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SUMMARY

The work reported in this thesis involved the generation of CF2
by pyrelysis of various parent cempounds, the identification and study
of this molecule by mass spectrometric techniques, and the study of the
reactivity of CF2 at cryogenic temperatures. Similar experiments with
012 were attempted but none of the several combinations of parent com-
pound and pyrolysis conditions yielded any evidence.for the presence of
free CI2.

There has recently been considersble interest in the formation
and stability of CF2 and of the various other halogen substituted meth-
ylenes; the late 1964 dates in the bibliography of this thesis attest

that this interest is current. The halogen substituted methylenes

appear to be present as intermediates in a number of reactions and, in

particular, several studies have indicated that CF

> is produced in the

photolysis, pyrolysis or electrical discharge of fluorocarbon vapors.

Several investigations of the absorption spectrum of CF2, either in the

6,7

4,5 or trapped in an inert matrix at L4.2° X,

gas phase have supported
the conclusion that CF2 has a singlet ground state (i:e.,.i“b is not a
free radical). The half-life of CF2, as formed in one of these experi-
ments, was estimated to be of the order of one second.ll An extra-
ordinary chemical stability of CF2 has been postulated to explain the
results of experiments in which the products of a radio-frequency

discharge through cyclo—ChFR or CQFA were deposited on a liquid nitrogen



filament. 8Similar studies of Cth and CHI3 did not result in the forma-

tion of detectable amounts of CIE'

When CFSI was admitted to the mass spectrometer at room temper-
ature, AP(CEQ+) was found to be 17.2 + 0.1 ev. AP(CF;) was much lower,
however, after passage of the parent compound over a platinum filament
at 900°-1300° C and, in fact, CF, was present in such quantity that its
vertical ionization potential could easily be determined and was found

to be Ivert(CFa) = 11.8 + 0.1 ev. The uncertainty attached to this

muber applies only to IVe since the actual ionization energy is not

rt

necessarily cbserved in electron impact experiments. Ivert(CEa)

obtained in the present work is considerably lower than the previously

published value of 13.3 ev, but is in excellent agreement with the

value of 11.7 ev reported by Fisher, Homer and l:.ossilcng.l}9

No one has previously detected CF2 in the decomposition of CF3I,

but several studies have demonstrated that CF3 can be produced from

CF3I by a variety of methods. In the present work, however, the method

of appearance potential lowering did not indicate that free CF3 was pre-

sent in the pyrolysis gases. AP(CF3+) from CFSI was found to be 11.1 +
0.2 ev and since Ivert(CF?.) has been reported to be 10.2 ev,56 any

appreciable concentration of (‘.:E‘:_3 would have been detected. The presence

of considerable concentrations of C2F6 and I:2 in these pyrolysis gases

would seem to indicate that CF3 was formed at some point during this

process, however.

Values of Iver and AP for many other species were obtained dur-

t
ing the course of this investigation and are given in Table 3. The

mass spectra of some of the parent compounds are availsble in a standard
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cooled surface; a blue color, claimed to be due to CF2 persisted up to
o, 28
95" K.

In contrast to the wealth of information concerning CF,, a

2

literature search revealed no case in which CI. had been produced in

2
the gas phase; the only pertinent information seems to be the formation
of 012 in the basic hydrolysis of'CH’I3.l3

A Bendix Time-of-Flight Mass Spectrometer s with minor modifica-
tions to permit the d;etermination of appearance potentials (AP) by the
retarding potential difference (RPD) n;ethod, was used in this work. AP
lowering is thought to be the most reliable mass spectrometric method
for the detection and identification of unstable species in a gaseous
mixture.

The decomposition of the parent species was accomplished by

pyrolysis 'in a tubular equilibrium furnace at temperatures up to 500o [

or on heated metal filaments at temperatures as high as 2000° ¢. In
either case, care was taken to insure that the gaseous samples passed
from the high temperature enviromment directly into the mass spectro-
meter ion source without recombination or further reaction; this was
accomplished by the use of low pressures, close spacing and differential
pumping.

CF3I 5 CHClF2 5 CF20FC1, cyclo—CLl_F8 and CFQClCOOH were pyrolyzed in
the search for free CF2; the decomposition of CF20FCl and cyclo-ChF8 on
heated metallic filaments resulted in some evidence for the production
of CF2 but the highest concentration of ‘CF. which was found in this work

2

was produced by the passage of CF3I over an incandescent platinum


http:of"CHI3.13

compilation of such ds.’cahh

‘bu‘t‘. these spectra were obtained on magnetic
deflection instruments. Since such spectra are not normally identical
with the spectra obtained on a time-of-flight me.chi;m , the complete
low resolution mass spectrum of each of the parent compounds is presented
in Appendix B.

Low temperature guenching experiments were conducted in which the
products of the CF3I pyrolysis were immediately cooled to 770 K or to
1.2° &, Argon was used as a carrier gas and as an inert matrix in the
experiments in which liguid helium was used as a coolant. A cryogenic
inlet system allowed the effluent gases, which resulted from the warmup
of these deposits, to be admitted to the mass spectrometer ion source
without exposure to a warmer environment. CFl}, Cth, and C2F6 were iden-
tified in the gases evolved during warmup of these guenched products but
no free CF2 or CF_, was detected. The absem.e of a parent peak in the

3
mass spectrum of CF!; led to the initial hypothesis that (}F3 free radi-
cals had been trapped and revaporized without reaction or recombination.
Measurement of the appearance-potentials of CF; and CF2+ from this low
temperature gas, however, showed that this spectrum was that of GFl;'
Since it has been shown that CF2 is indeed trapl;ed in an inert matrix
at 4.2° X and convincing arguments have been presented for the stabiliza-
tion of both CF, and CFy in a matrix of the parent, cyclo-C,Fg, at 77° X,
it is very likely that CF‘2 and i’.‘.F3 are present in the low temperature
deposits produced in this work. It must be concluded, therefore, that

these species achieve sufficient mobility in the matrices to permit

yeaction or recombination at temperatures which do not allow sublimation
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of the free species. The activation energy for the chemical loss

mechanism must be extremely small.






CHAPTER I

INTRODUCTION TO THE PROBLEM

Purpose of the Study

In this thesis are reported the results of one of a series of
studies in the broad area of low temperature chemistry. These studies,
several of which are now under way, have as their primary aims the
development of preparative techniques which produce new and useful com-
pounds, and the study of the physical and chemical behavior of these new
compounds. Such studies, of necessity, also result in the design of new
equipment for use-at these extremes of environment and yield basic infor-
mation in the field of chemical physics.

The purposes of .the present work have been the generation of CF2
and CI2 from suitable parent compounds by pyrolysis, the identification
and study of the_se molecules by mass spectrometry, and the study of the

reactivity of OF, and CI_ at cryogenic temperatures. These two compounds,

—— //,’2 %
N . ] 3
at opposite ends of t.he spectrum of tho&ethylenes 3 were chosen
for study since it seemed that they were the most likely to be stabilized

at cryogenic temperatures; CF, because of its well-known stability in the

2
gas phase and CI2 because it seemed that the very large iodine atoms
might provide some steric hinderance to reaction. This study was

supported in part by the National Aeronautics and Space Administration

*
Some writers refer to these species as carbenes, but this thesis will
use the term "methylenes," following Chemical Abstracts usage.




through their Grant NsG-123-61 which was concerned with the preparation
of highly endothermic compounds at cryogenic temperatures for possible
use as rocket propellants.

During the progress of the work emphasis increasingly shifted to
the mass spectrometric studies and to the. measurement of ionization
potentials and appearance potentials of many species. Of much interest
was the.measurement of the important, and previously unknown, ioniza-

tion petential of CF,. ..Some. of the gbove objectives were achieved

o
with complete success while other experiments led to negative or

inconclusive results.

Dihalomethylenes

There has recently been considerable interest in the formation
and stability of CF2 5 012 and the various other substituted methylenes.
The existence of these species as reaction intermediates had been
postulated as early as the middle of the 19th Century and, in several
instances, these proposals have been verified by modern techniques. A
review of the progress in this field, including publications through
July, 1962, has been gi.ven by I-Iine.:L Much of the literature concerning
methylenes and methylene ;ier;i.vatives has dealt with mechanisms of liquid
phase organic reactions,. but the present discussion will be limited to
that work which has to do with the production of the free species in the
gas phase or with the low temperature stabilization of these molecules.

Indirect evidence for the free existence of CH2,

of the methylene series, has been accumulated for a number of years;

the parent menber

among the most interesting of the many studies which added to this



indirect evidence was that of Rice and Glasebrook2 who used the classi-
cal Paneth mirror technique. Only very recently, however, has there

been a direct observation of CH, as a free entity; Herzberg and Shoo-

2
smith3 in 1959 published a study of the absorption spectrum of CH2
produced by the decomposition of CH2N2. From their results, these
workers estimated the lifetime of CH2 to be approximately 15 micro-

seconds.
The emission spectrum of CFZ’ produced by an electrical dis-
charge through fluorocarbon vapor, was recorded and partially analyzed

by Ven.ka’s:eswarlu.h In a later study of the absorption spectrum by

5

Mann and Thrush” the vibrational assignments were somewhat revised.

-produced the CF, molecules for this

The flash photolysis of CFzB >

T2
study. The absorption spectrum of C)E‘2 trapped in an argon matrix at

6

liquid helium temperature was.reported by Bass and Mann~ and the
results supported the vibrational z@gnments of Mann and Thrush. In
this experiment CF2 was generated in a microwave discharge through a
mixture of cyclo—ChF8 and argon. The most recent study of the

absorption spectrum of CE_ was published in September, 1964 by Milli-

2

gan, Mann, Jacox and M:i.‘csch“7 These workers photolyzed difluorodiazi-

rine, CF2N2, in situ in a matrix of solid argon at L, 2° K,and the

resultant CF2 produced such a strong spectrum that the lines due to

the isotopic 013

F2 were also assigned. The results of these several
spectroscopic studies indicate that CF2 is non-linear with a bond
angle of 100°-130° (Milligan, et al:7 have proposed 1080) , and that the

ground electronic state is a singlet. The ground electronic state of

the linear CH2 molecule is thought to be a triplet state.8


http:Venkateswarlu.In

From the above information the shared and unshared electrons which

satisfy the valence of the carbon atoms in CF, and CHé might be assigned

2
as shown in Figure 2.

The linear CH2 would be of sp type hybridization and the two un-
occupied orbitals would have equivalent energies. Therefore, from
Hund's rules, we would expect this molecule to be a triplet, i.e., to
have two unpaired electrons. The bonding in the non-linear CF2, on the
other hand, would more closely resemble that in an sp2 hybrid. The non-
bonding orbitals would no longer be equivalent and the molecule would
now assume a singlet configuration.

Simons and Yarwood9 have attributed the remarkable stability
of the CF2 molecule to the very high electronegativity of the fluorine
atoms; the shared pairs would be withdrawn from the carbon atom by the
strong atiraction of the fluorine atoms. Hence, the carbon atom would
be left deficient in electrons and the unshared electron pair would be
much more tightly bound, thereby reducing the chance of reaction.

These workerslo have found that CF2 could easily be detected 20 milli-

seconds after the photolysis of CF2ClCOCF2Cl. Laird, Andrews and

Barrow,ll in their study of the absorption spectrum of CF2 generated
by an electric discharge in.fluorocarbon vapors, suggested that the

half life was of the order of one second, and indicated that CF2 was

removed by reaction at the walls of the containing vessel. These
results are to be contrasted with the previously mentioned estimate of

about 15 microseconds for the lifetime of CH2.

Another factor which is believed to be of importance in the

stabilization of CF2 is the contributien of resonance structures.12
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Figure 2. Possible Configurations for the Electronic Ground States

o‘f CF2 and CHE'



The electronic structure which is proposed in Figure 2 would require
that there be non-bonding pairs of electrons on the fluorine atoms
whose orbitals could overlap the empty orbital of the carbon atom
(see Figure 3). Such overlapping would result in a "feedback" of
electrons to the carbon atom and, hence, the structures shown in

Figure 3 would contribute to the stability of the CF2 molecule.

Very little work has been done on the CI, molecule and, in

2
fact, a literature search has revealed no case in which 012 has been

13

produced in the gas phase. Hine and Ehrenson > have shown that CI,

2

is formed in the basic hydrolysis of CHI_, but there seems to be

32
little other evidence for the formation of this species in liquid
media. These authors have pointed out that iodine stabilizes free
radicals (triplets) to a much greater extent than do the other halo-
gens but that iodine atoms lead to much less stabilization by the
contribution of resonance structures such as those discussed pre-

viously for the singlet CF These two effects lead to the view that

oy
012 may have a triplet ground state; this hypothesis remains to be

proven, however.

Generation of CF2 and C12

CF2 has been produced in the gas phase from a variety of parent
compounds, some of which were mentioned above. A more complete list
is given in Table 1, along with the high energy operation required for
the generation of the unstable species.

Perhaps the most unusuval of the methods presented in Table 1 is

the pyrolysis of (CF3)3PF2 reported by Mahler.l)+ The decomposition of
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Figure 3a. Overlap of Non-Bonding Flectrons of Fluorine with the
Unfilled Orbital of Carbon.
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Figure 3b. Resonance Structures of CF2.



(CF3)3PF2 proceeds through the stepwise elision of CF,.

+ + + .
(CF3)3PF2 ~ CF, (CF3)2PF3 ~ CF, CF3PFM - CF, PF5
This reaction provides gas phase CF2 at moderate temperatures (about
200O C) and hence may prove to be a convenient source of CF2 for
studies which might be affected by the high energy environments

associated with the other methods of generation of CF_.

2
Mitschl5 has recently synthesized difluorodiazirine, CF21\I2 B
which has been shown to decompose at 150° to 185° C into CF, and N,.

A great advantage of this parent compound is the fact that the rela-
tively inert l\I2 is the only by-product.

-Photolytic production of unstable species has the advantage of
much lower temperature operation than is the case in discharge or
thermal decomposition. In.photolytic experiments the identity of the
products is generally known, since use of light of the proper wave
length will permit the dissociation of the weakest bond in a molecule
while leaving the stronger bonds unchanged and, hence, a much less
complex system is obtained.

Electrical discharge technigues have frequently been used to
produce a wide varieby of free radicals and unstable molecules.
Dissociation is due primarily to collisions between electrons and
molecules.20 There are, of course, many modes of dissociation which
may be visvalized for complex molecules in a discharge, and hence
there is generally little hope of obtaining a "clean” system from

parent compounds which are more complex than the diatomic gases.



Table 1. Some Representative Methods for the Production
of CF, in the Gas Phase.

2

Parent Compound Energy Source Reference
cr, Pyrolysis (1900° K) 16
C,+F8 Pyrolysis 17
(CF3)3PF2 Pyrolysis (200° ¢) 1
CFZClCOCFECl Photolysis 10
CF2Br2 Photolysis 5
CF, Photolysis 18
CrN, (difluorodiazirine) Photolysis 7
CF), Electrodeless discharge L
Fluorocarbon vapor Electrodeless discharge-- 11
CF2012 Electrodeless discharge 19 .
Microwave discharge 6

cyclo—CLl_F8




10

Pyrolysis was selected as the method of generation of the unstable
species in this study. The equipment required for thermal decomposition
is much simpler to construct and operate than either the photolytic or
discharge techniques. Pyrolysis may also be more readily generalized to
large scale production of. the species of interest. Fyrolytic decomposi-
tion may result in a number of reaction products from some parent com-
pounds, but with a number of parent species the resulting system may be
expected to be relatively Uclean." As discussed in Chapter II, "Appara-
tus and Experimental: Techniques,” the present work includes studies of
pyrolysis in both a tubular. furnace (in which thermal equilibrium was
established) and on hot metal filaments.

The parent compounds which were pyrelyzed in the search for CF2
were cyclo-CkFB, CFQCFCJ_, CHCle, CF.I and CF,CLCOOH. CHI

3 2
were pyrolyzed for the production of CIE‘

3 and (1211l

Tdentification of the Unstable-Species

As noted previcusly, the earliest direct identifications of the
free CF2 molecule were given by ultra-violet spectroscopy, both in
emiss:‘mnll and in absox:ption.ll Ultra-violet and visible spectroscopy
have also provided a large proportion of the available data on other
free radicals and unstable molecules. Other useful methods of detecting
and identifying these species are chemical reactivity, electron spin
resonance and infrared spectroscopy.

Mass spectrometry has been prominent in the study of unstable

molecules since the pioneering work of Eltenton21 and is used exclu-

- e = - A i mmm lm Jadaadad dw dha



mass spectrometer by a detailed mass balance if the concentrations are
. sufficiently high and if the electron bombardment fragmentation pattern
of the parent is known. The use of low ‘energy electrons provides a
much more sensitive method for the detection of free radicals and un-
stable species since these species can usually be ionized by electrons
of much lower energy than is.required te produce the same ion frem the
undissociated parent compound. Mass spectrometry also allows the
determination of ionization potentials and ‘bo—nd energies. The applieca-
tion of mass spectrometry to this study is discussed at length and some
previous work is reviewed in Chapter II. The reasons for the choice of
mass spectrometry rather than some other analytical device are also
presented, and the importance of the appearance potentials .and ioniza-

tion potential measurements is discussed.

Cryogenic Reactivity of the Unstable Species

The study of chemical reactivity at cryogenic temperatures as it
has developed may be cenveniently divided into the two subdivisions of
matrix isolation and ;.ow-temperatwe synthesis, or cryochemistry. The
former, commonly called free radical trapping, involves the stabiliza-
tion of free radicals by freezing in a matrix of an inert material at
very low temperatures. An example of such a study is the staebilization
of nitrogen atoms in a matrix of nitrogen molecules. Many of the more
definitive experiments in free radical trapping were carried out under
the auspices of the Free Radical Program at the National Bureau of

. Standards (1956-3.959) and th&baokza which was published at the close

of this program provides a review in depth of much of this field. A



more concise introduction to free radical trapping is contained in the

monograph by Minkeoff. 23

This technigue has been found to result in the
preduction of only a few temths eof one per cent of low molecular weight
free radicals in the solid mertct':l'.ac,zl'l and therefore, it must be cencluded
that matrix isclation methods will be of little wvalue in any large

scale preparations. For example, such small concentrations preclude

the use of frozen free radicals in rocket propulsion, even though the
energy release upon recombination or reaction of free radicals is
usually very large.

Cryochemistry is concerned with the ‘preparation and study of rela-
tively pure samples of materials which may not exist at ordinary temper-
atures. An example of such.an experiment is the preparation of 0317‘2,25
a blood-red ligquid at liquid oxygen temperature which decomposes begin-
ning about 116° X to yield 02F2 and 02. This unusual compound is pre-
pared by an electric discharge in gaseous oxygen and fluorine, in a
three-to-two ratio, contained in a vessel whose walls are cooled in a

liquid oxygen bath (90° K). The properties of 0 show that cryo-

372
chemical substances need not be relegated to the class of interesting
but useless oddities but that this material may be of wide practical
importance.* The compound is an extremely potent oxidizer and when
dissolved in liquid oxygen to the limits of its solubility (about one-
tenth of a mole per cent), O,F, renders the oxygen hypergolic toward

drogen and low molecular weight d:t't:Jv::a.]."b(ms.26 This would allow the
og g

*
The Air Reduction Company has recently been awarded an Air Force
contract for the production of 50 tons of liguid oxygen saturated

with 03F2 f
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construction of rocket engines without ignition systems and would be of
greatest advantage in propulsion systems which must be shut off and
restarted during flight. The field of cryochemistry has been reviewed

through 1961 ;by McGee and Ma.rtin.27

6,7 have discussed

As mentioned earlier, two recent publications
the spectroscopic study of CF2 trapped in an argon matrix at liquid
helium temperature; other evidence for the low temperature stabiliza-
tion of CF2 has been obtained by Mastrangelo.28 Since these studies
and the present work provide complementary results, a discussion of
‘these papers will be deferred to Chapter ITI. There have been no low
temperature studies of CIQ.

The study of low temperature deposits in the present work was
carried out with the mass spectrometer. The solid ieposits were
allowed to slowly warm up and the gases evolved were admitted to the
ionization region of the mass spectrometer without contacting warm
surfaces. This method of studying unstable materials depends upon the
radical or unstable molecule having an appreciable vapor pressure below
the temperature at which it reacts or recombines. From the above, it
is clear that the method will be of more value in studies in cryo-
chemistry than it will in free radical stabilization.

The equipment required to admit the cold samples to the mass
spectrometer was designed and constructed in a related study and a

29

complete description will soon be published. The capability of this

device for cryochemical analyses was demonstrated by the mass spectro-

29

metric identification of 0.F,. This provided the first direct
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physical confirmation of the existence of the O F2 molecule and also

3
served to clarify its molecular structure.

The usefulness of such a low temperature analytical device is
perhaps best inferred from the work of Schmeisser and Schroter,3o who

recently claimed to have prepared pure, liguid CCL The effluent gases

o
from the pyrolysis of CClh in a graphite tube at 1300O C were quenched
directly to liquid nitrogen temperature and yielded a yellow liquid
whose C to Cl ratio and chemical reaction products were indicative of

CCL Further work showed that the liquid was actually an equimolar

X
mixture of Cl2 and C2C12,3l but not before many confusing arguments
about the claim had occurred. The low. temperature inlet system, coupled

with the mass spectrometer, would have provided sufficient evidence to

have definitely identified the low temperature liquid.
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CHAPTER II

APPARATUS AND EXPERIMENTAL TECHNIQUES

Mass Spectrometer

The major piece of equipment used in this work was the Bendix Time
of Flight Mass Spectrometer, .Model 12-101. This machine was chosen not
only for this study, but also..for use in several other closely related
projects which are now under way in the Cryochemistry Laboratory.
.Several. reasons for the choice of this particular device may be given.
First, the output data are simple and easy to understand by persons not
expert in specialized .areas of modern physics. The converse of this is
true, for exemple, for the. nuclear magnetic resonance and electron spin
resonance spectrometers.. . Secondly, the mass spectrometer will detect all
species and not just free radicals as does the electron spin resonance
spectrometer. And, thirdly,. the Bendix instrument is designed such that
it was relatively a simple problem to modify and adapt it for the intfo—
duction of a cryogenic sample. The absence of the magnets of a deflec-
tion type mass spectrometer maekes for an open structure which is readily
amenable to the assembly of..complex cryogenic dewars and associated
apparatus around the ion source. In.addition, the very short time re-
‘quired to record a complete spectrum is a unique advantage; typically,
this time is about 15 seconds.

The Bendix machine consists, in essence, of an ion source and an

ion collector which are situated at opposite ends of a highly evacuated



16

drift tube. The gaseous substance to be analyzed is injected into the
ion source (shown in Figure L) and a portion of the molecules are
ionized by electron impact. The ionizing: electrons are generated

from an incandescent filament..(A) and are admitted across the ioniza-
tion region by the control grid.(B). The slits in the control grid and »
the ground potential grid (C). collimate the electrons into a well defin-
ed beam with a cross-section of .1/16 in by 5/16 in. The electron trap
(P) is maintained at a positive potential (usually 150 v) to remove the
electrons from the ionization region.

The ions formed by this electron beam are withdrawn in bunches
from the ion source by.a voltage pulse applied to the three ion grids
(E). The accelerating field causes each ion to reach a velocity which
is proportional to the square root of its mass to charge ratio, \/g,
and,. therefore, the original ion bunch separates as it passes through
the field free drift tube into many smaller bunches, each containing ions
of a specific mass to charge ratio. As a result, the light ions reach
the collector first, followed by bunches of increasingly heavier ions;

a temporal separation is achieved rather than the spacial separation of
a magnetic deflection mass spéctrometer.

The ilon bunches are.detected.and amplified by a magnetic electron
multiplier and the output is displayed instantaneously on a Tektronic
Model 5434 oscilloscope. The data are also recorded on a Honeywell
Visicorder, Model 906C, by means of two Bendix Model 321 Scanner units
which can be set to pick up the ions arriving at any time, i.e., monitor
the ion current at a certain mass, or which can be made to sweep across

these arrival times and, hence, scan the entire spectrum. (A more com-~
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Figure 4. Mass Spectrometer Ion Source. (The electron gun has
been rotated 90 degrees for clarity.)
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Measurement of Appearance-Potentials and
Ionization Potentials

Introduction

The measurements of appearance potentials of various species are
important to this work for several reasons. First, several of the ion-
ization and appearance potentials determined during the course of this
study have not been previously. reported and, hence, represent a contribu-
tion to the literature of .this.field. Of more direct interest is the
fact that appearance potential measurements allow the positive identifi-
cation of unstable species. in a gaseous mixture, as was first demonstrated
by Eltenton.2l This application has been briefly discussed in the intro-
duction to this thesis. These appearance potentials can be used to com-
pute bond dissociation energies and also, experimentally observed ioni-
zation potentials are thought to provide the most reliable basis for
checking molecular orbital calculations.33

The procedure used for the experimental determination of the
appearance potentials follows closely that presented bs} Melton and

34 and employs the Fox Retarding Potential D:i.f‘ference35 (rPD)

Hamill
method. This procedure is well suited for use with the Bendix T-O-F
mass spectrometer and is generally thought to be the most accurate
electron impact method available without very elaborate apparatus.

There has been some criticism of the RPD method, but experimental
studies have shown this technique to reproduce a number of spectroscapic

36

values within the limits of. experimental error.
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Theoretical

The ionization potential of a molecule or'an atom is defined to
be the energy required to remove-.an electron from the neutral species
in its ground state to form an ion in its ground state. For the pur-
poses of electron impact studies this definition is not always suitable
since it may be impossible to form the ion in its ground state. Hence,
the electron impact ionization potential is defined to be the minimum
energy of the bombarding electrons which is required to produce ioniza-
tion. This, obviously, will be dependent upon the sensitivity of the
apparatus. 8imilarly,.the appearance potential of a fragment ion is
defined as the minimum energy of the electron beam required to produce
the fragment from a particular parent compound.

While it is not the purpose of this discussion to consider in
depth the theoretical aspects of ionization processes, a short account
is necessary in order to understand the differences between the ioniza-
tion potentials obtained by electron impact and those obtained spectro-
scopically.

These- processes may be conveniently illustrated on a Franck-
Condon diagram for a general diatomic molecule (see-Figure 5). The
adiabatic ionization potential of the general molecule, XY, is repre-
-sented by the dotted line connecting the ground states of the neutral
molecule and the molecule ion.. This is the spectroscopic ionization
potential, obtained from. the Rydberg series, and agrees with the first
definition given above.

The- Franck-Condon principle .states, in effect, that the elec-

-tronic transition takes place in negligible time in comparison with
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Figure 5.

Franck-Condon Diagram for a General Diatomic Molecule.
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that required for movements of the nuclei, i.e., the internuclear dis-

tance, r, remains constant throughout the ionization process. Obviously,
then, electron impact ionization potentials will be represented by verti-
cal lines on a Franck-Condon diagram. The most probable value of the
internuclear distance for the ground state neutral molecule will lie ai
the center of the v=0 vibrational state on the Franck-Condon diagram and
the most probable state of the molecule ion in this example will be the
excited state indicated by v=3. However, there is a finite probability
that the ground state neutral molecule will have an internuclear distance
within the double lines and, hence, ions of lower energy may be formed in
the v=2 and v=1 states. If the experiment is sensitive enough, the
ionization potential determined by electron impact will be the differ-
ence in energy of the ion in the v=1 state and the ground state neutral
molecule. For this particular example, the electron impact ionization
potential will not agree with the adiabatic value and, in general,
electron impact values can be thought of only as upper limits for the
spectroscoplc values.

Despite this fundamental difficulty and the fact that spectro-
scopic ionization potentials can be measured with a much greater degree
of accuracy, electron impact values are of great importance. For many
molecules, the ground state dimensions and configuration of the parent

- and the ion will be very nearly the same and the two methods will agree
within experimental error. In a great many other cases, it is not
possible to make an unambiguous assignment of the Rydberg bands and
therefore an adiabatic ionization potential cannot be obtained. Except

for a few cases in which the molecular ion is too unstable to be
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collected, electron impact studies will always yield a value. In addition 5
the electron impact studies can be done in a short time and yield the ion-

37

ization potentials directly. Kiser and Gallegos”' have presented a tech-
nique which allows determination of ionization and appearance potentials
in less than a minute and.which is claimed to be accurate to 0.2 ev for
several classes of molecules. The ionization potentials of many free
radicals have been obtained. by electron impact techniques since the first
measurement of the ionization potential of the methyl radical by Hipple
and Stevenson in 1943,38 but only in recent years have a few free radical
ionization potentials been obtained by spectroscopic methods. One pro-
minent example is the measurement of the ionization potential of CH2 by
Herzberg reported in 1961.39

To avoid confusion, the symbols T and Ive will be used to repre-

rt
sent the spectroscopic and vertical ionization potentials respectively

throughout the remainder of this thesis. It must be remembered that

I can be regarded only as an upper limit for I, or T

vert L.

>
vert —

For the general molecule, XY, the vertical ionization potential,

I ert (XY) and the appearance potential of the Y ion, AP(Y+) from XY,

are the energies required for the respective processes.
+
e+ XY XY + 2e (1)
+
e+ XY X +Y + Z2e -(2)
The appearance potential may be expressed as the sum of several energies.

AP(Y") = D(X-Y) + I(Y) + K + & (3)
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D(X-Y) represents the dissociation energy of the X-Y bond; I(Y) is, as
above, the ionization potential of Y; and K and E are the kinetic and
excitation energies of all fragments. It has been shown that, in many
simple cases, K.and E can be neglected and it is often.assumed that
this is the case for more complicated molecules.ho Other modes of
dissociation can be visualized and great care must be taken to pro-
perly identify the disseciation process. .For this reason, it is
important to cbserve the negative ion spectrum in.order to recognize

processes such as
- +
e+ X¥Y>X +¥Y +e-. )

For this case the appearance potential will involve the electron

affinity of X, BA (X), as well as the terms of Equation (3).
CAP(XT) = AP(Y) = D(X-Y) + I(Y) - EA(X) + K + B - (5)

Consider the process of Equation (2). If we disregard the kinetic

and excitation energy terms we find that for the molecule XY B
AR(Y") = D(X-Y) +1(¥) . ' (6)

However, if the species Y is present in the gaseous mixture injected in-
to the ionization chamber, the appearance potential frem Y would be

found to be
SAP(Y) = 1(¥) . (7

From these two equations, it is apparent that the appearance

+
potential of ¥ from XY is greater than that from Y by the dissociation
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energy of the-X-Y bond, D(X=Y). This is of major importance for two
reasons, first, provided that we do not encounter the pair preduction
.process of Equation (4),.the presence of decomposition products in a
gaseous mixbture can be definitely. established, whether these-products
.are.free radicals ar.singlets,,. s.’cablé or unstable, and at much lower
concentrations than can be. detected by the material balance metheod.
The .appearance potential of an ion frem a stable parent can always be
. measured. and a much lower appearance-potential of this ion must be
regarded .as .evidence.for the presence of the corresponding neutral
species. The existence of particular intermediates in gas phase
reagctions, e.g., at high temperatures, can be proven.

Second, bond dissociatien .energies can be calculated by the use

of Equation (8),
D(X-Y) =.4P(Y") - 1(¥). (8)

Here, of course, an .accurate wvalue of I(Y) is desirable, bub since Y is
often a free radical or other unstable species, the experimental tech-
niques may be much mere difficult than those required for the measure-
ment of AP(Y+).. . In most. cases of interest to this work, vertical
ionization potentials.must. be used since spectroscopic values are not
available. Several procedures have been developed for introducing these
labile substances.into the mass.spectrometer ionizatien regien since the
pioneer-work of Eltenton.,gl .and the_procedures used in this study are
described. later in this Chapter.. .As mentioned previously, the vertical
ionization potentials..for .many .important free radicals are available in

the literature.
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For processes in which kinetic or excitation energies are signi-
ficant, these terms may be accounted for by replacing the equalities of

Equations (6) and (8) by inequalities.
AP(Y") from X¥ > D(X-Y) + I(Y) (9)
D(X-Y) < AP(Y") --I(¥) (10)

The measurement of these kinetic or excitation energies is beyond the
scope of the present work.

. Experimental Methods

Reviews of the various methods that have been used for ionization
and appearance potential measurements are available in several refer-
ences,hl’uz’){% but the attention here will be directed toward the Fox
retarding potential difference method which is thought to give the most
accurate results.

The measurement of ionization and appearance potentials would be
relatively simple if all the electrons in the electron beam possessed
the same kinet;i_c energy. This energy would be measured by the potential
difference between the filament and the ionization region. For such an
idealized case, the ion current for the species of interest would be
debermined at a series of electron energies. A plot of ion current vs.
electron energy, called an ionization efficiency curve, would intercept
the energy axis at the cribical potential (see Figure 6).

There are, however, three sources of uncertainty in the kinetic
energy of the electron beam: (1) the distribution of initial kinetic

energies of the thermally-produced electrons (see Figure 7); (2) the
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unknown contact potentials,. i.e.,.any voltage drops which make the elec-
tron energy different from.the bias measured between the filament and
ground; (3) the acceleration. of -the electrons by the potential of the
electreon trap.. The third.effect is often neglected, but it can be
greatly decreased by lowering the trap petential. The trap also is
shielded to prevent ions.formed in the neighborhood eof the trap from
drifting dinto the ienizatien region. The second of these-three effects
is usually. accounted.for .by .the use of a calibrating gas, often a rare
gas. . The contact potentials .and other systematic errors will be con-
stant, regardless of the gas. under study, and hence, we can group these
into one correction term whose magnitude is determined by the measured
difference betw:een the sought for ionization potential and the known
potential of the calibrating.gas.

There remains the .preblem of distributien eof initial kinetic
energy. This spread of. kinetic energies is such that when the potential
difference between the filament and the ionization region is reduced
below the critical potential ihere will remain some electrons with
sufficient energy to preduce.ienizatien. The. ienizatien efficiency
curve will new approach.the energy axis in an exponential manner since
thermal electrons.have an.exponential energy distribution (see Figure 8)
and it becomes very difficult.to determine a point of onset of jioniza-
tion. This depends upon.bobh the operator and the instrument sensitivity,
and hence the- "vanishing.current” technique is seldom employed. . A mere
common. method invelves extrapolation of the "linear pertion of the ioniza-
tion .efficiency curve to the: energy axis (see the dotted portien of

Figure 8). . This "extrapolated linear intercept method" has had consid-
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erable success when the ionizatien efficiency curves of the sample gas
and the calibrating gas were of similar shape. These curves cannot
always be expected to have.similar shapes, however, since it has been
shown that for several molecules, the ionization cross section varies
significantly with electron anergy.h8 The technique, of course, fails
for molecules which yield ions that have excited states very near the
ionization potential..

The study of the effect of a nearly mono—epergetic portion of
the electron beam would be .a much more satisfactory selutien and this
is what is accomplished by the use of the "retarding potential differ-
ence" (RPD) method. Three.more grids are added to the electron gun
(see Figure 9); grids 2 and 4 serve as shields for grid 3, the retarding
grid. As before, the control pulse-is applied to grid 1, and the grid
nearest the ionization region is maintained at ground petential. A
small negative petential.(-0.2 te -0.6 v) is applied o the retarding
grid and prevents the. passage.of all electrons whose initial kinetic
energy is less than this value. (see. Figure 10). This energy cut off
is very sharp.

The electron beam is now retarded by applying a further bias, Av
(0.1 to -0.2 v), to the retarding grid (see-Figure' 11). The electrons
which are removed from the electron.beam by this retarding potential are
of .a very small energy spread and the change in ion current, Ai, due to
this retarding potential, Av, .is the ionization caused by the electrens
of this energy. When the electron energy is above the critical poten-
tial there-will be a small Ai due to Av, but if the electron energy is

below the critical potential Ai should be zero.
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GRID TYPICAL POTENTIAL
1. CONTROL GRID CONTROL PULSE
2. RETARD SHIELD FILAMENT +2.0 YOLTS
FILAMENT ® 3. RETARDING GRID FILAMENT -0.2 TO -0.4 VOLTS
4. RETARD SHIELD FILAMENT +2.0 VOLTS
! l i 5. GROUND

Figure 9. Electron Gun for RPD Studies.
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Figure 11. Effect of Retarding Potential Difference.
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By recording Al corresponding to Av at a series of values of
electron energy we can accurately locate the appearance potential. A
plot of Al vs. electron energy will intersect the energy axis at the
uncorrected critical potential. The bias is returned to its original
value after being retarded to insure that there has been no drift in
the ion current.

As an illustration of the technique, an actual strip chart

recording of an RPD study of AP(CH'I2+) from CHL, is shown in Figure 12.

3
The ionization efficiency curve derived from these raw data is also
shown in this figure. Note that the voltage scale of each of these
figures is uncorrected.

In order to check the accuracy of the potentials determined in

this study, I (02) and Ivert(Nz) were measured and, together with

vert
the previously determined spectroscopic and electron impact values, are

presented in Appendix D. AP(I+) from I, and AP(I+) CF3I, as determined

2
in this study and as given in the literature, are also listed. These
data indicate that the experimental error associated with this procedure
is not more than 0.1 ev.
Apparatus

Only minor modifications on the Bendix T-O-F mass spectrometer
are required for ionization and appearance potential work. . The control
grid pulse height was reduced from approximately 40 volts to 8 volts and
the control grid bias was changed from -10 volts to O volts. These

3k

changes are discussed in the paper by Melton and Hamill. The standard

electron energy potentiometer was replaced by a Beckman Model 8221 dmal
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Figure 12. Sample Strip Chart Recording and Resulting Ionization

Efficiency Curve for AP (CHI2+) from CH13.
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ten-turn helipot as recommended by Bendix in order to obtain much closer
control over the-electren energy.

The potentials on the retarding grid and the-retarding grid
shields are maintained by means of the circuitry shown in Figure 13.
This is somewhat modified from the schematic given by Melton and Hamill
to allow much faster operation. The retarding potential was applied by
simply throwing a switch rather than resetting a potentiometer as done
by Melton and Hamill. The potential differences between the filament
and ground and between the filament and the grids were measured by means
of a.Cimron digital voltmeter, Model 6000. The digital voltmeber pro-
vided almost instantaneous readout of the voltage applied to it and
hence allowed many readings to be taken in a relatively short time. A
Leeds and Nerthrup Model 8686 millivolt potentiometer, which was claimed
by the-manufacturer to have limits of error of + 0.05 per cent, was used
to check the accuracy of the digital voltmeter. No deviations were
observed on the most sensitive (1 millivolt) scale of the digital
voltmeter.

This same apparatus is also suitable for use in many other
studies. For example, ‘it 1s being used in an attempt to identify BH3
in the pyrolysis products of B2H6 and, if this is successful, to

measure I . (BH3) .

Inlet Systems
One of the basic requirements of this study was the mass spec-
trometric identification .of both.stable compounds and unstable, highly

reactive species in gaseous mixtures. This involved the introduction



33

- AI0TNOIT) PR QI ‘ST 9MSBTd

swyo 301 ‘LOd N¥NL-1

r GZS

-
M

it

AE =

swYo 35T ‘L0d NINL-01

W
[~ c
] L
J 2001
\ € AAYAY
j WAQ
-
vz
S
od ¢ o "ls

- T ——
T v v

swyo H5Z ' 10d N3¥NL~01L SAO ad¥

¥ILIWOILNILOD
AQ¥INT NOALDITR



into the ionization region of pyrolysis gases with no further reaction,
as well as the introduction of the vapors over cryogenic condensed phases
without their prior warmup. In order to insure that the gaseous samples
passed from the high temperature or from the cryogenic environments into
the mass spectrometer ion source without reaction er recombinatien,. it
was necessary to provide an essentially collision free path; this was
accomplished by the use of low pressures, close spacing and differential
pumping.

The inlet systems described below include a furnace which per-
mitted the pyrolysis of gaseous or condensed phase parent compounds at
temperatures up to about 5000 C and a hot filament inlet system for use
at much higher temperatures (up to 2500° € with & tungsten filament).

A brief description of the cryogenic inlet system used in this work is
also given.

Coaxial Furnace Inlet System

The tubular furnace shown in Figure 14 was designed for pyrolysis
studies at temperatures up to 500° ¢ and was mounted coaxially with the
drift tube, inside the fast reaction chamber on the ion source header
(see Figure k).

In order to study the equilibrium vapor over Celh and other
easily volatile solids as a function of temperature, it was necessary
that this inlet system be capable of handling solid materials. Such a
system must include a heating unit or boiler to maintain a suitable
vapor pressure over the solid parent and a separate furnace to heat the

vapor to the desired decomposition temperature. In addition, the gas
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handling system between the boiler and the furnace must be always at
least as warm as the former to prevent the premature condensation of
the-vapor and consequenf lowering. of. the. pressure in the furnace.

The furnace tube itself.was.made of a copper rod (A) in which
three holes were drilled lengthwise. . One.of these was lined with a
monel tube and served as the heating chamber for the substance being
pyrolyzed. .. It. has a 0.030 in. diameter outlet in its bottom and the
remaining two holes dead end about..l/8..in..from the outlet- end of the
furnace and hold.an immersion.heater. (B) and a movable chromel-alumel
thermocouple, (C),.which was sheathed in a one-sixteenth..inch stain-
less steel tube. At 100° C the.furnace. exhibited .a temperature
gradient of only,zo C over the L_inches nearest the spectrometer.

The. furnace was insulated .from ithe header (D) by a thin-walled
(0.010 in.) monel standoff.tube .(E). The. header was designed to bolt
directly to the ion source header (I) of the spectrometer with the
vacuum.seal made by an aluminum.gasket. The fast .reaction well (F)
thus served as an intermediate. pumping. volume and was pumped out through
the vacuum line (G), by a diffusion.pump.which was independent of the
mass spectrometer pumping system.. -

This intermediate pumping.volume.was separated from the mass spec-
trometer by.a 0.002 in. pinhole.in.a 0.001.in. thick .gold foil. The
foil was held against the end .of..the.fast reaction chanber by a compres-
sion cylinder (H) and & Viton O-ring (J). '

The sample was held in.the sample tube (K) and both this tube and
the delivery tube (L) connecting it.to the furnace were heated by a

single flexible heating tape.
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The coaxial furnace was also used for investigations of the
pyrolysis of gaseous compounds. For this purpose a gas handling system
basically consisting of a one-liter flask and a Whitey Model 2RSk con-
trol valve was employed. The one-Liter flask provided sufficient
volume to insure that the flow remained relatively coenstant during the
time required for the experiments.

The-inlet system was constructed so that the outlet of the furnace
was within 1/8 in. of the electron beam of the mass spectrometer. At
the pressures at which the intermediate pumping volume was operated
(lO_)J’ to 1077 mm Hg) the mean free path of the gases was estimated to be
of the order of 10 cm so that molecular flow was obtained. The residence
time of the gas in the furnace was estimated to be at least It x lO_3 sec-
onds which would seem to insure the attainment of thermal equilibrium,

On the average, the molecules in the furnace will collide with the walls

515 times during this b x 1073

3

sec. residence, and hence an accomodation
coefficient of only 2 x 10 - would yield an equilibrium system.

Hot Filament Inlet Systems

The hot filament inlet systems described below were designed for
use in pyrolysis experiments at temperatures from about 900O C to the
temperature at which the metallic filament collapsed. This upper tem-
perature limit was about ]_700O C for platinum and about 3000o C for
tungsten.

The device shown in Figure 15 was used with gaseous samples.

The parent compound was admitted from the gas-handling system described

sbove through a monel tube (A)., This tube ejected gas onto the metallic
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filament (B), which was formed into a spring-like coil. A portion of the
gas then passed.threugh a 0.032 .in..leak .(C) into the electron beam of
the mass spectreometer. The .filament.was.positioned approximately 1/8 in.
from the electron beam to insure.malécular flow.

It was found that the use of. the gold foil. leak described above
was unnecessary since at the.pressures .at which the intermediate pumping
volume (D) was operated the flew.rate .into the mass spectrometer was
adequately small through.the 0.032 in. orifice.in the re-entrant well.
This space waé pumped through the.line.(E) by an .auxiliary. pumping system.
Power was supplied to thé filament. through two brass support rods (F)
which were insulated from the header by high vacuum electrical feed-
throughs (G).

The temperature of the filament was measured by a Leeds and
Northrup optical pyrometer, Model .8622-C. The filament was .observed
through a plexiglass window. (H).,.and. the instrument readings were record-
ed without further.correctien. ..Because of the small size of the target,
the reproducibility of these.measurements was only about. + iOo C. The
filament current.was supplied.from a .Sola constant voltage transformer
and was regulated by a Powerstbat. ..Fine. control was prowided by a 110 ohm
slidewire resistor, manufactured by James G. Biddle Co., in series with
the filament.

It was found that. the use of .a tungsten filament at high tempera-
tures resulted in the production. of a.considerable number of ions in the
inlet system. These ions could have been formed by surface ionization
or by the acceleration of electrons between the two filament supports.

In order to prevent the passage of these ions into the mass spectrometer
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and the consequent large increase in the background noise in the spectrum,
the retarding grid shown in the insext in Figure 15 was installed. Glass
rods (J) were attached to the brass. filament support rods and very fine
stainless steel.mesh (K), taken from.a discarded ion grid, was stretched
across these glass supports....This.modification necessitated the movement
of the filament to a position approximately 3/8 in. from the electron
beam. A 6 volt positivé bias was..applied between this retarding grid
and the filament by means of .an. external battery. The ion current due
to ions generated outside the .electron beam was thereby reduced to a
level which was difficult to.detect.. This undesirable side effect was
not observed during the use of a.platinum filament. -

The inlet system.shown in Figure. 16 was. constructed for use in
experiments involving .parent..compounds which .are solids at .room tempera-
ture. The filement (A) was.held.between the leads of two high vacuum
electrical feed throughs (B). which were mounted on a small header (C).
The sample tube. (D) passed.through the. header directly under the filament.

This header was mounted on..a.l in. tube (E) and positioned so that
the filament was within 1/8.in. of the leak (F) into the ion source. As
in the other inlet systems, a. diffusion pump separate from the mass spec-
trometer was-used to exhaust the intermediate pumping volume (G) through
the exit line (H). A window for .observation of the filament was not
provided in this inlet system. Settings_of the Powerstat and slidewire
which were required to produce certain temperatures in filaments of a
particular resistance were determined in the hot filament inlet system
for gaseous samples. These same settings were used to approximate these

temperatures in this system.



N

NNE
a1l
v
4

Figure 16. Hot Filament Inlet System for Solid Parent Compounds .
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Cryogenic Inlet System

The broad objectives of the low temperature experiments which
employ this device have been briefly outlined in Chapter I, entitled
"Introduction to the Problem." Since.a complete description of the

29

apparatus will soon be published, the. account presented in this
section includes only such detail as is necessary for an understanding
of the quenching experiments of the present work.

Figure 17 shows a cross-section of the assembly as it appears
when set up for studies of the .quenching of gases which have been
pyrolyzed on metal filaments. The highly polished outer sleeve (A)
slides through an O-ring seal into an auxiliary vacuum system which
permits the removal of the cryogenic inlet system for adjustments
without the necessity of breaking.the.vacuum.in.the.mass.spectrometer.
The working portion of the unit consists, in essence, of two pots, (B)
and (C), which may be independently thermostated at any desired tem-
perature down to 4.2° K. With the pots at different temperatures, the
comnecting tube (D), has impressed upon.it a thermal gradient whose
slape, oK/cm, has been found to .be.very nearly linear.. The pots are
cooled by liquid refrigerants (in.this work only liquid nitrogen and
liguid helium were used), and. fine. control over the temperature of
each is provided by a resistance heater wound on the center tube and
controlled by two Leeds and Northrup .Speedomax H AZAR recorder control-
lers. By such balancing of the refrigerant rate with the "bucking"
heater, any temperature above the normal boiling point of the

refrigerant could be maintained.
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Figure 17. Schematic Diagram of Thermal Gradient Freeze-Out Assembly
and Cryogenically Cooled Inlet System.
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The sample gas enters at a controlled rate through the tube (E)
and passes over the heated filament (F). The filament is located within
1/2 in. of the walls of pot (B) so .that quenching of the pyrolysis pro-
ducts may be achieved very rapidly. . After completion of the deposition
of the sample with both pots at some low temperature, pot (B) is allowed
to warm up slowly while the low temperabure pot (C) is maintained at the
temperature of the freezeout operation. The thermal gradient which is
thus produced in the connecting tube. results in a partial separation of
the pyrolysis products since high vapor pressure materials will evaporate
during the wermup and be condensed further down the tube. This process
should yield a series of bands in the gradient tube; these bands may now
be transferred down the tube and into the low temperature pot (LTP) by
allowing LTP to warm while maintaining the high temperature pot (HIP) at
a somewhat higher temperature.

The blade shaped snout (G) of the inlet system, which remains at
essentially the same temperature as LTP, contains a delivery tube (H)
(0.020 in. inside diameter).which conducts.the .sample gas inbto the mass
spectrometer ionization region. This snout is positioned so that the
exit of the delivery tube is directly in the ionizing electron beam;
hence mass spectroscopic analysis of the vapors evolved from the low
temperature bands is achieved without warmup above the temperature of
LIP. This method would be expected to detect any unstable species which

2 m Hg) below the

has a suitable vapor pressure {greater than about 10~
temperature at which it decomposes or reacts.
The temperatures in HIP .and LTP and .along the gradient tube were

determined by copper-constantan thermocouples and for use at very low
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temperatures (below 77° K).constantan-chromel-p thermocouples were
installed on HIP and .LTP. The. emf due to each of these thermocouples

was measured on a Leeds and Northrup Model.8686 millivolt. potentiometer.
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CHAPTER III

RESULTS AND DISCUSSION

Mass Spectrometric Studies of Pyrolysis Products;
Appearance Potentials and Derived Bond Energies

The production of CF2 and CI2 in such concentration that the free
molecules could be studied in the mass spectrometer was basic to this
entire study. Many parent compounds were pyrolyzed under a variety of
conditions, but onls'r a few combinations of parent and pyrolysis condi-

tions resulted in the generation of CF The highest concentration of

o
CF2 which was found ih this work was produced by the passage of CF3;

over a heated platinum filament. None of the pyrolysis studies gave any

evidence for the presence of free CI The results of all of the pyro-

5°
lysis experiments are briefly summarized in Table 2.

Detection and identification of the unstable species was by the
method of appearance potential measurement described in the preceding
Chapter. These experiments, of course, yielded a great deal of informa-
tion in addition to the detection of the free CF2 molecule. The ioniza-
tion potentials of some of the parent compounds and the appearance
potentials of a nunber of the fragment ions were measured and are given
in Table 3. The most important of these results is the previously
unknown ionigzation potential of CF2. The mass spectra of the several
parent compounds were obtained and are presented in Appendix B. Some

of these spectra have not been previously reported, while others are

available in standard compilations.uu Those spectra which may be- found



Table 2.

Results of Pyrolysis Studies

b7

Temperature Range

Parent Compound

Results

100° - 500° ¢

Room Temp. - 300° C

1000° - 1700° ¢

900° - 1500° ¢

~ - -Tubular Furnace- - ~

CF,I
3

CFZClCOOH

CHClF2

CZIM

CHI3

- - -Tungsten Filament- -

CF_I
3

CcmFCl

Cyclo-ChFS

CHClF2

- - -Platinum Filament- -

CF I
3

CFZCFCl
Cyclo-CuF8

CHClF2

C2I4

-No CF,

No CF2 Detected

> Detected

No CF2 Detected

No CI, Detected;
yields 0212 and 12

No CI2 Detectea

No CF2 Detected

No CF2 Detected

Yields CQFA; some
evidence for CF2

No CF2 Detected

CF2 easily detected

Small ameunts of CF2

Some evidence for CF2

No CF2 Detected

No C12 Detected
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Table 3. Appearance Potentials and Vertical Ienization Potentials

Appearance Literature
Parent Compound Ton Potential (ev) Value(ev)
CF,I CF3I+ 10.3 4 0.2 10.0 + 0.3 (15)
CF3+ 11.1 + 0.2 11.28 + 0.2 (46)
or,’ 17.1 + 0.2 18.5 + 0.6 (15)
r 12.9 + 0.2 12.9 + 0.15 (47)
13.6 + 0.5 (46)
CF, from pyrolysis CF2+ 11.8 + 0.1 13.3 + 0.12 (48)
of CF,I 11.7 (49)
1, from pyrolysis ot 8.8 + 0.2 8.68 + 0.07 (50)
of CF,I
cyele-Cy Py or,’ 19.0- + 1.0
C,F), from pyrolysis CF2+ 15.0 + 1.0 15.44-+ 0.05 (47)
of cyclo-CuF8
CHOLF, 011011?2+ 12.3 + 0.1 12.69 + 0.15 (51)
CHF2+ 12.8 + 0.1 12.59 + 0.15 (51)
CHI cm3+ 9.5 + 0.2
cHL,” 10.2 + 0.1
CF,,C1CO0H or, " 3.4 + 0.1
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in the literature have, in almost every case, been obtained on magnetic
deflection instruments and, since such spectra are not normally identi-
cal with those- ebtained on a time-of-flight machine, the complete low-
resolutien spectra which resulted from this study are reperted. In
addition, the mass spectra of several of these compounds were recorded
at a series of temperatures and the relative intensities of their
major peaks are given as a function of temperature in Appendix C.

The results of these studies are discussed in greater detail in
the following pages under the headings of the respective parent compound.
E

This compound was first examined in the tubular furnace system
at btemperatures up to 500o C. Mo evidence was found for the existence
of a measurable amount of CF, in this temperature range. The pyrolysis

2

of CF3I on an incandescent platinum filament, however, produced CF2 in

a concentration such that the free species could easily be studied in
the mass spectrometer.

That the decomposition involved some surface effect was shown by
the fact that a tungsten filament, operated at the same conditions, did
not produce a detectable concentration of CFZ' Long use with other
fluorocarbon vapors seemed to poison the platinum filament to such an
extent that CF2 could no longer be detected in the pyrolysis products
of CF.T.

3

AP(CF2+) from CF3I was found to be 17.1 + 0.1 ev and, in fact,

the CF2+ peak from CF3I at room temperature could not be detected at

electron energies below about 16 ev. When the CFqI was passed over the
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heated platinmum filement (900° ¢ - 1500° ¢), the CF2T peak was readily
cbserved below 16 ev and the measurement of the appearance petential of
R ‘ .
i i = .0 + 0. B
CF2 from the pyrolysis products yielded Ivert(CFZ) 11.8 + 0.1 ev

R . o . +
The ionization efficiency curves for AP(CF2 ) from CF3I and Ivert(CFZ)

are given in Figure 18 and Figure 19 respectively. The break in the

CF, curve at about 12.8 ev apparently corresponds to the formation of

2

the CF2+ ion in an excited electronic state. There seems to be no
doubt that this marked decrease in AP(CF2+) was due to the presence of

free CF2 in the gaseous mixture and that the above value is actually

the vertical ionization potential of CF No other molecule of mass 50

¢
could be formed from CF3I and the. residual air in the system. A peak

appears at mass 51 when CF_I is decomposed, but observation of the

3
oscilloscope output showed that this peak could not contribute to the

CF, peak at potentials near Ivert(CFz)' The failure to detect CF3

free radicals in the gaseous mixture would seem to eliminate the

possibility that the CF, resulted from the electron impact fragmenta-

2

tion of CF,.
* 3

+
The large increase in the relative height of the IF peak during
decomposition provided some evidence for the one-step dissociation of

CF3I into CF2 and IF, but other processes may be formulated which would

result in the production of IF.

The disproportionation of CF, to yield CF, and CFM (Bquation (11))

3

has been rejected by Hodgins and Haines52 as a possible reaction in a

system containing CF, radicals generated from CF_I because of the absence

3 3

of CFh in the products.
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Figure 18. Tonization Efficiency Curve for AP (CF2+) from CF3I.
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CF3 + CF3—>‘CF2 + CF, (11)

Since the mass spectrum of CFh is known to have no parent peak,LLLL it was
impossible to identify CFh in the hot gaseous mixture. However, the
quenching experiments described later in this Chapter prove that CFA is
present in the gas evolved from the selidified mixture after it had been
quenched te liquid nitregen temperature. Therefere, the disproportion-
ation reaction must be considered as a possible mode of formation of
CF2.

A peak due to CZFh+ (mass 100), which was not detected in the
reom temperature spectrum, was prominent. in the spectrum of the pyrolysis

products. Several mechanisms may be proposed to account for the forma-

tion of C2Fh5 the most obvious of these is the dimerization of CF

52

o

Hodgins and Haines” have suggested that CgFu could result from the

following reaction.

CF3 + CF3—> CFy, + Ty (12)

In the present study this reaction must be ruled out since F2 was not
detected.

C2F6 and 12 were identified as major contributors to the mass

spectra of the pyrolysis products and therefore it seems highly probable

that the gaseous mixture also coentained significant fractions of CF.

3

free-radicals and I atoms. However, the CF, free radical was not detected

3

by the measurement of appearance potential lowering in the pyrolysis pro-

ducts of éF3I in any of these experiments and, in fact, the CF3

height at low electron energies was considerably reduced when the gas

peak
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A\
was passed over a heated platinum filament. Tt should be noted that

N
AP(CF3 ) from CF_I was found to be 11.1 + 0.2 ev (see Figure 20) and

3
that the ionizatien potential of CF3 has been variously reported to

b5 o g ok 55 56

be 8.9,7 9.3, 10.1,

and 10.2 v. If the high value does

indeed represent‘Ivert(CF3), the appearance potential of CF3+ would be

lowered by less than one volt upon the appearance of CF, free radicals

3

in the gaseous mixture. The RPD technique utilized in this study is
capable of detecting any appreciable amounts of CF3, but of course this

small lowering renders the method somewhat less sensitive.

Fisher, Homer and Lossingh9 have observed that the values in the

range of 10.1-10.2 ev have been obtained by direct electron impact of

CF3 produced by thermal reactions, while the values of 8.9-9.5 were

found in studies of fragmentation of CF, derivatives. These workers

3

suggest that these data can be most easily reconciled by assuming that

.the adiabatic ionization potential of CF, is about 9.5 ev but that

3

Ivert(CF3) % 10.1 ev; hence, the vertical ionization potential must

include excitational energy amounting to approximately 0.6 ev.
Using their recommended value of I(CF3) = 9.5 ev in Equation

(10), the following estimabe is obtained for the bond dissociatien

enexgy of the .carbon-iedine bond.

]

" .
D(CF3~I) AP(CF3 ) - I(CF3)

11.1 ev - 9.5 ev

-

1.6 + 0.2 ev or 36.9 + I kcal/mole (13)

The use of the lowest value of I(CF3), 8.9 ev, yields D(CF3—I) < 2.2 ev.
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Figure 20. Ionization Efficiency Curve for AP (CF3+) from CF_I and

3
Ivert ( CF3I ).
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5 .
AP(I') from CF3I at room temperature was found to be 12.9 *+ 0.2 ev,

and the use of this value together with I(I) known from spectroscopic

studies (10.6 ev)57 in Equation (10) results in the following estimate

of the carbon-iodine bond dissociation energy.

D(CF3—I) <12.9 - 10.6 = 2.3 + 0.2 ev

53.0 + & keal/mole (1)

This energy is surprisingly close to the average energy of the C-I bond
(57.4 kcal/mole) in the eI, molecule58 and to the energy of the C-I bond
in CH3I (2.30 ev) determined by electron impact methods.”?

A study of the negative ion spectra of CF3I60 has shown that the

I~ ion current appears at the lowest obtainable electron energies and,

hence, D(CF3—I) must be no greater than EA(I).

D(CF3~I) < EA(I) = 3.1k ev

U

72 keal/mole (15)

These data lend some support to the low value of I(CF3), 8.9 ev,
but this support must be considered as rather flimsy since AP(I+) pro-
bably involves some excitational energy. Stevenson61 has proposed that
the dissociation of XY to give X+ and Y can give particles of zero exci-
tational energy only if I(X) < I(Y). By this criterion the formation of
I+ and CF3‘from CF3I would be expected to involve some excitational
energy since I(I) is at least 0.4 v greater than I(CF3).

The presence of 12 in the pyrolysis products prevented the

+ -
detection of iodine atoms since AP(I ) from I, is considerably lower
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than I(I). Pair production again accounts for the low value of the
appearance potential. The measured value of AP(I+) from I, (8.8 +
0.1 ev) checks very closely. with beth the theoretically derived value
(8.84 ev) and with that previously obtained by electron impact
(AP(r") = B.68 + 0.07 ev; AP(I7) = 8.62 + 0.06).%°

The pyrolysis of CF3I also produces new peaks in the mass spec-
trum at approximately 45, 47, S1, 64, 66 and 85. .Fragments of each of
these-masses could conceivably be produced by reaction of residual air
with the dissociation products of CF3I. Obviously, the process with
which we are concerned is exceedingly complex.

Earlier studies of the decomposition of CF.I have shown that

3
62,63,64 65

photolysis, heating and reaction with sodium atoms52 pro-
duced CF3 radicals (identified by spectroscopic or chemical methods),
but CF2 has not been previously detected from CF3I as a parent.

From the abo&e observations and hypotheses several conclusions
may be drawn concerning fh; various reactions involved in the decompo-
sition of CF3I on a heated platinum filament. These conclusions, and
the supporting evidence for each, have been summarized in Teble k.

The importance of the determination of I(CFZ) is illustrated by
the work of Margrave66 in which I(CF2) was estimated to be 11 + 1 ev.
AP(CF2+) from C,F) was found to be 15.2 + 0.3 ev (verified in this
study) and from these values D(CF2 = CF2) was calculated by Equation

(10) tobe < 4.2 +1 ev or 97 + 23 keal. I (CF2), as measured in

vert
the present work, leads to the revised estimate of D(CF2 = CF2) <
3.5 # 0.2 evoor 81 + 4 keal. This assumes that the mode of formation

+
of CF2 does not involve pair production. Margrave66 has pointed out
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that bond energy arguments from thermochemical data67 imply that
D(CF2 = CF2) should be about 105 keal/mole.

The heat of formation of CQFh has been shown £o be
-151.8 kcal/mole.68 From this AHf(CFe) may be estimated by the

use of Equation (16).
AHf(CZFu) = QAHf(CFe) - D(CF2 = CF2)
AHf(CF2) < -35 + 2 kecal/mole (16)

This result indicates that CF2 is a rather stable molecule and is con-

" sistent with the long life time observed for CF2.11 A previous esti-
mate of < - 18 kcal/mole70 suggests considerably less stability for
this molecule, but the value of AHf proposed here is well above the
lower limit of -45 kcal/mole determined by Thrush and Zwolenik71 from
predissociation phenomena in studies of the absorption spectra of CF2

produced in a discharge through fluorecarbon vapors.

k9

Fisher, Homer and Lossing ° have very recently determined

Ivert(CFZ) to be 11.7 ev so that these two studies provide confirming

- %
results. The free CEé molecules for their study were generated by the

thermal decomposition of (CéFS)ZNZ and Hg(C2F5)2 to yield 02F5 radicals

and the further dissociation of this radical (above 950° C) to give

CF3 and CFQ.

The author expresses his appreciation to Prof. Lossing for furnishing

a preprint of this paper. Prof. Lossing also made known to the author

the unpublished value of I (CF,) = 11.86 recently determined by
. vert 2

R. F. Pottie.
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Table L. Proposed Reactions in the Decomposition of
CF_I on Platinum Filament

3
Evidence From
Literature on
Proposed Reaction Present Work Similar Systems
CF3I i CF2 + IF CF, detected by AP method. CF_ could not be de-
(most Likely occurs IF peak in spectrum in- tected in photolysis
on platinum sur- creases very much during of CF3I.
Pace) pyrolysis. Other reac-
tions could give these
products.
CF.I »CF_ + I AP method failed to pro- Several studies have
( 3 3 vide evidence for CF, or shown CF, to be pro-
probably a sur- 3 a i hotoly
face reaction) T dl.lceg 1 PRotoy- 65
sis and pyrolysis
of CF3I.
CF3I + CF3I - 02F and I_ were present C,F. produced in
: in quantity. Probably seveéral studies.
C2F6 + I? * too much CoFg to have
B been produced by reac-
tion 2 followed by reac~
tion L.
CF3 + CF3 = C,Fg ) CFg was detected. Has been shown to

proceed in a sygtem
containing CF3. 2

CF, + CF, —¢C Fu + No Fp was detected. There- Has been suggested to

3 3 2 fore this reaction is explain presence of
F2 assumed to be unimpor- C2F,+ in such systems
tant in this study.
CF3 + CF3 - CF,_[_ + CF, was detected. CF, Proposed by several
was found in warmup authors, rejected
CF2 after quenching but by others becauge no

absence of a parent peak CFL; was found.-
precluded detection in
fast inlet experiments.

+ -
CF2 CF2 - Cth CQFL[. was detected. Has been shown to pro

ceed j(.n other sys-
tems.
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In an earlier paper, Reed and Snedd.enh8 have reported Ivert(CFZ) =
13.3 # 0.12 ev. This work involved the pyrolysis of CFl{- on a tungsten
filament and yielded a reasonable value for Ivert(CF?;)' One explanation
for this rather high value for Iver’c(CFZ) is that the experiment

4
actually determined AP(CF2 ) from CF, rather than T (CFZ).

3 vert
The mass spectrum of CF3I is presented in Table 8 of Appendix B.
CFQClCOOH
The usefulness of this compound as a source of CF2 for liquid

phase organic reactions has been demonstrated by Hine and Du.f:f‘ey.72

These workers have shown that the chloridiflueroacetate anion (ClCFZCOO_)

decomposes to yield CF, directly without the formation of an intermediate

73

2

carbanion. Hazeldine and coworkers'~ have generated CF2 for reaction
with olefins by refluxing a solution of the sodium salt for long periods
of time. .

CFZClCOOH for the present study was produced by vacuum distil-
lation from a solution of the sodium salt in concentrated stoh. The
gas handling system described in Chapter II was used to admit the vapor
over the liquid acid to the tubular furnace. The acid was adsorbed in
this system to such an extent that its spectrum was noticeable even
after the system had been pumped for several days._

Free CF2 was not detected in the equilibrium products of the
thermal decomposition of the acid at temperatures up to 500o C. The
mass spectra of the pyrolysis products were recorded with the furnace
at room temperature, 100° C, 200° C and 300° € and a tabulation of the

relative intensities of some of the major peaks may be found in
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Table 15 of Appendix C. The CF2+ peak was picked as the basis for these
relative intensities since the height of this peak remained nearly con-
stant with increasing temperature. Since this mass spectrum has not
been previously reported, the entire spectrum at room temperature is
presented in Table 9.

A study of the changes of'the relative intensities with increased

temperature shows that the CO, + and. CClF2+ peaks increase drastically

2
+ + +
while the peaks due to CF2000H , CHF, and CO,H are sharply decreased.

2 2
The parent peak is absent.

There observations indicate that thermal decomposition did occur,
but the mechanism of this dissociation is not obvious. The elision of
CO2 is implied by the increased C02+ ion current and the decrease in the
002H+ ion current, but the decreased intensity of the CHF2+ ion current

+
appears to rule out the formation of CHF,.Cl since CHF2 is the predomi-

2
nant peak in its mass spectrum.
+
AP(CF2 ) from CF,C1COCH was found to be 13.% + 0.1 ev. The
ionization efficiency curve from which this value was obtained is shown

in Figore 21.

Cyclo- ChFB

This compound was pyrolyzed on both tungsten and platinum fila-
ments and in each case the reaction products yielded only very meager
evidence for the existence of free CF2. The method of appearance
potential measurement was again used to attempt to detect the unstable

. +
species. AP(CF2 ) from C,Fg was roughly found to be 19 + 1 ev.
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Pyrolysis on a tungsten filament resulted in a weak response to
a RPD change at lower electron energies but this response was too
feeble to allow an estimate of the appearance potential. The use of a
platinum filament at a temperature of about 1100° ¢ produced a lewering
of the appearance potential to the neighborhood of 15 ev., The excel-
-lent agreement of this appearance potential with the value of 15.2 +
0.3 ev reported by Margrave for AP(CF2+) from C_F), leads to the con-
clusion that CQFLL is formed in the pyrolysis of cyclo—C,+F8 on a
platinum filament. At still higher temperatures (up to 1600° C),.the
CF2+ peak responded to a RPD change at still lower electron energies.
This provided some evidence for the presence of free CF2 but the RPD
response was too weak to allow the measurement of a new appearance
potential or to allow a positive identification of CFZ' The mass
spectrum of cyclo—ChF8 is given in Table 10 of Appendix B.

CHCILF2

The pyrolysis of CHClF2 in the tubular furnace at temperatures
up to 500o C produced no indication of the presence of free CF2 or

CHF2. The mass spectrum was recorded at a series of temperatures and
the relative intensities of several peaks are tabulated in Table 16 of

Appendix C. The complete mass spectrum of CHCLF

> is presented in

Table 11 of Appendix B.

The CHE‘2 peak is used as a basis for these relative intensities
and it can be seen that, with the exceptien of the parent peak, the
intensities remain almost constant. The sharp decrease in the parent

peak ion current with increased temperature is consistent with the
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results of previous studies of several compounds.7LL This effect. has
been ascribed to the increase in internal energy with temperature which
puts a larger fraction of the parent molecules into a configuration
from which ions can more easily be fo::-111edt,.75 i.e., the ionization
cross-section is increased.

CHClF2 was also pyrolyzed on incandescent tungsten and platinum
filaments but neii-:her of these experiments produced free CF2 in a con-
centration that could be detected by the.method of appearance potential
lowering.

The appearance potentials of the principal ions formed by elec-

5L who

tron impact of CHClF2 have been reported by Hobrock and Kiser
found that, "In the case of the CHFZCl, one notes that the ionization
potential is slightly greater than the appearance potential for the
CF2H+ ion. But within experimental error, these two potentials could
be reversed, and very likely are. However, even from the relative

abundances of the cmecf and CHF," ions in the mass spectrum of

2
chlorodifluoromethane, one would estimate that the appearance potential
of CHE‘2+ would be only slightly greater than the ionization potential
of this molecule." The results of the present work do not show this
discrepancy but instead indicate that AP(CHF2+) is at least 0.3 ev
greater than Ivert(CI-[E‘2Cl). Table 5 centains the potentials obtained
in each study and the ionization efficiency curves from which

T ort (CHcml) and AP(CHE‘2+) were deduced. are shown in Figures 22 and

23, respectively.
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+ +
Table 5. Appearance Potentials of CHF2 and CHFZCl from

CHE,CL.
Appearance Potential ™~
Ton This Work Hobreck and Kiser
crr,” 12.8 + 0.1 12.59 + 0.15
caF 1t 12.3 + 0.1 12.69 + 0.15
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CF2CFCl

Free C}_’-‘2 was not detected in the effluent gases from the equili-
brium pyrolysis of CFECFCl at tempearatures up to 500o C; likewise, no
evidence was found for the production of CF2 molecules in the passage
of CFecFCl over an incandescent tungsten filament. However, an ion
current dvue to CF2+ was observed at a significantly lowered appearance
potential following the pyrolysis of CcmFCl on a platinum filament at
temperatures above 1000° ¢. Unfortunately, the low intensity of this

ion current made it impossible to conduct RPD studies.

The mass spectrum of CFZCFCl is given in Table 12 of Appendix B.

The pyrolysis of CZI,+ at temperatures ranging from 100° ¢ to
300O C was studied in the equilibrium furnace; the use of the heated
inlet system was. required since the solid C2Ih did not exert a usable
vapor pressure at temperatures lower than about 850 C. No evidence was
found for the presence of free 012 in effluent gases from the furnace
but rather the data indicated that 0214 decomposed into 02I2 and 12.
This is evidently a reversible reaction since CQIL,L may be prepared by
the reaction of 0212 and 12. This decomposition process has been noted
by Heilbron and Bunbury.76 It seems likely that this reaction occurred
in the boiler as well as in the furnace since the IE+ ion current was
more sensitive to the length of time for which the sample had been
heated than to the furnace temperature. A typical mass spectrum of

this material, recorded with the furnace at 125O C, is presented in

+
Table 13 of Appendix B; the large relative intensities of T  and 12+ in


http:Bunbury.It
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this particular spectrum imply that decomposition in the boiler had taken
place, followed by vaporization of the relatively volatile iodine. The
relative intensities of I+ and 12+ were much lower after the sample hed
been heated for about 30 mimutes.

The method of appearance potential measurement was used in an
attempt to detect C12 in the gaseous products resulting from the pyroly-
sis of CEILL on an incandescent platinum filament. No evidence was found
for a lowering of AP(C12+) after passage of the gas over the-hot filament
and hence it must be concluded that this procedure does not result in

the production of appreciable amounts of CI. from CZIH—'

2

CHI3

The pyrolysis of this interesting compound was examined in the
equilibrium furnace at temperatures up to 300o C. BSince CHI3 is a
solid at room temperature, the heated inlet system was again employed.
There were some uncertainties in the interpretation of the mass spectra
obtained in these experiments due to the difficulty of resolving
adjacent mass peaks at the high mass numbers of the heavy iodine com-
pounds. The peaks due to CIz+ (mass 266) and CHT_2+ (mass 267) were not

separated but careful measurement of the position of this composite

peak indicates that it is dwe primarily to CI-E[2+. This inability to
resolve the CI2+ peak rendered impossible any attempts to study
AP(CI2+) since it is.to be expected that AP(CIz+) will be greater than
AP(CH12+). The-ionization efficiency curve of Figure 24t shows that
AP(CH12+) = 10.0 * 0.1 ev and is, in fact, very low; no lowering of

this AP was found in the pyrolysis of CHI3 and hence it must bé
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concluded either that no 012 or CHI2 free radicals are produced or that
our method is incapable of detecting these .species, perhaps as a result
of pair production.

Ivert(CHI3) was found to be 9.4 + 0.2 ev; this indicates that
ionization is from the non-bonding orbitals of the iodine atoms since
this value corresponds so very closely with the ionization potentials
of other iodine-containing compounds. -Two such compounds are 12 and
CH3I whose respective vertical ionization potentials are 9.41 and
9.55.77

The mass spectrum of this compound was recorded at 60° C,

100° ¢, 144° ¢ and 300° C and the relative intensities of the major
peaks at these temperatures are given in Table 17 of Appendix C.
These data show the usual trend of decreased.parent peak height at
increased temperature but almost constant relative peak heights of
the fragment ions, e.g., the cross-section for production of parent
lons decreased relative to the cross-section for production of the
fraément ions.

Since the mass spectrum of CHI3 has not, to the knowledge of
this author, been published, the complete.low.resolution mass spectrum
is presented in Table 1l of Appendix B. As in the case of CZI)-L’ it

must be noted that this spectrum is that of CHI_ at the temperature

3
of the heated inlet system.
No experiments were attempted involving -heated metal filaments

gince the lack of resolution precluded any definitive studies.



Low Temperature Quenching Experiments with CF2

Quenching experiments on the CF2 produced’ in the pyrolysis of
CF3I were conducted in the unique cryogenic inlet system described in
Chapter II with liquid nitrogen or liguid. helium used as the refrig-
erant. Since most of the experiments were conducted at liquid nitro-
gen temperature, this phase of the work is discussed first.

In order to duplicate as closely as pessible the conditions of
the experiments which resulted in the production of CF2 (as described
earlier in this Chapter), the parent compound was decomposed on a
platinum filament which was set to approximately 11000 C and argon was
used as a carrier gas. As indicated in Figure 17, the filament was
located inside the high temperature pot (HIR) .end within one-half inch
of the walls of this chamber. During the pyrolysis HIP, the gradient
tube and LTP were maintained at liquid nitrogen temperature so-that the
condensation of the hot gases was affected very close to the filament.
The cracking and subsequent guenching were conducted for periods of
from one-half to one hour. That this yielded an almost complete
condensation of all the pyrolysis products .was..evidenced by the fact
that in only one run was a faint spectrum due to one of these products
observed while the low temperature pot (LTP) was still at liqnid
nitrogen temperature.

After the flow of parent gas .was stopped and the hot filament
turned off, the temperature of HTP was allowed to increase (usually
only about 500) while that of LTP was held.at liquid nitrogen tempera-

ture. This resulted in a temperature drop along the gradient tube and,
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hence, in some degree of separation of the pyrolysis products, as the
more volatile species migrated down the tube toward lower temperatures.
The entire inlet system was then allowed to warm slowly, while main-
taining the temperature gradient, and the effluent gases were monitored
. (with no further warming) by the mass spectrometer.. The spectra of the
gases were recorded at various temperatures and the use of a discrimina~
ting low energy electron beam was employed to search for free CF, and

2
CF3. :

In Table 6 are listed the fluorocarbon gases whose mass spectra
were identified during the warmup and the temperature of the inmlet
system at the time at which these spectra were. recorded. The major
products were found to be CFh, C2FL}, CEF’G" Iz.and the unchanged parent,
CF3I. The raw data from which these compounds were identified are
presented in Appendix E accompanied by the mass spectra of each from
reference k.

CFu had not been previously identified in the pyrolysis studies
because of the absence of a parent peak in its mass spectrum. The
predominant peak in the CF), spectrum is that due to CF3+ (mass 69) and
the observation of this mass at a temperature_only slightly above that
of liguid nitrogen, led to the initial hypothesis that the CF3 free
radical was being trapped and revaporized without reaction or recombina-
tion. However, rough appearance potential studies of this low tempera-
ture gas demonstrated that this spectrum.resulted from electron impact

fragmentation of the CFLL molecule. The approximate appearance poten-

tials of CF + and CF + from this work and the corresponding values

2 3
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from Reed and Snedden's study of CFLI_)1L8 are given in Table 7, where

(CF2) and I (CF3) are also given. Obviously, the first gas

Iver’c vert

which is evolved during warmup must be characterized as CFlL rather
than CF3.

At somewhat higher temperatures (about -160° C), C,F, and
C2F6 began to appear in the effluent gases f:qom the cryogenic inlet
system. The relative proportions of these gases varied from one run
to another but each was present in every case. After the inlet
system had warmed to about —J_SO0 C the spectrum of the unchanged
CF3I appeared; at approximately -1ko° C the parent compound had
become the major contributor to the mass spectral pattern.

At various temperatures throughout these warmup experiments the
lon currents due to the CF2+ and CF3+ ions were observed at electron
energies intermediate between their ionization potentials and their
appearance potentials from CFL;' In no case was there found any evi-
dence for the presence of free CF2 or CF3. AP(CF3+) did, in fact,

drop to approximately 11 ev but this change was found to occur at very

nearly the same temperature as that at which CF_I began to appear in

3

the spectrum of the warmup products (AP(CF3+.) -from CF,I = 11.1 ev).

3
In an additional series of experiments, liquid helium was used
as a refrigerant in the cryogenic inlet system. The same -pyrolysis
techniques were employed but 'in these experiments the argon: CF3I ratio
was considerably larger (about 10:1). At 4.2° K the argon serves not

only as a carrier gas but also as an inert matrix for the trapping of

the unstable species.
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Table 6. Gases Identified During.Warmup (Liquid Nitregen Quench)

Temperature Interval During Which Spectrum First Appeared

%
Gas Run 1 Run 2 Run 3
cF, -196° ¢ -196° ¢ to -188° ¢ -190° ¢ to -187° ¢
PON not detected -188° ¢ to -162° ¢ -170° ¢ to ~160° ¢
CFg -196° ¢ to -150° ¢ -188° ¢ to -162° ¢ -170° ¢ to -160° ¢
CF.I -150° ¢ to -192° ¢ -157° ¢ to -148° ¢ -149° ¢ to -1k2° ¢
*

Did not record spectra between —1960 ¢ and -150° C.

CZF,+ was present in gases coming through.the inlet system while it
was being ceoled simultaneously with cenduct of pyrolysis. The
condensed CZF)+ must have vaporized and have been pumped out of the

system in the interval between -196° ¢ and -150° ¢




Table 7. AP of CF. and CF

2 3

from the- Lew Temperature Vapor.

76

AP Obtained in this

AP from

work (uncorrected) CFh(TEf’ 48) Lrert
CF, 23+ 2ev 22.33 + 0.06 ev 11.8 ev
CF 6 +2ev 5.4 +0.05 ev 10.2 ev??
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In these experiments, depesition ef the pyrolysis products was
1limited to 10-15 minutes since it was found that the cost of maintain-
ing the system at 4.2° K was prohibitive. The cryogenic inlet system
had been designed for use at liquid nitrogen temperature and a complete
reconstruction would be required in order to run the system for the
periods of time (about one hour) which were used for deposition in the
experiments conducted at 770 K. The much smaller deposits (due both to
dilution and to shorter runs) proved to be a_handicap in the analysis
of the warmup products since much less gas was evolved and pumped
through the mass spectremeter.

The mass spectra which were recorded during the warmup of these
deposits again showed the presence of C2F)+, 02F6 and CF’.{.’ but these
experiments yielded no evidence for the presence of free CF2 or CF3 in
the low temperature gas above the condensed phases which had been
deposited at L4.2° &,

As mentioned in Chapter I, two recent publications6’7 have dis-
cussed the spectrescopic study of CF2 trapped in an argon matrix at
liguid helium temperature. One of these studies ,7 which was published
in September, 196k, showed that on warming to 4o° X, the argon matrix
softened sufficiently to permit diffusion and consequent dimerization
of the trapped CF,. After the warmed products were again cooled to

2

L,2° K, the spectrum of CF, was cempletely gone but that of CZFH- was

2

much more intense. A personal communication frem one of the authors of
this latter study included this further amplification: '"These studies

have shown, for example, that even though CF, is readily formed from

2

diflucrodiazirine at 4° K in both argon and nitrogen matrices
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(Inert:CF2N2 = 200) and can be maintained. in the metrix without T,
formation for hours, at a temperature of m° X, Cth_ formation is com-
ple‘te."* The fact that this reaction goes to completion at, or below,
1° K, indicates that the activation energy for the combination of two
CF2 molecules is extremely small and, hence, that it is highly unlikely
that relatively pure samples of condensed phase CF2 can be prepared,
even at the lowest obtainable temperatures. In any event, in the
present experiments, if we assume-that the CF2 survived. the- quench, it
must have been chemically lost at temperatures well below that at which
the species had enough energy to exert a vapor pressure of lO-2 mm Hg.
The loss mechanism of the-active species is examined analytically in
Appendix A.

Mastrange1028 has studied the deposits formed by quenching to
liquid nitrogen temperature the preducts of a radio frequency discharge
in C2F6 or cyclo—ChF8. From chemical evidence, it was claimed that
CF2 was present in a blue deposit which bleached. at about 956 K; and
that CF3 was present in a red deposit whose color persisted to approxi-
mately 1070 K. These assignments were based on an analysis of the
warmup products which resulted from chlorinatien and bromination of the
low temperature deposits; ne direct observation of CF2 or CF3 was
reported. To reconcile these hypotheses with the more recent spectro-

scopic data and with the present mass spectral data, one must assume

that the matrices formed by the parent compounds used in this study do

E3
The author is indebted to Dr..R. A. Mitsch of Minnesota Mining and
Manufacturing Company, Saint Paul, Minneseta for thi§ comment.
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nof soften and permit diffusion of the reactive species until a con-
siderably higher temperature than is the case in an argon matrix
(see analysis in Appendix A).

The present work, in which the pyrolysis products of CF3I were
immediately quenched to 770 K or to 4.2° X, has yielded ne evidence
for the presence of free CF2 or CF3
et a.l.7 have shown that CF2 is indeed trapped in an argon matrix at

in the warmup gases., Since Milligan,

liquid helium temperature and Mastrange1028 has presented convincing
arguments for the stabilizatien of -both CF2 and CF3 in a matrix of the
parent, cyclo~ChF8, at liquid nitrogen temperature, it is very likely
that CF2 and C'F3 are-present in the-low temperature deposits preduced
in this work. One again concludes, therefore, that these species must
achieve sufficient mebility in the matrices to permit reaction or

recombination at temperatures which do not allew sublimation of the free

species.
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CHAPTER IV
CONCTUSIONS AND RECOMMENDATTIONS

The work described in the preceding Chapters had led to the
following conclusions:

1) Free CF2 is produced in the-pyrolysis of CF3I on an incan-

descent platimum filament. Some evidence-was found for the production

of CF2 in similar pyrelyses of cyclo—C,_LF8 and CF_CFCL; no~CF2 was

2

detected in the pyrolysis of CHCle.

2) (I, was not detected in the-thermal decomposition of CHI, or

2 3
021)4.'
3) The vertical ionization petential of CF, was found to be
11.8 + 0.1 ev; several other vertical lenization peotentials and appear-
ance potentials were determined and are listed in Table 3 in Chapter ITI.
4) The method of appearance potential lowering failed to detect
CF3 in the pyrolysis of CF31 although AP(CF3-+) from CF3I is almost one
volt mere-than the most probable value of T oy t(CF3) .

5) The effluent gases from the pyrolysis of CF_.I on a platinum

3
filament were rapidly quenched to 770 K or to ’-&:20 K and the gases
evolved from the'se deposits were monitered during warmup. No CF2 was
detected in these gases and, hence, it is concluded that this unstable
compound reacts or recombines in the solid deposits rather than sublim-

ing as the free species.

6) CF,, C.F),, C.F, and I, were identified in beth the pyrolysis
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products of CF3I and in the gases evolved during warmup of the quenched
pyrolysis products.

7) The mass spectra of CF I, cyclo-—CuFB, CF2HCl, CcmFCl,

3

CFZClCOOH, CHI_ and CZIh have been obtained on the Bendix T-0-F mass

3
spectrometer and are presented in Appendix B. These spectra do not
have the precision of data obtained with high quality magnetic deflec-
tion machines.

As is always the case in research, several extensions of the
present work may be proposed.

The recently synthesized compound, difluorediazirine, C_F21\I2, may
prove to be a much more suitable parent compeund for the generation of
CF2 for cryoegenic reactivity experiments. This parent would result in
a much “cleaner" system and its pyreolysis ceuld be conducted at a much
lower temperature. The synt]gesis of CF2N2 is new. classified but when a
sample of this material is available it is recommended that the quench-
ing experiments (particularly those conducted at 4.2° X) be repeated

with this parent compound.

The low temperature-reactivity of CF, toward a variety of

2
chemicals could alse be studied in the cryogenic inlet system. A com-
pound, for example, CZF’-L’ could be deposited in the inlet system and
CF2 could be generated in clese proximity to this deposit; the warmup
products of this reaction would be identified by monitering the evolved
gases in the mass spectrometer. Such a process might well result in
the formation of new chemical intermediates which weuld be stable at

low temperatures. Some simple molecules with which CF, might be reacted

2

are CO, H2, F, and 012.

2



82

The recent identification of Si(CH3)278 suggests the possibility
of the generation and mass spectrometric study of the dihalosilenes,
Sin. The- pyrolysis of SiFu, for instance, on an incandescent wire
might prove to be a suitable reaction for the production of SiF2 in the
gas phase. Timms, Ehlert and Margrave79.ha.vevrecently described several
studies of the high temperature reactivity .of SiF2 generated by the
pyrolysis of SiF,J{ over metallic silicon at 1150o C.

) The hot filament inlet systems which were designed and constructed
as a portion eof this work may prove to be very useful for the sbudy of
high temperature surface reactions. Operation of these inlet systems at
low pressure provides an essentially collision free path from the filament

into the mass spectrometer ion seurce so that the gases leaving the fila-

ment sheould be analyzed without further change.
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AFPPENDIX A

EXAMINATION OF THE STABILITY OF CF2 IN AN ARGON MATRIX

The stability of CF2

temperatures is of great interest to this work and, therefore, it seems

in a matrix of a solid material at very low

appropriate to briefly consider the conditions necessary for stabiliza-
tion. Many estimates of the maximum possible concentration of frozen
free radicals are available in the literatureao but none of these seems
to take into account the temperature gradient across a thin film of
condensed material; this point is discussed below. The approach to the
estimation of the diffusion rate which is suggested here is also thoﬁght.
t; be unigue.

The diffusion of active species through an inert matrix is
thought to be a function of T/Tm, where Tm is the melting temperature

of the matrix material and, specifically, it has been found that trapped
T

free radicals usually disappear at a temperature near 7?-81 Since the
active material is always present in very low concentrations, it seems
plausible to develop an active molecule collision rate theory by analogy
to the kinetic theory of gases. The number of collisions per unit

volume per second in a gas is given by
T " v n° v2 (1)

where ¢ is the molecular collision diameter, v is the average speed and

n is the number of molecules per unit volume. If we now think of our
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active material as a "slow moving" gas whose "speed" is temperature
dependent, we may use a similar form for frozen free radicals. The
average "speed" of the species of interest in its movement through the
matrix will undoubtedly be very small. In a gas the speed is propo?—
tional to the square root of temperature, but, since, the averagé
"speed" of movement of the active species in an inert matrix is
dependent on both softening of the matrix and the kinetic energy of
the radicals, it seems more reasonable to assume a linear dependency
on temperature, i.e., we are taking the chemical activation energy tb
be insignificant relative %o the energy required to soften the matrix.
Therefore, if we represent the number of active molecules per unit
volume by n. we find that the number of collisions per unit volume per

second. is proportional to
2 2 =
T & T/Tm n Jy2 . _ (2)

Since the number of recombinations will be directly proportional to thé
number of collisions and since ¢ will likely be very nearly constant
over small temperature ranges, we find
dn
_x
dat

T 2
=-cgn (3)
m

where ¢ is a constant to be determined from the available experimental
data.

At constant temperature this may be integrated to give

()

[+3
n =Z+ec

r 2
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This result indicates that at constant temperature the concentration of
the active species will decrease as an inverse function of time.
Consider next the thin layer of condensed reactive material and

inert matrix shown in Figure 25.

L e e I

i}
lo]

T="T

N
[TTTTTTTTTTT777 "

Figure 25. Schematic Showing Geometry of Reactive Film Problem.

The ehergy equation for this material, including the heat released by

recombinations, may be written as

afn:aé"’_T__AH_<a“r
3t BXE pcp ot ”
or
2
g—zﬂ‘a—g“enr% {5)

The boundary conditions can be simplified, and the solution of the -

boundary condition equation made possible by the following substitution.
T=T-1T (6)

Hence,

I %7 2 =
§=a§+02nr (T+Tw) (7)
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and at t =0, T =0; (for all x)
x =8, T=0; (for all time)
3T
0, 55 =

0 for all time).
=0

»
[

05 (i.e., ()
X

The final boundary condition arises since there can be no heat transfer
from the outer surface of the film under conditions of low temperature
and high vacuum. As a first approximation, let us assume that over
short time intervals and small changes in temperature that the heat
production due to recombinations is constant. If we assign the maximum
value to o, it is clear that we are using the "worst possible"” condi-

tions since o, can only decrease with time. Therefore,

P 2_
oT 7T
g_€=a?——2-+G (8)
ox
where G is the rate of heat production per unit volume divided by pcp.

Equation (8) may be solved by a method outlined by Jako‘bu.82 First, if

G =0,

5= 935 (9)
Equation (9) is readily solved by the method of separation of variables
to give

2
T=e Ot [A sin ex + B cos cx] . (10)

Secondly, if we set %% = 0, we obtain Equation (11) to solve

82
%

IHI

+
Q@

Ll

o

(1)

no

This is integrated directly to give
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= G 2
T=-5;% +Dx+E. (12)

Combining these solutiens yields

2
T=E+Dx—2%x2+e"cat[Asincx+Bcoscx]. (13)

Applying the boundary and initial conditions, we find:

1) At x =0, S—z: 0 and hence
2
0=D1+ce® % [a

or A=D=0.

2) At x=s, T =0 and hence

2
O=E—isz+e_caf'[Bcoscs]

and therefore E = 5z s —

and cos cs = 0

which implies that ¢ = (n+l/2)w/s .

Since n may take any integral value, the most general form of the

equation is
- 22 ,2
T =,2% (52—x2 +Ze_(n+l/2) TTot/s B, cos (n+l/2)sE (1)
n=0
3) At't =0, T =0, and hence
®
0=L SZ_XE) +z B, cos(.n+l/2)—57r‘>—c
n=0
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; . o - X R
The Bn’s, having units of "K, are coefficients of a Fourier series and

are given by

S

5 ;[g—a (52~x2)cos(n+l/2)1rx/s dax (15)

n S

f(cos (n+l/2)1rx/s)2 ax
6]

B = —QG—SQZ—s sin(n+l/2)7
a(n+l/2)%r

The final result, then, is Equation (14) with the Bn's given by
Equation (15). The solution has been verified by substituting into
Equation {8) and performing the indicated operations.

In order to utilize this solution we must obtain estimates of
the parameters s, @, and G.

A consideration of the amount of gas used in an experiment and
the size of the area on which deposition is assumed to occur indicates
that s will not exceed 0.1 cm.

The density pf solid argon at 30o Kis 1.75 g/cc, the thermal
conductivity of the solid is about 8.7 millix;;atts/cm °K and the heat ™
capacity is approximately 0.113 cal/gm OK.83 These values lead to

a=-= ~o.01 cmz/sec.
b

The work of Mitsch, et aL7 allows us to approximate G for
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(and from correspondence with these authors) that CF, may be maintained

for many hours in argon at 1° K; that it completely disappears in some
finite time at 14° K; and that at 4o° K the \(i‘%g is quickly lost. From

[ A
this we can reason that at some temperaturejiﬂ the neighborhood of

2

studied by Mitsch, et al contained/a/hgxiﬁum of 1 per cent CEéNz which

was subsequently phetolyzed. The maximum concentration of CF2 under
these conditions would be about 4 x 10~h moles/cma. If we assume that

3O~1\LOO K the half life of trapped CF. is oyéfminute. The deposits

the heat released by recombination is released at a steady rate over the

first minute, we find that

moles CF, mole C_F
( 2.0 x 10"%L 3 2> (1/2 2 ”) <81,ooo cal/mole 02F4>
Cnm /(l

\ mole CF,

G = 6)

60 sec (pcp)
= 1.5° K/sec. _

If the estimated heat release were sustained for 10 seconds,

the temperature distribution at the end of this period would be

T = é% Is2~x2) + B exp[—(l/2)2w2a(10)/52] cos (1/2)mx/s
+ B, expl-(3/2)°170(10)/5%] cos (3/2)mx/s + ... (1)

and, since

(o}
Bo = 0.39" K,
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we obtain

o
T = L.5" K/sec (0512_X2) cm2

2(0.01 cm2/sec)

+0.39° exp[—(1/2)2w2(0.01)(10)/0.12] cos (1/2)mx/0.1

or

2h, 6 X

2) - 0.39 e COS == + vuss

T =75 (0.1%%
and finally,
T =75 (0.412-::2) .

Obviously, a steady state is very quickly obtained since the time-
dependent terms of this expression become insignificant at much less
than 10 seconds. The maximum temperature differential (E = TO—TW)

across the thin layer will be at x = 0.

= 2
T e =75 (0.1)

o
TO—TW =0.75" K
If we now wish to include the effect of temperature on the rate
of heat evolution, that is, to remove the restriction that G in

Equation (8) is constant, we must solve Equation (7). This may be

rewritten as

g-g:oc—+aT+b (18)


http:exp[-(1/2)2v2(0.01)(10)/0.12
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where

and

Rather than accounting for the variation of n_ with time, we can solve
this equation for the initial value of n_ and, hence, obtain a "worst
possible" solution. The boundary conditions are as given for Equa-
tion (7) and the method of solution is analogous to the solution of

Equation (8). First, if b = 0, we have
= =a—=4+ 3T (19)
Equation (19) is readily solved by separation of variables to give
= —02t
T=ce (C cos gx + D sin gx) . (20)

If we set %% = 0, we have

T a8 o
S+ T+b/a=0 (21)
[o4
ax
The solution to this equation is
T =Acos ——x+Bsin = x - b/a2 . (22)

Jao Ja
By combining these solutions we find the following solution to

Equation (18).
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T=Acos—§-—x+Bsinlx-b/a2
o Jo

N —02 t
+Ze n (Cn cos gx + D sin ex) .
-00

Application of the boundary conditions and initial conditions pre-

seribes the following values for the constants.

i (n+1/2)w

s

2 2 2
Crl =Q g +a

o - 4| smiCey® - (/e
i [ as//@ - (n+l/2)7

. sin[(as//@) + (n+1/2)7)]
as//a + (n+1/2)w

+ T&.——— sin (1’]+l/2)7r

a“(n+l/2)m
We again find that the terms in the summation are negligible after ten
seconds and, using the same values of physical properties as used above,

we again find that



oh

= . o
Tmax_o.S X

T .7 =0.8° K
[e] W

These small temperature gradients would not be expected to
accelerate the reaction to any extent and, hence, no chain reaction
would be expected at 30—400 K for 1 per cent CF2 in argon.

If we now suppose, as an example of the application of this
method, that an increase of 30 K in the matrix temperature is suffi-
cient to promote an autécatalytic, and very soon catastrophic,

reaction, we can compute the maximum concentration of CF2 allowed by

this diffusion rate theory.

= o
For Tmax =3 K
o G
37K = 2 (0.01)
G = 6.0° K/sec -

This requires that the molar ratio of argon: CF, be less than 100:k,

2
or about It mole per cent active material, if stabilization is to be
achieved for even very short periods of time.

Other theories of the stabilization of reactive species in

~ inert matrices predict maximum concentrations which range from 10 per
cent from statistical isolation calculations down to 0.1 per cent
from much more sophisticated models. The work of Mitsch, et al
demonstrated that concentrations 'somewhat smaller than one per cent

of CF2 in argon could be achieved and, hence, the estimate of maximum

concentration found here is of the right order of magnitude, at worst.
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The theory proposed here,,and others as well, can be verified
or rejected on the basis of a carefully conducted experiment such as
outlined below. CF2 could be formed in a solid argon deposit by
photolyzing CFQITI2 in the solid matrix at any desired temperature and
a relative value of the CF2 concentration could be obtained as a
function of time by recording the intensity of one of the character-
istic absorption lines of the radical. Then, according to Equation
(%), a plot of —i‘- vs. concentration will be linear. A value of the
half life of the radical species can also be obtained from these data.
Any deviations from linearity in such a plot must be ascribed %o a
temperature rise, and consequent softening in the film and, hence, a
series of such plots, obtained at various initial concentrations and
at a fixed temperature will reveal the maximum allowable concentra-
tion in the matrix at that temperature and will allow us to estimate
the allowable temperature drop across the film for any initial con-
centration of active material. Such a verification would permit us

to extend this theory to the prediction of the stability of other

systems.
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APPENDIX B
TABULATED MASS SPECTRA

In this Appendix are presented mass spectra for the various parent
compounds studied in this work; because of the inherent instability of
the output of the Bendix Time-of-Flight Mass Spectrometer, these spectra
must be considered as typical rather than precise., A Bendix report85
indicates that the maximum deviation from average values of relative in-
tensities should be of the erder of three per cent, but the results
obtained in this study indicate that much larger deviations may be
expected when the machine is set for relatively sensitive operations; in
fact, deviations of up o 20 per cent have been observed from one run to
another. It was found that more corsistent data were obtained when
higher sample pressures and lower machine sensitivities were used but
the nature of most of the work described in this thesis required the
use of a relatively high sensitivity. Statistical fluctuations in the
analog output could be smoothed out by the use of a larger time constant
which, coupled with a much slower scan of the spectrum, should also
improve the consistency of the data.

The spectra of CF,I, CHCLF

3 2?

standard referencehh but these earlier data were ebtained on magnetic

and cyclo—ChF8 are available in a

deflection mass spectrometers. Since the relative intensities of mass
spectra recorded on a time-of-flight mass spectrometer are often very

different from those obtained on the conventional instruments, typical
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spectra of these compounds are given in the following tables. Mass

spectra for CHI3> CZIM’ CFZClCOOH and CF.CFCL are not found in the

2

standard cempilations of such data and these typical. spectra are

presented as new information.
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Table 8. Mass Spectra of CF.I

3
Mass Species Relative Intensity
12 ¢ 1.8
19 F 1.2
31 CF 16.5
50 cF, 12.3
69 CF, oh.7
127 _ I 79.6
139 cI 1.0
146 IF 0.9
158 CFT 0.5
177 CF I 30.0
196 CF,T 100.0

Electron Energy = 50.velts
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Table 9. Mass Spectra of CFZClCOOH

Mass " Speécies Relative Intensity
16 0 *
17 OH *
28 co *
29 COH 16.1
31 CF 25.2

35 c1 5.0
37 ¢1,i 1.5
by co, *
b5 COOH—— 100.0
L7 ccl 26.7
43 CHC1 13.6
kg €C1,i 8.1
50 CF,;CCLH,1 36.2
51 CF H kg L
60 ¢, FOH 5.0
63 COF k.0
6l CO,HF 10.6
66 CFCL 20.1
67 CHFC1 10.1
68 CFCL;i 7.6

(continued)
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Table 9. Mass Spectra of CF, C1COOH

(concluded) 2

Mass Species Relativé Intensity
69 CHFCL,i - 3.5
78 C 2}3‘20 . 10.1
79 C,F,0H 6.1
85 CF,CL 32.7
86 CHE‘2Cl 33.2
87 CF,C1,1 10.1

_ 88 CHFZCJ_ ,i 9.6
92 C 2ClO 2H k.5
ol C,F,0,3C,CLO0,H, 1 .2.0
95 CéFZO 2H ’ 60.5

130 CFZClCOOH P 0

Electron Energy

i

»

*These peaks were
Some mass nuwbers, which could not be formed by the elements in this
compound, were discarded as impurities. Since this compound was
prepared in this laboratory by acidification of the sodium salt,
there is a strong probability of some contamination due to reaction
or decomposition of the acid.

50 volts
isetope

parent

masked by residual gases in the mass spectrometer.
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Table-10. Mass Spectra of éyclo—ChF8.

Mass Species Relative Intensity
12 c 0.06
19 F 0.06
2l C, 0.03
31 CF 20.0
43 C P 0.25

+50 CF, 7.0
62 C Py 0.11
69 CFy 18.3
7h C5F, 1.0
81 CFs 2.5
93 CF 5.7

100 T, ‘ 100.0

112 C5F), 1.0

131 C5Fs 82.0

150 CoFg 0.06

162 ¢\Fg 0.03

181 0,F, 0.6

200 ¢,Fg 0.3

Electron Energy = 50 volts.
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Table 11. Mass Spectra of C}IE‘ZCl

Mass Species Relative Intensity
12 c 2.0
13 CH 3.2
19 by 1.1
20 HF 0.2
ok CHCL.,d 0.3
31 CF 15.0
32 CHF 10.3
33. CHFCL,d 1.1
35 L —— 10.4
36 HCL 1.1
37 Cl,i 3.k
38 HCL,i 0.4
b7 cel 2.7
L8 CHCL 0.7
kg cel,i 1.0
50 CF,3CHCL, 1 5.6
51 CHF,, 100.0
66 CFCL 2.0
67 CHFCL 10

(continued)
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Table 11. Mass Spectra of C}IE‘ZCl

(concluded)

Mass Species Relative Intensity
.68 CFC1,i 0.7 - -

69 CHFCL,i b7

85 CFZCl 1.7

86 CHFQCl 5P 2.4

87 CFZCl 5L 0.7
. 88 CHFZCl 51 0.8

Electron Energy = 60 volts
.1 = isetope
d = deubly - charged ion

P = parent
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Table 12. Mass Spectra of CFECFCl

Mass Species Relative In’censi‘by

12 C 1.2
19 F 0.5
31 CF 87.3
35 cL 6.6
37 Cl,i 2.0
Ly ceL 22.9
59 CCL,i 7.8
50 CF, 13.2
66 Ccrel L8.2
68 CFCL,i 11.0
81 CoTs 18.3
85 CF,CL 28.8
87 CF,C1,1 9.3
97 CF,CL 22.2
99 4 C,FCL,1 7.1

116 CoFCL 100.0

118 CoF4CL,1 32.9

Electron Energy = 4O volts

i = isotope



Table 13. Mass Spectra of CZI’-L
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Mass Species Relative Intensity
12 c 6.6

127 I 100.0

139 CI 7.1

151 c,I 19.0

25k I, 22.4

266 CT 1.1

278 c,I, 30.6

hos 0213 11.0

532 C2IL+ 13.1

Electron Energy = 70 volts

Mass mumbers corresponding to reaction products or impurities

are omitted. Sample boiler was at about 110° ¢ and furnace was

1250 C. .These conditions result in the production of 12 and C.I

from CEIM'

272
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Table 14. Low resolution Mass Spectrum of CHI3.

Mass Species Relative Intensity

12 c 3.3
13 CH 3.3

127,128 I,HL 100

139,1k0 CI,CHI** 60
o5k I, 1.2

266,267 G 83

393,394 c13,cH13** 26

* I
These mass numbers were not resolved but it appears that the peak
is due predominantly to the lower mass.

E3
These mass numbers were not resolved but it appears that the peak
in each case is due prediminantly to the higher mass.

Electron Energy = 50 ev
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APPENDIX C
VARTATTONS IN MASS SPECTRA WITH TEMPERATURE

The relative intensities of seme of the major peaks of CFzClCOOH,
CH:IZ3 and CHClF2 are given at a series of temperatures in this.Appendix.
A glance at the tabulations shows that the relative intensities of
several of the major peaks of CFZClCOOH change drastically when the
inlet gas is heated frem roem temperature to 3000 C; the relative inten~
gsities of the fragment iens in the CHClF2 and CHI3 spectra, on the other
hand, remein almost constant and the only noticeable change in these two
mass spectra is the decrease in the relative intensity of the parent
peak with increasing temperature. This latter effect has been pre-

75

viously noted by several workers'm and Stevenson'~ has attributed this
to an increased internal energy which results. in a larger fraction of
the molecules being in cenfigurations which permit dissociation.

The large changes in the-relative intensities due to the various
fragments formed from CF201COOH must be caused by thermal decomposition

of the parent molecule prior to entering the ion source. (This has been

discussed in somewhat more detail in Chapter IV.)
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Table 15. Relative Intensities of Some of the Major Peaks of
CFZClCOOH at Beveral Temperatures.

Relative Inbensities at

Mass

Number Species Room Temp. 100° ¢ 200° ¢ 300° ¢
31 CF 82 8 125 110
i co, 20 30 >500" " >500""
us* CoH 252 260 220 123
50 CF, 100 100 100 100
51 CFH 137 122 100 bl
66 CFCL 55 53 236 73
67 CHFCL 30 28 59 59
85 CF,C1 82 100 200 2ho
86 CHF,C1 103 — 100 81 70
95 CF,,CO0H 200 202 163 53

Electron energy = 50 ev,

The peak due-to CF, is used as a basis for these relative intensi-
ties since the maghitude of this peak remains more nearly con-
stant than do the other peak heights.

**
Off-scale
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Table 16. Relative Intensities of Some of the Major Peaks of
CHFZCl at Several Temperatures.
Relative Intensities at

Mass S S S S
No. Species Room Temp. 125" ¢ 215" ¢ 368~ ¢ 500" C
31 CF 18.6 18.3 18.7 18.7 19.4
50 CF, 6.0 6.2 5.8 6.4 6.0
51 CHF," 100 100 100 100 100

67 CHCLF 15.4 16.k 15.6 15.5 16.h
86 CHClF‘2 2.5 2.k 2.3 2.2 1.5

*
The peak due to CHE‘2+ is used as a basis for these relative
intensities.

Electron Energy = 60 ev.
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Table 17. Relative Intensities of Some of the Major Peaks
of CHI, at Several Temperatures.

3
Relative Intensities at
Mass P ° 5
Nunber Speéies 60° ¢ 1000 ¢ . 1T ¢ 300" C
127,128 I, HL 120 127 129 137
*
139,140 CI, CHI 72 75 75 78
254 I, 17 18 17 18
266,267 CI,, CHI2* 100 100 100 100
393,394 CI, CHL® 31 28 27 23

¥
These mess numbers were not resolved (see Table 1k).

Electron Energy = 50 ev. —
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APPENDIX D
VERIFICATION OF THE RPD TECHNIQUE

The RPD Technique discussed in Chapter II, “Apparatus and Experi-

mental Procedures,"

was checked out in this apparatus and verified by
determining the ionization potentials of molecular nitrogen and oxygen.
The difference between these two potentials as determined in this study
is given in Table 18, together with several corresponding values from
the literature.

Seme of the appearance-potentials which are listed in Table 3 have
alse been determined by other workers and most of these values are in

excellent agreement. Two of these appearance potentials, with the pre-

viously obtained results are listed in Table 19.



Table 18. Ionization Potentials of Oxygen and Nitrogen.

112

IP(N2) - IP(OZ)

Present work

Spectroscopic values

Electron impact values

3.35 + 0.2 ev
3.327785

3'086

3.4 +0.05 ev77’85

3.5 + 0.2 evT7




Table 19. . AP(T1) From I, and From CF,I.
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Previeus-Experimental  Theoretical
This Work Value Value
+ .
AP(I') from i, 8.8 + 0.1 ev 8.68 + 0.07 &0 8.84 ev?
+
AP(I') from CF,I 12.9 + 0.2 ev 12.9 +0.15 evlw ————

3




APPENDIX E

RAW DATA FROM QUENCHING EXPERIMENTS

3

11k

In the following table, the-raw data from the liquid nitrogen

temperature quenching experiments are presented.

These data are frem

Run 2. The mass spectra of CFh, C2Fl|- and C2F6 from a standard refer-

encem'L are presented for purposes of cemparisen.

Table-20. Raw Data from Quenching Experiments.
Relative Peak Heights
LTP Temp. CF CF2 CF3 C2F3 CZFLL C?F5 C2F6
-188° ¢ 10 1.6 100
Mass Spectrum
of CFy from
reference Ul 13,1 100
-157° ¢ 00 79.5 36 17.3 o
Mass Spectrum
of CZFLL from
reference Lh 72.2 48.5
Mass Spectrum
of CoFg from
reference 4t 100 h1.5 0
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