distribution was found to be the representation of the energy distribution

function which is consistent with those mentioned above for Ar and N .

Electron attachment to NO has been studied in mixtures with N

and Ar and the measured absolute attachment rates have been combined

with beam data on the production of O from NO (O /NO). Using a

technique for combining electron swarm and electron beam data, the absolute

cross section for O /NO at 373° K was found to peak at 2. 3 eV with a peak

-18 2
value of 8.3 x 10 cm . Over the energy range 0.2 to 1. 5 eV, the attach

ment rate was found to increase with increasing temperature

(323° < T < 473° K), suggesting dissociative attachment from higher

vibrational levels of NO. The results on N O-N mixtures provide evidence
Cd Cd Cd

that NO is formed as a primary product of electron attachment at

energies < 1 eV via a three-body process involving N? as the stabilizing

agent. The apparent three-body attachment rate coefficient increases with

118
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increasing electron energy, suggesting an activation energy for the for

mation of N^O . The various swarm and beam data on electron attachment

to N_0 have been compared and discussed.

Results of electron attachment studies on biphenyl, acenaphthene,

aniline, azulene, and 1, 4-naphthoquinone have been reported. No evidence

for electron attachment to biphenyl was observed. Acenaphthene and

aniline were found to attach electrons weakly, with the attachment rate

peaking at thermal energies. Azulene was found to capture electrons

strongly. The attachment rate peaked at thermal energies and decreased

slowly with electron energy. Swarm data coupled with beam data suggest

that azulene attaches electrons at low energies via two resonance-capture

processes, one peaking at thermal energies and another peaking between

0. 22 and 0. 37 eV. 1, 4-naphthoquinone was found to attach electrons

strongly at thermal and epithermal energies.

A simple model of nondissociative electron attachment to poly

atomic molecules has been discussed and electron affinity calculations

based on this model have been made for a number of molecules.
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