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ABSTRACT

A new thermal electron attachment mechanism is proposed. The impor-
tance of this mechanism is that the activation energy for dissociative
thermal electron attachment is equal to the change in internal energy
for the process. It is therefore possible to determine electron
affinities for radicals and bond dissociation energies providing one of
these quantities is known. The results of three compounds Tleading to
the electron affinity of the acetate radicél are présented. The
electron affinity of the acetate radical determined by this technique
compares favorably with the electron impact value.

Thermal electron attachment studies to some aromatic halogen deri-
vatives are also presented. In particular, the thermal electron attach-
ment of 3'- and 4'- chloroacetophenone shows a unique temperature depen-
dence involving three different phenomena. This adds further support
to the thermal electron attachment mechanism proposed earlier for the
aromatic halogen derivatives.

The relationship between thermal electron attachment and electron
beam studies of dissociative electron attachment to the aromatic
halogen derivatives is also shown. An empirical negative ion potential
energy function is Jsed to show this relationship. Use of this
potential energy function permits a more quantitative representation
of the thermal electron attachment mechanisms previously proposed.

In some cases, the mechanisms have been altered from the earlier

qualitative interpretation. - Although the modes of electron attachment
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are quite different, the two techniques of studying dissociative electron

attachment appear to be essentially in complete agreement.
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I. INTRODUCTION



INTRODUCTION

A. Thermal Electron Attachment Studies

Electron attachment to molecules is generally considered to occur

by either of two processes represented by the chemical equations]
AB + e > AB™
AB +e > A.+ B

The latter process is called dissociative electron attachment in
contrast to the former, nondissociative, process.

For many years electron attachment processes have been studied
mainly by two experimental methods: electron swarm and electron bean.
In recent years, a pulse sampling technique has been developed to study
thermal electron attachment to mo]ecu]es,2
The pulse sampling technique has been described in detail pre-

3 .
-4 The details of the operational parameters have also been

viously.
reported.2 In a gas mixture of argon-ten percent methane, presumably
thermal or near thermal electron energies'are obtained. Indirect
e SUppOTL fé} this has been reported.5’6' The pulse sampling technique,

in addition to its simplicity in operation and design, has another
direct advantage since it can be used in conjunction with a gas .
chromatograph.

Although electron attachment to molecules is generally classified

as above, it is convenient to discuss these two processes in a slightly

different manner with regards to thermal electron attachment studies..

i raipara—ar——



In previous pub]ication52’5’7 three mechanisms for thermal

electron attachment to molecules have been proposed. These mechanisms
involve: (I) formation of a stable negative molecular ion, (II) a
single bimolecular electron attachment step followed by immediate
dissociation into a negative ion and a radical by way of a dissociative
potential energy curve, (III) a two-step dissociative process which
first involves the formation of a negative molecular ion intermediate
followed by a dissociative step giving generally a negative halide
ion and an organic radical by way of a dissociative potential energy
curve, |

Both dissociative and nondissociative thermal electron attachment
processés have been previously studied utilizing the pulse sampling
technique. From these studies the following molecular parameters may be
derived directly: molecular electron affinities, rate constants for
dissociative and nondissociative thermal electron attachment, and acti-
vation energies for thermal electron attachment, detachment and disso-

ciation.

B. Electron Swarm and Electron Beam Studies of Electron Attachment Pro-

cesses

. In swarm experiments, electrons are drawn through a gas by means
of an electric field. The gas pressure is high enough (several Torr)
" to allow a large number of collisions. A steady state is attained
in which the electrons gain energy from %he electric field and lose

energy in the course of collisions with molecules. The velocity at



which the electrons drift through the gas under definite electric field
and pressure conditions is related to their energy losses to the gas.
Since the electrons make many collisions with the gaseous medium through
which they travel, their energies are spread over a wide range.
Electron swarm experiments are much easier to carry out than are electron
beam experiments, but are more difficult to interpret. In the swarm
experiments, the quantities measured, e.g., the rates of electron attach-
ment, are the average of many encounters and are thus averaged ovar the
entire electron energy distribution. One problem in swarm experiments
is that they do not generally lead to the identification of the various
negative ions formed. |

In beam experiments, the electrons are emitted in a vacuum and
formed into a beam by a system of electrodes and slits. The electrons
in the beam are then given a definite energy by accelerating them in a
known e]ecﬁric field. The electrons are then passed into a chamber
~Where they collide with gas molecules. The gas pressure in the chamber
is very low (~]0'5 Torr) so that the events that occur are due to single
collisions between the electrons and the molecules. The negative ions
are then withdrawn by an electrostatic field so that a mass analysis
can be performed to identify the negative ions formed. The ion current,
corresponding to a particular negative ion, is measured as a function
of electron energy. Although the electrons are not truly monoenergetic,
~ the difference ion current (first derivative of the ion current) as a
function of electron energy can be regarded, to a first approximation,

as the shape of the electron capture cross sections as a function of



electron energy. The Cross section is basically a measure of the proba-
bility that a given type of reaction will occ&r under given conditions.8

Until several years ago, the data obtained in the low energy elec-
tron region (<2 evj by either swarm or beam methods were not satis-
factory. This was due to unknown energy distributions in the electron
swarms and the poor energy resolution and uncalibrated energy scale
in the electron beam experiments. A combined swarm-beam techm’que9 has
been developed which utilizes known energy distributicns in the electron
swarms and a quasi-monoenergetic electron beam with a negative ion time-
of-flight mass spectrometer for the study of Tow energy interactions
with molecules. This technique is used to adjust the electron energy
scale of the beam experiments and calculate the absolute capture cross
sections as a function of electron energy.

Previously, the electron energy scale in the beam experiments was
calibrated by using the resonance-capture process in sulfur hexafluoride,
SFe, which yields a maximum in the difference negative ion current near

.03 ev]o.

The swarm-beam method can establish the electron energy scale
without the use of a calibrating gas. The actual energy at which the
capture cross section i1s a maximum is neither the energy calculated from
the swarm data nor the energy found in the beam experiments, but the
beam value plus a correction factor. This correction factor is obtained
by adjusting the difference negative ion current curves obtained by

beam studies to obtain agreement between the calculated capture rates

computed from beam data and the experimental rates obtained from swarm

éxpem’ments.9 When the appearance potential as determined by the beam



method alone has a positive value, the new appearance potential deter-
mined from the swarm-beam combination is more likely to be correct.
However, in cases where the appearance potential is zero as found by
beam data alone and a positive energy shift is required upon application
of the swarm-beam method, the appearance potential determined 5y the
swarm-beam method 1is qgestionab]e.9
With this combined swarm-beam technique, the data obtained in the

low-energy electron region are much improved., This technique has

recently been used to investigate dissociative electron attachment to
‘ 11

some aromatic halogen derivatives.

C. Comparison of Electron Beam and Thermal Electron Attachment Studies

Dissociative electron attachment has been studied by both the
electron beam and pulse sampling techniques. Absolute agreement between
the energy of maximum capture cross section obtained by beam experiments
and the activation energy for dissociation measured by thermal electron
studies is not possible since the modes of electron attachment for the
two methods are quite different. In the beam experiments, a high energy
electron collides with a molecule in the ground state and therefore a
vertical transition from the neutral molecule to the dissociative
negative ion state occurs. In the electron capture cell used in the
ﬁulse sampling technique, the molecules are thermally excited so that
Tow lying vibrational levels of the neutral molecule become occupied to
the point where the potential energy curde for the neutral molecule

crosses that for the dissociative state.



Although the modes of electron attachment are different, a corre-
lation should exist between the energy of maximum'capture'cross section
and the activation energy if both technfques are investigating the same
dissociative process. A correlation has not been previously attempted
because the electron beam data in the low-energy electron region were

9, the data

not satisfactory. With the combined swarm-beam technique
are now more reliable.

A previous study investigating thermal electron attachment to
several aromatic halogen derivatives postulated the formation of a

negative molecular fon intermediate prior to dissociation (Mechanism III)?’]2

- This has been confirmed with a unique type of electron beam experimen’c,]3
in which the SFg peak is monitored in a mixture of SF6 and an aromatic
halogen derivative. New SF% peaks occur at energies above the usually
observed SFg peak near zero energy. This is explained by the formation
of a temporary negative molecular ion state of the aromatic halogen
derivative followed by autoionization to give thermal electrons. The
thermal electrons are then scavenged by SF¢ to give SF% peaks at a
different energy than normal. The energy of the new SFg peaks will
then correspond to the same energy as the dissociative electron capture
resonances for the aromatic halogen derivatives. Intermediate negative
molecular ions have been postulated for F-benzene, o-Cl-toluene,

C1-benzene, Br-benzene, o-Br-toluene and o-dich]orobenzene.]3



D. Statement of the Problem

There were two purposes of this study. The first was to present
data supporting a fourth mechanism (IV) for thermal electron attach-
ment to molecules. This fourth mechanism is important since either
bond dissociation energies or electron affinities for radicals can be
determined providing one of these'quantities is known.

The second purpose of this study was to investigate dissociative
thermal electron attachment to some aromatic halogen derivatives
(Mechanism III) and to correlate the results with those obtained from

experiments that utilized the combined swarm-beam technique.
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EXPERIMENTAL

The experimental technique for obtaining thermal electron attach-
ment measurements has been reported in previous studies.??? A description
of the electron capture cell and the pulse sampling technique has also

2,14 A tritium-embedded titanium foil with an

been given previously.
activity of ~.1 Curie was used in the electron capture cell. A
square-wave potential of 40 volts was applied across the cell by means

of a Datapulse generator, Model 102. A pulse width of .5 usec at an
interval of 1000 usec was employed in the electron capture cell to
collect the free electrons.

Solutions of the compounds under invgstigation-were prepared to give
suitable peak sizes (about 60% capture), and Tinearity in response to the
concentrations used. The solutions were prepared by volume measurements
for the compounds that were liquid. Concentrations in moles per Titer
were then calculated from known densities and molecular weights. The
solutions of the solid compounds were prepared by weighing the solute
on a Cahn e]ecfroba]ance. The solvents used were Mallinckrodt Nanograde
benzene and toluene. The ethyl trifluoroacetate was obtained from Pierce
Chemical Co...The acetic anhydride was. Baker reagent_grade and all
other compounds were Eastman Red Labe]fgrade. It was not necessary to
carry out a purification of the compounds since this was accomplished
satisfactorily in the gas chromatograph prior to measurement in the elec-
- tron capture cell. The Microtek 2000-R gas chromatograph was used

for all compounds. Two gas chromatographic columns were used: a



225 foot - 1/16 inch stainless stegl capillary column coated with
polyphenyl ether, and a 3 foot - 1/8 inch stainless steel column
packed with 20% Carbowax 20M on terepthalic acid.

The temperature of thg electron capture cell was generally elevated
to the highest temperature (-~220°C) and measurements were made at
successive intervals as the temperature was allowed to drop. In the
case of the acetic anhydride, the data at low temperatures were obtained
at a later date than the high temperature data. The low temperature
data were adjusted to the high temperature data by the data points
which were common to both regions.

The areas under the chromatographic peaks were obtained by using
a Leeds.and Northrup analog computer‘.]4 In all cases the span correc-
tion bO/b was used;2 however, the correction was generally on the
order of 1.5 or less.

The temperature dependence of the electron-capture coefficient,2
K, was studied and In KT3/2 versué 1/T graphsz’s were constructed from
the data (Appendix A). The compounds investigated were:

(a) organic acetates: acetic anhydride [(QH3CO)20], benzyl ace-
tate (CH3COOCHZC6H5), ethyl acetate (CHBCOOCZHS), ethyl trichlore-
acetate (CC13C00—C2H5), and*éthyl‘E??f1uoroaceﬁate (CF3COOCZH5).

(b) aromatic halogen derivatives: o-bromofluorobenzene (o—BrFC6H4),
m-bromobenzotrifluoride (m-BrCF3C6H4), o-bromotoluene (o—CH3C6H4Br),
3'—ch1oroacetophenone (m—CH3COCGH4C]) 4'-chloroacetophenone (p-CH3C0C6H4C1),
chlorobenzene (C6H5C]), 1 ch]oronaptha]ene (1- C]0H7C1), o-chloro-

toluene (o- CH3C6H4C]), and o-dichlorobenzene (o- C6H4C12)
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(c) others: 1'-acetonapthone (CH3COC]0H7), biacetyl [(CH3CO)2],
diacetylbenzene [p—C6H4(CH3CO)2], nitromethane (CH3N02), and terepthal-
aldehyde [p—C6H4(CHO)2],
o-Dichlorobenzene had previously been investigated, but not over a

sufficient temperature range.



ITI. RESULTS



RESULTS

The results for all the compounds run are given in Table I. The

3/2

~graphs of In KT versus 1/T for the organic acetates appear in Figure 1.

Simi1ar graphs for the aromatic halogen derivatives appear in Figures 2

3/2

and 3. Thé graphs of 1n KT versus 1/T shown in Figure 4 are for

other compounds investigated during the course of this work.

5 of the

The-data in Table I were obtained by a least-squares fit
experimental data (Appendix B). R is the gas constant. The solid
Tines in Figures 1 - 4 are the least-squares adjustments to the data.
For the compounds that undergo nondissociative electron attachment,

a common intercept of 14.79 = .11 was used in the Teast-squares
adjustment of the data. This common intercept least-squares adjustment
has been explained in a previous pubh’c:ation.]5

Tables II, III, and IV give the temperature dependence of the
electron capture coefficients for the organic acetates, aromatic
halogen derivatives and the other compounds studied, respective]y.

Table V gives the expefimenta]]y determined molecular electron
affinities, EA, activation energies for dissociative electron attach-

*
ment, E_, and activation energies for nondissociative electron attach-

ment, ET (Appendix B).



TABLE I
LEAST-SQUARES ADJUSTHMENT OF THE TEMPERATURE DEPENDENCE OF THE
ELECTRON-CAPTURE COEFFICIENTS

Compound AE = slope x R, kcal. ~ Intercept

Organic Acetates:

Acetic Anhydride -7.82%,12 34.86 .14
Benzyl Acetate -10.27+.44 33.76 .49
3.88%.15 14.79 .11
Ethyl Acetate 3.66+,10 14.79 .11
Ethyl trichloroacetate -1.97+.40 ' 35.06 +.52
Ethyl trifluoroacetate -8.15+.94 37.50+1.0¢
10.59%,13 14.79 .11

Aromatic Halogen Derivatives:

0-Bromofluorobenzene =4.44+ .10 34.41+,12

m-Bromobenzotrifluoride -2.28+.10 35.93+.10
o-Bromotoluene -7.64%,12 34.61+.13
3'-Chloroacetophenone -5.40+.61 ' 35.46+.61
13.45%.13 14.79=+.11
4'-Chloroacetophenone -7.97%.66 37.94+.66
13.07+£,12 14.801.]]
Chlorobenzene | - -10.622.28 32,923
1'-Chloronaphthalene -11.01+.25 40.55+,29
6.39+.14 14.83+.21

o-Chlorotoluene -11.65%.63 33.24+,68
o-Dichlorobenzene -§.67+,34 37.59+.39




TABLE I CONTINUED
LEAST-SQUARES ADJUSTMENT OF THE TEMPERATURE DEPENDENCE OF THE
ELECTRON-CAPTURE COEFFICIENTS

Compound AE = slope x R, kcal. Intercept
Others:
1'~Acetonapthone 13.37+.13 14.77+.11
Biacetyl 14,16+,11 14.76+.11
-1.10+.16 34.06+.23
Diacetyl benzene —2.]§t.j0 24.89:.11
Rhtha]a]dehyde ;3.171.]5 ' 33.76+.18

Nitromethane -12.58%,43 37.17+.45
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FIGURE 1

LN KT3/2 VERSUS 1/T FOR THE ORGANIC ACETATES
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¥V Acetic anhydride

? Benzyl acetate
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LN KT

3/2

FIGURE 2
VERSUS 1/T FOR THE AROMATIC HALOGEN DERIVATIVES
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FIGURE 3
LN KT3/2 VERSUS 1/T FOR THE® AROMATIC HALOGEN DERIVATIVES
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FIGURE 4
LN k732 VERSUS 1/T FOR SOME CARBONYL AND NITRO DERIVATIVES
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TABLE II
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE
ORGANIC ACETATES

COMPOUND ©  T,°K YT x 105, K™V k32 Lis. 1 k732
Acetic | 505 1.98 27.05 27.06
%2?{2§‘§§ta 503 1.99  26.96 27.03
set) 500 2.00 26.86 26.98
499 2.00 27.03 26.97
496 2.02 26.89 26.92
495 2.02 26.92 26.91
489 2.04 26.89 26.81
476 2.10 26.63 26.58
473 2.11 26.56 26.53
468 2.14 26.39 26.44
461 2.17 26.27 26.31
454 2.20 - 26.19 26.19
449 2.23 26.06 26.08
438 2.28 25.88 25.87
427 2.34 25.71 25.64
420 2.38 . 25.52 25.49
410 2.44 25.32 25.26
397 2.52 25.01 24.95
387 2.58 24.74 24.69
379 2.64 24.41 24.47
369 2.71 24.21 24.19
356 2.81 23.75 - 23.79
348 2.87 . 23.45 23.53
342 2.92 23.23 23.34
333 3.00 - 23.01 23.03




TABLE II CONTINUED
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FQR THE
ORGANIC ACETATES

COMPOUND ~  T,°K 1T x 103, o' 1 k132 s, 1n k72
321 3.12 22.56 22.58
318 3.14 - 22.49 22,49
315 3.17 22.51 22.36
(second data
set: low tem-
peratures) 429 2.33 25.75
386 2.59 24.63
375 2.67 24.31
362 2.76 23.94
353 2.83 23.67
344 2.91 23.41
331 3.02 23.00
319 3.13 22.80
306 3.27 22 .49
299 3.34 22.25
293 3.41 2217
285 3.50 21.98
279 3.58 21.87
271 3.69 21.85
264 3.79 21.85
258 3.88 21.78
Benzyl
acetate 497 2.01 . 23.52 23.36
‘ 490 2.04 23.31 23.21
476 2.10 23.02 22.90




TABLE IT CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE

ORGANIC ACETATES

20

COMPOUND  T,°K YT x 103, okl 1 k132 L.s. 1n k7372
467 2.14 22.63 22.68
456 2.19 22.26 22.41
444 2.25 21,94 22.11
431 2.32 21.46 21.76
417 2.40 21.36 21.36
404 2.48 21.08 20.96
391 2.56 20.74 20.54
376 2.66 20.46
358 2.79 20.29 20.25
347 2.88 20.4]1 20.42
333 3.00 - 20.62 20.66
Ethyl
acetate 506 1.98 20.57
500 2.00 20.44
496 2.016 20.51
488 2.05 20.36
475 2.11 20.15
458 2.18 19.89
438 2.28 19.79
417 2.40 19.83
395 2.53 19.91
365 2.73 19.90
346 2.89 20.13 20.11
3.01 20.31 20.32

332




ELECTRON

TABLE IT CONTINUED

CAPTURE COEFFICIENTS AT VARIQUS TEMPERATURES FOR THE

ORGANIC ACETATES

21

COMPOUND *~  T,°K T x 103, okt kt¥2 L.s. 1 k732

Ethyl tri-

chloroace~

tate 482 2.07 33.05 33.00
478 2.09 33.00 32.99
473 2.11 32.97 32.97
469 2.15 32.96 32.96
457 2.19 32.88 32.88
447 2.24 32.84 32.84
435 2.30 32.76 32.78
429 2.33 32.72 32.74
413 2.42 32.68 32.66
403 2.48 32.59 32.59
397 2.52 32.55 32.56
392 2.55 32.53 32.53
378 2.65 32.41 32.43
368 2.72 32.36 32.36
362 2.76 32.32 32.32
348 2.87 32.22 32.21
341 ——2.93 ———32713 32714
329 3.04 32.06 32.05
321 3.12 32.00 31.97
316 - 2.16 31.95 31.93

Ethyl tri-

fluoroace-

tate 453 2.21 28.43 28.43
447 2.24 28.34 28.32




TABLE II CONTINUED
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE
ORGANIC ACETATES

COMPOUND -~ T,°K 1T x 103, °kY 1 k132 L.s. 1a k732
441 2.27 28.22 28.19
435 2.30 28.06 - 28.06
430 2.33 ©27.92
422 2.37 27.85
45 2.41 27.92
410 2.44 28.03 27.79
403 2.48 28.20 28.00
395 2.53 28.34 28.27
390 2.56 28.45 28.43
383 2.61 28.53 28.69
376 2

.66 28.68 28.96




TABLE III

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE

AROMATIC HALOGEN DERIVATIVES
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COMPOUND *  T,°K 1T x 10°, k™' k2 s, n kr¥/e
0-Bromofluoro-
benzene 454 2.20 29.52 29.49

446 2.24 29.43 29.49
439 2.28 29.34 29.32
432 2.31 29.26 29.24
426 2.35 29.16 29.17
419 2.39 29.06 29.08
412 2.43 28.99 28.99
406 2.46 28.89 28.91
401 2.49 28.81 28.84
394 2.54 28.64 28.74
381 2.62 28.50 28.54
367 2.72 28.30 28.32
356 2.81 28.15 28.13
333 3.00 27.84 27.70
332 3.01 27.68 27.67
325 3.07 27.47 27.53

m-Bromobenzo

trifluoride 469 2.13 33.51 33.49
463 2.16 33.50 33.46
458 2.18 33.46 33.41
454 2.20 33.43 33.41
447 2.24 33.36 33.37
440 2.27 33.35 33.33
434 2.30 33.26 33.29




TABLE III CONTINUED
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE
AROMATIC HALOGEN DERIVATIVES

COMPOUND T,°K 1T x 10%, ok k2 s, n k¥
429 2.33 33.25 33.26
423 2.36 33.21 33,22
416 2.40 33.15 33.18
408 2.45 33.09 33.12
403 2.48 33.07 33.09
398 2,51 44.04 33.05
392 2.55 32.97 33.01
386 2.59 32.93 32.96
381 2.62 32.92 32.92
372 2.69 32.83 32.85
366 2.73 32.81 32.80
362 2.76 32,78 132,77
353 2.83 . 32.72 32.69
348 T2.87 32.68 32.64
o—Brémoto]uene '
494 2,02 26.73 26.82
492 2.03 26.73 26.79
486 2.06 26.70 26.70

"479 2.09 - 26.61 ~ 26.58




TABLE III CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE

AROMATIC HALOGEN DERIVATIVES
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COMPOUND T,°K 1T x 10%, okt k% Lus, 10 T3/

471 2.12 26.51 26.45

463 2.16 26.35 26.31

456 2.19 26.21 26.18

448 2.23 26.04 26.03

44 2.27 25.91 25.89

433 2.31 25,74 25,73

425 2.35 25.58 25.56

07 2.40 25.40 25.39

409 2.44 25,21 25.21

402 2.49 25.03 25.04

395 2.53 24,85 24.87

389 2.57 24.69 24.72

3'-chloroaceto-

phenone 507 1.97 30.08 30.10
504 1.98 30.05 30.06

502 1.99 30.05 30.05

498 2.01 30.07 30.01

494 2.02 29,99 29.96

492 2.03 29.92 29,93




TABLE III CONTINUED
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE
AROMATIC HALOGEN DERIVATIVES

COMPOUND ~  T,°K /T x 10%, K k¥ Ls, 1 kr¥/2
489 2.04 29.90 29.90
485 2.06 29.88 29.86
480 2.08 29,78 29.79
476 2.10 29.76
472 2.12 29.71
466 2.15 29.73
461 2.17 29.73
457 2.19 29.77
447 2.24 29,96
443 2.26 30.16 30.07
439 2.28 30.24 30.21
434 2.30 30.44 30.37
424 2.36 30,79 30.75
420 2.38 31.06 30.91
816 2.40 31.19 31.16
N1 2.43 31.26 31.26
407 2.46 31.39 31.0

401 - 2.49 T 31.49 31.66




TABLE ITI CONTINUED
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE
AROMATIC HALOGEN DERIVATIVES

COMPOUND T,°K 1T x 10°, ok 1kt s, 10 kr¥/2
396 2.53 31.62 31.88
391 2.56 31.69
384 2.60 31.87
376 2.66 31.94
369 2.71 32.10
362 276 32.16
354 2.82 32.21
347 2.88 32.27
340 2.94 32.26
331 3.02 BEYRY
324 +3.09 32.38
4'-chloroaceto-
phenone 505 1.98 ©29.99 29.99
- 502 1.99 - 29.98 29.94
498 2.01 29.87 29.88 '
496 2.02 29.83 29.84
492 2.03 29.80 29.79
488 2.05 29.72 29.71

- 475 2.09 : 29.62




TABLE III CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE

AROMATIC HALOGEN DERIVATIVES
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COMPOUND  T,°K T x10%, okt k2 s, kr¥/?
475 2.11 29.64
469 2.13 29.69
465 2.15 29,71
461 2.17 29.69
456 219 - 29.72
450 2.2 29,82
445 2.25 29,92 29.58
441 2.27 30.01 29.72
434 2.30 30,08 29.96
434 2.30 30,10 29.95
428 2.3 30.23 30,17
422 2.37 ~30.36 ©30.38
417 2.40 39.49 30.57
a2 2.43 30.69 30.75
406 2.46 30.82 30.99
400 2.50 31.01 31.24
394 2.54 31.24 31.49
301

2.56 31.26




TABLE IIT CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE

AROMATIC HALOGEN DERIVATIVES
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COMPOUND T,°K 1T x 105, oV 1 kr¥2 s, 1 kT2

387 2.58 31.34

381 2.62 31.39

372 2.69 31.59

367 2.72 31.69

360 2.78 31.81

350 2.85 31.87

343 2.92 32.05

329 3.04 32.08

324 3.09 32.10

311 3.22 32.02

304 3.29 32.07

Chlorobenzene .

495 2.02 22.03 22.12
491 2.04 22.03 22.03__
483 2.07 21.92 21.86
477 2.10 21.77 21.72
468 2.14 21.54 21.51

459 2.18 . 21.27 21.27
449 2,23 21.00 21.01




TABLE IIT CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE

AROMATIC HALOGEN DERIVATIVES
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COMPOUND T,°K 1T x 10, kT kY2 s, kr¥2
441 2.26 20.76 20.79
432 2.31 20,55 20.54
421 2.38 20.24 20,23
410 2.44 19.98
400 2.50 19.80
390 2.56 19.44
381 2.62 18.37
373 2.68 19.24
367 2.72 19.15
1-ch1oron5p— '
thalene 504 1.98 29.43 29,55
497 2.01 29.38  29.39
R 2.05 " 29.25 29,20
480 2,08_ 29.25 29.00 e .
473 2,17 - 28.93 28.83
461 2.17 28.42 28.52
456 2.19 28.37 28.39
446 2.24 28.12 28.11

439 2.28 27.91 27.92




TABLE III CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE

AROMATIC HALOGEN DERIVATIVES
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copoUND T, °k /T x 10%, Kk kY Ls, in kr¥/?
431 2.32 27.75 27.70
423 2.36 27.40 27.44
414 2.42 27.11 27.16
405 2.47 26.79 26.86
394 2.54 26.43 26.58
381 2.62 26.08 26.14
370 2.70 25.69 25,57
361 2.77 25.19
332 3.01 24,88
332 3.01 24.84 24.51
319 13.13 25.00 24.91
308 3.25 25.32 25,27
297 3.37 25.43 25.66
293 3.41 25.58 25.79
289 3.46 25.95 25.95
o-Chlorotoluene

494 2.02 21.31 21.36
487 2.05 21.30 21.20

" 482 21.08 21.07

2.07




TABLE TIT CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FGR THE

AROMATIC HALOGEN DERIVATIVES

32

COMPOUND T, °K 1T x 10°, °K71 1n KT L.s. 1n kT2
473 2.11 20.81 20.83
164 2.16 20,53 20.59
453 2.21 20.32 20.29
444 2,25 20.04 20.03
433 2.31 19.82
422 2.37 19.67
410 2.44 19.40
400 2.50 19.29
381 2.62 19.15
o-Dichloro-

benzene 480 2.08 28.62 28.50
476 2.10 28.51 28.42
476 2.14 - 28.31 28.25
459 2.18 28.11 28.08
444 2,25 27.56 27.76
439 2.28 27.50 27.66
428 2.34 27.36 27.39
1419 2.39 27,1 27.17
410 2.4 26.93 26.94




TABLE III CONTINUED
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES FOR THE
AROMATIC HALOGEN DERIVATIVES

COMPOUND T, °K T x 103, ok k% s, 1n ka2
401 2.49 26.70 26.71
389 2.57 26.39 26.37
372 2.69 25,99 25.86
348 2.87 25.38
325 3.08 24,87

306 3.27 24.30




TABLE IV

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES

FOR SOME CARBONYL AND NITRO DERIVATIVES

34

COMPOUND T, °K 1T x 105, k™' k1 L.s. 1n kT3/2
1'-Aceto-
napthone 500 2.00 27.89 28.23

492 2.03 28.01 28.45
487 2.05 28.35 28.58
478 2.09 28.57 28.85
473 2.11 28.80 28.99
459 2.18 29,50 29.43
453 2.21 29.75 29.62
445 2,25 30,13 29.88
432 2.31 30.78 30.35
15 2.41 31.32 31.00
400 2.50 31.95 31.59
381 2.62 ©32.19 32.43
369 2.71 32.26
362 2.76 32.22

Biacetyl
463 2.16 29,93 30.18
449 2.23 30.69 30.65
431 2.32 31.45 31.31




TABLE IV CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES .

FOR SOME CARBONYL AND NITRO DERIVATIVES

35

COMPOUND T, °K 1T x 105, °K™ 1n kT L.S. 1n kT/2
814 2.42 32,05 31.99
398 2.51 32.42
386 2.59 32.66 32.64
375 2.67 32.57 32.59
345 2.90 32,47 32.47
341 2.93 32.41 32.44
320 3.13 32.36 32.35

Diacetyl :

Benzene 496 2.02 32.68 32.68

| 495 2.02 32.59 32.67

487 2,05 32.64 32,64
478 2,09 32.62 32,61
469 2.13 £ 32,59 32.56
462 2.17 32.56 32.53
450 2,22 32.53 32.47
438 2.28 32.42 32.40
435 2.30 32.43 32.39
422 2,37 32.29 32.30
421 2.38 32.34 32.30




TABLE TV CONTINUED

ELECTRON CAPTURE COEFFICIENTS AT VARfOUS TEMPERATURES

FOR SOME CARBONYL AND NITRO DERIVATIVES

36

COMPOUND T, °K 1T x 10°, k32 Ls. 1 k32
406 2.46 32.16 32.20
403 2.48 32.17 32.18
385 2.60 32.03 32.05
372 2.69 32.00 31.96
364 2.75 31.85 31.81
Nitromethane
509 1.97 2489
505 1.98 24.74
500 2.00 24.61
494 2.03 24,37 24.31
489 2.05 24.21 24.19
486 2.06 24.09 24.12
481 2.08 ©23.98 23.99
473 2.12 23.75 23.75
464 2.16 23,50 23.50
456 2.19 23.33 23.31
448 2.23 23.10
436 2.29 23.48
440 23.34




TABLE IV CONTINUED
ELECTRON CAPTURE COEFFICIENTS AT VARIOUS TEMPERATURES
FOR SOME CARBONYL AND NITRO DERIVATIVES

COMPOUND T, °K T x10°, ok mkr¥2 s, 1 kY2
430 2.33 23.25
422 2.37 23.17
413 2.42 23.36
407 2.46 23.43
397 2.52 23.68
389 2,58 23.94
376 2.66 24,44
351 2.85 25,50
341 2,94 25,95
Pthalaldehyde ' _
497 2.01 30.54 30,52
491 2.04 30.40 . 30.50
490 2,04 . 30.55 30.46
483 2.07 30.50 30.38
472 2,12 - 30.40 30.33
464 2.6 30.29 30.25
454 2.20 30.25 30.18
444 2,25 30.14 30.13

439 2.28 ' 30.04 30.04




ELECTRON CAPTURE COEFFICIENTS AT VARIOQUS TEMPERATURES
FOR SOME CARBONYL AND NITRO DERIVATIVES

TABLE IV CONTINUED

38

COMPOUND T, °K /T x 10%, K1 n KT L.s. Tn kT2
429 2.33 30.07 30.02
426 2.35 29.99 29.90
M3 2.42 29.76 29.85
408 2.45 29.73 29.80
300 2.56 20.66  29.67
375 2.67 29.57 29.52
%6 2.73 29.45 29.41

TR S ——
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TABLE V
ELECTRON AFFINITIES AND ACTIVATION ENERGIES FOR DISSGCIATION AND
ELECTRON ATTACHMENT

Compound . EA (ev) E*(kcal) E]*(kcal)

Organic Acetates:

Acefic Anhydride - ’ 6.56 -
Benzyl Acetate .168 | 8.94 -
Ethyl Acetate - .158 9.79 -
Ethyl trichloroacetate - 0.76 -
Ethyl trifluoroacetate 459 6,85 -

Aromatic Halogen Derivatives:

o-Bromofluorobenzene - . 3.25 -
m-Bromobenzotrifluoride - 1.05 ;
o-Bromotoluene - 6.31 -
3'-Chloroacetophenone .583 4.00 -
4'-Chloroacetophenone . .566 5.57 -
Chlorobenzene - ' 9.25 -
1'-Chloronaphthalene .277 9.87 -
o-Chlorotoluene - 10.26 -

o-Dichlorobenzene - 7.37 -




TABLE V CONTINUED

ELECTRON AFFINITIES AND ACTIVATION ENERGIES FOR DISSOCIATION AND

ELECTRON ATTACHMENT

40

Compound EA (ev) E*(kcal) E,*(keal)
Others:
1'-Acetonaphthone .580 - -
Biécety] .614 - .05
Diacetyl benzene - - 1.16
Pthalaldehyde - - 2.1?
Nitromethane - 9.86 -




IV. GENERAL KINETIC MODEL



GENERAL KINETIC MODEL

Since a comp]ete discussion of the reactions occurring in the
electron capture cell has been reported in previous pub]icationsz’S,
- only the electron attachment and negative jon reactions will be pre-
sented here. The reaction steps that are essential to the various

thermal electron attachment mechanisms are:

ky
AB + e T—= pB~ (1) (1)
k3
- kg -
AB + e > A- + B (I1) (2)
kZ A + B” (II1)
AB” —~|: i (3)
A” + B- (1v)
K
e” + P° —Z» neutrals (4)
kg "
e +R R . R™ P, neutrals (5)
- + kﬁl’
AB™ + P" —— neutrals ' (6)
- Kp1 . »
.AB” + R- > AB + R ——> neutrals (7)

The Roman numerals to the right of Equations 1-3 refer to the reac-
tions which are the most important for that particular mechanism.

It should be pointed out that this kinetic model is only appli-
cable at high pressures, as is the case in the electron capture cell.

Hhen the pressure is low, as in the electron beam experiments, the.
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kinetic model must be altered slightly. Consider, for example, nondisso-

ciative electron attachment (Equation 1)

_ k{ Z(m)
AB + e~ T=== (ABT)* T/——  mB" (8)
o kl] Z_](m)

where (AB7)* is a vibrationally excited negative molecular ion and Z(m)
and Z_](m) represent the rate of stabilization and detachment, respec-

tively. The "effective" forward rate constant, k], would therefore bhe

. 7
ky = ki z(m)(n:)k;] ) ()

and for the reverse

) -1
k-] - Z_](m) ( Z(m) + kl] ) (10)
If the pressure is sufficiently high, Z(m) >> kl]> then k] = ki. The
rate constant, k_], represented in Equation 1, reduces to
Z_] (m)
k_] = e kl1 (11)
Z(m)

at sufficiently high pressures.
The conditions under which the thermal electron attachment
studies are carried out have been described in detail.?>® Assuming

steady state for the concentration of electrons and the negative
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molecular ions, and an excess concentration of positive species, P+,
radical species, R-, and capturing species, [AB] = a, the following
expression can be derived for the response of the electron capture

cell as a function of concentration2

b -Tle ]l _ )
e K a (12)

where [e"] and b are the concentration of electrons with and without
the capturing species present, respectively. K is defined as the
electron capture coefficient.

The electron capture coefficient for the general case involving

Equations 1-3 can be expressed in terms of the rate constant55

] kylkp + )
i A (D (13)

In Equation 13, k, = kN] + kR] and kD = kN + kR’ where kN]’ k k

R1°> °N°
= k&[P+]. The

L
and kR are pseudo first order rate constants, e.g., k

N
first term in Equation 13 corresponds to the dissociative electron
attachment process represented by Equation 2. This mechanism (II) can
be considered completely independent of the second term in Equation 13
or it can be derived from the second term letting k2 become extremely
large. Then k] would become analogous to k]Z' Equation 2 has been
included in the general kinetic model to differentiate this dissociative

process from -the one that involves a negative molecular ion intermediate

which has a measureable lifetime (Equation 3).
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In this present work, only the dissociative process represented
by Equation 3 was mainly considered, i.e., k]2 = 0. Thus, K will have
the form

1 Kalkg )

K= L ] (14)
kD k_] + k2 + kL

Assuming Arrhenius expressions for the rate constants, the general

form for the temperature dependence of Equation 14 is

372, “EirT,, "EB/RT
¢ = T e M (age 2/RT 4y

“EXy Rt B3 /RT
_AkD(A_]e -I/RT Ase /RT 4

(15)
L)

The rate constants kL and kD have been assumed to be temperature inde-
pendent. ET, Ef], and E§ are the activation energies for electron
attachment, detachment, and dissociation of the negative molecular ion,
respectively. A], A_], and A2 are the frequency factors associated with
the rate constants k], k_], and k2, respectively. The T'3/2 pre-expo-
nential term for ky in Equation 15 has been inserted to agreec with the

7

equilibrium expression for electron attachment-detachment.’ Consistent

with this equﬁibrium expression, 1In KT3/2 versus 1/T is conveniently

plotted. The T'B/2 pre-exponential term is actually appropriate only
when k_] is predominant in the denominator, but for comparative purposes

In KT3/2

is plotted in all cases.
When certain rate constants are predominant or certain rate con-
stants are zero (no reaction) the expression for K will acquire various

forms. These various expressions for K will now be discussed in
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relationship to the type of temperature dependence expected for the
various thermal electron attachment mechanisms.

Mechanism I: Stable Negative Molecular Ion Formation

A k]kL

K= g+ 1) (16)

K= 0

Equation 14 can acquire three forms dépending upon the relative
magnitude of k_], k2 and kL. If k2 is zero or extremely small, then a
stable negative molecular ion is formed. Equation 16 is a general
expression for this mechanism. Two different temperature dependencies

may be observed corresponding to

High Temperature Low Temperature
k >k >ky=0 kg >k gy >k =0
k, k k
L "1 - 1
K= — (17) K= (18)
p K kp

According to the principle of microscopic reversibility, k]/k_] in
- Equation 17 can be equated to the equilibrium constant for Equation 1,
which in turn can be expressed in terms of the electron affinity through
the statistical thermodynamic expression for an ideal gas.7 The parti-
tion functions for the negative molecular ion and the neutral molecule

are assumed to cancel except for the statistical weight of two. Equating
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k]/k~] in terms of the equilibrium constant, the expression for the
electron capture coefficient in Equation 17 becomes

k
K = Eg'-'ﬂL' e+EA/RT (]9)

13/2

Comparing Equation 15 with Equation 19 under these approximations,
A= A]/A_] and EA = '(E*l - Eﬁ]).~ A is a constant which can be
evaluated from fundamental constants and the mass of the electron.
As a result of Equation 19, In KT3/2 versus 1/T is plotted and the
positive slope times R gives the molecular e]ectron affinity.
Freguently k] is relatively temperature independent and the

n kr3/2

plot is characterized by a large positive slope at high
temperatures and a zero or slightly negative slope at low temperatures.
Several examples of this type of temperature dependence have been

2,15

reported,”? "~ in which ET is zero. Figure 5 shows a series of curves

calculated from Equation 15 (Appendix C) with the electron affinity
fixed and a variable E]._ 2,4,6—Tm’me’chy1ace’(:ophenone]6 is given as

an example.

Mechanism 'II: Dissociative Thermal Electron Attachment
As mentioned earlier, the dissociative mechanism leading directly
to A- + B” can be considered from only the first term of Equation 13

where

k |
K = E;—Z (20)
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'FIGURE 5
TEMPERATURE DEPENDENCE FOR MECHANISM I

ET variable; EA = 10.9 kcal
EX = (1) -1, (2) 0, (3) 1, (4) 3.1, (5) 5 keal

"0 Represents experimental data for 2,4,6—trimethy1—
acetophenone
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If the temperature dependence of k]2 s taken as the Arrhenius expression,
a simple 1In K versus 1/T plot will be linear with a single negative
slope. A 1n KT3/2 versus 1/T plot is also Tinear and several examples

of this have been reported.5’17

Mechanisms'III and IV: Dissociative Thermal Electron Attachment Preceded
by a Negafive Molecular Ion Intermediate
The.fourth mechanism (IV), proposed in this study, is identical
to Mechanism III except that dissociaticn does not occur along a disso-
ciative potential energy curve. The activation energy for dissociation
in Mechanism IV, E*, is equal to the change in internal energy for the
process; AE. AE is equal to the difference in the bond dissociation
energy (DAB) and the electron affinity of the radical (EAA). Since
Mechanism IV does not alter the kinetic model, the expected tempewature
dependence will be discussed along with Mechanism III. Support for
iechanism IV will be given later.
In discussing the expected temperature depgndence for Mechanism III,
it.is necessary to consider the magnitude of Ef. The activation
energy, E*, for Mechanism III isAgenera11y equal to (EE +‘ET - Ej]),
unless ET is greater than (Eg + Ef - Ef]) in which case Ef = E*, i.e.,
the activation energy for electron attachment is greater than the
énergy required for dissociation. It is necessary to consider two .

cases for Mechanism III: (a) k]kz/k_] and (b) k]. Mechanism IV has only

one case, which is equivalent to case (a) of Mechanism III.
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(E¥ + £} - E%,)

. *

(a) kik,/k_; case: E
The discussion for this case of Mechanism III also applies to

Mechanism IV. When kz»is not zero, Equation 14 can take on three possible

expressions which could be observed in different temperature regions.

High Temperature Intermediate Temperature Low Temperature
Ky >ky > k. kK> k> ko kp > k_y> ky
k. k k, k k
1 172 LM _

D -1

The intermediate and low temperature expressions for K are
" identical to the two regions of Mechanism I. For the intermediate
temperature region, a positive slope related to the molecular electron

affinity is observed in the 1n KT3/2

versus 1/T plot. For the low
temperature region, a negative or zero slope related to thé activation
energy for electron attachment, Ef, is observed. The high temperature

region is associated with a negative slope of a In KT3/2

versus 1/T
plot. This negative slope is related to the activation energy for
dissociation (E* = E¥ + E¥ - EX,).

Mechanisms III(a) and IV can take on the appearance of Figure 6
where all three linear régions may be 6bserved. In Figure 6, the
molecular electron affinity was varied and (E§ - EA) was held constant
with ET equal to zero. The deviations from linearity in the transition
" between linear regions should be noted. Use of data over a temperature

span which appears to be linear could lead to serious errors in the
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FIGURE 6
TEMPERATURE DEPENDENCE FOR MECHANISMS IIT1(a) AND IV

(E§ - EA) = 4.4 kcal; ET = 1.4 kcaly EA = (1) 12, (2) 8,
(3), 6, (4) 4, and (5) 0 kcal.

© PRepresents experimental data for 3'-chloroacetophenone.
Solid Tine through data obtained by using the parameters:

E5 = 17.8 kcal, EA = 13.4 keal, Ey = 0 kcal.
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slopes. Figure 7 contains a series of curVes.varying E§ with EA held
constant and ET equal to zero. Again the range of linearity should be
noted. The purpose of the family of curves in Figures 6 and 7 is to
show how good the épproximations are that lead to the linear regions
and to show the limitations of using only the data in the "linearf

regions. In some cases, the linear regions are almost nonexistent.
(b) ki case: E* = ET ky > k1 > K
-
D

For the k] case, a single negative slope in ﬁhe In KT3/2 versus
1/T plot would be observed. This negative slope is related to the
activation energy for dissociation.

Mechanisms III and IV cannot be differentiated on a kinetic
basis. However, in Mechanism IV the activafion energy for dissociation
is equal to the change in internal eneréy (sE). In Mechanism III, E*
is greater than AE. Mechanisms III and IV can also be distinguished
quite precisely on the bésis of their potential energy curves.
Mechanism IV involves only a single negative 19n potential energy curve,
whereas Mechanism III involves two negative ion potential energy curves
leading to different negative jons upon dissociation.

A complete summary of the four thermal electron attachment °
mechanisms is shown in Figure 8. Representative two dimensional
potential energy curves are drawn to illustrate the reaction paths.

The appropriate kinetic expressions for the capture coefficient and a

representation of the type of temperature dependence are also shown in
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FIGURE 7
TEMPERATURE DEPENDENCE FOR MECHANISMS III(a) AND 1V

EA = 7.7 kcal; ET = 0 kcal; E3 = (1) 6.4, (2) 8.4,

(3) 10.4, (4) 14.4, (5) 18.4 kcal.
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FIGURE 8
REPRESENTATIVE POTENTIAL ENERGY CURVES AND TEMPERATURE
DEPENDENCE FOR THE VARIOUS THERMAL ELECTRON ATTACHMENT
MECHANISMS
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Figure 8 for each mechanism. The various classes of compounds assigned
to the different thermal electron attachment mechanisms are also given
in Figure 8 as are the molecular parameters which can be derived from
each case.

As mentioned earlier, nondissociative electron attachment is

characterized by a positive slope_in the In KT3/2

versus 1/T plot.

As shown in Figure 8, this type of electron attachment can also occur
with compounds which undergo dissociative electron attachment according
to Mechanism III(a) or IV. This is strong evidence for assuming a
negative molecular ion intermediate for Mechanisms I11(a) or IV. The
reasons for assuming a negative molecular ion intermediate for
Mechaniém I11(b) will be discussed later.

The potential energy curves shown in Figure 8, being two dimensional,
are approximations or cross sections of the actual multi-dimensional |
potential energy surface that is necessary to reprgsent a polyatomic
molecule. For some polyatomics, the two dimensional representation
may be satisfactory if the econfigurational change from the neutral
molecule to the negative ion is principally a lengthening of a specific

bond.



V. NEGATIVE ION POTENTIAL ENERGY FUNCTION



NEGATIVE ION POTENTIAL ENERGY FUNCTION

There are numerous empirical two dimensional potential energy func-
tions which have been proposed for representing a neutral diatomic
molecule. 18,19 The best known of these functions is the Morse poten-
tial. This function is considered to be generally satisfactory for
a three parameter function. Referenced to zero energy at infinite

internuciear separation, the Morse function has the form

U(AB) = —2D°

-g(r-rg) o —28(r—r )
o e o) + gy e 0 (22)

- where the first term represents the attractive tefm and the second
term represents the repulsive term. DKB is the bond dissociation
energy referenced to the minimum of the function, i.e., AB DA + 1/2 hvo,
o is the equilibrium internuclear distance, g = ovfg%%:j s Vo is the
fundamental vibrational frequency for the A-B stretching mode, u is
the reduced mass, and h is Planck's constant.

A two dimensional potential energy function has been proposed to
represent the negative ion potential energy curves discussed earlier
(Figure 8).]7 This function is the Morse function with an additional

parameter, k, that modifies only the attractive term of Equation 22.

The general form for the negative ion potential energy function 1is

B(r -r ) + Do 28(?—?0) - EA

pg © (23)

U(AB™) = -2kD?

AB A or B

where EAy op g T8 the electron affinity of the appropriate radical,

depending upon whether A” or B” is the dissociative product.
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The arguments supporting Equation 23 are numemus]7

and only a few
will be discussed. First, the repulsive term is the same in both the
neutral molecule and negative ion potential energy functions, Equations
22 and 23, respectively. Since most of the repulsive term probably
arises from the core electrons and the positive nuclei, the addition of
a single electron would not alter. this significantly. This would be
especially true for higher atomic number elements. Linnet has shown
that the repulsive term for several diatomic positive ions is the same

20 The deviation which he observed for

as that of the neutral molecule.
three diatoﬁics was only 6%. Secondly, the exponential function of
internuclear displacement in the attractive and repulsive terms of
Equatioﬁ 23 are identical to those for the neutral molecule. This
can be rationalized by considering the valence bond approximation
for a localized A-B bond. The energies for the symmetric and unsym-
metric wave functions, neglecting the overlap integral, are determined
by the sign of the exchange integral and hence the functional dependence
of the internuclear distance is the same.Z] On this basis one might
exbect the same exponential function of internuclear displacement for
the neutral molecule and its negative ion.

As mentioned earlier, electron beam studies yield the distribution
pf relative capture cross sections as a function of electron energy.
The capture cross-sections refer to the electron capture process occurring
with no change in internuclear distance, i.e., vertical transitions.

The parameter k in Equation 23 can be determined from these measured

electron energies. At some A-B internuclear separation, the energy of



57

the vertical transition, E_, is given by the difference between

v
Equation 23 and the bond dissociation energy of the molecule.

= oo o “Brer.) o pe  .-28(r-ry)
E, = -2kDjyp e o + Djg e o' - EAp o  * Dpg (24)

The vertical energy of maximum cross section occurs when (r—ro) equals

zero and can be expressed in terms of k by the expression

Ev,max = 2(1-k)DRB - EAy o p = 1/2 by, ~(25)

The parameter k in Equation 23 can be calculated from Equation 25 if
~ the vertical energy of maximum cross section is known.

Assuming the Franck-Condon principie, the probability of the ver-
tical transition occurring is a function of the energy of the transition,
the.energy of the electron, and the over]ab integral for the two vibra-
tional states involved (for the neutral molecule and the negative mo]eﬁu?ar
ion). An épproximation for the probability of the vertical transition
occurring can be obtained by considering only the probability that the
neutral molecule will have a particular internuclear distancezz, i.e.;

consider only the vibrational state of the neutral molecule. For the

neutral molecule, the probability of a particular internuclear distance

is given by the harmonic oscillator so1ut1’on.23
o 1/2
(F) 2 _52
P(r-ro) = [H(g)]" e > dr (26)
-2 2

where H(g) is the Hermite po]ynomfa], o = (ﬁf/hz)]/z, f = force constant,

u = reduced mass, n is the vibrational quantum number, and g = /E'(r—ro).
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' Differentiating Equation 24 respect to (r—ro), one obtains

-1 no o-B(r-r) o o-28(r-r )
dEV =k DAB e o/ - ZDAB e o dr (27)
Rearranging Equation 27 to obtain dr as a function of Ev’

: dE
dr = Y (28)
' 2 Dpg e Blr-r;) (e—B(r—ro) - k)

Substitution of Equation 28 into Equation 26 gives

2
(V2 [H(e)1?
P(E,) = dE, (29)
2™n! 2035 e Blr-ry) (o=8lr-rg) _

Equation 29 can be used to calculate the relative capture cross sections

as a function of vertical energy. H(&) is obtained from the harmonic

oscillator so]ution.23
The bond dissociation energy for the negative molecular ion can be

calculated from the expr‘ession]7

o - 12 |
DAB' =k DAB ' (30)
where DKB- is the bond dissociation energy for the negative molecular
ion referenced to the minimum of the function, i.e., DAB‘ = DAB" + ]/ZhUO’AB_ ,
where Yo Aé" is the stretching frequency of the A-B bond in the negative

2
molecular ion. The equilibrium internuclear distance for the negative

molecular ion can be calculated from the expression]7

AB~ _ -1n k AB
A 5 + 1y (31)
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Equations 22, 23 and 29 have been programmed in Fortran IV so
that the potential energy curves and relative cross section distribu-
tions could be calculated and compared to the experimental data for
several diatomics which undergo dissociative electron attachment
(Appendices D and E). Equation 23 was used to represent the negative
ion curve and k was calculated from the energy for the vertical process
by Equation 25. The relative cross section distributions were calcu-
lated from Equation 29 and compared to the experimental difference ion
current curves, which can be used, to a first approximation, as a
representation for the shape of the relative cross section distributions.
Comparison of :predicted and experimental relative cross section distri-
butions have been done previously for the hydrogen hah’des.z4 The
diatomics considered in this study were: HZ’ 02, CO, and HC1. The
parameters used in constructing the potential energy curves and the
distributions are given in Table VI. The experimental distributions were

obtained from the references for E Figures 9, 10, 11, and 12 show

vV, max’
the potential energy curves and the calculated and experimental rela-
tive cross section distributions. There is good agreement between the
calculated and experimental cross section distributions only for oxygen and
carbon monoxide. For hydrogen and hydrogen chloride, the approximation
that the neutral molecule and negative jon have the same repulsive
term is probably invalid.

As mentioned earlier, the use of a two dimensional potential energy
function may be satisfactory in some cases to represent a polyatomic
molecule. One specific case is in the consideration of dissociaﬁive

thermal electron attachment to a molecule, where the configurational

change is principally the lengthening of a specific bond.



TABLE VI
PARAMETERS USED TO CALCULATE POTENTIAL ENERGY CURVES AND
RELATIVE CROSS SECTION DISTRIBUTIONS FOR DIATOMICS

60

Compound and EA,kcal EV nax’ ro,ﬁ DABekca1 1/2hvg, B,A'] aSA"Z kj
Negative Ion ké 1 - kcal

Formed a

H2(H~) H-='l7.29d 86.5%  .742 103.19 6.29 1.933 65.40  .497
HC1(C17) C'l'=83.'|6f 17.89 1.274 102.13 4.27 1.861 86.53 .505
0,(07) 0-=33.56" 161.41 1.207 117.10 2.26  2.659 306.99  .163
c0(07) 0'=33.56h 228.01 1.128 254 3.10 2.304 441,00  .485

A A, Moelwyn-Hughes, Physical Chemistry, Pergamon Press, Oxford, 1964

b
vo from reference a.

¢ force constants from reference a.

dc. L. Pekeris, Phys. Rev., 112, 1649 (1958)

®6. J. Schulz and R. K. Asundi, Phys. Rev. Letters, 15, 946 (1965).

fR. S. Berry and C. W. Riemann, J. Chem. Phys., 38, 1540 (1963).

D. C. Frost and C. A. McDowell, J. Chem. Phys., 29, 504 (1958).

‘hF. M. Page, Trans. Faraday Soc., 57, 359 (1961).

Tp. Rapp and D. D. Briglia, J. Chem. Phys., 43, 1485 (1965).

Jcalculated from Equation 25.
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FIGURE 9

POTENTIAL ENERGY CURVES AND RELATIVE CROSS SECTION

DISTRIBUTION FOR DISSOCIATIVE ELECTRON ATTACHMENT
TO HYDROGEN

® Represents electron beam results

-~ Calculated
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FIGURE 10
POTENTIAL ENERGY CURVES AND RELATIVE CROSS SECTION
DISTRIBUTION FOR DISSOCIATIVE ELECTRON ATTACHHENT
TO HYDROGEN CHLORIDE

©® Represents electron beam results

-~ Calculated
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FIGURE 11

POTENTIAL ENERGY CURVES AND RELATIVE CROSS SECTION

DISTRIBUTION FOR DISSOCIATIVE ELECTRON ATTACHMENT
| TO OXYGEN

©® Represents electron beam results

-~ Calculated
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FIGURE 12
POTENTIAL ENERGY CURVES AND RELATIVE CROSS SECTION
DISTRIBUTION FOR DISSOCIATIVE ELECTRON ATTACHMENT
TO CARBON MONOXIDE

0@ Represents electron beam results

-- Calculated
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Dissociative thermal electron attachment to the aliphatic halides,
Mechanism II, is assumed to arise from the e]éctron adding to an anti-
bonding sigma orbital. Thus the negative ion state is essentially

~dissociative and tﬁe lifetime of the negative molecular ion is considered

to . be on the order of a vibration (10‘12

sec). The aliphatic halides
show a unique linear relationship.between the activation energy, E*, and
the change in internal energy, AE, for dissociative thermal electron attach-

17

ment. AE is equal to the bond dissociation energy for the carbon-

halogen bond minus the electron affinity of the dissociating halide (EAB).

E¥ =1+ (Dy, - EA (32)

B)
Equation 23 has been used to explain this unique re]ationship.]7 The acti-
vation energy is interpreted as the intersection of the negative ion
potenfia] energy curve with that of the neutral molecule about the
zero-point level of the neutral molecule. Solving Equation 22 and 23
for the intersection, one can obtain an expression which can be readily
equated to Equation 32.]7 From this expression, k can be written in
terms of I.

' EA

- — B rpe . _y71/2

_ _AB : (33)

2(EA-1)

I has been determined experimentaT]y to be 15.3 kca].]7 kB represents
k in Equation-23. Rewriting Equation 23, the expression for the dissocia-

tive negative fon potential energy curve for the aliphatic halides is
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U(AB™) = -2k;D3, e~ Blr=ry) 4 Daé e-28(r-ry) EAg (34)

The reason for rewriting Equation 23 in this form will be seen later.
Equation 23 can alsc be applied to Mechanism IV. This case is the

same as that for Mechanism II since only one negative ion potential

energy curve is involved; however, it is not a dissociativé curve

but has an appreciable minimum. In Mechanism IV, the activation enerqgy

for dissociation is equal to the change in internal energy for the

process and is not interpreted to be the intersection of the neutrail

and negative ion potential energy curves above the zero-point Tlevel

of the neutral molecule. If electron beam data is avaiiab]e, k can be

calculated from Equation 25. A relationship between k and the molecular

electron affinity can also be developed. The expression for the molecu-

lar electron affinity in terms of the potential energy curves for the

neutral molecule and the negative molecular ion is

EA,p, = -D

AB + D

ag t Dagm *OEAL (35)
Substituting E* = DAB - EAA and the expression for DZB— from Equation 30,
the expression for k becomes

k2 ) EAAB + E* + ]/Zth’AB-

- (36)
Ong
Figure 13 shows a representative set of potential energy curves for

Mechanism IV calculated from Equations 22 and 23. The EY in Figure 13 is
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FIGURE 13
POTENTIAL ENERGY CURVES FOR MECHANISM IV
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the activation energy for dissociation discussed in Mechanism III{b)};
however, the activation energy for dissociation in Mechanism IV is
equal to (E¥ + Ef - E*,).

Equation 23 can also be applied to Mechanism IIT although two
negative ion potential energy curves leading to different products
upon dissociation are involved (Figure 8). Since the aromatic
halogen derivatives are the only compounds that have been classified
as Mechanism III, this discussion will be specifically for them.

Mechanism III involves a dissociative negative ion curve leading
to the products of an aromatic radical and a halogen negative ion.
This dissociative negative ion curve is assumed to arise from the
electron adding to an antibonding sigma orbital. This was the same
interpretation used in Mechanism II for the aliphatic halides. On
this basis, Equation 34 can be used to represent the dissociative
negative ion potential energy curve for Mechanism III, with kB being
calculated from Equation 33.

The second negative ion potential energy curve for Mechanism III
is assumed to arise from the electron adding to a pi orbital. The
dissociation products for this negative ion curve are a halogen atom
and an aromatic negative ion. Rewriting Equation 23 in a slightly
different form to represent this second negative ion potential energy

curve, one gets

U(AB™) = -2k -8(r-ry) D e=28(r-rg) ~EA, (37)

A Onp ©
where EAA is the electron affinity of the aromatic radical.
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Since the antibonding sigma orbitals are generally higher in
energy than the pi orbitals, the dissociative negative ion potential
energy curve, Equation 34, will be the higher energy negative ion curve
near the equilibrium internuclear separation of the neutral molecule.
This is in agreement with the experimentally observed results that,
other factors being the same, the‘activation energy for dissociative
electron attachment is Tower for Mechanism III than for Mechanism 11.%.17
Except for iodobenzene,5 the aromatic halogen derivatives do not fit
the relationship expressed for the aliphatic halides in Equation 32.

If the dissociative negative ion curve was the lower of the two negative
jon curves, then the aromatic halogen derivatives might be expected
to follow Equation 32,

Considering Equation 37 to represent the lower of the two negative
jon potential energy curves, kA can be calculated from the lowest
vertical transition observed by electron beam studies by Equation 25.

If the molecular electron affinity is known, kA can also be calculated
from the expression

2 . Fag * Pig - EAg - 172 hlvg g o, pp7)

(38)
DO
AB
Equations 37 and 38 apply for both cases of Mechanism III.
' The activation energy for Mechanism III(a) is interpreted as the
intersection of the two negative fon potential energy curves above the

zero-point energy level of the neutral molecule. The expression for the
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activation energy can be derived by solving for this intersection.

The resulting expression is

2
ok, (EAy - EAY)  (EA, - EAy)
pre AR B, A B CEA, + Dy, (39)
(k, - k) 4% (k, - ky)? A TAB S
kg - kg aglka - kg

A representative set of potential energy curves for Mechanism III(a)
is shown in Figure 14. Equations 22, 34 and 37 were used to calculate
the potential energy curves.

For Mechanism III(b), the activation energy is interpreted as the
intersection of the negative ion curve, Equation 37, and the potential
energy curve for the neutral molecule above the zero-point energy

level of the neutral molecule. Solving for this intersection, one

obtains
2
EA (EA,) : :
E* = A + A > * Dpg (40)

. AB

A representative set of potential energy curves calculated from
Equations 22, 34, and 37 are shown in Figure 15 for.Mechanism IT1(h).

The activation energies calculated {n Equations 39 and 40 are
defined in relationship to the crossing points of the potential
energy curves. The actual (measured)- activation energy is an
average quantity and is larger than that calculated from either
Equation 39 or 40. If one assumes the Boltzmann distribution to
~ represent the distribution of activation energies near the crossing

point of the potential energy curves and the harmonic oscillator
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FIGURE 14
POTENTIAL ENERGY CURVES FOR MECHANISM III(a)
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FIGURE 15
POTENTIAL ENERGY CURVES FOR MECHANISM I11(b)
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distribution function for the internuclear separation of either the
neutral molecule or negative molecular ion, the actual activation energy,

E*, can be approximated by

1/2
— fE*[(%J /9nn|[H(€)]2 e_gze'E*/RT.dE*]
F = ];2 ! _ (1)
= .
/ 22 [H(£)1? e e E/RT gpa
n!

E* can be calculated only when the vibrational spacing of the neutral
molecule or negative molecular ion is known.

Consideration should be given to the "non-crossing" ru1e25 in
regards to thé two negative ion potential eneréy curves of Mechanism IIT.
If the two negative ion curves are of the same symmetry, they will
not cross as shown in Figures 14 and 15 but will split. This fact
will nof be taken in to account since the symmetries of the two curves
are not known. If the “"non-crossing" rule is operative, Figure 14 would
now have the appearance shown in Figure 16. If the two negative fon
curves do not cross, the relative cross section distributions calculated
from Equation 29 would not be affected s{nce in most cases the energy
difference between the two curves is quite large near the equilibrium
internuclear distance for the neutral molecule. The splitting of
the two curves at this point would be negligible. The calculation of
the activation energy for Mechanism I1I1(b) would not be affected for the

" same reason. However, the calculation of the activation energy for

Mechanism III(a) would be affected since the energy difference between
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FIGURE 16
POTENTIAL ENERGY CURVES FOR MECHANISM III(a) WITH
"NON-CROSSING" RULE APPLIED
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the two negative ion curves 1is quite small near their crossing point

and the splitting would be large. This would Tead to activation energies
calculated from Equation 39 being larger than they would be if the
splitting of the two negative ion curves was taken into account. The
effect on the activation energy can be seen by comparing Figure 14

with Figure 16,



VI. DISCUSSION



DISCUSSION -

A. Thermal Electron Attachment to the Organic Acetates - Mechanism IV

The fourth mechanism for thermal electron attachment to molecules
is important since the activation energy (E*) for dissociative
electron attachment is a direct measure of the difference in bond
. dissociation energy (DAB) and the electron affinity of the radical
(EAA). If the compound being studied is sufficiently volatile, the
activation energy can generally be determined with a standard errvor of
0.2 - 0.4 kcal/mole. Therefore, if one knows the bond dissociation
energy rather precisely, thermal electron attachment studies utilizing
éhe pulse sampling technique would permit a precise determination of

tha electron affinity of the radical. On the other hand, if the

electron affinity of the radical was previously known, the bond dissoc
iation energy could be determined. In_another paper].7 a technique
for the determination of bond-dissociation energies of some aliphatic
halides is presented. However, that fechnique involves an empirical
linear relationship between E* and (DAB - EAB), where B refers to
the halide, which is necessarily an indirect méthod.

of fhe existing experimental methods for the determination of
the electron affinity for a radical, probably the two most important
are the electron impact and the magnetron methods. The magnetfon

26

method was first developed by Sutton and Mayer™ and refined more

27

recently by Page The precision of the electron impact method is

_generally on the order of +2 - 5 kca]/mo]e. The magnetron method is
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generally more precise than the electron impact method; however,
interpretation of the results is often complicated by a complex
mechanism which must be established and hence is always subject to
error. If the correct mechanism is selected, then the magnetron
method can give excellent results. The technique proposed in this
study should yield results which are both simple to interpret and
have the desired precision.

Three compounds Teading to the electron affinity of the acetate
radical were investigated by thermal electron attachment utilizing
the pu]se'samp1ing technique. This radical was selected since a
rather reliable estimate of the electron affinity has been estab]ished28.

THe compounds acetic anhydride, benzyl acetate, and ethyl acetate
were run in this study and the temperature dependence results are
shown in Figure 1. The data for acetic anhydride at higher tempera-
tures define a linear 1n KT3/2 versus 1/T plot with a negative slope
corresponding to the dissociative mechanism. At lower temperatures,
there is an upward trend of the data away from the negative slope.
This deviation in slope Wi]] be discussed more thoroughly later.

The data for benzyl and ethyl acetates likewise show a negative
slope at higher temperatures; however, the departure at lower tempera-
tures leads to a positive slope in both cases. This is in agreement
with the temperature dependence expected for Mechanism IV.
Since only the acetate radical has a sufficiently large electron

affinity relative to the bond dissociation energy in these compounds,
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oh]y a single negative ion potnetial energy curve is expected in
the vicinity of the ground state of the neutral molecule. This
electron attachment phenomena involving a single negative ion
potential energy curve has been classified as Mechanism IV.

The two regions of temperature dependence shown in Figure 1 are
important in distinguishing this mechanism from Mechanism II. In
Mechanism II the activation energy for electron attachment, E?, is
greater than AE = (DAB - EAB) and dissociation should occur almost
immediately upon electron attachment to the vibrationally active
molecule. For Mechanism II only a single negative slope should
be observed,for the temperature dependence. In Mechanism IV, E? < AE
and the intermediate negative molecular ion should form prior to
d1§sociation.

As stated previously, according to Mechanism IV, E* = (DAB - EAA).
Hence with an experimental E* and knowledge of the bond dissociation
energy, £he electron affinity of the acetate radical can be calculated.
These results are shown in Table VII. The -(negative slope x R) was
determined by a Teast-squares adjustmentz’5 for acetic anhydride and
benzyl acetate, and E* corresponds to the activation energy for no

5, i.e., the energy of activation

pre-exponential temperature term
from a In K versus 1/T graph. The data for ethyl acetate does not
define the negative slope well and the line in Figure 1 was drawn
with an assumed intercept of 32. In general, the intercepts for

the dissociative mechanism fall in the region of 32 - 36. A



TABLE VII
EVALUATION OF ELECTRON AFFINITY OF ACETATE RADICAL

Compound Intercept -(Negative Molecular E* E* D o EA " EA
. slope x R), 298°, AB,298 CH3CO2 CH3CO2
kcal EA, ev kcal kcal kcal 298° ev  0° ev
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Acetic 34.86+.14 7.82 ‘ —_— 6.56 6.93:.12 (81.5*—‘2.3)b 3.24+,10 3.20:.170
Anhydride (85.4+2.3)C 3.40:.10 3.36%.70
(91.8:2.2)4 3.68+.09 3.64.09
Benzyl 33.76+.49 10.27 0.168+.004 8.94 9.38+.44  (81.623.6)% 3.13:.16 3.10:.16
. A;etate
Ethy] 32.00:2.00 11.25 0.159:.004 9.79 10.34:2.74™ (82.024.0)F 3.11:.21 3.07+.2]
Acetate 87.6+2.0° 79 3.35:.14 3.31:.14
weighted average = 3.36%.16

*k ‘.
Error estimated

6L



FOOTNOTES FOR TABLE VII

2Bond diss. E. in parentheses were calculated by: Dpp = AH;(A,g) + AH;(B,g) - AH2(AB,g). AHS of all
radicals except acetyl were obtained from C. T. Mor%imer, "Reaction Heats and Bond Strengthg,“
Addison-Wesley Pub. Co., Reading, Massachusetts, 1962, Chap. 7; AH? Acetyl Radical from R. I. Reed
and J. C. D. Brand, Trans. Faraday. Soc., 54, 478-82 (1958). '

bAH°(AB,g) from Heomp . » Hvap in "Handbook of Chemistry and Physics," Chemical Rubber Publishing Co.,
Cidveland, Ohio, 1982

CAH%(AB,g) from Heopmp from reference b and H ap from John Perry, ed., "Chemical Engineer's Handbook,"
McGraw-Hill Book C0., New York, 1963, Sec. 3.

dAH%(AB,g) from reference.c.

eAH%(AB,g) from Hpy, Mario Fiorani, Giorgio Barbieri, and Luigi Riccoboni, Ricerca Sci., 28, 11-30 (1958).

HVap from V. V. Serpinski, S. A. Vortkevich, N. Yu. Lyuboshits, Zhur. Fiz. Khim., 28, 810-13 (54).

fAH%(AB,g) from reference c.

gDAB calculated from appearance potential and ionization potential. IP from F. A. Elder, C. Giese,
M. G. Inghram, and B. Steiner, ASTM Committee E-14 on Mass Spectrometry, 9th Annual Meeting,

Chicago, I11inois, June 4-9, 1961. AP from Reference

08
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relatively large error in the slope has been assigned to the E* for
ethyl acetate which is to account for the error in the assumed
intercept. The correction of E* to 298°K is given in column six and
was made with ACV = 3/2 R. This ACV was derived assuming ideal gas
behavior, complete activation of the rotational modes, cancellation
of the vibrational contributions of the molecule with those in the
radical and negative ion products and neglect of the vibrational
mode leading to dissociation. The bond dissociation energies are
given in column seven of Table VII. 1In some cases, values from
more than one source are given when it is uncertain which value is
to be preferred. The difference of columns six and seven Teads to
the electron affinity of the acetate radical at 298°K and is given
in column eight. Finally, the electron affinities corrected to 0°K
are given in column nine using ACV = 3/2 R for the difference in
trans]apiona] and rotational contributions to the heat capacities.
One shoujd note that the electron affinity for the acetate radical
obtained from the various compounds are consistent within the
experimental error. Furthermore, the weighted average of these
values is 3.36 = .16 ev which aégrees favorably with the electron

28

impact value of 3.3 ev obtained by Tsuda and Hamill. This agree-

ment clearly shows that E* is equal to the change in internal energy
for the process, (DAB - EAA), and gives strong support for the

proposed mechanism for dissociative electron attachment (IV).
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The molecular electron affinity estimates for benzyl acetate
and ethyl acetate are also given in column four of Table VII. fhey
were obtained from the limited amount of data in the region suggestive
of a positive slope. A least squares adjustment using the common
intercept discussed earlier was carried out. The molecular
electron affinity values themselves are not of any specific signifi-
cance in regards to the proposed mechanism (IV). However, the fact
that the data definitely suggests the formation of a stable necative
ion at lower temperatures adds further support to Mechanism IV. With
the data for acetic anhydride it is difficult to establish a reliable
estimate of the molecular electron affinity.

The data for acetic anhydride in Figure 1 does not appear to agree
with Mechanism IV since a definite positive slope does not exist.
However, upon closer examination of Equation 15, the data are
consistent with the mechanism. In the previous discussion concerning
the temperature dependence for Mechanism IV, three approximations
were made which resulted in distinct linear regions in the 1In k3/2
Qersus 1/T plot. However, under certain conditions these regions
are not so distinct. A family of curves was generated using Equation
15 in conjunction with the empirical negative ion potnetial energy
~ function, Equation 23. The electron affinity of the acetate radical
was held constant and k varied to give molecular electron affinities
ranging from 0 - 12 kcal. The activatjon energies E¥%, Ef], and E§

(Figure 13) for each of these molecular electron affinities were then



evaluated from the negative molecular ion potential energy curve
ré]ative to the neutral molecule. The family of curves is shown

in Figure 17. It should be noted that three distinct linear regions
are observed only when the molecular electron affinity is large

and ET is small. However, as k decreases and the molecular electron
affinity correspondingly decreases, E? becomes larger and the region
of the positive slope becomes smaller. Figure 18 shows the potential
energy curves corresponding to several In KT?’/2 versus 1/T plots in
Figure 17. Note the change 1in ET as the molecular electron affinity,
and thus k, increases. Furthermore, the positive slope cannot

always be used to calculate the molecular electron affinity, e.q.,

EA = 6 kcal in Figure 17 for curve 4. Eventually at Tower k values,
ET exceeds E§ and the process converts from Mechanism IV to Mechanism II.
For the curves intermediate to these mechanisms in Figure 17, the
intercept is lower than that drawn for curves 1 - 3 since k_; and k,
both con£r1bufe to the denominator in Equation 14. Again it should be
emphasized that Equation 15 should be used to rigorously represent

the electron capture coefficient as a function of temperature. The
approximate expressions which can be derived from this general
equation may be useful in evaluating.the molecular parameters; however,
caution should be exercised. The approximate expressions are useful
for a qualitative assignment of the mechanism. The curve for

EA = 4.4 kcal in Figure 17 fits the experimental data for acetic



FIGURE 17
TEMPERATURE DEPENDENCE FOR MECHANISM 1V

E' = 6.56 keal
Plot Number ET, kcal . EA, kcal k
1 .43 12 .47
2 1.54 10 .44
3 2.87 8 42
4 4.40 6 .39
5 5.76 4.4 .36
6 6.13 4 .35
7 7.07 3 .34
- 8 8.06 2 .32
9 RV 9 .30
10 10.66 0 .28

O Represents experimental data for acetic anhydride displaced down

3/2

the In KT scale by .15 units.
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FIGURE 18
POTENTIAL ENERGY CURVES FOR MECHANISM IV WITH k VARIED

1,3,6, and 10 corresponds to the 1n KT3/2

versus 1/T graphs of the same
number in Figure 17.
(1) k

( 3) k= .42, Mechanism IV

.47, Machanism 1V

it

(6) k= .35, Mechanism IV
(10)

>
it

.28, Mechanism I1
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anhydride quite well if it was displaced along the 1In KT3/2

axis by
.15 units. This could be accomplished by the adjustmnet of A1 in
Equation 15. In Figure 17, the experimental data for acetic

3/2 axis instead.

anhydride were displaced .15 units along the 1n KT
| Two substituted acetates were also investigated: ethyl trichloro-
acetate and ethyl trifluoroacetate. The activation energies for
dissociation weré determined to be .76 kcal and 6.85 kcal, respectively.
For ethyl trichloroacetate, the dissociative process is probably by
Mechanism II where the bond that is broken is a carbon-chlorine bond.
The bond dissociation energies for carbon tetrachloride and chloroform

are 67.9 + 3 22 29

and 71.4 + 2 kcal, respectively. One would expect
the carbon-chlorine bond in ethyl trichloroacetate to be near these
values. The electron affinities for the chlorine atom and the acetate
radical are on the same order of magnitude. Since the C-0 bond in
ethyl trichloroacetate probably has a bond dissociation energy nearly
the same value it has in ethyl acetate, 87.6 kcal, the bond that
would be broken in the electron attachment process would be the
carbon-chlorine bond. Ethyl trichloroacetate appears to fit Equation 32
for the aliphatic halides and has been éssigned to Mechanism II.

The data for ethyl trifluoroacetate in Figure 1 shows two tempera-
ture dependent regions, thus establishing the formation of a negative
" molecular ion intermediate prior to dissociation. On this basis,

ethyl trifluorvacetate could be assigned to Mechanism III-a or IV.

The electron affinities of the fluorine atom and the acetate radical



are on the same order of magnitude. Since the bond dissociation

energies for the carbon-fluorine bond in carbon tetrafluoride and

29 29

fluoroform are 121 + 4 and 108 £ 5 kca., respectively, compared

to the carbon—oxygen bond in ethyl acetate of 87.6 kcal, Mechanism
I1I-a can be eliminated. This assigns ethyl trifluorocacetate to
Mechanism IV. Assuming the bond dissociation energy for(CF380—C2H5)
- to be the same as (CH3g0—C2H5), 87.6 kcal, the electron affinity for
the trifluoroacetate radical would be 3.50 + .13 ev.

B. Thermal Electron Attachment to the Aromatic Halogen Derivatives

The aromatic halogen derivatives have previously been assumed
to follow dissociative electron attachment according to Mechanism

I11-2°212,

Assignment to Mechanism III-a was based primarily on
the fact that the activation energies for dissociative electron
attachment for the aromatic halogen derivatives were lower than
that for the aliphatic halides (Mechanism II) for the same change
in internal energy, (DAB—EAB). The résu]ts of this study showed
that only the chloro dérivatives followed Mechahism ITI-a and that
the bromo derivatives followed Mechanism III-b. This will be
discussed in more detail later. The bromo derivatives have been
classified under a special case of III instead of Mechanism II for
three reasons: (1) the activation energies for dissociative electron

attachment to the bromo aromatic derivatives were lower than those

for the aliphatic bromides for the same change in internal energy,17
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(2) two negative ion potential energy curves are involved as in the
case of Mechanism III-a, and (3)‘an intermediate negative molecular
ion forming prior to dissociation has been confirmed for both bromo
and chloro aromatic derivatives by the electron beam experiment
discussed earlier. However, the expected temperature dependence for
Mechanism III-b js the same as that for Mechanism II (Figure 8). A

The experimental data for 3'- and 4'-chloroacetophenone is
Figure 2 show a unique temperature dependence involving three
different phenomena. This has been discussed earlier in relation
to the temberature dependence expected for Mechanism III-a. The
existence of the positive slope at intermediate temperatures definitely
establishes the thermal electron attachment mechanism as III-a. These
two compounds are the only ones that have been investigated which
have shown all three temperature dependent regions discussed earlier.
These regions correspond to K acquiring the expressions given in
Equations 17, 18, and 21.

Since the experimental data for 3'- and 4'-chloroacetophenone
show either very short or non-existent }1near regions, the least-
squares adjustment may not be very reliable. Equation 15 was
programmed in Fortran IV and In KT3/2 values were calculated to fit
the experimental data. The calculated curves are shown by the
solid lines through the experimental data in Figure 2. The para-
meters used in calculating these curves are compared to the least-

squares parameters in Tab1e VITI.
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TABLE VIII
LEAST SQUARES PARAMETERS VERSUS ADJUSTED PARAMETERS FOR
3'- AND 4'- CHLOROACETOPHENONE

Compound Adjusted® Least- Adjusted® Least- Adjusted® Least-
omp Intercept Squares EA,kcal Squares E*,kcal Squares
Intercept - EA,kcal E*,kcal
3'-Chloro- 35.80 35.46%,61 - - 4.60 4.00%.60
aceto- b b

phenone® 14,30 14.79+.11 13.50 13.45%,13 - -

4'-Chloro-
aceto- q C :
phenone 36.00 37.94%,66 - - 4.80 €.57+,66

14.30  14.80:.11°  13.00 13.07%.12 - -

4pdjusted by Equation 15.

bCommon intercept least squares used.

CEquation 15 used with intercept and slope of 32.28 and 0.0, respectively,
for low temperature region shown in Figure 2.

quuation 15 used with intercept and slope of 32.05 and 0.0, respectively,
for low temperature region shown in Figure 2.
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The experimental data for 1-chloronapthalene in Figure 3 show
two slopes corresponding to the dissociative, Equation 21, and non-
agissociative, Equation 17, regions discussed earlier for Mechanism
III-a. Although the Tow temperature region, Equation 18, was not
observed,. the positive slope in Figure 3 definitely establishes
the mechanism as III-a. '

The experimental data for chlorobenzene and o-chlorotoluene in
Figure 2 show a change in slope at Tow temperatures; however, this
change in sliope does not arise from a limiting case of Equation 14.
This type 6f behavior has also been reported for several aliphatic

17 3/2

halides' and always occurs when In KT is 18 - 19. Several possible

exp]anétions for this behavior have been reported.]7

For all the other halogen derivatives studied, only a negative
slope in the 1n KT?’/2 versus 1/T plots was observed. The classifi-
cation of these compounds to either Mechanism III-a or b will be

3/2 Versus 1/T

discussed later. When a positive slope in the In KT
plot is not observed, Mechanism III-a and III-b cannot be differentiated

by thermal electron attachment studies alone.

C. Correlation of Thermal Electron Attachment and Electron Beam Studies

of Dissociative Electron Attachment to the Aromatic Halogen Derivatives

Representative potential energy curves and the various energy
relationships for dissociative electron attachment by Mechanism III
are shown in Figures 14 and 15. If the dissociation process is

assumed to affect only the carbon-halogen bond, the potential energy
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curves can be represented in two dimensions by Equations 22, 34, and
37, where B now refers to the halogen atom and A refers to the
remaining aromatic portion of the molecule. This will allow some
quantitative comparison to be made between electron beam and

thermal electron attachment studies. This two dimensional approxi-
mation is not strictly correct since the benzene negative molecular

30 and this distortion

ion is distorted from its neutral configuration
would also be expected to occur in the substituted benzenes. Thsa
amplitude of this distortion has been determined to be only 0.25 33 .
The significance of the two negative ion potential energy curves has
been discussed earlier. The necessary equations to calculate the
potential energy curves, the relative cross section distributions,
and the activation energies were also given earlier.

When the vertical energies of maximum cross section measured
by electron beam studies were not known, kA was calculated from the
mo]ecu]af electron affinities by Equation 38. For all cases, kB for
the dissociative negative ion curve, Equation 34, was calculated
from Equation 33. The relative capture.cross section distributions
were calculated from Equation 29. The activation energies for
dissociative thermal electron attachment were calculated from Equation
39 or 40, depending on whether the dissociative process follows
Mechanism IIl-a or III-b. Table IX given the parameters used in

making the above calculations. A1l the bond dissociation energies

refer to a carbon-halogen bond. EAB refers to the electron affinity



TABLE IX |
PARAMETERS USED TO CALCULATE POTENTIAL ENERGY CURVES AND RELATIVE CROSS SECTION DISTRIBUTIONS
FOR THE AROMATIC HALOGEN DERIVATIVES

Compound D Do g 8 r,2 EA EA b k k ay N

P AB AB o 9 A L A B &
kcal/  kcal/ A A kcal/  kcal/ NG
mole mole mole mole

Chlorobenzene 87.¢ 88. 1.455 1.70 50.9d 83.16 .587 .097 214.

o-Dichloroben- 87.€ 88. 1.455 1.70 55.0e 83.16 .630 .097 214.
zene .

o-Chlorotoluene 87.€ 38. 1.455 1.70 50.9¢€ 83.16 .555 .097 214,

3'-Chloroaceto- 87.% 88. 1.455 1.70 60.0€ 83.16 .678' .097 214.
phenone

4'-Chloroaceto- 87.° 88. 1.455 1.70 60.0€ 83.16 .674 .097 214.
phenone .

1-Chloronaphtha- 87.€ 88. 1.455 1.70 45, € 83.16 .742 .097 214.
lene

Bromobenzene 70.9f 71.8 1.486 1.86 50.9d 77 .55 .497 .150 211.

o-Bromotoluene  70.9€ 71.8 1.486 1.86 50.9¢ 77.55 .479 .150 211.

1-Bromonaphtha- 70.9T 71.8 1.486 1.86 45, € 77.55 .645 .150 211.
lene

Iodobenzene 57. f 57.7 1.426 2.05 50.9d 70.63 - .232 194.

¢6




FOOTNOTES TO TABLE IX

@Tables of Interatomic Distances and Configuration in Molecules and Ions, Special Publication 18,

The Chemical Society, London, 1965.
bR, S. Berry and C. W. Riesmann, J. Chem. Phys., 38, 1540 (1963).

°S. W. Benson, Foundations of Chemical Kinetics, McGraw-Hill, New York, 1960,

47, F. Gaines and F. M. Page, Trans. Faraday Soc., 59, 1266 (1963).
®Estimated (see text).
4. Szwarc and D. Williams, J. Chem. Phys., 20, 1170 (1952).

gStretching frequencies for C-Cl1, C-Br, and C-I were used as 700, 600, 500 cm']

hForce constants for C-Br, C-C1, and C-I from E. A. Molelywn-Hughes, Physical Chemistry,
Press, Oxford, 1964. '

, respectively.

Pergamon

€6
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of the halogen atom and EAA refers to the electron affinity of the
aromatic radical. Table X compares the act{vation energies calculatecd
from Equation 39 or 40 with the experimental values. Table X also
includes ca]cu]afed molecular electron affinities and vertical
energies of maximum cross section. E} could only be calculated for
Mechanism III-b.

Since the two cases for Mechanism III could not be distinguished

3/2 versus 1/T

unless a positive slope was observed in the In KT
plot, classification of the aromatic halogen derivatives was made
by use of the calculated potential energy curves when hecessary.
CHLOROBENZENE: The vertical energy of maximum cross section for
dissociative electron attachment t0 chlorobenzene is .86 ev.]] kA
and kB werecalculated to be .587 and .097, respectively. The potential
energy curves are shown in Figure 19. From these potential energy
curves, chlorobenzene has been assigned to Mechanism III-a. The
activation energy calculated from Equation 39 was 9.76 kcal which
compares favorably to the experimental value of 9.25 + .28 kcal. E*
was not calculated from equation 41 for,ch]orobenzené since the
vibrational spacing for the negative molecular ion was not known.
Assuming Vo, AB to be zero, the molecular electron affinity calculated
from Equation 38 was -6.83 kcal.
The distribution of relative cross sections as a function of electron

energy calculated from Equation 29 is compared with the experimental

distribution in Figure 19. The fit of the two distributions is quite
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TABLE X
CALCULATED ACTIVATION ENERGIES, VERTICAL ELECTROM ENERGIES, AND
MOLECULAR ELECTRON AFFINITIEST

COMPOUND - ExC Ey nax Ehyg
kca]/mo]g . kcal/mole | kca]/mq]e
Chlorobenzene 9.76 (9.25+.66) **(]9.82)b -6.83
o-Chlorotoluene 11.10 (10.26%1.19) f*(25.36)b -10.00
o-Dichlorobenzene  7.46 (6.91¢.29)% #x( 8.30)P 2.16
3'-Chloroacetophenone 5.84 (4.60) - ..ff(13.45i.13)
4'-Chloroacetophenone 5.52 (4.80) _— <.ff(13.07i.12)
1-Chloronapthaiene 8.04 (9.87:.29)% - . **(6.39%,08)
Bromobenzene 5.53 (5.91+.33)2 #%(19.36)" - 2.27
o-Bromotoluene 6.44 (6.31.34) . **(21.90)b - 3.49
1-Bromonaphthalene 10 (1.74+.43)2 5.00 -—-
Iodobenzene 1.20 (1.55%.32)% 17.27 R

TExperimenta] values are in parentheses.

®R. Tung, M.S. Thesis, University of Houston, 1965.
bL. G. Christophorou, R. N. Compton, G. S. Hurst, and P. W. Reinhardt,
d. Chem. Phys., 45, 536 (1966). ' :

“The E* values are larger than the E* values, generally around T kcal.
Since E* could not be calculated for all the derivatives, only the
E* values are compared to the éxperimental values. The E* values
. for the chloro derivatives may be smaller than calculated due to
the "non-crossing" rule (see text).

dCa]cu]ated from Equation 38 assuming vo.ap- to be zero.

k
" adjusted to experimental values.
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FIGURE 19
POTENTIAL ENERGY CURVES FOR THERMAL ELECTRON ATTACHMENT
TO CHLOROBENZENE (——) AND 0-CHLOROTOLUENE (----- )

Potential energy curves given by Ar- + C1* + e  and Ar- + C1™ are
common to both derivatives. Ar = C6H5 and CH3 C6H4 for chlorobenzene

and o-chlorotoluene, respectively.

0 represents experimental points for relative cross section (arbitary

units) distribution as a function of electron energy.
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good at low electron energies, but deviates at higher electron
energies. This deviation partly arises from the fact that the
negative ion potential energy function does not approach infinity
as r approaches zero.

The results of the comparison between thermal electron attachment
and electron beam measurements for dissociative electron attachment
to chlorobenzene appear to be quite good. This represents the best
case of comparison for the aromatic chloro derivatives since all
the necessary parameters were known: bond dissociation energy
(87 kca]),3] electron affinity for the chlorine atom (83.16 kca'l),32
and the electron affinity for the phenyl radical (50.9 kca]).33 In
the other chloro derivatives, an estimate for at least one of these
parameters was necessary.

0-CHLOROTOLUENE, o-DICHLOROBENZENE: The vertical energies of
maximun cross section obtained by the swarm-beam technique]] were
1.1 and :36 ev, respectively. In both cases, the vertical energies
of maximum cross section were used to calculate kA' kA was calculated
to be .630 and .555 for o-dichlorobenzene and o-chlorotoluene,
respectively. The potential energy curves are shown in Figures 19
and 20 for o-chlorotoluene and o-dichlorobenzene, respectively. From
these potential energy curves, both derivatives have been assigned to
Mechanism III-a. The activation energies for o-dichlorobenzene and
o-chlorotoluene calculated from Equation 39 were 7.46 and 11.10 kcal,
respectively, compared to the experimental values of 6.91 + .29 and

10.26 + .63 keal.
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FIGURE 20
POTENTIAL ENERGY CURVES FOR THERMAL ELECTRON ATTACHMENT
TO o-DICHLOROBENZENE

Ar = C]C6H4

@ represents experimental points for relative cross section distribu-

tion as’'a function of electron energy.
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For both derivatives, the bond dissociation energies were
assumed to be the same as that for chlorobenzene. Support for using
the same bond dissociation energy has been presented in an earlier
pub]ication,5 where the bond dissociation energy for bromobenzene
was compared to the bond dissociation energies for some substituted
bromcbenzenes. The electron affinity for the tolyl radical was taken
to be the same as the value for the phenyl radical, 50.9 kcal. The
electron affinity for the chlorophenyl radical was determined by
adjusting the value to give an activation energy reasonable to
the experimental value. The value used was 55 kcal. It has been
reported that substitution in the phenyl nucleus makes Tittle difference
to the electron affinity of the radical, 2,5-dichlorophenyi,
benzoquineonyl, and napthyl radicals all having electron affinities
similar to that for phen_y1.34

The experimental and calculated relative cross section distribu-
tions fo? o-chlorotoluene and o-dichlorobenzene are shown in Figures
19 and 20, respectively. The calculated cross section distribution
for o-dichlorobenzene predicts the onset of dissociation to occur
at a higher-electron energy than is observed by electron beam studies.
The shapes of the calculated cross sections agree favorably with the
experimental results.

3'- and 4'-CHLOROACETOPHENONE, 1-CHLORONAPTHALENE: Swarm-beam
data were not available for these derivatives, but both the activation
energies for dissociation and the molecular electron affinities have

been determined. kA in each case was calculated from Equation 38.

The potential energy curves are shown in Figure 21 for 3'-chloroaceto-
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FIGURE 21
POTENTIAL ENERGY CURVES FOR THERMAL ELECTRON ATTACHMENT
TO 3'-CHLOROACETOPHENONE (A) AND 1-CHLORONAPTHALENE (B)

Ar = CH3COC6H4 and C.mH7 for 3'-chloroacetphenone and

T1-chloronapthalene, respectively
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phenone and T-chloronapthalene. The potential energy curves for
4'-chloroacetophenone are not shown, but aré quite similar to those
of 3'-chloroacetophenone. From the potential energy curves,

these derivative§ were assigned to Mechanism III-a. This is in
agreement with the experimental classification from thermal electron
attachment measurements discussed earlier. The calculated activation
" energies are given in Table X.

The bond dissociation energies were assumed to be 87 kcal for
each of these derivatives. The electron affinities for napthyl and
CH3C0C6H4 radicals were adjusted to give reasonable agreement
between the calculated and experimental activation energies. The
values used were 45 and 60 kcal, respectively. The napthyl radical

—_—
has been shown to have a lower electron affinity than does the phenyl
radical in so]ution.35 If this is also the case in the gas phase,
then a value of 45 kcal for the napthyl radical does not seem
unreasonable. No calculated capture cross sections were included
since there were no experimental data for comparison.

BROMOBENZENE: By the swarm-beam technique, the Vertica1 energy
of maximum cross section was determined to be .84 ev.!! ky and kp
were calculated to be .497 and .150, respectively. The potential
energy curves are shown in Figure 22. Bromobenzene has been assigred

to Mechanism III-b on the basis of these curves. The activation

energy calculated from Equation 40 was 5.53 kcal compared to the



102

| FIGURE 22
POTENTIAL ENERGY CURVES FOR THERMAL ELECTRON ATTACHMENT TO
BROMOBENZENE (——) AND 0-BROMOTOLUENE (-----)

Potential energy curves given by Ar- + Bre + e and Ar+ + Br  are
common to both derivatives. Ar = C6H5 and CH3C6H4 for bromobenzene

and o-bromotoluene, respectively.

0 represents experimental points for relative cross section (arbitrary

" units) distribution as a function of electron energy.
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experimental value of 5.91 * .33 kcal. The actual activation
energy, E*, calculated from Equation 41 was 7.01 kcal. Assuming
v0,AB to be zero, the molecular electron affinity calculated from
Equation 38 was -2.27.kca1.
The distribution of relative cross sections calculated from Equétion 29
is shown in Figure 22 along with the experimental distribution from

swarm-beam studies.]]

The fit is quite good but not as satisfactory
as that for chlorobenzene. The deviations at higher electron energies
are larger than those for chlorobenzene.

The comparison between thermal electron attachment and electron
beam measurements for bromobenzene is quite good. This represents
the best coﬁﬁarison for the bromo derivatives since all the necessary
parameters were known (see Table X).

0-BROMOTOLUENE, T-BROMONAPTHALENE: Only o-bromotoluene has

been studied by the swarm-beam technique,]]

having a vertical energy

of maximum cross section of .95 ev. kA was calculated from Equation 25
and found to be .479 for o-bromotoluene. The molecular electron
affinity for 1-bromonapthalene was estimated to be 4 kcal. This

value is between that for napthalene (3;02 kcal) and 1-chloronapthalene
(6.39 kcal). kA Was cq]cu]ated from.Equation 38 to be .645 using
this electron affinity estimate for 1-bromonapthalene. The electron
affinity used for the tolyl and napthyl radicals were 50.9 and

45 kcal, respectively. The potential energy curves for o-bromotoluene

and 1-bromonapthalene are shown in Figures 22 and 23, respectively.
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FIGURE 23
POTENTIAL ENERGY CURVES FOR THERMAL ELECTRON ATTACHMENT
' TO 1-BROMONAPTHALENE

Ar = C]OH7.~ Caiculated relative cross section distribgtion as a

function of electron energy also shown.
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From these curves, both derivatives have been assigned to Mechanism
ITI-b. The activation energies calculated from Equation 40 were
6.55 and .10 kcal for o-bromotoluene and 1-bromonapthalene, respectively,
compared to the experimental values of 6.31 + .34 and 1.74 + .43. The
E* values calculated from Equation 41 were 7.79 and 1.24 kcal.
The calculated cross séction distributions for o—bromdto]uene
and T-bromonapthalene are also shown in Figures 22 and 23, respectively.
There was no experimental distribution available for 1-bromonapthalene.
IODOBENZENE: The electron beam data for iodobenzene show two

peaks with maxima at 0.0 and .38 ev.]1

The electron energy scale
was not adjgsted by the swarm-beam technique. Iodobenzene was the
on]y-aromatic halogen derivative which fit the relationship given
in Equation 32 for the aliphatic halides. This leads to the
1ﬁterpretation that ioaobenzene follows Mechanism II, i.e., the
dissociative negative ion curve is the lower in energy of the two
negative.ion curves involved in Mechanism III. kB was calculated to
be .232 from Equation 33. This would give a calculated vertical
energy of maximum cross section of .75 ev, which coﬁ]d possibly
correspond to the second peak observed by electron beam studies.]]
The pofentia] energy curves and the calculated cross section distri-
bution are shown in Figure 24.

The experimental difference ion current obtained by beam measure-

ments]]

was displaced so that the second peak maximum would correspond
to the calculated value of .75 ev. Further interpretation will be

needed to explain the two maxima observed by electron beam studies.
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FIGURE 24
POTENTIAL ENERGY CURVES FOR THERMAL ELECTRON ATTACHMENT
TO IODOBENZENE

Ar = C6H5.

0 represents experimental points for relative cross section distribu-

tion as a function fo electron energy.
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GENERAL: Although in some cases the electron affinity for the
aromatic radical was estimated, it does not appear to introduce large
errors in the calculated activation energies. For instance, a
vqriation of 10 kcal for the electron affinity of the chlorophehyl
radical changes the calculated activation energy for o-dichlorobenzene
by #2 kcal. ‘

For the bromo derivatives, the activation energies calculated from
Equation 40 tend to be Tower than the experimental values. As stated
earlier, the activation energies calculated from Equations 3% and
40 should be lower than the experimental values. However, in the
chloro derivatives the trend is for the activation energies calculated
from Equation 39 to be higher than the experimental values. If the
"non-crossing" rule applies, the calculated values for the chloro
derivatives would be lower than those shown in Table X, while the
calculated activation energies for the bromo derivatives would not
be greatly affected. If the potential energy curves are assumed to
give calculated activation.energies consistently lower than the
experimental values for both the chloro and bromo derivatives, then
the fact that the values calculated from Equation 39 are higher could
be evidence that the "non-crossing" rule is applicable to the two
negative ion curves involved in Mechanism I1I.
| Potential energy curves for o-bromofluorobenzene and m-bromo-

benzotrifiuoride were not constructed since the electron affinities
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nor the vertical energies of maximum cross section have been deter-
mined. However, the results in Figure 3 appear to be consistent with

Mechanism I11I-b.

D. Thermal Electron Attachment Studies to Some Carbonyl and Nitro

Derivatives

During the course of this sfudy, thermal electron attachment to
four carbonyl derivatives was investigated. The results of these
studies are shown in Figure 4. Biacetyl and T-acetonapthone show
the proper temperature dependence for Mechanism I. Biacetyl shous
a slight negative slope at Tow temperatures in Figure 4 corresponding
to ET. The.ﬁemperature dependencies for diacetyl benzene and pthal-
aldehyde in Figure 4 show only a single negative slope, corresponding
to ET of Mechanism I. The assignment to Mechanism I was made since

15 Based on the

benzaldehyde and acetophenone followed Mechanism I.
electron-affinities for benzaldehyde and acetophenone,]5 the molecular
electron affinities for these two compounds should be sufficiently
large. An activation energy for nondissociative é1ectron attachment
has been reported for some carbonyl der%vatives in which the carbonyl
group was forced out of plane with the benzene ring due to steric

16 This does not appear to be the case here. The negative

factors.
molecular ions for diacetyl benzene and pthalaldehyde have been

shown to exist as cis- and trans—isomers.36 In the thermal electron
attachment studies, both isomers are probably formed. Further work
will be needed to explain the activation energies for electron attach-

ment to these two compounds.
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Nitromethane was also investigated by the pulse sampling technique.
Since the bond dissociation energy for (CH3—N02) is 53.6 kca129 com-
pared to 83.0 kcal for the electron affinity of the NO2 radica137,
it would not follow Mechanism IV. The data in Figure 4 definitely
shows a positive slope; however, the intercept for this positive slope
is 8.5. The lowgst observed intercept for this region has been 11.88. 38
Evidently this positive slope is due to an impurity on the order of
1 part per 1,000. Nitromethane has been assigned to Mechanism II,

since E* is greater than the change in internal energy. This is in

agreement with what would be expected.



VII. CONCLUSIONS



CONCLUSIONS

A. Thermal Electron Attachment to Organic Acetates - Mechanism IV

In conclusion, the agreement between the activation energy for
dissociation and the change in internal energy for the process
strongly supports Mechanism IV which involves the formation of an

intermediate negative molecular ion but does not follow a dissociative
potential energy curve. The activation energy is thus the difference
in the bond dissociation energy and the electron affinity of the
radical (DAB—EAA), permitting the evaluation of either of these two
quantities providing the other is known. This technique of determining
electron affinities of radicals or bond dissociation energies is
limited however. With the present electron capture cell, the quantity
(DAB—EAA) must be on the order of 16 kcal or less. To apply this
technique, one must be able to exclude the possibility that the
dissociative mechanism is II. As seen for benzyl acetate, ethyl-
acetate, ethyl trif]uorpaceta&g and aéetic anhydride, ET was less

than E*; but, this may not always be the case.

B. Thermal Electron Attachment to the Aromatic Halogen Derivatives -

Mechanism III

The correlation between thermal electron attachment and electron
beam studies of dissociative electron attachment to the aromatic
halogen derivatives appears to be quite good. In all cases, except

jodobenzene, where the vertical energies of maximum cross section
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were known, the calculated activation energies were within 1 kcal of
the experimental values. There is also good agreement between the
calculated and experimental cross section distributions. For the
compounds studied, it can be seen that the two methods of studying
electron attachment processes are quite complementary and enable a
more complete understanding of the electron attachment process.

In a previous pubh’cation,5 it was implied that all aromatic
halogen derivatives undergoing dissociative thermal electron attach-
ment did so according to Mechanism III-a. However, from the results
of this study using the empirical negative ion function, the bromo
derivatives followed Mechanism III-b. Case (b) of Mechanism 1II
would not reveal a temperature dependence corresponding to the
formation of a negative molecular ion as does case (a). This has
been shown for 1—bromonaptha1ene5 and 1-chloronapthalene. 1-Bromo-

3/2 plot.

napthalene showed only a single negative slope in the In KT
Idea]]y,‘one should be able to differentiate Mechanism III-a and b
from the type of temperature dependence observed; but, this is not
always possible. The present electron capture cell is limited in
temperature range by the flowing point of teflon at high tempera-
tures and the volatility of the compound studied at low temperatures.
Thus, it becomes necessary to distinguish the two cases of Mechanism
ITT by using the empirical negative ion pbtentia] energy function.

Although the bromo and chloro derivatives studied followed

Mechanism III-b and III-a, respectively, this should not be generalized



to apply for all bromo and chloro derivatives. The particular case
of Mechanism IIT that an aromatic halogen derivative will follow,
depends upon the relative magnitudes of the bond dissociation
energy, the molecular electron affinity, and the electron affinity

for the aromatic radical.

SUMMARY STATEMENT

The work concerning Mechanism IV and the organic acetates has
been accepted for pub]ication.39 Portions of the work concerning
the aromatic halogen derivatives and the temperature dependencies

. . . . . . 40
for the various mechanisms will appear in a review article.
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VIII. APPENDIX



APPENDIX A -

2

CALCULATION OF ]nKT3/ FROM THERMAL ELECTRON ATTACHMENT DATA

The responses of the electron capture cell and the analog computer

are given below.
40

T 1
[e~]
Detector Response b /
b-[e”]

Analog Computer
"~ Response

f _b-fe]l gt
[e~]

~

The electron capture cell response is studied as a function of
temperature. The following measurements are made on each electron

capture peak:

1. B =b (see figure above) - referred to as span

2. H

h (see figure above) - converted areas in arbitrary units
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w
—
I

temperature of the electron capture cell, °K

o~
wm
1

sample size injected, ul
The other data needed are:
M = concentration of compound in grams/ml

MW = molecular weight of compound

AF = area factor for converting the analog computer response from
arbitrary units to inches

T0 = room temperature, °K

BO = b or span when no gas chromatographic column is connected

fo the electron capture cell and the cell is at room tempera-
ture, arbitrary units

FR = flow rate of argon-ten percent methane through the electron
capture cell, ml/min

€S

chart speed of recorder, in./min
N = number of data points
A typical example of the measurements made are given in Table I

of Appendix A. The data was then used in computer program I to

calculate 1n KT?’/2 and 1/T. K in the program is the electron capture
coefficient and RT s 1/T. LN in the program is 1n KT>/2, A plot of
In KT3/2 versus 1/T was then made (see Figure 3).



TABLE 1
EXPERIMENTAL DATA

) o-Dich]orobénzene N = 15.

3

M = 1.305 x 10™% gm/m1, MW = 147.01, AF = 4.03 x 10™° in/mn,

CS = .5 in/min, FR = 150 m1/min, BO = 200 mm, TQ = 300°K

T, °K S, ul B, mm H, mm
430 2 143 169
476 2 145 155
467 2 145 134
459 2 145 114
444 2 145 72
439 2 145 69
428 3 145 %6
419 3 145 79
410 4 145 93
401 4 145 78
389 4 146 62
372 - 4 146 47
348 4 146 30
325 6 146 32
306 8 146 23

8LL



$ COMPILE MAD, ELECUTE

MAD (01 GCT 1965 VERSIGN) PROGRAM LISTING see one oo

DIMENSIAON 8(50)4H(50),5(50),T{(50),AREA(50)+K(50)4LN{50},

1 RT(50)
S L INTEGER 40
START _ . READ AND PRINT DATA

CF= FReMW#AF/(MxTCxCS)
THRGUGH GAL, FOR I=l,1, I.G.N
AREA(T)= BO#H(I)/R(I)
K(T)= AREA(I)®T(I)*CF/S(I)
LN(I)= EL3G.(K(I)=(T(I) .P. 1.5))
RT{I)= 1/T(I)

CAL PRINT RLOSULTS LN(I).RT(I),K(I)
TRANSFER T3 START
END OF PROGRAM

INPUT DATA

N=15, TC=300, BU=200,MW=147.01,M=1.3048E~-4,AF=4,0425-3,05=.5,FR=15%,
T(i)=480,476,467,459,444,439,428,419,410,401g389;372,348,325,306,
S(1)=2,2,2,272,2,333,4,4,4,4,4,6;8,
H(l)=169,1551134,114,72:69,96,79,93,78.62,57330,32,28,

B(Ll)=143,145,145,145,145,165,145,145,145,145,145,146,146,146,146%

* JIVNONYT WYY9S0Ud

Qv

:1 WY90dd
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Ln(1)
LN(2)
LN(3)
LN{4)
LN(5)
LN(6)
CLN(T)
LN(8)
LN(9)
LN(1O)
LN(11)
LN(12)
LN(13)
Li(14)

LN(L5)

PROGRAM I:

28.627987,
28.506704,
28.313397,
28.108558,

27.565962

27.495089,

27.356425,
27.108394,
26.929579,
26.698199,
26.385797,
25.997096,
25.381418,
24.869548,

24.29T7T734,

CALCULATION OF 1nKT

RT(L)
RT{2)
RT{3)
RT(4)
RT(5)
RT(6)
RT(T)
RT(8)
RT(9)
RT(1G)
RT(11)
RT(12)
RT{13)
RT{14)

RT(15)

3/2

OUTPUT DATA

2.083333E£-03,

2.100840E-23,

2.141328E-03,.

2.178649E-03,

2.252252E-03,

2.2779045-0%,

2.3364495—05y
2.386635E-032,
2.439024c-03,
2.493766c-03,
2.570694£-03,
2.4688172E-03,
2.873563:-03,

3.076923E~-03,

3.267T074E-03,

K{1)
Ki2)
K(3)
K{4)
K{5)
K(&)
(7))
K(g)
K{9)
K(10)
K(11)
K{12)
K(13)
K{l4)

K(1%)

AND 1/T FROM EXPERIMENTAL DATA (CONTINUED)

2.577005€E
2.311501€
1.962546C
1.639355¢E
1.001546C
F.4900C62E
8.5818i5E

6.913616L

" 5.,972996¢

4.899543E
3.752164E
2.720078E
1.6242068
1.078655¢

6.664845C

07

67

o7

N7

07

Cb

071
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APPENDIX B

LEAST-SQUARES ADJUSTMENT OF THE 1In KT3/2 VERSUS 1/T PLOTS

The calculated 1n KT3/2

and 1/T values were then used in computer
program II to obtain a least-squares adjustment.

A weighted least-squares fit of the data was done according to
the procedure published ear]ier.] An error of ten percent was assigned
to the electron capture coefficient, K. An error of .5 degrees in
the temperature was used. This program can also be used to do a
1east—squarés adjustment with a common 1ntercept.2

The least—sduares program gives thg intercept and the slope times
R a]ong.with their errors. The errors are then modified by the external
error. By subtracting the errors obtained from the program from
In KT3/2 the least-squares (L.S.) In KT3/2 values are obtained.

From the least-squares adjustment to the slope, either the electron
affinity or a quantity related to the activation energy for dissociation
or electron attachment is obtained by multiplying the slope by R. If
the slope is negative, the activation energy for dissociation or
electron attachment can be obtained by subtracting 3/2 RT'from the
(slope XR). T is an average of the temperatures studied. If the
slope is positive, multiplication of the slope by R gives the electron
éffinity.

The nomenclature for computer program IT is:

N

n

number of data points

SLOPE = initial estimate of the slope



ACINT = intial estimate of the intercept
AOAVE = common intercept, 14.79
SWAO = weighting factor for common intercept, 75.81

The above data and the calculated 1n KT3/2 and 1/T values comprise
the input data. AQAVE and SWAO were determined previous]y.2 When
a least-squares adjustment without a common intercept is done, AOAVE

and SWAQ are equal to zero.

BO = slope X R

AO = least-squares intercept

TR =1/T A
DELTA(Y) = corrections to original 1In KT3/2 values
SIGYE = external errors

- The sample program is for o-dichlorobenzene. The 1n K3/2 values

were given in Appendix A.
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LA A LR L R R TR R RS R A S SRR PR AR EE RS RS SRS ERRE LR SRS EEE R RS RS S R R R R SR ERR Y

* FERTRAN PRBGRAM FBR A WEIGHTED LEAST SQUARES FIT 8F LNKT3/2 VSe TR*10%%3 *

* ERRAR IN K ASSIGNED 10% AND ERROR IN T ASSIGNED 0«5 DEGREES

*

*******.*********************************************************************

DIMENSION LNKT(53)sTR{50),NAME(S),
1QY5(50)JY(50)IF(SO)JPFY(5O)IPFX(50))PFA(=O)IPFB(SO)lCL(SO)IX(SO)J
2SIGY2(S01,SIGX2(50)Y+ WY (B0) WX (50)

REAL LNKT

R=1+987

50 READ(5,100,END=60) NyNAME,SLOPE,ABINT,ABAVE,SWAB
10C FORMAT(12,5A4,4F10+0)

WRITE(62,190) NAME

190 FORMAT(1H1,25%,63HWEIGHTED LEAST SGUARES CALCULATIBN B8F |LNKT3/2 VS
1, TR+10#%3 FBR ,5A4%4)
Ip(AaAVEQE0.00QAND'SWAG‘EQ.OQ) G8 T8 120
WRITE(6213C) ABAVE
130 FORMAT(//+40X,25HWITH A FIXED INTERCEPT ATsF6.2)
120 WRITE(62180) SLOPEsADINT
180 FBRMAT(//,20X,56HTHE INITIAL VALUES OBF THE PARAMETERS ARE:! SLOPE {
1B8/R) =2F6e212X220HAND INTERCEPT (AB) 5sF6e2)
READ(5,110) (LNKT(II2TR{I)»1=14N)
11C FORMAT(2F20.0)

38=SLOPE+*R

AR=ATINT

M=0

205 SPFAA=Qs

SPFAB=Ce

SPFBR=Qs

SPFAB=0

SPFBA=Qe.

SYB(M) =0

D8 210 I=1.N

Y(I)=LNKT(I)

KIY=TR(D)

SICYZ(I1)=0el+54428E=07*X(])#*2

SIGXZ2(1)=2e¢S0E=07%X{1)uud

H - AT NYY1¥0d4 <3OVNONYT NVHOOHd

* 11 Wyd90ud

WYY90¥d SIUYNDS-1SyIn

A



F(Il=Y(I)=
PEY{1)=1.0
PEX({I)==BE&/R
PFA(T)sw=1a0
PFBlI)s=X(1)
AY(IY=1.0/81GY2(1])
WX({I)=1s0/S1GX2(1)

CLUIY=PREX (1Y *%2/WX{IY+PFY (1) *%2/WY{])

SPFAA=GPFAA+PFA(I)Y**2/CL( 1)
SPFAB=SPFAB+(PFA(TII*PFR(I)I/CLIT)
SPFRB=GPFRB+PFB( 1) #*2/CL(1)
SPFRO=SPFRA+(PFB(II*F (1)) /CL(1)
SPFAG=SPFAS+(PFA(II*F (1)) /CL{]).
SYS(M)=SYB(MI+F (1) **2/CL({1])
210 CONTINUE
SPFAA=SPFAA+SWAR
SPFAR=SPFAB=SWAB* (ARAVE=AB)
AA=SPFAA*SPFRR-GPRFAR 2
DA= (SPFAG*SPFRR=SPFBOB*SPFAR) /AA
DB= (SPFBO*SPFAA=SPFAG*SPFAB) ZAA
CAB=ARDA
B8R - -0B
IN M+t
WRITE(64300) INSRBIAS

?OO FCRVAT(//;35X)21HAPPR8XIMATISN NUMBER »12,5Xs4HBO =5,F106,5X,4HAB

=F10.8)
IF(MalTel) GB TB 220
ANzN=2
GH T8 225
220 Mm=1
Ge T8 205

225 IF((ABS(SYO(M)=SYI(Mm1)))eLE«(AN/100s)) GO TH 230

IF(MsGE«20) GB T8 235
MaM+1
Ge TS 205

235 WRITE(6s310)

310 FORMAT(//,10X,56HLEAST SRUARES CALCULATION NBT CBNVERGING

1 GBBFER)
Ge T8 50
230 SAB2:SPFBR/AA

SOMEBBDY

14

QINNILINGD 11 WY¥50Yd
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SBB2=SPFAA/AA

SA8=SART (ABS(SABR2))

SBB=SQRT(ABS(SRER))

SIGYE2=SYH (M) /AN

SIGYE=SORT(ABS(SIGYE2))

SLBPE=RB/R

SSLBP=35BA/R

WRITE(65320) ‘
320 FBRMAT(///,30Xs 41 HRESULTS 8B8F LEAST SGUARES CALCULATIGBN ARE:)

WRITE(6,330) SLBPE,SSLAP,AB,SAD .
330 FBRMAT(//,20Xs14HSLBPE (BB/R)Y 5,F1006,1Xs2H+=,F10+6,10X,16HINTERCE

IPT (AB) =,F10eg21Xs2H+=,F1008)

WRITE(6»370) B3,SR8 .
370 FORMAT(//230Xs4HBO BsF 10065 1X,2H+=sF100622Xs12H(KCAL « /MBLE))

WRITE(6s340) SIGYEZ2,SIGYE
340 FORMAT(//,25Xs28HEXTERNAL ERRBRS SIGYE2 =,F10+6,1CX)7HSIGYE =4

1F10e4)

WRITE{6,350) '
350. FBRMAT(///+20Xs 1OHDELTA (Y) 220X211HLNKT3/2 (Y)s20Xs12HTR#10%%3 (X

1y

L8 240 I=1,N

DY=Y(I)=((BB/R)%X(I)+AB)

WRITE(6,360) DY, Y(I)aX(IY .
360 FORMAT(//,20X2F100620XsF1006,20XsF10+6)
240 CONTINUE

G T8 50

60 STEP
END

Q3NNILNOD Ii WYY90dd
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Corrections to 1n KT

DELTA (Y)
Cs13028¢
01067814
0068344
0s030136

=02 194357

0151917
~01037857
=0+063339
“0e Q14450

«09010834

0:.017471

0s138962

LNKT3/2 (Y)

280607991
T.t3C

g Lga 2
2&+H06YE3

P o x
28 .Y

28:312988 .

- ;C,'(‘ &

282wy
284108994
BT
27:??3994
PR R
274494995
17%§;%
27355988

)
[ R

7739~
27-10?986

veh 3

PR

£64925993
N
26,9 N

26+697038

Input Data

TR*10#%3
24082995
2+101000
26141000
24179000
24252000
24278000
24335999
24386995
24438999

2+432999

25570999.

22688000

{

7

A

)

Q3NNILINOD II WYY¥I0Y¥d

9¢t



PROGRAM II CONTINUED

RESULTS OF LEAST-SQUARES

WE IGHTED LEAST SQUARES CALCULATIGEN GF‘LNKTS/E_VSo'TR*lo*#a FOR DICHLSROBENZENE

TRE INITIAL VALUES 8F THE PARAMETERS ARE: SLOBPE (BB/R) = =9s00 AND INTERCEPT (A8) = 3790

APPROXIMATISN NUMBER | BO = =84670134 AB s 37:586380
APPRSXIMATISN NUMBER 2 BO = ~8,669496 AS = 37+586075
APPREXIMATIGN NUMBER 3 BY = =8,669510 AB 3 372586090

RESULTS BF LEAST SQUARES CALCULATISN ARE:

SLYPE (BI/R) = =43363116 += Q043505 INTERCEPT (AB) = 374586090 += 14154555
Bog = =8:669510 +~ Q983676 (KCALa/MsLE)

EXTERNAL ERRAORS SIGYES = Gel16337 SIGYE = © C+341082

L21



APPENDIX C
CALCULATION OF LN KT3/2 VALUES FROM EQUATION 15

f— \—— — — .

N )
SN : 'YF':RX Slope
.7 3

R x S]ope//'/ D=R x Slope

1nkre/2

c V

: /T
The input data for Edﬁation 15 is in the form shown above.

nomenclature used in the computer program is:

AyAy

A=1n (TI-)—A-:-]—)

B =R x slope = —(E2 tEy - E_])

k, A
L "1
C=1n (——)
. kA
D =R x slope = -(E; - E_y)
W)
E=1n
%
F =R x slope = -E_,
KD = kD = 2400 sec'], determined previously3
Tl = high temperature 1imit, °K
T2 = low temperature limit

The

128
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E{s E;, and E_; are the activation energies defined in the text,

with the pre-exponential term, i.e.; ET = E] - 3/2 RT.

An additional quantity, 1n (A]/A_]), was needed to get the input

data in a form that could be used to make the calculations. This quan-

4

tity has been evaluated from fundamental constants’™ and found to be

equal to 12.5. )
The computer program calculated 1/T and In KT3/2 values. A plot

3/2

is then made of 1n KT versus 1/T. The example included hera is

for plot 5 in Figure 5.



OOMNMOOOO0OOn

101
io2
103

16

17

EF=ELl FBRWARD

ER=E=»1 REVERSE

AF=A1 FORWARD

AR=A»1 REVERSE
AF/KD=TT=EXP({E)

KT IS K TIMES T 76 3/2 POWER
T2 18 SMALLEST TEMP K .

T1 1S LARGEST TEMP K

FORMAT(BF12¢3)
FORMAT({1H145X,9F1243)
FORMAT(20X2EL12e5,20X%XaF15¢5)

REAL LNKT, KDs» KL KTs K
READ(52101) AsBrCaRsEsFsT12T24KD
WRITE(6,102) A» C» E» Bs Dy Fu» T, T2, KD
R=1¢987

EF=efF

ER=DwF

E2=D=B

XaC=12¢H+ALBG{KD)

KLEEXP (X)

TT=EXP(E)

YzE=12:.5+ALBG(KD)

ARSEXP({Y)

2=A=1225+ALBG(KD)

A2zEXP(Z)

DT=1¢/T2

DELT=1:/T71

IF(DELT «GTe DTIGO TO 17

XXz (=EF/R)*DELT
YYz{=E2/R)*DELT
22=(=ER/R)#DELT

KT-(TT*EXP(XX))*(AE*;XP(Y\)VKL)/(AR*;KP(ZZ)+A2*EXP(YY)*KL)

LNKT=ALBG(KT)
WRITE(6,103) DELT, LNKT
DELT=DELT+50E=C5

Ge To 16

Gé TO 1

END

H - AI NVHiHOj $IIVNONYT WYHI0Ud
Gl NOILYNDI WOY4 Z/glﬂ up 40 NOILYINJTYI *IIT WYYD0Yd

ol



PROGRAM IIT CONTINUED

310700

14|QO(

~6000+000

1/7

Oelb4280E-02

/OO 1528’.)5:*-02

Qs 15785En02
De1628Len2
Qe 16785002
gel7285EFn2
De177855R0R2
C'lg?g‘\‘:’ga
Dni1878EwD2
Ne197285F »02
De19789E+0D2
Qe20PR5E w02
Qe20782E+32
0e212855+02
Ce21785E+D2
Qe222850E+C2

Input Data

31+700 =14000.000 10940.000

T1

700000

E

B

T2

2004000

Qutput Data

KD

54004000

Ln KkT%/2

22995844
23402389
23425008
2351094
23+74593
2398373
2he21568
24443398
2he63083
2479819
2492859
2501640
25405827
2505876
25.01988
24494954
24 +835495

L€L



PROGRAM IIT CONTINUED

1/T

Ne23285E4 02
De23785%E R
Gerd4r&afien2
NeZl4785E02
Qe25285%K 02
Ce257835 =02
"Qe2b285Ee 02
CePb785 02
0e27285L.-02
Qe277851 =202
Ce28285F«n2
Qe28783E=02
Ge29285F -0
De2975 L0072
Ce30285=02
Ce2307&5%F=N2
0e2128&5K-22
Ce3178 5 =02
Ce32285L~02
Qe327& 50 =02
£e232250-02
Ce3378F =32
0e3428 502
Ce24785F =02
Ce2528,E-02
02578531 -2
0e2678 02
Ce367830~02
Ce3728 w2
Ce2778&L-02
Coa38P8&5E 02
Ce3878& 0 ~02
De3978 sH =02

Qe387&5L~02

Qutput data

In KT

3/2

24074258
2461765
24 e 48404
24034457
2420117
24205519
2330747
2375844
2360905
2345898
2330859
2315800
23+00729
22+85648
2270560
2255469
22+ 40375
22425281
22+10184
2195087
2179930
2164893

2149796 -

210346387
2119598
2104501
202335403
2Ce74304
20+53207
20e44110
2029010
20413913
19,98814
1983717
19468620

eel
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APPENDIX D
CALCULATION OF POTENTIAL ENERGY CURVES

The potential energy curves are calculated from equations 22
and 23. A computer program for Equation 23 allows the potential
energy curves to be calculated. To obtain the potential energy
curve for the neutral molecule, equation 22, k is set equal to one
is set equal to zero. The necessary paramgters to dé
these calculations are given in the text. The computer program
prints out potential energy, kcal, versus internuclear distance, 3.

A sample calculation is shown for hydrogen, Figure 9. The nomen-

clature used in the program is:

D= DRB’ kcal
B=8, A
[e]
RE -= ros A
EA - EAy or g, keal
K=k
E = potential energy, kcal
R = internuclear distance, K



PROGRAM IV: COMPUTER PROGRAM FOR POTENTIAL ENERGY CURVES
PROGRAM LANGUAGE: FORTRAN IV - H

c FORSE PGTENTIAL ENERIY.FUNCTIGN

TTTCTTTTTERALCOUAT AN ©F ENERGY VS INTERNUCLEAR DISTANCE
e rrA\L < . - o ) _ o

YT FF'm“AT(oFlz-&

*_w".lQr n’AT(l“1[5F1216)~

103 ru\MAT(dJA/? 15e5)
CREAD(S101) . ViDL RESTAIK
WRITC AL 08) DaBrRESEASK

E=Ce .

4 ’F(FeuT-J.) G0 TY 9
?\+ 1 '
. r—-ﬁ.*&*,*hxq(~L*(R Ra))+D*EKP( -*b*(m-QE)) FA

A .  pRITE(HAC3) ReE

T Gh TE 4

g a3 1801 ! JEPEE T

END A -

K

velL



PROGRAM IV CONTINUED

-_Internuclear d1stance,

A

1*083999 Lo 743500
Oe 1G5 00E w20 C
CaZ I0O0E 00 c
D320+ 007 0
D-4%00008+730 -0
VaSL 0 0E+00 T "=Cel
Je0LuUl0E+I0 -3
I R Ao 3otel 8 v v
CeBGCLONSLT -
B =Ty ToReTeT-R S Te N o B
GelTZI0T+21 =0
Ceil008+72 -
CelFOl D+l -
Ce 130005+ 01 -
Crlboy0E+21 _ ~
TelL0onE D] -
I O B R STV T AR B
3517’:}:‘\.):.1':'1 -
_ 17005 +71 -
04175008 +5L -
- IR T2 G N T T S X ¢
J,210008+00 ~C
L DePPl Tl -l
Cs253 G
) Cadiul ”
SeT3J C
Dt 9
0270 C
\’"43?:7,). C
C.2572 %
NESCIVISE g1 o
Ce 313 « 31 0]
Q022000501 =G
G 3FCU0ES31 -
RN RS C I T e -
0435200« 41 -C

DHDVODOT D
FLLN D R e e P 00 LD 0 BT O g 0 A e e A N s U

m
=

o o0

[ R
W L

EO O
WO
TR O
+ 4+ +
o

71E+40&

B4E+02

MMM OOOD O £ 00 £
0O~y U L)'t\'))C'\ 0 N N3O

3E+03
3E+03
SE+02
XE+07
DE+{
SE+0
JE+O
HESO
A
+

O OO
RUBIERAMEAVEAVIRAU AL I AFIEA VIR AR M

HRARTE S AR AR R LA RS

SO WT O FENRNOCOeE WY NN
Car N T U

NN NN W e NN Y Y

i

1

7

4

7

1

& w

3 +

£ +

S +J

£2725E4+0

L543E+32

755a2E+0]1

2R8%E401

S7758+01

S4020+01
&Ce13C2+01
337106+0%
27535 +01
2297 35+01
1EDBAE+0]
18€432+01
L2870
1Cu44e+C L

4
!
1

105000

Potential
33E+02° Epergy,

K

__ kcal

”~

U

SelL



PROGRAM IV CONTINUED

Internuglear distance
A

H

D

1094479996

)
Fans

325999 L.76150C

Q-jQDGOE+OC.~*Mv
0+220°.02+408¢C
3033090500 O
Ta 'l-:‘ O
Q-5 «30___ T
D+ 4 +30 Do
O‘.7(,)J"JE+‘O ~0
DealOUOT 40D -0
0'ﬁff007+33 -
0.l 01 =0
G100 +00 -3
0. 120,05+01

=

i

[CRWERES N
P » o g i
- g > ;_x“__x =3 j> s
el

,L_(_')

Potent1a] energy, kca]

O~_3f.:0. JTwL =0 eR781 “F‘FOJ
‘J!3§OC;OE+31 ”u0721+23r_~_+’\)
C+350008+31_ _ =0.287238+00
Ce3200L0E+01 -0.4'a555+03
O;j\’OQDE,HJl*” 'C :)';)C;J &0
0. hL1OCOE+DL ~0e33456E40C 4
D20 0E+C1 =0 276210+00
Ca420UDE+CY ~Ce227792+00]
O &400C0E+G1 ~0elE7223E+00
0. 450,CE+01 ~0a154355+00
D:6n070E+01 =CalZ7635+00
0s470U3E+3L =0 iCBETE+C
CodZD0E401 _ =0s%67922-01
0,470502+51  =Ca715662-01
0,570L0T+01  =0«5I0072+01
0213202+01 “Oe

4E651E-0L
EA

170239993

230 J?Q*+C"
FC+O?
”37P+vo
14452+03
35§:+39
2874%57+02
Q(\{‘}\] '”4- 1

(SR

+ 5B
« 3z
15
A

2 \”\.-\ 'L'

« 271 442 +02

2443318402

35505 +02

s 150 «3h

;“e" 34063
5e17 314855+02
Galh 1 POHEIE O
C:i70.05+01 ) 276725402
Qe 2L00L0E+01 ~Ga28031E£402

9el



PROGRAM IV CONTINUED

o .
Internuclear distance, A Potential energy, kcal

0202 0m+%1  =0e246235+02 _ o
DRI UDE 0 ~OeZ3M1TESDR
0-230028+01  =0.223335402 o
Te2n000T w01 ~Ce21545E4+02 S
D:250U0E+01  =0«20521E+02 5
026050 05+01 0202155 +02
04270005 +01. ~CelQ717E+02
D 2%GO0DE+D1 ~01923E+02

. 0233005401 0 1E9B2E 402
TN 3000E 401 ~0e1A664E+0E ) -
0310005 +01  =Cej8u28E+02
C:3700L35+01 =Cel&22RE+02

_ o Geznounm4l = 0a120K0E+02
OuS‘%CC’.)”WC: ~Cal7 ol +Ud

. , 04350008 +u* =01 76H1AE+02
02360005401 =0Wl7728E+08 T

. 04370 vD“fu‘umﬁ:Q;l7é4q +02 _
O»?“OﬁoﬁfGl ~Cel73585E+02 . '
Je3TCH0E 0L =0 75352+08 ’ ’

¢

A

cHOOLOT 0L ~0e1743224002
i

"c-‘Lb-‘LJ["!J'_"i'Dl 'Owl7‘+3£‘)'{‘_1"uﬁ.> . o e

> O ¢
5t
ey

'y

De4N000E+0L =Da17427E+02  -¢

3

X

<

2430505401 =0.174023E402 7

$

Qs wb0IDE 401 ~Cel73835452 .
02450008400 =Cel7387E402 e
O 4ED0DEHTL =De17353E407 IR
. D+e470u00+01  =0ax17342E407 R SR
O«hEDUOE+0L =Cl17333E8402 0 0
0-430200 431 ~0173265402 "o
0-500205+01  =241731%E+02 4 VN -
Q:510C0E+LL  =Ua17314E408, AT

LEL
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APPENDIX E
CALCULATION OF RELATIVE CROSS SECTION DISTRIBUTIONS

The distributions of re]atjve cross sections as a function of electron
energy were calculated from Equation 29. A computer program was used to
make these calculations. The calcuiated relative cross sections,

P(E.), are divided by the value of P(EV) at (r—ro), equal to zero to

: V)
have all the values near one or less. This is oh]y a matter of convenience.
The calculations only involve the first two vibrational levels for

the molecule. The second vibrational level, n = 1, is modified by
e'h%)/RT, the Boltzmann factor. The contributions from the n = 1

level are added to the n = 0 level values for the relative cross sections.

A11 the necessary parameters have been described in the text.

The nomenclature of the program is:

B 2-1
D= DKB, kcal

EA = EAy g
C=1/2 hvo'kcal

F = RT, kcal = .592 kcal at 25°C

K=k
ALPHA = ©, A2
EV = E,

S12 = P(E, )

X f (r—ro)

The computer program calculates X, EV, and SI2. The relative
cross sections are then plotted versus the electron enargy (energy for

the vertical process). Figure 9 has an example of this plot.



PROGRAM V:

OO

COMPUTER PROGRAM FOR RELATIVE CROSS SECTION DISTRIBUTIONS
PROGRAM LANGUAGE: FORTRAN IV - H.

00
201
202
203
204

10

CALCULATIAON CF DISTRIBUTISNS

C 1S 1/2 HY

Y IS Hv

KT 19 REPRESENTED BY C

REAL K )

FRRMAT (1HQ, 27H DISTRIBUTION FBR N=Q LEVEL)
FERMAT {(30X,3015+5)

FORMAT (1HQ, 270 DISTRIBUTIEN FOR N=1 LEVEL)
FORMAT(7F105)

FORMAT (1H1,30%s7F1045)

READ(S,EQﬁ) BrDsEAICsFaKsALPHA

WRITL(62,208) BaDsEALICIFIKIALPHA

wRITC (62200)

KXzl /(B2 *D*{10=K))

L=0

IF(X «GTe «25) GB T8 15

EVs= -L.*K*D*LXD(—a*X)+D§txp(-c-*B*X)+D EA -
Slé= hAP(-ALPhA*X**E)/(Ee*B*D*’XP(-D*X)*(EXP(-b*K)vK)*XX)
WRITE(62201) Xa EV, SI2

¥=X+201]

G TH 10

X=zQ

IF{X «LTs =«25) G5 TH 2C

EVzs w2 %K#3*EXP (=DB*X)+D*IXP (=24 %B %X )+D=EA=C
5les= EXD(-ALPHA*X**E)/(Ec*B*D*;XP(-B*X)*(EXD‘-B*X)nK)*XX)
WRITE(4,201) Xs EVe SIZ

X=X~ o(01

G3 T 16

6€1



PROGRAM V CONTINUED

20 ARITE(KsE07)
BD= 2. %ALPHAYEXP (=2,%C/F)
x=0
22 IF(X #QTs +25) GB8 TH 25
FVa a2 o xKxD*¥EXP(=B*X)+0*EXP (24 %B%X ) +D=EA= =34 HC
3122 BO#X#x2%EXP(= ALPHA*X**E)/(EO*d*D*EXP(-B*X)*(EXP('B*X) K)#XX)
WRITE(6,201) X» EVas 3512
K=X+.Ol
GO T 22
25 X=0 .
26 IF(X oL Te =~e25) GB& TO 30
EVE «2e#KaDREXP (=R2X)+D*EXP (m 29 ¥R X ) +DwEA= =3 *(
122 BO*X*#2¥EXP (= ALPHA*X*%2) /(2 *¥BxD*EXP (= B*X)*(EXP('B*X)FK)*XX)
WRITE(%52201) Xs EVe Sl2
XEX=s01
GO TH 26
30 G8 T8 1
\END

ovlL



PROGRAM V CONTINUED

Input Data

B D EA

C

F K

ALPHA

1293000, 109548000 17+28999 ...6225000 . 0:59000  0+43700 . 65¢39000

av

JDISTRIBUTION FOR N=0 LEVEL -
‘ .

Y

O
e
(o)

~
[

. T
‘e & =

.
»

YCY O W

r
(=
*®

-

. @

H

)
¥

»

|
|
1
I

O

-

X

0GLGCE+OD
UCO0R-CL

2oCece~0s
35C0uE=-Gy
45GCCCE=G1
52CCCE-OL

[}

76GOCE-0Y

AGCnCE=-01

BLOCCE~0L
LOCOE+GO
LOGoR+G0
2OCOE+0D

LOCLE+QU
SCCLE+UD

[ T AN W NI G U X

LT R R N
S0URE+QD

COLCESGD

SIAVEESSIVADE LRI LD AR RS SE N S S S
) L

CGCE+C0 -

1CO0E+00 )

S

Qutput data

EV

0. RBLSTE+08

Qe54490E+CP
Jefzb44E+02
CeRBIO7C7E+D2
Ue70%72E+02
Ue 77382 +02
Ce75R23E+0C2
Da74387E+CE
De73C41EL+02
Ua7177%8+02
Ce7CH3E+0E
Dab342E6E4+02
CebB40T70+02
e &7RORE+D2

Ce&tel7E+02"

JenB730L+02
e TU249E+02

CedaR15E40Z

Ceb3H64E+02
CeH3364E+07

Ceb6ZH1IBE+0E

Gub2017E+02

Us61BSTES(2

Codllb4t +02

CebQ773L+02

0.860857E+02

Sl2

CellOC0L+GCL
0einB208+C1
0e16945L+01
Cel12#9E+01
Cell14lpE+Q1
Oeli1a4nE+(l
Cs11337e+C1
0110942+01
G«107310+01
C«10256E+01
G=2e37AL4+0C

0s90444E+C0

Ce83471E+00
Ca7616pE+00

Geb8715E+C0
‘0+61313E+00

CeB4llprE+CD
Gk 7258E+C0

U4 03%1E+00

C-34942E+00
Ce2g60sE+CQ
Gr24851E+C0
CeZ206770+00
0=17065E+00

0»13981E+00

O+11301E+CO
0¢100C0E+CT

LvL



PROGRAM V CONTINUED

X

e L0G00E =01

~u e 2L0CGE-UL

N
w e ANCETGE=GY

Wy e
*~GsdooUUE=-CL

~DeBUCO0E-01

~GetLCUCR=-01

e DCGCOE =01
« 5« 200GCR~-01

~0s1CC00E+00
_0.11x73p+03

~Je11CRCE+LO
"Qvlc(\ UE+00

-

”QQ‘-(OUr*OO .

w(On i CCR+00

AJelu CCCE+DQ
'u-lﬁwCCE+CC
20170008400
«3 e 1EGO0T+G0
"Ge190GUE+00
5. 2L00CE+Q0
e 21C00CE+00

'O;WFCCMF+U7
_ﬁerﬁCCuF+OO
~Ge2400CE+CO

_ync%OCD’+VD__

T¢LoctoeE+co
C»sCCOCEL =0y

L2 CCO0E-C1

0ealL0OCUE=G1
UDJ«/(J(' r"b1

quu(ctf“b
G 70C0CE=CY

rnr

Q_J;OUUL‘Ci

=Ge7WCOCE-GL

Ca3000CE=01_

0 E0000E~01

G« 1CCCCE+SU

EV

0WBA7EBE+02

0e91C61E+02
_Ca83%11L+02
T 0.G61CLE+OR

_CeSaR30E+0R

O+ 10173E+03

5104750403

Je1040GE+D
Cell1135E+GC3
Cells9HE+03

Qe12£705E+03
b-¢Puh/&*uo
Gel3i76t+03

0« 13LAKE+L3

Ce L4CT73E+C3
CeldbE4E+03
Ce1512CL+03

D 1DARBEACS

Celb274E£+03

0 16496E+03

Uel7945E+03
Oa1laR2A5L+03

08 183944E+03
0+ 196956403

Ce73977E+02
0e71212L+02
CebTUBKE+0R2

CebBLRTE+0?

CeH63TTEHCR

0e64772E+02

CobH3240E4C2

L5e61607E+02

De6046615+02
GnD9193e+02

SUeSAVLYELCET .

-

SI2

QeS38315E+00 .
0e&6920L+C0
0«75553FE+00
C17190C2L+C0O
Or&4181E+00
D2555/5E+0C
0+45256CE+00
Cshp3370+C0
Ce359338E+G0
0e3012BE+CO

0824934E+00

Ce20G3795E+CC
Oedfb45c +C0
0+1310G4L+CO
0«1C31CE+QQ
Q0«8C0a5E=01
Debi4C2E=01
OekeBlze=01
Ce34774k=01
Qe25668L-~C1
Cela7CeE=-01
Oe13453E=-01

0+ 9560LE=CR

Qe&/704pE-(2
Ordebigb~C2

0« 0QCOCCE+DO
Os7h660pE~11
Os31475E=10
0s727H3E=10
Cal312¢E=CY
Q0e2C563E=09
Qe2n334E=09
Ce300/3E-09
0e493B7E-09

TCeBGT70LlE~DD
+CrBS61GE-DS

vl



PROGRAM V CONTINUED

X

Qe ," L!C\,r +uu
0+ 17GCOE+CO

m‘_w"wo:l rOC“'*‘\J\J i
9140 CL+00°
‘‘‘‘‘ Wmmm_.‘.g; LGUE"‘\J\
Orn OUR*GO

Cvn ‘1,7(¢ QL‘,'FCJ\J -

T A ECQUE+ 0D
G 19Cuun+03
u*ru&OCE+UQ

Llialbb(,*'*u()*\“ ,

OnanOﬁuL+Q“
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APPENDIX F
CALCULATION OF THE AVERAGE ACTIVATION ENERGY

The calculation of the average activation energy, E*, was done
by éva]uating equation 41. The integrals were evaluated by the
trapezoid fule. D, B, and K hav¢ the same meaning as they did for
the potentia] energy curve prograﬁ. C is equatl to 1/2 hvo and
EAA is the electron affinity of the appropriate radical. ALPHA is
a defined in the text.

The example presented here is the calculation of E* for

bromobenzene,



PROGRAM VI: COMPUTER PROGRAM FOR CALCULATING AVERAGE ACTIVATION ENERGIES
PROGRAM LANGUAGE: FORTRAN IV - H

REAL K . :
DIMENSION X(51), E£At51), PSI2(51), PEA(51), EPEA(DLl}, Y(51)
100 FURMAT(6FL2.5)
200 FORMAT(1HL,20X,6F12.5)
201 FORMAT(L1NHO,20X,25H X .VS. ACTIVATION ENERGY)
202 FURMAT(40X,2F15.5)
203 FCRMAT(1H1,20X,29H X .VS. PSI2(X) FOR N=0 LEVEL)
204 FORMAT(1H1,204,29H X .VS. PSI2(X) FUR N=1 LEVEL)
205 FORMATILIHL,20X,29H X .V¥S. PSI2(X) FUR N=2 LEVEL])
206 FURMAT(1HO,25X,29H AVERAGE ACTIVATIGN ENERGY = F10.5)
D IS BOND ENERGY + 1/2 HV .
B IS BETA FUR MURSE POTENTIAL
ALPHA IS BETA FOR VIBRATIUONAL EMERGY WAVE FUNCTION
K IS MOUDIFICATISN TO MURSE {(CALCULATED FRCM EV)
EAA IS EA OF A
C IS 1/2 Rnv
EA IS ACTIVATION ENERGY AT X
EBAR IS AVERAGE ACTIVATION ENERGY
PSI2 IS PROUVABILITY (X) ,
PEA=PSIZ TIMES ENERGY DISTRIBUTION
EPCA IS EA TIMES PEA AT X
INTEGRATION BY TRAPEZOID RULE
1 READ(5,10C) D,B,ALPHA,K,C,EAA
WRITE(6,200) D,B,ALPHA,K,CoEAA
X{l)==.25
DY 5 I=1, 50
X(I+1)=X(I)+.01
5 CONTINUE
b 10 I=1, 51
EA(I)= ~2.#K#*D#*EXP(-B#X({1))+D*EXP(=2.#8+X(1))+D~-EAA-C
10 CONTINUE )

OOOOO0OOOCOOO0oO0O0

Syl



PROGRAM VI CONTINUED

12

14
15
16

19
20
21

24
25
26

30

34

35

WRITE(6,201)

D0 12 I= 1,51

WRITE(6,202) X(1)s EA(I)
CONTINUE

AB=SQRT(ALPHA/3.1416)

bg 15 1=1, 51 -
PSIZ{T1)=AB«EXP(—ALPHA#X{I)#%2)
IF [EA(IL)) 16,144,114
PEA(I)=PSI2(I)#EXP{-EA(I)/.592)
EPEA(L)=EA(1)*PEA(I)

CONT INUE

SumMP=0.

DG 20 I=1, 50

[F (EA{1+1)} 21,19,19
SUMP=SUMP+,.5% (PEA(IT)+PEA(I+1))=ABS(CA(I)-EA(I+1))
CONTINUE

SUME=0.

D3 25 I=1,50

IF{EALI+L)) 26424,4,24%
SUME=SUME+.5# (EPEA(L)+EPEA{I+1))=ABS(EA{I)~-EA(I+1))
CONTINUE

EBAR=0.

WRITE(6,203)

63 28 I=1,51 |
WRITE(6,202) X{I)},PSI2(1L)
CONTINUE

03 30 I=1,51

PSI2(1)=0.

PEA(TI)=U.

EPEA(TI)=0.

CONTINUE

BB=2.%C

DG 35 I=1,51
PSI2(I)=2.%ABxALPHA#X([)#=2%EXP(—ALPHA&X({}=2%2)
IF{EA(I)-BB) 35,34,34
PEALTL)=PSI2(I)=EXP(-EA(I)/.292)
EPEA(I)=EA(I)=PEA(I])

CONTINUE

DO 40 .1=1,50C

IF{EA(I+1)-bB) 40,39,39

vl



PROGRAM VI CONTINUED

39
40

44

45

48

50

b4
65

68

SUMP=SUMP+,.5# (PEA(T)+PEA(TI+1))=ABS(EA{I)-EA{I+1))
CONTINUE .
D8 45 I=1,50

IF(EA{I+1)~-3B) 45,444,444

SUME=SUME+ . 5% (EPEA(T }+EPEA(I+1 ) )#ABS{EA(I)~EA(I+1))
CONT INUE ‘ N - T
WRITE(6,204) -

pe@ 48 I1=1,51 )

WRITE(6,202) X(I), PSIZ2(1)

CONTINUE

50 50 I=1,51

psSIz{i)=0.

PEA(I)=0.

EPEA(T)=0.

CONTINUE

CC=2.%BR

03 55-1I=1,51

Y{I)=4 . 2ALPHAK( ] )=%x2-2,
PSI2(I)=ABs*Y (I )##2#EXP({~-ALPHAxX(I)#x2)/8.
IF(EA({I)-CC) 55,54;:54 ) ‘
PEA(I)= PSIZ2(I)#cXP(-EA(][)/.592)
EPEA(I)=EA(T)*PEA(T)

CONTINUC

LG 60 I=1,50

IF{EA{I+1)-CC) 60V+59,59

SUMP=SUMP+ ., 5% (PEA(T)+PEALI+]1))*ABS{EA{I)I-EA(I+1})
CONTINUe

0. 65 1I=1,50

IF{EA(I+1)-CC) 65,64,64
SUME=SUME+.5%{EPEA(T)+EPEA(I+1))=ABS(EA{I}=EA(I+1))
CONTINUE

- ECAR=EBAR+SUME/SUMP

WRITE(6,205)

DO 68 I=1,51

WRITel(6,202) X{I), PSIZ2(1)
CONTINUE

WRITE(6,206) EBAK

G TO 1

END

Lyl



PROGRAM VI CONTINUED

D
71.80000

Input Data
B ALZHA K

Output Data

AVERAGE ACTIVATIOGN ENERGY =

C

0.90000

7.01059

EAA

50.90000

8yl
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