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Thermal Ion-MolecUle Reactions in Gaseous Methane-Oxygen Mixtures· 

, .. 
Robert Louis Horton 

·., 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory, 

ABSTRACT·. 

Ion cyclotron resonance mass spectrometry was applied to the study 

of the thermal ion-molecule reactions occurring in methane-oxygen 

mixtures. The reactant ion-product ion relationships were more firmly 

.• "!'! 
established by using ion cyclotron and ion ejection double resonance 

and by examining some of the ion-molecule reactions occurring in 

mixtures of oxygen and chloromethanes. The ion-molecule reactions 

which take place in pure methane were re-examined and found to account 

for most of the product ions found in methane-oxygen mixtures. The 

remainder is due to the reactions.which occur in pure oxygen, to the 

fast reactions involving contaminant specie·s, and to the cross ion-

molecule reactions of methane species with oxygen species. The 

contaminants were largely produced by chemical activity at the hot 

filament in the electron impact ion source. Additional experiments 

augment the earlier measurements of the rates of the relevant reactions 

of the contaminant species. Literature data and the results of a re-

examination of the pure oxygen system were critically discussed in an 

attempt to assess the rates of collisi.on-induced and spontaneous 

relaxation of electronically excited 02+. The reaction of oxygen 
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ions, both gro'ilnd state and electronically excited, with methane was 

found to be very slow not because of an energy barrier to reaction but 

because only a few percent of the collisions bring the reactants into 

proper position to permit a concerted bond-breaking, bond-forming step. 

This preliminary indication is that a potentially long-lived inter

mediate of structure (H2=C=(OH)2+)* is formed in the reaction of 02+ 

with methane. The reaction of CH4+ with oxygen proceeds with much 

higher rate but by way of charge and H-atom transfer ;r:ather than by way 

of the stable but difficult to reach intermediate. Much more study of 

this system of reactions is needed in 9rder to establish and explain 

the mechanisms and dynamics of the ion-molecule reactions. 
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'' I. Introduction and Background 

The past dec;:ade has witnessed a mushrooming of the ion-molecule 

reactions realm of chemical kinetics. The interest in ion-molecule 

reactions stems from the ease with which ions can be made to serve the 

experimenters' purposes. Ions can be mass selected, formed intobea.ms, 

accelerated, deflected, and so forth. ~he rapid growth of 'the field 

correlates in large part with technological advancements. Physicists', 

for example, have been using the cyclotron principle for most of this 

century; their applications have range,d from high energy particle 

accelerators to the study of the electrons in solids by means of electron 

cyclotron resonance. Some research proposals involving the use of ion 

cyclotronresonance as a basis of mass spectrometry date back twenty 

1 years or more;· however, full exploitation of the technique has 

awaited technological developments in high vacuum and the advent of 

relatively inexpensive, highlyuniform, and high field strength magnets, 

an out-growth ofjthe development of NMR in the 1950's. Ion cyclotron 

resonance mass spectrometry is now accepted as an honest technique for 

establishing the precursors for each product species and for measuring 

the rate coefficients for the reactions even in complex systems of many 

simultaneous ion-molecule reactions. The details of the technique and 

its operation will be discussed in Chapter II. 

Then we will examine the application of this technique to study 

a system having unique chemistry - the ion-molecule reactions occurring 

in gaseous mixtures of methane and oxygen. In 1965 Franklin and Munson
2 

pointed out some of this uniqueness in a study using a conventional high 

pressure mass spectrometer (HPMS). They found "comparatively few and 

relatively slow [ion-molecule] reactions between the hydrocarbons and 
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2 oxygen." While the exothermic reactions possible in this system are 

many, few were found to have measurably large rates. Figure l shows 

that for the reaction of 0~. with CH4, there are at least 16 exothermic 

reaction channels. Of these, Franklin and Munson report only two: 

+ CH4 + __. CH302. + H 

__. CH20 + + H20 

k = 1.26 x 10-ll cm3/molec-sec 

2.8 X 10-ll 

Ion-m6lecule reactions in general have rates which are comparable to 

elastic ion-molecule collision frequencies. 3 A much-quoted estimate 

for the coll~sion frequency comes from the orbiting cross-section~ which 

is computed by assuming that all collisions with impact parameters up 

to a maximum value b (E) lead to reaction. The maximum impact 
m 

parameter b (E) is the greatest value which leads to a trajectory in 
m 

which the collision partners would pass through the origin, r = o, if 

they moved under the ion-induced-dipole potential, -~e2/2r4 • This 

cross~section predicts reaction rate constants independent of the rel-

ative velocity of the encounter: 

(l) 

where ~ is the polarizability of the neutral and ~ is the reduced 

mass of the ion-neutral pair. For estimation, polarizability data from 

d . l t . 12 1e ec r1c constant measurement is normalzy used. This approximation has 

been used successfulzy to rationalize the magnitude and energy dependence 

of the rates of many ion-molecule reactions at low relative kinetic 

energy of collision. 
6 

For the thermal 0~ + CH4 interaction, Eq. l 

predicts a rate of 11.5 x 10 -lo cm3/molec-sec, while Franklin and 

Munson observe a total of about 0.4 x l0-10
• The very large rate 

.. 
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Fig. 1. Thermodynamic data on the system of stoichiometry CH402 +. 
i . 
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constants observed for a large number of ion-molecule reactions is 

generally attributed to an absence of activation energy, inasmuch as 

ions "are themselves free radicals and might be expected to react 

rapidly and with little or no activation energy."5 

proved that the activation energy of 

+ 
. + 

CH4 -+ CHs + 

Cassuto7 has 

(ll) 

is zero to within 0.2 kcal/mole by measuring its rate over the tem-. 
.. . · 0 0 

perature range between -150 C and +200 C. While we cannot perform a 

comparable series of measurements, the question of whether or not an 

activation barrier explains the relative slowness of the reactions in 

the methane-oxygen system will be one of the main questions to be 

addressed in this dissertation. 

If each of the many exothermic reactions occurs with a rate on 

the order of l0-l2 or 10-llcn?/molec-sec, the total could approach the 

11.5 X 10-lo predicted by the orbiting reactio~ rate (Eq. l). The 

occurrence of fast reactions of methane ions with methane could in 

some cases mask these slow reactions. We shall examine the question 

of whether this might be the case. 

The high pressure mass spectrometer used by Franklin and Munson 

is not ideally suited for determining which ions are the reactant pre-

cursors of each product ion. The techniques which were employed are: 

l. appearance potential measurements 

2. determining the effect of each neutral partial pressure 

3. and determining the effect of the ion extracting field 
strength. 

The measurement of an appearance potential is as follows: in pure 

methane, for example, when the ionizing.electron energy is 70 volts, 
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t . + + . + CH+ s rang signals can be observed for primary ions, CH4, CH3, CH2, , and 

c+, as well as for a number of secondary ions if the methane pressure is 

high enough to allow ion-molecule reactions to proceed rapidly; .as the 

ionizing electron energy is reduced to below the appearance potential 

of C+ ions from methane (19.5 eV) the formation of that ion and any ions 

which it produced upon reaction with methane will cease. That the 

appearance potential of C2H~ is the same as that of CH~ establishes the 

ion-molecule reaction as one source of mass 

27 ions. 
+ . . + 

The appearance potential of CH is greater than that of CH2 

and therefore mass 27 ions produced from the above reaction will persist 

to a lower ionizing electron energy than will those produced from 

In order to establish the occurrence of such 

competing reactions by means of the appearance potential method one 

must either use a virtually mono-energetic electron beam, or carefully 

deconvolute the energy spread there is in the·beam. Since the spread 

in energy of the elec;tron beam in Franklin and Munson's spectrometer 

was about 1 eV there will be some uncertainty involved in the appear-

ance potentials he reported. Obviously the weaknesses of this method 

can become accentuated in a system such as the methane-oxygen system, 

since the two major reactants CH! and 0~ (X 2 TI ) have appearance poten-g . 

tials within 0.7. eV and since most of the reactions are very slow and 

the proquct ion signals are at best very small. Furthermore, when 

the reactionof a minority species is in competition with that of 

a majority species, such as 

+ + 0 slow (?) 

+ fast, 

it is very easy for the appearance potential method to overlook the 
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former reaction, especially if its rate be slow. Tl).is is also true for 

the ion cyclotron resonance technique, but to a much smaller extent. 

We expect to be able to describe more nearly completely what reactions 

occur. 

The effect of varying the ion extracting field strength is to 

alter the kinetic energy of the ions in the ion source. When the ex-

tracting field is continuously applied, as it was in the 1965 study, the 

ions never have an opportunity to thermalize. The minimum extracting 

potential used was 14.5 volts, so that the average center of mass kinetic 

energy for reactant ions was probably around 3 to 5 eV. This kinetic 

energy range can be reached with the ion cyclotron resonance apparatus, 

but the attendant experimental difficulties are great; consequently, 

a direct comparison of the results of the 1965 study with the present 

will suffer from the fac~ that ion-molecule reaction chemistry is 

distinctly different in the two energy ranges. The 3 eV center of 

mass kinetic energy is sufficient to drive a large number of endother-

mic reactions and surmount most activation barriers. The difficulty 

in learning how efficiently this kinetic energy can be converted into 

internal energy renders uncertain many arguments based on thermodynamic 

data and the conservation.of energy principle. 

The length of time during which ions react is about 103 times 

longer in the ICR than in the HPMS, even though the product of the reac-

t;i.on time and reactant neutral density is comparable in the two instru-. . . ,'. ; .. . . . ' 

ments. Appreciable populations of electronicly excited ions are pro

duced by electron impact
8 

in both instruments, but in the ICR, all but 

a fraction of the longest-lived excited ions probably relax to the 

ground state via spontaneous emission before appreciable reaction has 

• ,., 

.. ., 
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occurred. The A 2 IIu state of o!, for example, has about 100 kcal/mole 

more internal energy than the X 2 IIg ground state, and is expected to be 

highly reactive. Franklin and Munson reported no reaction of this 

excited species with methane, and with oxygeri only the following: 

v=O to 2) + 
+ . 

O::!i + 0. 

The same product is seen in the ICR experiments, but not from the above 

reaction, since that excited state will hav~ relaxed to the ground 

state and insufficient energy will be available to drive the reaction. 

+ The 03 + 0 product is seen in the ICR spectrometer produced from the 

+·"-'4 
reaction of 02 (a ~) with 02. This excited state appears to have 

sufficient lifetime to persist through the typical reaction times used 

in these experiments. 

The data of Franklin and Munson seems to indicate that methane 

quite rapidly reduces the population of excited oxygen ions available 
' . + 

to produce 03 because upon going from 25 microns (~) 02 plus 25~ CH4 
' . . + . 

to 53~ 02 plus 53~ CH4 the mass 48 peak intensity ( 03) drops by about 

30%.· Their failure to point out this fact may indicate that there 

is a typographical error in the data reported. No reaction of excited 

oxygen ions with methane is reported; . and no marked differences in the 

rates of reaction of excited oxygen ions with methane compared with those 

of ground state oxygen ions with methane have been observed here. This 

surprising result will be considered in some detail in subsequent chap-

ters. 

The final motivation for this study centers about the role of 

potentially long-lived complexes. Two models of ion-molecule reaction 

dynamics currently receiving attention are reaction through complex 

formation and stripping. In the former case the projectile and target 
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are assumed to coalesce into a moiety of sufficient lifetime to allow 

equilibration of vibrational energy throughout the compiex. In the 

other model, the projectile strips away part of the target molecule 

and little or no momentum is transferred to what remains.of the target. 

A long-lived complex mechanism is most likely to 'be found when the total 

energy is relatively low, the ground state of the assumed complex is 

very stable, and there are many vibrational modes to participate in 

sharing the energy~ Henglein9 has demonstrated that a long-:lived 

complex mechanism persists for the reaction 

up to about 4 eV initial relative kinetic energy. The most persuasive 

proof of a long-lived complex is to show that the complex rotates many 

times before it decomposes, so that the products come off with equal 

probability at all center-of-mass angles. If all bonds in the colli-

sion complex share the internal energy of the complex, the theories of 

unimolecular decomposition10' 11 can be used to predict the relative 

rates of reaction into each open channel. Unfortunately even the 

simplest such theory requires more detailed knowledge of the structure 

of the complex than is available at present for the complexes we may 

encounter in tne methane-oxygen system. Nevertheless we can reasonably 

expect to make some conclusions as to the role of a complex in these 

reactions and if so, the structure of the complex. 

SUMMARY 

Earlier studies of ion-molecule reactions suggest that some of 

the reactions in methane-oxygen mixtures are considerably slower than 

expected. The present study is motivated by a desire to verify the 

'-
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# 

earlier results, more firmly establish the precursor-product ion 

relationships, and discuss what conclusions can be reached concer-

ning the dynamics of the reactions which occur.· 
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II. ION CYCLOTRON RESONANCE MASS SPECTROMETRY 

A. General Basis of the Technique 
" 

1. The· Cyclotron Frequency 

'" Ion cyclotron resonance mass spectrometry is based on the classical 

. motion of charged particles in magnetic and electric fields.. In a 

unifo:r'in magnetic field, B, an ion moves in a circular orbit with 

angular frequency we in the plane perpendicular to B; its motion parallel 
~ 

to B is unconstrained. The cyclotron frequency w is dependent only c 

on the field strength !J3 1 and t:he charge-to-mass ratio of the ion: 

w c = 1.53557 MHz · B(kgauss) 
m/ q (AMU I charge) 

where q_ is the ion charge, B is the magnetic field strength, and m 

is the ion mass. + For CD4 ions at 14 kgauss (the maximum field 

obtainable with our instrument) the cyclotron frequency is about 

1 MHz. Equation (i) 

force of the particle 

is derived from equating the centri~etal 
2 

moving in a circular orbit, !!!Y...-., to the force 
r 

~ ~ 

which causes it, qv x B , the force exerted on an ion of mass m, 
~ 

charge q, and velocity v in a magnetic field of intensity B. 

2 .mv 
r = 

+ ~ 

qv X B 

(1) 

(2) 

This implies the constancyof the angular frequency of the ions' orbit. 

r = w c = 

where v1 is the ion velocity perpendicular to B. 

(3) 
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+ For thermal kinetic energy CD4 ions at 14 kgauss, the average speed 

is 559 m/sec; hence the orbital radii will be only .0559 em. 

2. Cyclotron Resonance 

When an alternating electric· ,field 'i1 (t) at frequency w1 is 
.... 

applied perpendicular to B so that the changing electric field is in 

phase with an ion's cyclotron orbital motion, the ion will be accelerated 

by the electric field. If the frequency of the electric field w1 is 

the same as the ion's cyclotron frequency, the ion's motion will con-

tinue to be in phase with'the electric field and the ion's acceleration 

will be continuous. Figure 1 shows that a mass 15 ion initially at 

rest for which w1 = we has an orbit which spirals outward and a kinetic 

2 energy which increases as t.. Figure 2 shows a similar ion for which 

The orbit spirals outwar~ while the ion's orbital motion 

stays in phase with the electric field but later it spirals inward 

when out of phase. The average kinetic energy is constant. 

For a group of thermal ions moving with random phase with respect 

to the alternating electric field, the net power absorption for non-

resonant ions (w1 =I= we) will be zero; the net power absorption for 

resonant ions will increase as the square of the time during which 

absorption occurs. 

B.·The Development of Cyclotron Resonance Instrumentation 

Perhaps the earliest ion cyclotron resonance instrument was 

described by Lawrence in 1930.1 · Application of cyclotron resonance to 

the study of the electrons in solids and flames also dates back about 

forty years. An ion cyclotron resonance device was reported in 1949
2 

,._ 
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as an independent way to measure the magnetic field in a NMR experiment. 

By measuring for protons the ratio of the nuclear magnetic resonance 

frequency to the ion cyclotron resonance frequency one can determine 

the proton magnetic moment. This experiment has become today the 

technique of choice for determining the proton magnetic moment to a 

h . h d . f. 3-5 lg egree o accuracy. Almost identical to Lawrence's original 

. 6 
particle accelerator design, the modern omegatron gauge is primarily 

used as a medium to low resolution partial pressure gauge for ana

lyzing residual gases in vacuum systems in the 10-5 to 10-9 torr pres-

sure range. Ions are formed at the center of the gauge by electron 

impact upon the gas in the gauge; non-resonant ions remain largely 

near the center but resonant ions eventually spiral out to the ion 

collector about a centimeter from the source after having been accel-

erated to a kinetic energy on the orderof hundreds of eV. 

A high resolution cyclotron resonance mass spectrometer has 

recently become available commercially. 7 Its sensitivity is suffi

cient to detect 8 ions (with signal-to-noise ratio of. 1). 
8 

Its 

resolution ranges up to about 5000 (=.~),permitting, fo! example, 

satisfactory resolution of o
2
+ and c2~ +peaks when the ions are of 

comparable abundance. This greater sensitivity stems from two 

technological advancements which grew out of the development of nuclear 

magnetic resonance in the 1950's. The first is the application of the 

marginal oscillator as an energy absorption detector, capable of 

sensing very.small changes in the energy of the ions without having to 

accelerate them so greatly as in the omegatron. The other development 

was that of magnetic fields which are intense and highly uniform over 
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a sufficiently large area to permit separation qf the source and 

detection regions and to allow ions to· be. drifted slowly but under 

precise control through the detection region. The mechanism and details 

of ion drift will be discussed below (sect. II). Separation of the 

source and analyzer regions largely eliminates the shifting and 

broadening of the cyclotron resonance absorption caused by the electron 

9-11 beam; however, keeping the emission current at about .05 UA 

or lower is necessary to obtain optimal signal shape and good quanti

tative data.11- 12 

C. Ion Cyclotron Double Resonance 

An additional and powerful method for the identification of ion-

molecule reactions which is unique to ion cyclotron resonance is the 

double resonance technioue.13 Consider a cyclotron resonance experiment 

in which primary ions P react with neutrals N to form secondary ions 

S and other products, 

P ions + N neutrals+ S ions + otber products. 

Ion cyclotron double resonance can be performed by applying an electric 

field E(t) with two frequency components instead of one. One component 

is of low amplitude and of frequency equal to the cyclotron frequencY 

of the :product ionS. This is the detector component of E(t). The 

frequency of the other component, called the irradiation component of 

E(t), is swept through a range which includes the cyclotron frequency 

of the reactant ion P. When these reactant ions are non-resonant, 

they will have a thermal distribution of kinetic energies and a certain 

spacial distribution through the cell; but when they are resonant both 

energy and spacial distributions will change, because upon acceleration 

., 

... 
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both v1 and r will change for each ion. These changes in the reactant 

ions' distributions alter the distributions for the product ions. The 

resulting change in signal is taken as indication of the existence of 

an ion-molecule reaction connecting P with S. The effect is shown 

s~heniatically in Fig. 3. 

The effect of double resonance upon the energy distribution of 

reactant and product ions has been examined in some detail by 
. . ·. 14 15 

Beauchamp. ' He has shown the double resonance signals due to 

. dk . 
changing reactant ion energies to be proportional to dE , the rate of 

change of the reaction rate coe'fficient with energy. When changing 

the reactant ion energies causes the double resonance signal, the 

signal can be negative only for those reactions which are occurring at 

thermal energies. Such reactions must be exothermic or thermoneutral. 

On the other hand endothermic reactions cannot occur at thermal 

energies (by definition of the term endothermic) hence an endothermic 
' . . 

reaction must give a positive double resonance signal or no signal. 

The relationship between ~H for a reaction and : can be sUmmarized as 

follows: 15 

if dk . dE J.S positive or zero negative 

then ~H any value negative or zero 

if L':.H is positive negative or zero 

dk 
positive any value. then dE or zero 

Thus in some cases the sign of LlH can be inferred from the sign of the 

double resonance signals when the signals are caused solely by 

increasing the kinetic energy of reactant ions. 
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Fig. 3. Absorption of power by a reactant ibn increases its 

kinetic energy. A double resonanc~ response depends 

on how much effect on the rate of reaction results from 

heating the reactant ions. 
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The effect on the product ion distributions due to altering the 

spacial distribution of reactant ions is termed "sweep out." If 

reactant ions are driven from the cell, the smaller number of reactant 

ions will be reflected in a smaller number of product ions, in 

. dk 
proportion to the size of k, rather than dE . Unfortunately, sweep-

out will give a double resonance signal if the two ions P and S are 

coupled by the chemical reaction or by so:ine non-chemical effect such 

16 17 as space-charge.· Goode, et al., ' have shown sweep-out effects 

of both chemical and non-chemical origins are significant relative to 

the effects dependent on : over a very wide range of experimental 

conditions. In spite of these short-comings,,however, ion cyclotron 

double resonance is the most powerful technique available today for 

establishing what precursor ions are responsible for each product ion 

species in a system of ion-molecule reactions. 

D. Description of the Apparatus 

1. Gas Inlet and Flow 

Figure 4 shows a schematic of the apparatus. Gas mixtures are 

prepared on a separate apparatus consisting of a manifold with oil 

diffusion pump, a mercury manometer for measuring pressures in the 

1 to 76 em range, and a mercury-filled Toeppler pump used to move 

volumes of gas from one container to another. ·Detailed discussion of 

this apparatus will _be omitted because the relative portions of each 

gas comprising a mixture, including contaminants, is determined from 

low pressure mass spectra obtained from the ICR spectrometer. The 

container of gas is transferred to the gas storage manifold. If the 
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Fig. 4. Schematic of the apparatus. 
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.cou,ta;l.ner valve is opened slowly, gas will flow hydrodynamicly into 

the foreline manifold but condensible gases will be most effectively 

removed by the stainless-steel-wool~filled lN2 trap. A roughing pump 

and molecular sieve pump are provided to pump out the foreline manifold 

-3 -5 to 10 and 10 torr, respectively. When pumping is shut off the 

foreline pressure will rise on the order of 10-3 torr during the 

duration of a tyPical eXperiment (4-8 hours). This leakage is negligi~ 

ble compared with the 10 to 40 torr typical sample pressure; methane 

begins to condense in the 1N
2 

trap above 4o torr. The analyzer foreline 

valve is shut except during maintenance and bake-out procedures. Gas 

effuses through the sample leak valve into the analyzer chamber; 

however, since flow out of the analyzer into the Vac-Ion R pump is 

also effusive, the relative portions of each gas comprising the 

mixture in the analyzer chamber is .the same as that in the foreline 

manifold. The stainless stee.l analyzer chamber $its between the poles 

of the electromagnet. The entire ICR cell is within the analvzer 

chamber; consequently the gas mixture pervades both source and detector 

regions of the cell, unlike conventional high pressure mass spectre-

meters in which only the source contains gas. 

2. The ICR Cell 

Figures 5 and 6 show the configuration of the ion cyclotron 

11 Th d . . 1 . h b 1 . h b .-:-l . h resonance ce . e 1mens1ons are 2 1nc y 1nc y ~ 1nc es. 

The electron beam is parallel to the magnetic field B. The cyclotron 

. 4 10 frequency of the electron at 1 kgauss is 3.919 x 10 Hz; therefore 
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Fig. 5. The ion cyclotron resonance cell. 

Typically V8 and Vr are equal. 
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Fig. 6. Side view of ion cyclotron resonance cell, 

showing exaggerated cycloidal ion drift orbit. 
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8 . . . . . 
even electrons with v1 = 5.6 x 10 em/sec (-70eV) will have orbital 

radii no more than .0015 em. A reasonable estimate for the average 

electron orbit is 2 x 10-4 em; hence, the electrons' trajectories 
. ' .. 

deviate negligibly from straight lines parallel to the magnetic field. 

The electron beam is produced by thermal emission from a thorium-oxide

coated irridiwn filament ;27 the beam is accelerated to the desired ion

ization energy and collimated by a circular aperture k inch in 

diameter. This narrow cylindrical beam drifts freely through the cell, 

ionizing some of the gas in its path, and out of the cell to an 
kinetic 

electron.collector. While the ions produced have a energy distribution 

" which is largely the same as that of the neutral gas (at 300°K), in 

. + . 
oxygen as much as a third of the 0 ions are formed w~ th kinetic energy 

• 
1 . 18 

greater than 4 eV. This is due in large part to dissociative ion-

ization of 02 to produce fast 0+. 18 That a much larger fraction of 

such fast ions is lost from conventional mass spectrometers than from 

the ICR instrwnent is shown by the fact that the number of 0+ ions 

relative to o2+ ions is about three times as great in the ICR as 

in a conventional spectrometer. Furthermore about 30% of the 0 + 
2 

ions produced are in the meta-stable 

and about 30% of the 0+ are in the 

~ 4rr excited electronic state 
u 

meta-stable 2D state. 19 Other 

excited states are produced but they relax to the above-mentioned 

meta-stable states or the ground state in less than 
19 20 lJSeC •. 

Figure 6 shows, greatly exaggerated, the cycloidal drift of ions 

through the cell. This drift is accomplished by placing de potentials 

on the plates whichare parallel to the plane definedby the electron 

beam direction and the desired direction of ion drift. During· half 
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of an ion's cyclotron orbit this de potential accelerates the ion and 

consequently increases the radius of the orbit slightly. During the 

other half orbit, deceleration reduces the orbital radius. The net 

result is that the center of curvature of the orbit translates at 

constant velocity vd given by 

( 4) 

\. 
where Ed is the de electric field and B is the magnetic field. Note 

that the drift velocity is independent of ion mass, velocity, or 

charge. One can get an idea of the relative magnitude of the ion 

drift velocity by observing that in order to have a mass resolution on 

the order of a thousand, the ions must execute on the order of 

thousands of cyclotron orbits during the time they drift through the 

detector region. Typically, the 3.5 inch distance 12 is traversed 

in .2 to 2 msec. The drift velocity vector will follow a line of 

equal potential; it is therefore necessary to set the plane of zero 

potential so that it passes through the electron beam. The effects of 

electric field fringing on the drift of ions will be discussed later. 
/ 

A quadrupole trapping potential is applied to the cell to prevent.· 

ions from escaving the cell by moving parallel to the magnetic field; 

ions of the wrong polarity are immediately. ejected by the trapping 

potential. One can see in Fig. 5 that with positive and negative 

drift potentials applied to the appropriate plates there will result a 

quadrupole trap when equal trapping potentials are applied to the 

plates normal to the magnetic field. 20 The effect of this potential 
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is such as to contribute a small amount to the ion drift velocity, to 

shift the ion cyclotron resonance absorption frequency by a small amount 

and to cause the ions in the cell to execute harmonicmotion in the 

direction parallel to the magnetic field. All these effects have been 

calculated20 assuming that the trapping potential creates near the 

center of the cell a simple harmonic osciliator potential. The 

characteristic frequency, WT' of this potential is given by 

= (5) 

0 where wT is calculated to be 123.0 kHz when VT is in practical volts 

and m in AMU. The shift in the cyclotron frequency is such that 

w ff=:::w(l-wT
2

/2w
2

) (6) c,e c c 

consequently the effect is typically on the order of~· One can use 

the quadrupole trap as a quadrupole mass spectrometer .. This experiment 

is termed "ion ejection" and is accomplished by adding an r.f. 

component Vrf to the trapping potential. The time required to eject 

an ion from the center of the cell is 

l 

'e = 5 vsec c~:T) 
2 

where VT and Vrf are in practical volts and min AMU. 20 The resolution 

of the quadrupole mass spectrometer is very low because the character-

istic frequency of motion, typically 20 to· 40kHz, is low, permitting 

few such oscillations during the 1 msec typical ion lifetime. The 
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width and center frequency appear to depend on Vrf among other things, 

although a detailed analysis of the parameters involved has not been 

undertaken. Figure 7 shows two ion ejection spectra in pure oxygen 

-6 + at 3.10 x 10 torr. The upper part of Fig. 7 shows the 0 signal 

detected by the marginal oscillator at 614 Kc when the magnetic field 

is at 6.545 Kgauss. As the frequency of the ion ejection field is 

+· swept from 20 to 45 kHz, the signal due to 0 drops at 39.50 KHz to 

+ about 79% of its value with no ejection. Similarly, o2 detected at 

614 Kc and 12.935 Kgauss drops at 27.93 KHz to about 61% of its value 

with no ejection. 02+ is relatively more strongly ejected because it 

drifts through the cell more slowly, and is therefore exposed to the 

ejecting field longer. The data obtained from Fig. 7 will be used 

later to identify reactants ions in an experiment analogous to ion 

cyclotron double resonance. One can see that by using an ejecting 

rf field of low intensity one can eject 20 to 4o% of the ions of a 

given species without adding very much kinetic energy to the ions. 

Although the resolution is very low, the resulting ion ejection double 

resonance gives a decrease in product ion intensity that depends upon 

dk the rate of the reaction k (and not upon dE). 

Drift and trapping potentials are applied to a short third 

section of the icr cell. This is done so that the ions will not simply 

stop drifting when they move out of the analyzer region. Were they 

allowed to do so they would still be within sufficient proximity to 

the detector to produce signals; their space charge would shift and 

broaden the signals due to ions still within the detector region. 

Furthermore, drifting the ions into a collector plate provides a 

convenient monitor of the pressure in the cell. This plate is connected 
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through an electrometer to ground. Because the plate is thus essential-

ly at ground potential all io~s formed near ground potential will be 

collected. When the drift potentials are low so as to obtain good 

shape and resolution of the ion cyclotron resonance signals, one finds 

that large fractions of the_ ions formed in the ion source fail to be 

collected by the ion current monitoring plate. It appears that they 

simply drift past the plate without striking it; it does not seem likely 

that the low ion current measured at low drift and trapping potential is 

due to loss of ions to the cell walls because such ion losses would 

have been appreciable when the ions were passing through the detector 
' . 

region and would have been detectable. As drift and trapping potentials 

are increased the monitored ion current rapidly approaches an asymptote 

referred to as the "total ion current" (TIC). ._ Figure 8 shows that 

the area under the mass 32 peak in pure oxygen is directly proportional 

tci the TIC. In pure oxygen at pressures up to about 3 x 10-5 torr, 

0
2 
+ is almost entirely a primary ion; addition or. loss of 0

2 
+ due to 

ion-molecule reactions is negligible. + Therefore the number of o2 ions 

being· detected is proportional to the pressure. That the peak area is 

proportional to the number of ions being detected will be shoWn later. 

Consequently, Peak Area (32) ex: o
2 

pressure, proves in Fig. 8 that the 

TIC is directly proportional to the 02 pressure. 

3. Techniques of Modulation 

In order to provide needed enhancement of the signal over noise, 

the resonance 'power absorption is modulated at 200 Hz~ Because the 

marginal oscillator senses this power absorption, the output of the 

marginal oscillator will be modulated at 200 Hz. This output is lock~ 

in detected by a Princeton Applied Research JB-4 phase sensitive 

detector. By operating the JB-4 in the internal mode, the same 200 Hz 
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Figure 8. Mass 32 peak area versus TIC (in units of 10-10 Amp) 

in pure oxygen. Solid line is straight and has zero 

intercept. Mass 32 peak area is proportional to TIC 

because TIC is proportional to oxygen pressure. Peak 

area is derived from ICR mass spectra in the pressure 

range up to about 3 x 10-5 torr. 
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signal which references the ~B-4 can be used to cause the modulation of 

the resonance power absorption. Any experimental parameter can be 

modulated in order to achieve modulation of the resonance power absorp-

tion but only a few will be discussed . 

a. Magnetic Field Modulation 

By placing two small magnetic field modulation coils on the pole 

caps of the large magnet which provides the intense d.c. field, and by 

passing the amplified reference signal (about 80 watts of power) through 

these coils, the d.c. magnetic field can be augmented by a small (0-25 

gauss) ac component. With the ac componentis amplitude fix~d at some 

small fraction of the width of the cyclotron resonance absorption to be 

measured, the de component is then swept at a fixed rate through the 

appropriate range. The resulting lock-in detected signal is the 
' ' 

derivative of the actual bell-shaped cyclotron resonance absorption 

peak. One can achieve the bell-shaped peak rather than the derivative 

by fixing the de magnetic field and sweeping the amplitude of the ac 

component; however, this method is impractical because the ac component 

should be a square wave, the range of sweep possible is limited and the 

de magnetic field regulation circuitry tends to "track" with the 

modulation at high amplitude. There are difficulties attendant to nor-

mal magnetic field modulation as well. The derivative of the power 

~bsorption signal can easily be measured to determine the width and 

height of the signal itself, however, the product of width and height is 

related to the area only if the signal shape is consistent. Because the 

derivative of the peak is observed, small deviations of the peak itself 

are accentuated. The derivative of the peak is not easily integrated 

electronicly. The amplitudeof the derivative of the peak is dependent 

on the rate at which the de magnetic field is swept. 
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b. Drift Potential Modulation 

By drifting ions very rapidly through the cell half of the time, 

one can obtain a peak which is the difference between power absorption 

when the ions spend a lot of time in the cell and very little time. 

For practical reasons it is not possible to drift the ions through the. ·. 

cell so fast that negligible power absorption occurs. Consequently 

signal shape is complex and it is difficult to extract data from the 

signals one gets. 

c. Electron Energy Modulation 

The modulation method of choice is electron energy modulation. 
21 

Typically, the kinetic energy which electrons have as they enter 

through the beam collimating aperture is square wave modulated between 

70 eV and about 14 eV. Because 14 eV is below the appearance potential 

of all positive ions in the methane-oxygen system, the electrons pass 

through the cell without producing any ions and without causing other 

excitation except in a quite negligible minority of the neutral 

molecules. The square wave rises and falls in about 2% of the time it 

is constant at 70 volts. The beam energy is modulated between 70 and 

14 volts rather than say 70 and 4 volts in order to minimize any 

pile-up of electrons in the region outside the cell between the 

filament and the beam collimating aperture. Even so, a space charge 

does build up and causes a slight modulation of the. emission current. 

However since virtually all ionization occurs during the 70 volt portion ... -
-'. 

of the cycle, only the emission current of.electrons having this 

energy is important; consequently the slight modulation of the emission 

current is very easy to correct for. 
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d •. · Pulsed Ion Cyclotron Double Resonance 

The cyclotron double resonance experiment has been described 

earlier. Proper conditions are found which center on the cyclotron 

resonance absorption of power from the marginal oscillator at frequency 

wMO by a given product ion S, then modulation stops. Now a second 

r. f •' electric field is added to that which ions experience and the 

amplitude of this field is modulated so that when a species of reactant 

ions P absorbs energy from the field, the kinetic energy or spacial 

distribution of that species is modulated. Finally the ion-molecule 

reaction communicates the modulation to product ions so that the 
. . 

resonance power absorption from . .tbe marginal oscillator is modulated. 

Cyclotron double resonance in which the second r.f. field is operated 

continuous wave (CW) while another parameter, say electron energy, 

is modulated carries precisely .the same information as pulsed double 

resonance. Figure 9 shows a CW cyclotron double resonance experiment 

in which electron energy is modulated, while the irradiating oscillator 

frequency is swept from 250 to 1000KHz. The ions_being detected by 

the marginal oscillator at 614KHz are massl5-in pure methane. 

While mass 15 is predominantly a primary ion, en;, one can easily see 

that it has other components. · The deduced assignments are: 

Signal Freq . Reaction 6H 

17-+- 15 542 KHz 
. +* 

CH
5 

+ c:H4 
+ . 

-+-:CH
3 

+ H
2 

+ CH
4 See ref. 22 

. 16 -+- 15 576 KHz 13CH + + CH -+- CH + + l3CH 0 
3 . 4 . 3 4 

14 15 658 
+ + 

kcal /mole -+- KHz CH2 
+ CH4 -+- CH · + CH

3 
-22 .·· 3 

One c13,n see sharp artifacts when the irradiating oscillator is at 

various harmonics of the marginal oscillator. It is clear from Fig. 9 

that double resonance. does not have to have· amplitude modulation of the 
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Fig. 9. Cyclotron double resonance. While detecting mass l5 ions 

in methane with marginal oscillator at 6l4 KHz, irradiating 

oscillator is swept from 250 to 1000 KHz. Irradiating 

oscillator amplitude is 0.02 practical volts peak-to-peak 

(VPTP) and 0.04 VPTP.for the two scans. Irradiation gives 

reactant ions average center of mass kinetic energy on the 

l6 
order of l/2 and l eV, respectively. 
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irradiating electric field. 

e. Pulsed Ion Ejection 

Ion ejection double resonance experiments as discussed above have 

been performed in both CW and pulsed modes in this laboratory and 

' 23 
elsewhere. . As .with cyclotron double resonance, both modes convey 

the same information. Figure 7 really should be called ion ejection 

+ self double resonance, inasmuch as some 0 .ions are resonance ejected 

by a r.f. trapping field of 39.50 KHz while the marginal oscillator 

. cyclotron resonance detects 0+ ions at 614 KHz. 

E. Quantitative Measurement of Thermal 
Ion~Molecule Reaction Rates 

. .. . 

This section describes the experimental parameters which govern 

the shape and intensity of the signals observed for each ion and how 

the parameters are measured. 

"· 
1. Theory of Ion Cyclotron Resonance Lineshape 

While an ion is absorbing power in resonance with the r .f. 

electric field, the rate at which its kinetic energy changes 

given by the power (A) which is absorbed: 

A = dE 
dt 

dE 
dt is 

(8) 

+ If n' ions are initially thermal and apsorp ~nergy quring the c;!our;:;e of 

time T then we can integrate (8) to get, 

E 
A•T 

+ 
n 

+ l KT 
2 

where K is Boltzmann's constant and T is the temperature~ If power 

(9) 
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absorption continued for a very long time the absorption by non;..resonant 

ions would average to zero. Any process which interrupts the absorption 

of power broadens the frequency range for which the average power absorp

tion will be non-zero. Beai.lchamp14 has derived the equation for the 

linewidthwhen collisions of ions with neutral gas molecules interrupts 

the power absorption. He has shown that 

+2L'D2 
n q c:. T 

A(w) = ---~~0-4m 

+ 2 ~ 2T 
n 9 Co 

4m L(w ,we, T) (10) 

where A(w)is the power;absorption by n+ ions of mass m, charge q, and 

cyclotron frequency w from the r.f. electric field of amplitude~ and c 0 

frequency wand where T is the mean free time between collisions. The 

function L(w,wc,T) is a Lorentzian lineshape function whose maximum, 

Lo, is unity when w~ , and which has half width at half height of 1/T 
c 

and area TI Lo/T. Combining (9) and (10) ~t w=w we get c 

E = 
2 2 2 q €_ T 

l_ KT + o 
2 4m (11) 

which is the energy a resonant ion reaches after being heated for time 

T. In order to detect thermal ions e must be kept small so that the 
0 

. . 24 
second term in 11 is negligible. Butrill has examined the broadening 

which results from interrupting power absorption by drifting the ions 

out of the cell. He found that the signals retained the Lorentzian line 

shape but that the width increase linearly with the drift velocity of 

the ions in the resonance region-of the cell. At low drift velocity he 

found that the linewidth became constant and he attributes this intrinsic 

width to stray electric fields in the cell. Thus the width of the ion 

cyclotron resonance lines ~ depends upon elastic and reactive collision 

frequency, ion drift velocity, and any other parameter which interrupts 

power absorption. + We can get fl /m from (10) by determining the area 
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under the absorption curve or the product of peak height A(w=w ) and 
c 

width 1/T: 

A(w=w ) 
c 

T 

+ 2 '-"' 2 
n g_ c: . . o 

4m ex: 
+ n 
m 

+ That the area under the absorption peaks is proportional to ri /m when 

the peak shJ!ipes deviate somewhat from the Lorentzian line shape has 

been well established (Refs. 8, 1~, I~, 16; see also ~ig. 8). 

2·~ Chemical Kinetics 

The number of ions of each species i in the cell can be gotten as 

the integral of the current of that sort of ions j. over the length of 
l 

time the ions spend in the cell: 

J. (t )dt 
l 

where T and T' are respectively the time at which the ions enter and 

leave the analyzer region of the cell. The rate at which the current 

of a given sort of ion changes is gotten by balancing the loss and gain 

processes for that ion due to reaction: 

all all all all 
neutrals ions neutrals ions 

dji (t) 
-j . ( t) E E kilm + E E J (t)kml. (12) = nl nl dt l 1 1 m l m m 

where k b is the rate coefficient for the reaction of ion a with neua c 

tral b, having number density~' to produce product ion c. ji is an 

ion current in units of ions per second; if kilm be expressed in units 

3 . 
of em /molec-sec then n1 will have units of number of neutral molecules 

per cm3 . In the simple case in which a single reaction is the only 

source of product s and the only loss of reactant p, (12) can be 

integrated immediately to give 



and 

+ 
n = 

p 
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j (t=O) p .. • 
nk. 

+ j (t=O) 
n = _..p...,. ~-

s nk 

[exp( -nkT ) - exp( -nkT' ) ] 
p . p 

+ + . 
where n is the total number of primary ions in the cell, n is the 

p s 

number of secondary ions and n is the number density of neutral 

(13) 

reactants. Equation (4) gives drift velocity inversely proportional 

to magnetic field; hence for fixed magnetic field drift time will 

be proportional to mass: 

T 

......§.. = 
m 

s 

T 
...:E. 
m 

p 
and 

T t 
s 

m s 
= 

T ' 
...:E._ 
m 

p 
(14) 

When the arguments of the exponentials are small, 13 can be simplified 

by using 14 to get 

2 + mn 
p s 

2 + 2 + m n + m n 
p s s p 

= 
mA 

p s 
m A + m A 

p s s p 
~ l nk(T 1 + T ) , 

2 p p 
(15) 

where A and A are areas under the secondary ·and primary ions peaks, 
s p 

respectively.· Equation ( 15) has .been used extensively tci extract 

thermal ion-molecule reaction rate coefficients from ion cyclotron 

11 17 23 24 resonance data. ' ' · ' Figure 10 shows data from this laboratory 

. + + for the react1on N2 + D2 + N2D + D for which we. determine 

-9 3 . 
k = 1.60 x 10 em /molec-sec by a least squares fit of Eq. (13) to 

the data.. The solid curve in Figure 10 is determined from Equations 

(13); the slope bf this curve near the origin,~ nk, is much different 

•. 

.. 
~ 
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The rate is determined to be 1. 60 x 10-9 c·m3 /moiec-secJ in good agreement 

with., earlier determinatid~s. 29a-e 
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from the slope of a straight line fitted to the data, showing that 

the approximation (15) should be limited .to ldata for which 

m A /(m A + m A ) is less than about 0.3. Equation (15) does make p s p s s p 

it clear. that the relative size of primary and secondary peak areas is 
·. 

governed by the two variables, reactant neutral density and reaction 

time. 

3. How·ron Drift Time Is Determined 

Fringing of electric fields within the cell results from the 

fact th~t potentials are applied to finite plates rather than infinitely 

extended planes. We examine in this section the effect on the ion 

drift times on the fringing of the electric fields used to drift ions 

through the cell. 

Figures (11-13) show calculated contours of equal drift electric 

field. These contours are calculated by numerically solving Poisson's 

equation in two dimensions: 

~2 

'iJ <P + p = 0 (16) 

where <P is the scalar electric potential at each point (x,y) and p 

is the charge density distribution. Also shown is a narrow rectangle 

near the horizontal center line of the cell, showing the relative 

position of most of the ions. This rectangle is actually the II shadow'' .. 
of the electron beam which passes through the source region, but since 

thermal ions' orbits are small relative to the size of this rectangle 

we can take it as a good estimate of the height and width of the sheet 

of ions which drifts out of the source region and through the analyzer 

region. Solving (16) in two dimensions makes the incorrect assumption 
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that the cell is ~ inch thick, 1 inch wide and infinitely long. 

However, because the cell extends 1 inch at each end beyond the actual 

path which ions follow from electron beam through analyzer region, 

the actual potentials the ions experience are well approximated by 

the infinitely long cell of finite width and thickness. So long as 

the electron beam emission current is kept at about .05 ~ or lower, 

the calculated effect of any non-zero charge density is negligible. 

Figures 11-13 are calculations for p = 0. The drift electric field 

is determined as the gradient of the potential in the direction normal 

to the drift plate. As expected,the contour which passes near the 

center of the cell in Figs. 11-13 is the value of the electric field 

which the infinitely-extended-planes ideal predicts. Since the thin 

rectangle half-way between the drift plates is the approximate extent 
. . . 

of the sheet of ions, one can see frbm these figures.that for the most 

part, ions experience drift fields which are approximately the ideal. 

We can determine empirically what drift fields the ions experi-

ence on the average. Figure 14 shows a schematic of the experiment we 

used. A square wave is generated by an Exact Model 255 wave generator. 

This square wave is used as a timing reference for a brief pulse of 

ionizing electrons. The resulting pulse of ions are allowed to drift 

down the cell under the influence of measured potentials.applied to 

each plate on the cell. Beca~se the ions expertence different drift 

•. 
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fields depending on the precise trajectory each follows through the cell, 

some ions will arrive at the TIC monitoring plate early and some late. 

When half the ions have arrived, the trapping potential (supplied by 

the Exact 255) drops suddenly to a negative value and ions are imme-

diately swept out of the cell without reaching the TIC monitoring 

plate. A Monsanto lOOB counter is used to keep track of the length 

of time it required for half the ions to drift from source to TIC 

monitoring plate. Figure 15 shows the results one such experiment. 

The solid line is the prediction assuming that the average potential 

experienced is the infinite-plane ideal. Since we are interested in 

studying ion-molecule reactions over the entire range shown in Fig. 15 

we shall have to use empirically determined drift times rather than 

calculate them. The experiment above was also used to determine how 

broad is the distribution of drift times about the average value. 

The half width at half height of the distributions is about 50 11sec 

at 211 11sec average, about 31 11sec at 577 11sec and about 24 11sec at 

965 11sec. Thus the distribution is sharpest at the greatest drift 

times and the width of the distribution drops from about 50%(FWHM) at 

short drift time to only about 1% at long drift time. 

4. How the Neutral Density is Determined. 

We now have two methods for determining the density of neutrals 

in the cell: 

1. We measure the total ion current, TIC, and the electron 

emission current, je, and relate them to n by 17: 

n = ·1ion 
j erR.. 

e 
(17) 

.... 
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2· •. We find a system for which the rate of reaction is well 

· known and determine for a given n the relative size of 

primary and secondary peak areas in that system, for a given 

ion drift time, using Equation (12) or {13). 

Thefirst method is most direct but it relies for its accuracy on 

published values for the electron impac.t ionization cross sections, a. 

Some data of this sort is available for the total cross section for 

formation of all ions from a given neutral gas by electrons of a given 

. 25 
energy. The data for 70 volt electrons is 

Neutral <r(Xl~-16 2 em ) 

CH4 3.66 

H2 0.98 

Table 02 2.65 

I co 2.90 

C02 3.20 

H2o 1.98. 

This table does not supply quite enough information, however, 

because we need the cross section for producing each species of ion, 

not simply the total. Because little such data is available we 

augment the above table with our own data giving the relative current 

I 

of each ion species produced at neutral pressure low enough that ion-

molecule reactions cause no appreciable loss of any species. Table II 

gives the data derived in this manner from Table I. 
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Table II. Ionization cross section for impact of 70 volt electrons 

Neutral Ion cr(lo-16 cm2 ) 

.~ 
.. 

c+ CH .0451 4 
CH+ .161 

CH2 
+ 

.350 

CH + 
3 

1.43 

CH + 
4 1.68 

CD4 
c+ .o4oo 

CD+ .171 

CD + 
2 .274. 

CD + 
3 

1.41 

CD + 
4 1.77 

02 0+ .367 

0 + 
2 2.28 

co c+ .129 

0+ .0455 

co+ 2.73 

.co2 
c+ .172 

0+ .242 

co+ .211 

+ 
2.58 .fow! C02 

H20 H 0+ 
2 1.64 

HO+ .242 
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We use the second method for determining neutral density as an 

independent assessment of the data in Table II. · The reaction which 

appears most often to have been studied is 

CH + + . CH 26 . 4 + CH4 + CH5 + 3 (17) . 

Recently the consensus on the rate of this reaction seems to have 

-10 3 . . 26h i 
become 11.8 x 10 em /melee-sec. ' We have used this value and 

a methane pressure .of 3.30 x 10-5 torr to produce the curves in Fig. 16. 

13 + The mass 17 curve has to be corrected for a small amount of CH4 , 

13 12 .. 
but the natural ratio of C to C g1ves this correction accurately. 

The drift time for this experiment was determined by the method 

discussed earlier. 

3.10 x 10-5 torr. 

From Eq. (17) we calculate a methane pressure of 
+ .· 

Considering the poor agreement for the CH4 
production cross-section data of Table II with reference 25, and 

. 24 
further.considering that one publish ICR-determined rate for 17 is 

20% lower than the consensus, one must regard the agreement of our data 

to within 7% forthe two methods for determining nCH as somewhat 
4 

fortuitous. 

F. Summary 

For determining the thermal ion-molecule reactions occurring in 

a given sample mixture, we shall employ the following procedure: 

1. First we determine what primary species, ions and neutrals, there 

are to react by using the following techniques: 
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a. low pressure ion cyclotron resonance mass spectra., 

b. log-log plots of peak area data versus TIC or inverse analyzer 

drift voltage; data approximates straight lines of integral 

slope, with unity slope for primary ions. (This data is 

tabulated in the Appendix, Tables III and IV.) 

c'. manufacturer's specifications on contaminants. 

d. high pressure ICR mass spectra to determine contaminants on the 

order of 100 ppm or greater when an ion is produced which is 

not masked by other ions. 

2. The remaining species are products of ion-molecule reactions; for 

each we determine which species are precursors by using techniques 

including the following: 

a. varying the partial pressure of each· component of the sample. 

(In the methane-oxygen system, for example, this shows a given 

secondary species is produced from the reaction. of ions produced. 

from methane reacting with neutral methane molecules, oxygen 

ions reacting with oxygen, or cross reactions.) 

b. ion cyclotron double resonance and ion ejection double 

resonance. 

c. appearance potential measurements. 

d. thermodynamic data and the principles of energy and electron 

spin conservation. (Energy conservation limitations are often 

mitigated by the existence of kineticly or internally hot 

species; the spin selection rule is not without violations.) 

3. For each primary species Eq. (12) takes the simple form: 

d~ (ln ji (t)) =sum of loss terms. 
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Thus for each primary species a least squares fit of the solution 

of the above equation determines the total rate of loss of that 

species. The independent variables are reactant neutral partial 

pressures and ion drift time; the sole parameter is the total loss 
•"' 

rate. 

4. Finally, using the total rate of loss of each primary species 

determined in 3 as an auxiliary constraint, another least squares 

fit is performed. For secondary species Eq. (12) cannot be 

tincoupled in general.· Therefore the mutually coupled system of 

differential equations (Eq. 12) is solved numerically. The 

resulting coupled system of solutions is fit using reactant neutral 

pressure and ion drift time again as independent variables and the 

rate coefficients for the system of ion...:.molecule reactions deter-

mined in step 2 above as adjustable parameters. This calculation 

is accomplished with programmer intervention (rather than random 

search) to obtain convergence. The analysis of the data described 

in this thesis was done on the CDC 7600 in about 2 hours (total 

t l t . ) 28 cen ra processor 1me • 

Ion cyclotron resonance mass spectrometryhas two powerful techniques, 

ion cyclotron and ion ejection double resonance, for establishing the 

reactant ion which produces each product ion. Quantitative rates for 

thermal ion-molecule reactions determined using ICR spectrometry is 

of comparable quality to conventional techniques. 
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III . RESULTS FOR THE METHANE SYSTEM 

In order to evaluate the rates of ion:-molecule reactions in 

mixtures of methane and oxygen, it is important to have as much 

information as possible on the reactions in the two pure components. 

We discuss the methane system here first and the oxygen system in 

Chapter V. 

The procedure given at the end of Chapter II will be fo1:towed 

here. First we determine the ion and neutral species which will be 

present before much reaction has occurred. Then for each secondary 

ion species we try to determine the precursor ion and finally 

quantitative rate coefficients are ~xtracted by data fitting .. 

The question of sample purity is one which frequently recurs. 

Table I gives the manufacturer's specifications. Sample purity is 

determined chromatographically and, of course, is always equal to or 

better than specification. Table I also tabulates the observed composi-

tibn. In the compositibn column, for example, is shown less than about 

300 ppm H2o. This simply means that a high total pressure experiment 

~ . -5 
was performed, in which the methane partial pressure was 3.08 x 10 

torr. If the H
2
o partial pressure had been 9 x 10-9 torr (300 ppm) 

it would have given a mass 18 signal at the threshold of detectability. 

The observed amounts of CO, N2 , and c2H4 are lumped together in the 

0.850% shown for CO. It is reasonable to conclude that the N2 partial 

pressure is no more than 1/20 of this 0.850% since N2 is not very 

abundant in the sample initially and the observed total of CO, N
2 

and 

c2H4 does not increase appreciably over the course of leaving the 

sample :i.n the fore line manifold 8 hours as it would be expected to do 

as a result of leaks in the foreline manifold. That c
2
H4 is lacking 



Table I 

Component Specification 1 Observed Composition 

Methane 99.999% 

N2 50 ppm 

02 2ppm < 100 ppm 

co 10 ppm 0.850% 

co 2 10 ppm < 100 ppm 

C2H6 30 ppm < 100 ppm 

C2H4 1 ppm 

H 0 2 1. 5 ppm < 300 ppm 

from the sample leads one to assign the majority of this 0.850% to CO. 

We find the source of this gas is the filament.. If methane is admitted 

to the analyzer chamber and if both sample leak valve and high vacuum 

throttle valve are shut simultaneously, one can observe continuous slow 

oxidation of cH4 to CO, presumably by the hot thorium oxide-coated ; 

iridium filament. The resulting rate of increase of mass 28 is at 

least three orders of magnitude greater than the rate of production of 

+ C2H4 from ion-molecule reations. Table II gives the purity determined 

for perdeuteromethane (ciD4). 
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Table II 

Component Observed Partial Pressure 

CD4 + l3CD 
4 94.8% 

CHD
3 

2.31% 

·.·co +_N
2 2.93% 

co
2 ~ 100 ppm 

C2D4 ~ 100 ppm 

C2D6 :S 100 ppm 

H20 ? 

DO 2 :S 900 ppm 

02 :S 100 ppm 

The sample of cn4 as supplied contained about ten times as much CO 

and/or N2 as shown in Table II, but was purified somewhat by distilla

tion at tN2 temperature usin,g the Toeppler pump to· 'draw off several 

uncondensed portions of the cn4 sample. This p-urification was some

what more effective than Table II shows since there .is some oxidation 

of cn4 to produce CO within the cell as there was with CH4. 

Tables III and IV of the Appendix show the results of a convenient 

preliminary analysis which readily reveals much about the chemistry of 

a system. Almost all. peaks can be described as either primary or 

secondary and therefore the log-log plot of peak area versus reaction 

time or reactant neutral density (see Chapter 2, Eqs. 12-15) will 

give approximately linear behavior with slope l or 2, respectively. 

However, we need not go to so much trouble because we seek a quick, 
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convenient answer. We make log-log plots of peak area versus the 

inverse of the drift potential and versus TIC instead of carefully 

determining the reaction time for each drift potential or neutral 

density for each TIC. Observe in Table III of the Appendix how the 

primary ions in the mass 12-16 range (C+, CH+, CH
2
+, CH

3
+ cH4+) exhibit 

+ + 
slopes in the 0.8 to 0.9 range and the secondary peaks (cH5 ,,c2H2 , 

+ + + C2H
3 

, C2H4 , c2H
5 

) except mass 28 exhibit slopes which are approxi-. 

mately double that, 1.8 to 2.0. Mass 28 has an intermediate slope be-

. + ' + 
cause its two sources, primary CO and secondary c2H4 , are comparable. 

We shall show that mass 14, for example, has a slight secondary 

contribution but its effect is not evident from.these tables. Likewise 

mass 17 has a few-percent contribution from the primary ion, 13cH4+, 

but this fact is obscured. The RMS deviations for the data of Table III, 

Appendix, is slightly less than for those of Table IV, Appendix, 

because of the greater number of points which determine the line 

rather than because the inverse of the drift potential is less noisy 

than the total ion current. It is not surprising that the slopes 

determined from reciprocal drift potentials are comparable to those 

determined from TIC, since each of these quantities is proportional 

to the independent variables in Eq. (13) of Chapter II and these 

variables always appear as the product, nT. 

For those pea~s which are indicated as primary we shall examine 

all loss mechanisms and try to account for them by means of gain 

mechanisms for the secondary peaks. Table III gives the observed 

rate of loss of the six primary ions. The reactions of CO+ with 

methane will be considered in Chapter IV. 
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Table III 

Rate of Loss of Primary Ions in Methane* 

Reaction Primary Ion Reactant 

Number Species Neutral 

1,2,3) c+ CH4 

c+ CD4 

4,5,6) CH+ CH4 
+ 

CD CD4 

7,8,9) CH~ CH4 

CD~ CD4 

10) CH~ CH4 

CD~ CD4 

11) cH! CH4 

en! CD4 

** co+ CH4 

co+ CD4 

Loss Rat,e · 

Coefficient 
xlo-10 cm3) 

( molec-sec· 

14.2 

13.5 

13.4 

13.0 

14.6 

13.4 

9_.,92 

8.97 

12.0 

10.7 

12 

11 

Orbiting Reaction 

Rate Coefficient 
(xlo-10 cm3) 

molec-sec·· 

14.3***. 

13-7 

14.0 

13.0 

13.7 

12.6 

13.7 

12.6 

13.2 

11.8 

11.7 

11.0 

*Corrections for l
3 C have been made; the corrections are genera,tly 

quite small except for the contribution to mass 17 due to l
3 CH4, . 

vb ich is 11% at 7. 7 x ·10 - 6 torr and 2. 7% at 3.08 x 10 -s torr • 

. **See Chapter IV • 

***Based on polarizabi1it,y data from Chapter I, Ref. 12. 
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Table III points our an.additional feature which is very much used 

in our analysis of cyclotron double resonance spectra: the rates. of ion-

molecule reactions in perhydromethane are comparable to those in perdeute 

perdeutero-methane. Of course, we might expect isotope effects to be 

seen in such hydrogen atom transfer reactions as 

+ . + C + CD4 + CD
3 

+ CD, . (3) 

but we do not expect the rates to differb,t as much as an order of 

magnitude, especially if the rates. approach the orbiting reaction rate. 

Therefore in analyzing cyclotron double resonance spectra we shall always 

expect a reaction to show double resonance signals of roughly comparable 

size in perhydromethane and in per<1.euter<?-methane. If such corroboration 

is not found, the credibility in a given re~ction's occurrence will be 

greatly weakened. 

A. 
+ ·. 

The Reactions of C with Methane 

I 
The thermodynamic data of the Appendix Table III indicates that 

+ the C + CH4 interaction has three exothermic reaction channels: 

1) 
. + 
C2H2 + H2 

2) 
.· + 

C2H3 + H 

3) + CH · 
3 

+ CH 

Table IV 

f1H Double Resonance k Double Resonance k 

(kcal/mole) . 

-96 12 + 26 

-92 12 + 27 

-11 12 + 15 

(xlo-10 ) 

5.2 

4.0 

"' 5. 0 

14.2 

12 + 28 5.2 

12 + 30 3.8 

12 + 18 "'4.5 

13.5 

..• . 
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+ . 4 -10 3 . The observed rate of loss of C in methane is 1 .2 x 10 em /melee-

sec; in cn4, 13.5 x io-10 . These rates agree well with the orbiting 

cross section (Chapter:.=I, Eq. 1) prediction of rates of lil.30 and· 

13.68 x 10~10 cm3/molec-sec, respectively. Reactions 1-3 have 

recently been studied in the 2-200 eV range of initial relative kinetic 

2 energy. This study showed that in the low energy range the total 

+ cross section for loss of C agrees quite well with the orbiting cross 

section. The cross sections for reactions 1-3 were all large, and 

each individually showed approximately the orbiting cross section 

energy dependency. These observations lead one to expect small nega-

tive cyclotron double resonance signals for ll.3 while none are 

observed for 1 and 3 and a large negative signal is seen for 2. 

The ion ejection double resonance data presented in Tables V 

and VI are not very informative because of the relatively small signal-

to-noise ratio. Table V shows the results of ejecting primarily 

mass 12, for exa.mple.in methane and 'IB.ble VI, of ejecting mass 12 

in perdeutero-methane. The second and third columns show the observed 

mass spectra without and with ion ejection. In order to understand 

column four a brief aside is necessary. Recall from Chapter II, 

Fig<.7, that the ion ejection double resonance of 0+ and 02+ in 

pure oxygen occurred over a broad frequency range around the center 

frequency determined approximately by Eq•.' ( 5) of Chapter li: 

1 

w (v )2 

-=w -T. o.··. T 
2'rr T m 

0 
where wT is calcualted to be 123.0 kHz when VT is in practical volts 

and rir:in AMU; the measured value of w~ is 158 kHz, determined by 



Ion Detected 

12 

13 

14 

15 

16 

17 

18 

26 

27 

28 

29 

30 

. . 
' 

Table V. Expt. 158 Pure Methane CW Ejection Centered at Mass 12 

Peak Area Peak Area Calculated Difference 
w/o E,iection with Ejection ---

835 687 684 3 

.3143 3027 3035 -8 

7483 7362 7395 -33 

34280 34550 34060 487 

39270 38530 39100 -575 

16470 16620 16420 197 

194 193 193 0 

1487· 1356 1485 -128 

5105 4943 5098 -154 

2709 2653 2705 -51 

32800 32230 32760 -523 

751 753 750 3 

•. .. ' ' 

Batio 
(%) 

+.5 

-.3 

-.5 

+1.4 

-1.5 

+1.2 

.o 

.;..9.5 

-3.1 

-2.0 

-1.6 

+. 3 ·. 

I 
0\ 
+ 
I 
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Table VI. Expt 164 Pure Methane-D4 CW Ion Ejection at Mass 12 

Ion Detected Peak Area Peak Area Calculated Difference Ratio ,..,.-., 
"\.._,_, ... ; 

w/o Ejection with E,jection (%) 
12 822 676 673 3 . 5 

-. '<-.-..~ 

-F-..... -·~ 

14 3568 3550 3526 24 .7 ~e.:,.. 

15 107 106 106 0 .0 ... -. 
'-....,;. 

16 6947 6795 6917 _;122 -1.8 ,, ...,,,, 

17 754 •• 742 752 -9 -1.3 
I o~ 

18 39850 40010 39740 
0'\ 

272 .7 \Jl 
.;;"-"~ 

I "'···' 
19 1563 1541 '1559 -17 -,.1.2 

< ... 
20 48920 48450 48820 ..,.373 -.8 

21 958 965 956 
c.:: 

9 .9 

22 25430 24770 25390 -.619 -2.5 

23 287 285 287 -1 -.7 ""'-!. 

28 4275 4210 4269 -59 -1.4 

29 170 162 170 -7 -4.8 

30 8219 8103 8209 -105 -1.3 

31 168 170 168 2 1.3 

32 1855 1782 1853 -69 -3.9 

33 476 471 475 -4 -1.0 

34 38450 39560 38400 1162 2.9 

35 907 901 906 -4 -.5 
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using an approximately Lorentzian function 

(3a) 

to determine the rate at which ions are ejected, 

(3b) 

The solution to 3b is simply 

' . ' 

j. (t) = j. (t;.,O) exp( -E(w,wT0 )t) , 
2 2 . 

(3c) 

which can be integrated over the length of time ions of the ith type 

spend in the cell: 

+ 
ex: n. 

2 

, 

r 
T. 

l 

-j.(t)dt 
l· 

A least squares fit of Eq. (3d) to the data in Fig. 7 of Chapter II 

generated the solid curves. This least squares fitti~ determines 

(3d) 

the six parameters in Eq. ·,(3a). The most important of these are WT0
, the 

center frequency, and WIDWH, the half width at half height if the BM's 

were zero. .The sums of the BM terms are generally less than 1 in 

·0 
the 20 to 50 kHz range but are never negligible except for ~T • 

These same parame~ers were used in Eq. (3d) to determine the calculated 

data in the fourth column of Table V. Notice that Eq (3b) is similar 

.-. 

.. 
• 



··~ 

u ·j~ " :;: ~ ,. ,. 
:.) ., ... ;; () ~cJ t.,_,) Q ., ' 

,, 
<:,, '-i 

-67-

to Eq. (12) of Chapter II, which can be written as 

all all all all 
neutrals ions neutrals ions 

dj~~ t) = -j i ( t) L nl L kilm + L nll: jm(t)kmli ( 3e) 

1 m 1 m 

+ For an ion such as c2H2 the first term in 3e will be negligible in 

the range of n1 's and t's of these experiment~; if ejection is centered 

at mass 12, the third term is 3e:will also be quite small. The 

' + . 
second term in 3e is mostly responsible for the loss of c2H2 which 

accompanies ejection of C+; this difference is given in column five 

of Table V. Collimn six shows the ratio of numbers in column five 

to those in column three. Experience has shown that a value in column 

six which is no less than about -2% may not be significant relative 

to noise. Tables V and VI clearly show the occurrence of Reactions 

1 and 2. 

An additional source of information is fortlfl.itous and comes 

from Experiments 179 and 180, to be discussed in Chapter 4, in which 

the addition of small amounts of CO and co2 , respectively, to methane 

adds about 20% more C+ .. This added C+ gives rise in turn to additional 

peak area at mass 26 and 27. The effect of Reaction 3 in response 

to this additional C+ woll.ld be to c~ntribute 43 units to the observed 

total mass 15 peak area of 34,280 units in pure methane at 3.05 x 1et5 

torr; therefore we cannot prove Reaction 3 occurs but simply 

hypothesize a rate of about 5 x 10-lO to agree with reference 2 and 

+ to account for the observed rate of loss of C . 



-68-

B. The Reactions of CH+ with Methane 

Conservation of energy.allows the following product channels 

for the interaction of CH+ + CH
4

: 

Table VII 

in CH4 in CD4 

Product Lm Double k Double. k 

(kcal/mole) resonance (xlo-10 ) Res. (10-10) 

cm3Lmolec-sec cm3/molec-sec 

4a) C2H3 
+ 

+ H2 -112 13 -+ 27 3.1 14 -+ 30 2.9 

4b) C2H4 
+ 

+H -75 13 -+ 28 <.5 14 -+ 32 <.5 

4c) + CH
3 

.+ CH
2 -27 13 -+ 15 rvo 14 -+ 18 rvo 

5) CH · 
2 

+ 
+ CH

3 -15 13 -+ 14 rv6 14 -+ 16 rv6 

6) C2H2 
+ 

+ H2 + H -12 13 -+ 26 4.0 14 -+ 28 3.8 

13.4 13.0 

Reaction 4a shows a strong cyclotron double resonance signal while 

4b-6 show none; however, 4a accounts for only a quarter of the observed 

+ CH loss. 4b-6 may show no signals simply because dk/dE is small 

while k. is not. It can be· shown that only about half the olilserved 

+ loss of c
2

H2 in Table Vis due to ReactionJl; the remainder is due 

to Reaction 6 and the fact that when ion ejection removes 20% of the 

C+, it also removes about 8% of the CH+. Tables V and VI also show 

about 2% loss 
+ + 

of CH2 (or CD2 ). This effect is probably also due to 

the fact that CH + (or CD+) are lost due to direct ejection when 

-. 
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ejecting C+. The·direct'ejectionof all ions, including CH+ and CH2+ 

. + is corrected for in Tables V and VI; the additional 2% loss of CH2 
+ (or CD2 ) shows the occurrence of Reaction 5. Reaction 4c, however, 

would have to have a rate on the order of 3 x 10-9 cm3/molec-sec to 

+ produce a comparable percantage loss of CH
3 

·. + (or CD
3 

·). Therefore 

while we tend to believe 4c has a very small rate because it is spin 

* forbidden and shows no double resonance signals, the rate coefficient 

could be nearly the full orbiting reaction rate without seriously 

altering any observables. + Since virtually all c2Hq is produced from 

Reaction 7, to be discussed later, the rate of 4b can be no greater 

than 5 x 10
11 

cm3/molec-sec. Complete data analysis gives us good 

confidence in this upper limit and in the rates for 4a and 6, we can 

only guess at the rates_for 4c and 5. 

C. The Reactions of CH + with Methane 
2 

The reaction channels which may be open at thermal energies for 

the interaction of CH2+ with CH4 are: 

* + -} + ':'"']_ + .-....1 -3 -The reaction, 4c, CH (X -~ ) + CH4 (x- A
1

) -+ CH
3 

(x.-A~) + CH2 (X ~g ) 

is spirt forbidden; excited states of the producets exist for which 

4c is allowed by spin but not by energy conservation. 
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Table VIII 

in CH4 in CD4 

Product l'IH Double k Double. k 

(kcal/mole) resonance (xlo-10 ) Res. (10-10) 

7a)'c H + . 2 4 + H2 -62 14 + 28 2.75 i6 + 32 2.50 

7b) 
+ 

C2H5 + H -44 . 14 + 29 ? 16 + 34 ? 

8a) 
+ 

CH
3 

+ CH
3 

-22 14 + 15 5.8 16 + 18 5-3 

8b) 
+ 2H

2 14 26 <.1 16 + 28 <.1 C2H2. + + 2 + 

9) 
+ H2 + H + 6 14 27 6.1 16 + 30 5.6 C2H3 + + 

14.6 13.4 

After increasing the rate of loss of c~2 
.r. 

by about 7% to correct for 

gain of CH
2
+ due to reaction 5, the loss rate becomes 14.6 X 10-lO 

cm3/molec-sec. Similarly correcting the rate of loss c + . of D2 J.n 

. . . 4 . -10 3 methane-d4 gives 13. x 10 em /molec-sec. These corrections make 

the rates about 7% higher than the orbiting reaction predictions of 

13.70 and 12.55 x 10-lO cm3/molec-sec; however, the corrected loss 

rates agree well with the total of the fairly accurately determined 

rates for reactions 7a, 8a, and 9a 

Figure 1 shows ~he dependency of the mass 28 peak on TIC. At 

low P+~$~Ure th~ peak is largely primary aqq due to co+. At high 

pressure some CO+ is lost due to reactions which will be discussed 

in Chapter 4. The peak thus becomes predominantly secondary and due 

+ to c2H4 These two sources of mass 28 ions are thus very easy to 

distinguish. + The calculated rate of formation of c
2
H4 is predominantly . 

. •· 

... 

.. . 
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Fig. l.. Mass 28 peak area vs. total. ion current. 
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due to reaction 7a. It has been mentioned that a harmonic effect 

appears in cyclotron double resonance when irradiating at twice the 

frequency of the detecting oscillator; however, the very large negative 
,. 

signal due to reaction 7a easily overshelms the harmonic effect in 

both CH4 and cn4. The appearance potential measured by Franklin7 for 

+ + c2H4 coicides with that of CH4 , but the rate of this reaction 

(llb) 

is three orders of magnitude lower than the orbiting reaction rate. 

Therefore, the occurrence of Reaction 7a is not madked by reaction llb 

in Franklin's appearance potential measurement because a sharp break 

·+ in the c2H4 ·appearance occurs at 15.5 volts, coincident with the 

. . + 
threshold for production of CH2 from methane. 

Small positive cyclotron double resonance signals are seen for 

Reactions 8a and 9. ·· As mentioned in Chapter II, the sign of the 

dk cyclotron double resonance signal indicates the sign of dE ; we 

expect Reaction 9 to show a positive ~ because it is within about 

l 2 eV of threshold. + Indeed CH2 ions in the ground electronic and 

-. 

vibrational states cannot react via Reaction 9; however, it seems 

+ most reasonable to suppose that the average CH2 ion iR these experiments ~~ 

has sufficient internal energy that Reaction 9 is an open, exothermic 

channel. Of course, Reaction 8a does not necessarily have a positive 

~because it is endothermic, for that- it is not; by the same measure, 

that Reaction 9 has a positive ~ does not imply that Reaction 9 is 

endothermic. + Reaction 8b is also endothermic for ground state CH2 , 

but 8b shows a very weak negative cyclotron double resonance signal. 
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Reaction 8b has a lot of similarity with Reaction llb: 

8b) CH2 
+ + CH4 + C2H2 

+ 
+ H2 + H2 6H = +6 kcal/mole 

llb) CH4 
+ + CH4 

+ 
. + 

C2H4 + H2 + H2 6H = -3 

Both are nearly thermoneutral; both involve condensation (C-C bonding) 

between projectile and target molecules; and both require that pairs 

of hydrogen atoms be ejected concertedly in order that the reaction 

not be highly endothermic. Our data indicates rates of less than 10-ll 

for both reactions; Franklin7 observes a rate of less than 3 x lo-13 

. -12 
for llb and less than 5 x 10. for 8b. 

Nothing definitive can be said about Reaction 7b. It shows no 

double resonance signal but this may not prove the reaction does not 

occur. It could have a moderate rate without causing serious down-

ward revision of the rate of reaction 10, which is the major source of 

+ 
C2H5 : 

(10) 

Reaction 10 is fast and completely masks any break in the appearance 

potential measurement for c2H
5

+ which might show the onset of 

+ Reaction 7b at 15.5 eV (ther,appearance potential for c
2

H
5 

is 14.2 eV, 

which coincides with that of CH
3
+). 7 

.D. The Reaction of CH
3
+ with Methane 

The onl:yr exothermic. product of reaction of thermal CH
3
+ + CH4 is 

givenin Table IX: 



b.H 

Product (kcal/inoie) 

-23 

} 
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Table IX 

in CH4 in CD 4 
r . . -lo ' ' Double res. k(xlO ) Double res. 

15 + 29 9.92 18 + 34 8.97 

These reaction rates are in reasonable agreement with the prediction of 

the orbiting reaction,model, 13.46 and 12.i6 x 10-lO cm3/molec-s~c 

respectively. The apparent rate of loss of CH
3 
+ is about 10% lower 

+ than the rate of formation of c2H
5 

because of the relatively high 

rate of reaction 8. Correcting for Reaction 8 brings into good 

agreement the rate of loss of CH
3 
+ with the rate of formation of c2H~t. 

Th b ult 11 · t.h · measureme. nt s . 3 ' 5 ' 6 
e a ove res agrees we w~ prev~ous 

E. The Reactions of CH4+ with Methane 

As pointed out in Chapter 2, reaction 11 is the most thoroughly 

examined ion-molecule reaction of all. 8 There are, however, two 

allowed reaction channels of almost identical exoergicity: 

Table X 

Product (kcal/mole) 

in CH4 in CD4 r . I r•---------------~~------~-, 
Double res. k(xlo-10) Double res. k(xlo-10 ) 

+ lla) CH
5 

· + CH
3 

-2 16 + 17 12.0 20+ 22 10.7 

-3 16 + 28 <.1 20 + 32 <.1 

. + 
The rate of loss of CH4 accurately matches the rate of formation of 

+ CH5 and agrees well with the orbiting reaction prediction of 13.24 X 

10-lO cm3 /molec-sec (11. 83 for perdeutero-methane reaction). Since 

+ . 
most of the c

2
H4 observed is accounted for by means of reaction 7 
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. . . .· + + 
the rate of formation of c2H4 from a major ion such as CH4 with a 

rate greater than 10-ll cm3/molec-sec would require serious downward 

revision of the rate of Reaction';7. Franklin 7 . reports a rate for 

llb of less than 3 x lo-13 cm3/molec-sec. Because of this and because 

the cyclotron double resonance signal due to reaction llb is very 

small considering the great abundance of CH4+ ions, this reaction 

seems a reasonable candidate for future investigations aimed at setting 

an upper limit on the magnitude of effects such as sweep out which 

were discussed in Chapter 2. It seems likely to assume that most of 

the 16 ~ 28 and 20 ~ 32 double resonance signals is due such non-

chemical effects. 

A number of studies of the energy dependence of the rate of 

Reaction 11 have been made and predict that dk/d.E will be small in 

the energy range below an eV, center-df-·mass energy. Taht the· 

+ + CH4 + CH4 ~ c2H4 cyclotron double resonance signal is small and 

may be due totally or in part to non-chemical effects indicates that 

at relative kinetiee energy up to about one eV, this reaction channel 

is largely closed. Apparently because the hydrogen atom exchange, 

Reaction 11, can be accomplished without so much rearrangement and 

because the two competing channels are of similar exotherm.icity, the 

condensation reaction virtually never occurs. At higher relative 

kinetip energy of ipte~aGtion, the atom transfer mecpanism begins to 
' .... - i ·. · ... -.. .- ·-·· : . ·.' ,_· . . . . 

. . . . . . 

·invest sufficient internal energy in CH
5 
+ that it quickly decomposes 

+ to CH
3 

+ H
2

, but the condensation mechanism still does not play a 

part in reaction. 9 
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Summary 

Generally-good agreement of the rates of loss of the various 

primary ions in methane with the orbiting reaction estimate indicate 

that this system is highly reactive. In two cases in order to bring 

into accord the rate of loss of a primary ion with the rate of formation 

of product ions, it was necessary to invoke reactions which cannot be 

proven directly. However, where this was done, firm double resonance 

evidenc.e is available to justify the invoked reactions. Table XI 

gives a summary of the conclusions reached concerning the thermal 

ion-molecule reactions in methane. 

been deferred to the next chapter. 

+ Consideration of CO and CO have 

Good quantitative agreement · 

between the calculated and observed peak areas provides a satisfactory 

foundation on which to assess the additional peak areas found in the 

more complex methane-oxygen system. 
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Table XI. The Reactions of .Methane Ions w'ith.Methane 

2) 

3) 

* Reaction 

+ c
2

H
3 

+ H 

CH
3
+ + CH 

4 ) + + . a .CH + CH4 + c
2
H3 + H

2 
+ . . 

b) c
2

H4 + H 

+ c) CH
3 

+ CH
2 

5) 

6) 

+ CH
2 

+ CH
3 

. + 
c2H2 + H

2
·<+ H 

7a) CH + + 
2 

+ CH4 + c
2
H4 + H

2 

b) 

8a) 

b.) 

9) 

10) 

11a) 

b) 

+ c
2
H

5 
+ H 

+ CH
3 

+ CH
3 

+ c2H2 + 2H2 
+ c

2
H

3 
+·H

2 
+ H 

+ . + 
CH

3 
+ CH4 + c

2
H

5 
+ H

2 
+ + 

cH4 + CH4 + CH
5 

+ CH
3 

+ . 
C2H4 + 2H

2 

t.H 

(kca.l/mo1e) 

-96 

-92 

-11 

-112 

-75 

-27 

-15 

-.12 

-62 

-44 

-22 

+2 

+6 

-23 

-2 

--3 

( -10 3 k X10 em /mo1ecfosec) 

5.2 

4.0 

3.1 

<.5 

'V 0 

'V 6 

4.0 

2.75 

? 

5.8 

<.1 

12.0 

<.1 

5.2 

3.8 

rv4.5 

2.9 

<. 5 

'V 0 

'V 6 

3.8 

2.50 

? 

5.3 

<.1 

5.6 

8.97 

10.7 

<.1 
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IV. THE FAST REACTIONS OF IMPURITY AND CONTAMINANT SPECIES 

Brief mention in Chapter II was made of the fact that methane is 

apparently oxidized by the hot thoriated irridium filament. Experiments 

similar to the one described there were performed with a number of gases. 

' . 
In these experiments portions of gas were trapped in the analyzer chamber "• 

and the mass spectrum was monitored as a function of time. The samples 
., 

trapped were at pressures of about 3 x 10-5 torr, so that the nature of 

the sample slowly evolved over the course of about four hours under the 

influeence of ion-molecule reactions. Methane, for example, initially 

showed secondary product ions as described in Chapter III. Four hours 

later, however, substantial peaks at masses 41 and 42 indicated that neu-

tral molecules containing two or more carbon atoms had come to make up a 

few percent of the sample. A considerably more dramatic increase had oc-

curred at :inass 28, which had doubled in the course of about 50 minutes. 

This increase was probably the oxidation of methane to carbon monoxide, 

whose partial pressure had risen five-fold in 50minutes. A similar ex-

periment in co2 shows that co2 is reduced to CO at a rate comparable to 

methane oxidation, and 02 is liberated at about 20% of that rate. Pure 

oxygen, on the other hand, is completely absorbed in the course of about 

3 minutes. These observations indicate that .the filament is quite active 

chemically. Further experiments are needed to show this effect is not due 

to filament out-gassing or pump regurgitation. At first sight these ef-
I 

fects seem negligibly slow inasmuch as the fastest has a half-life on the 

order to a minute while the ion-molecule reactions we are studying have 

half-lives on the order of milliseconds (taking p ~ 3 -5 x 10 torr and 

k ~ 10-9 cm3/molec-sec gives nk ~ 5000 persecond) for the fast reactions 

and perhaps as long as ~ s~cond for the very slowest. However, one must 

recall that gases are pumped from the analyzer chamber by a Vac-Ion R 
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pump whose ultimate background pressure is about 5 x 10-9 torr under the 

best of circumstances. T,ypically, this pump's pumping rate is virtually 

zero for partial pressures in the 10-8 to 10-7 torr range. The maximum 

pumping speed is only 8 liters per second, this rate being achieved with 
. . . . . -5 .. -3 

no throttling and an analyzer chamber pressure of about 10 to 10 

torr; however, the experiments reported here are performed with the high 

vacuum throttle valve at least 95% closed and with analyzer chamber pres

sures in the 10-
6 to 3 x 10....;5 torr range. It is thus not surprising 

that these low rate processes lead to contaminants in the 1 to 5 x lQ-7 

torr range. Table I gives some partial pressure data for selected experi-

ments. While "pure" methane (and methane-d4) becomes contaminated with 

nearly a percent of CO, "pure" oxygen generates hydrogen, carbon monoxide 

and carbon dioxide, while a miXture of methane and oxygen exhibits 

synergism; that is, themixture produces more contamination than either 

component separately produces. Observe, furthermore, that a mixture of 

cn4 and oxygen produces H
2

, not n2• 

Since there may be instances in which the fast ion-molecule reac·· 

tions of impurity species in the mixtures of methane and oxygen produce 

product ion peaks of size comparable to those of the slow reactions of 

methane with oxygen species, it will be the purpose of this chapter to 

discover and assess these fast reactions. 

A. Hydrogen Species 

No attempt has been made to determine the source of. hydrogen ex-

cept to note that it is produced when the filament is in oxygen or 

methane-oxygen miXtures. The methane-hydrogen system has been studied 

. ~4 . 
extensively in this laboratory and elsewhere. Approximate rates of 

the important reactions are given in Table II.2 



Expt. 

H2 

D2 

CH4 

CD4 

02 

co 

C02 

~0 

TABLE I 1 

Typical Observed Partial Pressures* 

158 

"pure CH " . 4 

3.08 x 10-s 

2.62 X 10-7 

164 
"pure CD " 4 

3.1.0 X 1.0 .. 5 

9.08 X 10-7 

170 

"pure 0 II 
2 

8.4 x 10-8 

3.00 X 10 -s 

2.22 X 10 -7 

9.21 X 10 -7 

184 

CHJ02 ~ 1 

2.9 X 10-7 

. -s 
J.lOxlO 

. -s 
3.70 X 10 

5o32 X 10 -7 

4.70 X 10-7 

-7' 
1.33 X 10 . 

197 

CDJ02 ~ 1 

2.5 X 10-7 

. -s 3. 20 X 1.0 

3.50 X 10 -s 

4 -7 .22 X 10 

4 -7 2. 3 X 10 

? 

* No eXPerfments were run sooner than 30 minutes after start-up. Although most of the electronics 
remains on continuously, start-up refers to switching on the full complement of electronics, in
cluding drift voltage power supplies, magnet power supply, phase sensitive detector, and electron. 
beam power supply, and then adjusting the sample leak valve so that the pressure in the analyzer 
chamber is approximately the desired value. After 30 minutes and a few minor adjustments of the 
experimental parameters, conditions will have achieved a steady state. . 

.. 
' 

t ., .~. 

I 

g' 
I 
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Table II 

Reaction A;pprox. k m 
(where H may be H or D) ( cm3/molec-sec) (kcal/mole) 

+ 
H2 

+ . 
H 3 X 10-10 -1 CH4 + - CH5+ 

~ + 
1 X 10':"'11 

CH4 + ~ ::::{) 

+ 
~ 

. + 
~ 1. 7 X 10-10 

~ 'CH3 + - CH3 + 

+ 
~+ ~ 

. + 
-t CH3 + H 3 X 10-10 -21 

PH++ H2 - c~ + H 5 X 10-10 -14 

H+ 
2 + CH4 -·cH+.+ 

4 E2 small -64 

~ + -26 CH3 + E2 + H s:inall 

In GH4 -02 mixtUres the partial pressure of H2 is never large enough 

to permit any of the reactions in Table II to produce measurably large 

changes in the C~, CH;, CH! , or CH~ peak areas. In CD 
4

-02 mixtures the 

effects would contribute, for example, a few percent to the CD2H+ peak 

area, but have been ignored because detailed analysis of the present data 

has been confined to the isotopically pure peak data. 

All reactions of ground state o: with hydrogen are endothermic. 

The reactions of H+ have several exothermic product channels: 
2 

Product &I Double Resonance k 

(kcaljmole) · . (xlo- 10 
3/ 1 ) em .mo ec-sec 

+ HO .· + OH -35 2 ~ 17 <1 

19a) H o+ 
2 + 0 -63 

o+ + H2 0 -40 2 ~ 16 <1 

19) HO: + H -33 2 ~ 33 so 
This system was studied in experiments 182 and 183, in which oxygen 
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-5 . -6 partial pressures were 3.20 x 10 torr and 3.00 x 10 torr, respectively, 

and hydrogen partial pressures were 6. 7 x 10-7 and 6 x 10-
8 

torr, respec-

tively. 
' -7 

In 183, the ~0 partial pressure was found to be 1.9 x 10 torr; 

since the ratio of mass 18 to mass 32 peak. areas is approximatezy the same 

in both experiments, 

+ mary ion as is 0 • 
2 

27) 

it was concluded tha:t H
2

0+- is almost entirely a pri

There is a loss mechanism for H
2

0+ in this system:5' 6 

+ ~0 k rv 2 X 10-J.O cm3 jmolec-sec 

Consequently, the rate of 19a is less than about 2 x 10-10
• The extremezy 

high rate observed for 19 agrees well with published data~'7' 8' 21 Moran 

and Fried.man20 point out that what the observed amount of HO: really re

flects is not just Reaction 19 alone but the total of 19 and 19b: 

19b) + ("' 4IIu) 02 a + + H ~ = -48 kcal/mole. 

They feel that no more than the orbiting collision rate (21-3 x 10-10 cm3 

. + 
per molec-sec) should be assigned to 19 and the remaining H0

2 
must be 

due to 19b. Actually they have measured not rate constants but the cross 

sections for these reactions in the relative kinetic energy range down to 

about t ev; however, since they show the energy dependence agrees almost 

perfectly with the orbiting model one can affirm the relationship that 
1 

k oc E2cr (E) = a constant independent of E, 

where E is the relative collision kinetic energy. They estimate that 

the o: ions comprise about 39% x 2 ng and 61% a 4~ and on this basis 

determine that 19b occuf:s at a rate 69%of the theoretical rate; a recent 

measurement21 shows that o+ ions produced by electron impact at about 70 
2 

On this basis Moran and Friedman would 

determine a rate for l9b which is 31% greater than the orbiting collision 

rate, in contradiction to their original assumption about 19. Probabzy 

this contradiction indicates that the orbiting collision model, like all 

theoretical models, should not be expected to be perfect, especially 

.. 
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consid.ering that it is ,based on the perturbation and point dipole limits 

and that the polarizability of widely separated and unperturbed molecules 
' : .:: . 

(as in gas phase Rayleigh scattering experiments) may be much different 

0 

from that of a molecule with an ion only a few Angstroms away. Indeed, 

stating a rate for 19 which is only four times the orbiting reaction rate 

should. not be such a heresy. Most of the available data indicates that 

19 is dominant over 19b. The appearance 

cides w_i th that of H+ 6' 7, 8, 20-' 21 and all 
2 

potential for HO: (15.4 eV) coin-

reported measurements show 19 

has a rate several times the orbiting reaction rate in the range of elec

+ tron energies greater than the appearance potential of H but less than 
2 

The cyclotron double resonance signal which 

would correspond to l9b (32 ~ 33 in 02 ~H2 mixtures and 32 ~ 34 in 02 -D2 

mixtures) is almost exactly the same in oxygen-hydrogen mixtures as it 

is in pure oxygen. On the basis .of this obserVation one must ascribe 

these signals to charge exchange among isotopes of oxygen and such non-

chemical effects as sweep-out and the over-lap of the tail of the very 

strong mass 32 peak into the mass 33 and 34 peak region; however, on the 

basis of Moran and Friedman's observation19 that k is almost entirely 

independent of E (hence dk/ dE = 6) one does not expect to see a double 

resonance signal for 19b. Similarly one would not expect to see a cyclo-

tron double resonance signal for 19 ( 2 ~ 33 in H2-02 mixtures and 4 ~ 34 

in 02 -D2 mixtures) but a moderate signal can be seen. Furthermore, ion 

ejection double resonance indicCJ,tes a rate for 19 in the range of 60 to 

-1.0 31 90 x 10 em ·molec-sec in agreement with the present quantitative meas-

urement and all previous experimental measurements6' 7,B, 21 except that 

of Moran and Friedman. 21 We should not lose sight of the central issue 

here, however,which is not how·HO~ is produced in oxygen-hydrogen mixtures 

but whether the amount of Ho+ seen in the mixtures is large, reproducible 
2 
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and capable of being calculated for the experimental conditions we used 

for the slightly hydrogen-contaminated methane-oxygen mixtures. The 

agreement in answering this question in the affirmative is quite good 

among all measurements reported, including that of Moran and Friedman. 

Furthermore, it is clear that all H~ seen in mixtures of methane and 

oxygen can be accounted for on the basis of Reactions 19 and l9b from the 

observed hydrogen and oxygen partial pressures. 

The products of the reactions of 0+ with H2 are as follows: 

Reaction D. H* b:.H** 
Product (kcal/mole) (kcal/mole) 

a) OH+ · + H -10 -86 

b) H+ + OH - l -77 

c) H+ 
2 + 0 +42 -34 

d) o+ + H + H +104 +28 

e) H+ + O+H +104 +28 

*b:. H for o+cx: 4 S) + H2Cx l~) 
**b:. H for O+(a 2D) + H (X lL;+) 2 g 

No products were observed for the above reactions in Experiment 182, in 

( ) -5 ( ) 6 -7 which p 02 was 3.20 x 10 torr and p H2 was • 7 x 10 torr. This 

places an upper limit on b of about 5 x l0-l 0 cm3 /molec-sec and on a of 

about 2 x lO-l 0
• Fehsenfeld6 has been alone in reporting a high rate 

(l x 10-9
) for a, while several others have studied the 0+ + H system 

; 2 

without observing a. 7-10 This discrepancy may reflect different reac-

tivity which results from the lower fraction of translationally and elec

tronicly excited 0+ ions produced in the flowing afterglow experiment or 

incorrect assessment of the partial pressure of H20, which can give rise 

+ -9 to OH ions. Nevertheless, even if one assumes a rate of 10 for both 

., 
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a and b, the H
2 

partial pressure in methane-oxygen mixtures is never large 

enough to give measurably large effects from a or b. 

B .. Water Species 

All reactions of H
2

0+ ions with 0
2 

are endothermic except charge 

. 0 5 6 
exchange, Reaction 27, which has a rate of about 2 X 10-1 cm3 jmolec-sec.' 

Likewise, all reactions of a: with H
2

0 are endothermic. Electronicly 

excited 0~ charge exchange.s very rapidly with H
2

o,5 but because the par

tial pressure o:f H 0 is always relatively low in the experiments reported 
.· 2 

here, the fast reactions of a minor reactant ion species such as 0~* can 

+ not produce measurable effects. Charge exchange between 0 and H
2

0 con-

.tributes5 about 5% of the H
2

0+ observed in methane-oxygen mixtures. 

The methane-water system is a complex and highly.reactive system, 

although no measurements are tobe found in the literature. Some of this 

high reactivity appears to be due to the fact that the permanent dipole 

moment of H
2

0 increases the long range :forces between an ion and a water 

molecule. When the dipole monient is non-2iero and stays alligned with the 

approaching ion in the most favorable manner, then the orbiting collision 

ll rate becomes: 

ktherrnal = 2~e [ ~)t + . (:~)t] 
where IJ.D is the dipole moment of the neutral molecule, IJ. is the reduced 

mass, ~ ~s the polarizabilit~ of the neutral molecule, and K is Boltz-

mann's constant. If the dipole moment is zero or averages to zero 

because it fails of "track" with the incoming ion, the magnitude and 

energy dependence of the rate of the orbiting collisions will revert to 

the value discussed in Chapter I: 12, 13 
~],_ 

k = 2rre (il )2
• 
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For the reaction 

, lO 
:for example'- the rate should fall between 51. o4, and 9. 4.o x 10- cm3 per 

molec-sec depending on the extent of tracking and the accuracy of.this 

model for the reaction. 
, 

6 
-lO 

Recent measurements have given 1 .0 x 10 

6 -lo 4 -lo (Re:f. 11), 2 x 10 (Re:f. 1 ·), and 25 x 10 (the present measurement) 

Many o:f the other reactions in the methane-water system have similarly 

large rates : 

14) 

33) 

34) 

36) 

37) 

35) 

Reaction 

H2 0+ + + H2 0 -.H3 0 + 

HCO+ + + H2 0.._.H3 0 + 

+ CH5 + + H2 0..-.. H3 0 + 

OH 

co 

CH4 

~H 

(kcaljmole) 

-16 

- l 

-27 

-10 

-33 

-23 

k 
-lO xlO cm3 

(molec-sec ) Re:f. 

rvl2 

rv20 

rv30 

25 14 

25 15 

rv50 

These reactions produce a relatively complex scheme when the partial pres

sures o:f CH4 and H2 0 are both on the order of 10-5 torr: 

,CH
4 

ionization 

This scheme o:f reactions has been worked out :from Experiments 176 and 177 

to give the estimates shown in the above table; the observed rate :for )6 

14 agrees well with that o:f Ryan. The rate o:f 35 appears comparable to 

that of 37, which was measured by Pritchard and Harrison. 15 When PCH 
4 
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is about 3 x 10·5 torr and pH 
0 

is about l. 3 x 10-
7 

torr as they are in 
2 

CH
4
:62 ~ 1, the scheme simplifies: 

H2 0 ionization 

In this case H
2

0+ is produced about equally from ionization of H2 0 and 

from Reaction 33; ~lati vely little H
2

0+ is lost due to Reaction 14. 

The major source of H
3

0+ is Reaction 34. 

peak area comprises contributions due to 180+ and 13cH; which can be 

accurately corrected for; what remains of mass 18 and all of mass 19 

are well accounted for by the reactions discussed. above. 

c.· Carbon Monoxide Species 

Probably the gre~test. difficulty and confusion in the study of the 

methane-oxygen system has centered about the questions which arise from 

carbon monoxide species contamination. A great deal of effort has been 

invested in trying to design experiments to show whether the primary ion 

contribution to mass 28 was due to ions of carbon monoxide, nitrogen, or 

ethylene. The primary ions of mass 28 were eventually shown to comprise 

predominantly CO+ ions produced from oxidation of methane (Chapter III). 

Coincidence, the term used. when two different ion species have the same 

mass number, plagues this system and clouds every issue. In every case 

the prOducts Of ion-molecule reactions involVi!1g carbon ions or neutrals 

is coincident with an important primary ion or a major secondary ion pro-

duced by other species. The exothermic reactions for. the oxygen-carbon 

monoxide and methane-carbon monoxide systems are: 



Reaction 

28a) co+ + 02-+ 
+ 

02 + co 
'>l + 

28b). C02 + 0 

15a) 
+ 

co + CH 4-+ HCO+ + CH3 

15b) co+ + CI4-+ 
+· 

CH4 + co 
'>l 

15c) 
+ 

CH3 + HCO 

30) 
+ 

CH 4 + CC4 HCO+ + CH3 

31) 
+ . + 

CH
5 

+ CO -+HCO + CH 4 
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~H 
(kcal/mole) . 

-45 

-14 

-53 

-48 

-23 

- 2 

-19 

k 

( 
-lO 3 

x10 . em I 
molec-sec) 

2.0 

< 1 

12 

< 1 

< 1 

8.7 

5.54 

Ref. 

16 

17a,b,c 

17b,c 

18 

A small 28-+32 cyclotron double resonance signal can be seen in 

"pure" 0 2, CH 4-0 2 mixtures and CD 4-02 mixtures; Reaction 28a has been 

determined as the source of the signal. There is also a 32-+28 signal 

+ which either indicates electronically excited 0 2 charge exchanging with 

+ . + 
CO or sweep-out of 0 2 accompanied by space charge coupl1ng of CO ions' 

+ spacial distribution to that of 0 2 ions. No 28-+44 signal has been 

b b 0 
+ . · o served; the o served rate of loss of C 2 agrees well w1th the reac-

tions to be discussed below; therefore, an upper limit on a source term 

+ for C02 such as 

28b) co+ + 02-+ C0 2+ + o 

-lO 3/ can be set at less than 1 x 10 em molec-sec. The only exothermic 

. + 
reaction channel for CH4 + CO is reaction 30, for which the rate of 

-lO 3 17b c 8.7 x 10 em /molec-sec ' agrees reasonably well with the orbiting 

-lO 3 reaction model prediction of 10.22 to 20.21 x 10 · em /molec-sec, de-

pending on the extent to which the dipole tracks with the ion. 

Reaction 31 has been reported very recently18 and may explain small 

cyclotron double resonance signals which connect mass 16 with mass 29 

and mass 17 with mass 29 in "pure" methane. The intenslty of the mass 
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+· 29 signal due to COR in ''pure" methane is only a few thousandths that 

+ due to C2H
5 

; therefore, the occurrence of Reaction 31 cannot be de-

tected in the quantitative measurements of peak area versus TIC and 

the 17-+29 double resonance signal is more likely explained by space 

charge coupling or some other non-chemical effect. 

. + Reaction 15a is unexpectedly fast s~nce the CO + CH4 interaction 

involves simply the ion-induced dipole long range force (which predicts 

a rate of 11.74 x 10-10 cm 3/molec~sec) and the two other exothermic 
. . 

reaction channels, 15b and c, appear to be completely ignored even 
. . 

though one differs frorn' 15a simply by a matter of charge exchange . 

. The ignored channels, 15b and c, are somewhat difficult to measure since 

the very important primary ion contributions to CH
3
+ and CH4+ interfere; 

in spite of this interference one can place an upper limit on 15b and c 

at about 3 X 10-10 cm3 /melee-SeC On the 'basis Of Experiments 178 and 179\ 

and perhaps much lower than that on the basis of the high rate of 15a. 

D~ Carbon Dioxide Species 

Because of the very low tilif 0 of C02 few ion-molecule reactions of 

this neutral are exothermic; none are in the methane-oxygen system. 

A 32 -+ 44 double resonance signal occures in "pure 11 oxygen but most 

likely is explained by non-chemical means. Charge exchange between C02 

i3,P.4 ~J,.ectrpniGally ~~ci,t~d 02+ is e:Jtothermic l;>t~:t these species are 

probably too rare to cause a. measurable double resonance signal. The 

one exothermic channel for the interaction of C02+ with oxygen or with 

methane is charge exchange: 
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6H k 

Reaction ~kcalLmole~ (xl0-10cm3/ Ref. 
molec-sec) 

+ 
02 

+ 
-39 < 1 C02 .+ -+ 02 + C02 

18a) + CH4 
.+ 

-25 < 1 C02· + . -+ CH4 + C02 
.... 

18) 
+ 

C02H + CH3 +17 10 ·17a,b,l8 

18b) + 
CH3 + C02H +16 < 1 

However, no cyclotron double resonance signals originating with C02+ 

(e.g., 44-+ 32 or 44-+ 15) have been observed in pure oxygen, pure 

methane or methane-oxygen mixtures; in Experiment 18o, a mixture of 

3.11 x 10- 5 torr CH4 with about 1.65 x 10-6 torr C02, a small 44-+ 45 

double resonance signal was observed but the absence of 44 -+ 16 or 

44 -+ 15 signals substantiates the assignment of low rates for 18a and 

18b. This assignment is further proven by the fact that the rate of 

loss of C02+ is 1.0 X 10-9 cm3/molec-sec in excellent agreement 

with the rate of formation of C02H\ with Franklin' s
18 

determination of 

1.05 x 10-9 and with the orbiting reaction prediction of 1.093 x 10-9 

3 . + + em /molec-sec. All C02H or C02D observed in mixtures of methane and 

oxygen is accounted for by Reaction 18. 

Summary 

Table III shows an example of·a mass spectrum obtained for a 

mixture of methane and oxygen. The various partial pressures for this 

experiment are: 

CH4 3.10 x 10- 5 torr 

H2 .029 x 10- 5 torr 
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CO • 052 x 10-5 torr 

C02 .047 x 10- 5 torr 

H20 .013 x 10- 5 torr 

The impurity neutrals listed above and the ion-molecule reactions 

+ + + + + discussed in this chapter account for all H2 , H20 , H30 , 02H , C02 , 

and C02H+ shown in Table III and for most of the CO+ (C+ + 02 produces 

a small amotmt of .CO+) and COR+ (CH+ + 02 produces some COR+). The 

product ion peaks from fast reactions of impurity species are more 

numerous and of comparable size to the product ion peaks from the slow 

reactions of methane and oxygen species • 
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Table III 

Experiment 184 · 

Mass Total Peak Area Ion Species Assigned Peak Area 

2 
.+ 

H2 31 

l2 719 c+ 719 

13 2465 CH+ 2456 

l3c+ 29 

14 7205 CH2+ 7170 

13CH+ 35 

15 36970 CH3+ 36880 

13CH2+ 90 

16 47530 o+ 13785 

CH4+ 33310 

13CH3+ 435 

17 15430 170+ 5 

OH+ 

+ 
CHs .15030 

13CH4+ 390 

18 489 1s0+ 52 

13CHs+ l8o 

H20+ 
.•. 

257 

19 381 H30+ 381 ... 
26 1184 + 

C2H2 1184 

27 4739 C2H3 + 4712 

13CCH2+ 27 
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Mass Total Peak Area Ion Species Assigned Peak Area 

28 3898 C2H4 + 
1795 

13CCH3+ lll 

co+ 1992 

29 39190 
" + 

C2H5 34300 

13CCH4+ 42 

l3co+ 22 

COB+ 4828 

30 l74l COH2+ 881 

13CCB5+ 805 

13COB+ 55 

31 17Eh COH3+ l78l 

32 181300 02+ 181300 

33 719 17oo+ 139 

02H+ 580 

34 799 1800+ 799 

44 1573 co2+ 1573 

45 1865 C02H+ 1863 

13C02+ 2 

47 1352 C02H3 + 1352 

... 48 960 03+ 960 

.... -
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V. THE OXYGEN SYSTEM 

Most of the ion-molecule reactions occurring in "pure oxygen" have 

been discussed in Chapter IV. They are 

19) 
+ + + H k Box -10 3/ H2 + 02 -+ H02 = 10 em molec-sec 

co+ + + 02 -+ 02 + co 2 

28) 
+ 

C02 + 02 -+ 02+ + C02 < 1 

27) H20+ + 02-+ 02+ + H20 2. 

There are but two additional reactions in pure oxygen: 

26) 

29) 

Reaction k 

0+ + 02 -+ 02 + + 0 .169 X 10-10 cm3 /molec-sec 

02 +(a4 IT ) + 02 -+ 03 + + o "'7 x l0-12 
u . 

&1 

-36 kcal/mole 

"'-() kcal/mole. 

·. 1 
Reaction 26 has received a great deal of attention because of its 

great ionospheric importance. It was mentioned in Chapter II and IV 

that our experiments show about three times as. much 0+, relative to 02+, 

as is observed in conventional mass spectrometers and this fact was 

attributed to the fact that the ICR spectrometer retains the trans

lationally hot 0+ ions which are lost in conventional spectrometers. 

Reaction 26 has a low rate presumably because it is a non-resonant 

charge exchange. Rates for non-resonant charge exchange in atoms are 

very small for low velocities. 2 Rates of charge exchange increase as 

the energy defect diminishes toward zero and for resonance charge 

transfers observed rates approach the elastic collision rates. 3 Rates 

for charge exchange in polyat~ic molecules presumably always resemble 

the resonance type because the near continuum of states generally 

guarantees a very small energy defect. 4' 7 The behavior of charge 

.. 
.• 



.. ... 

(J . \ 

J [J / ,.1 . ;-; 
,.) .)j 

~· ,.., .... ~ 0 ,}l ,j < '? 
r.,...~· .;.; .,) 

-97-

exchange in diatomic-diatomic systems and atom-diatomic systems such as 
. . . 4 

( 26) is intermediate. between the polyatomic and atom-atom behavior. 

The role of kinetic energy is crucial since at high kinetic energy 

charge transfer is always of the resonance form, occurring on the order 

of every collision. 5 At high kinetic energy the charge exchange cross 

section is small because the collision cross-section is small. The 

charge transfer cross section .increases (in keeping with the increase 

in the collision cross-section), reaches a maximum near 

v :::::: p0 liE/h 

where vis the relative collision velocity, p
0 

is a collision parameter 

on ·the·. order of the range over which strong forces are exerted between 

ion and target, fiE is the energy defect in the charge transfer, and h 

is Planck's constant. 6 
fiE is difficult to determine precisely for 

Reaction 26 because it is large ("'-1.3 eV) for transitions such as 

26a) 

which have large Franck-Condon factors for the transition 

o2()(3L:-,v=o) - o2+(x2rr ,v=l) 
g g 

26b) o+(x4 s) + o2(X3 L:-,v=o) 
g 

and small ("'-0.008 eV) for 

which has a small Franck-Condon factor. Both 26a and 26b will be slow, 

one because 6E is large and the other because the Franck-Condon factor 

is small; the processes intermediate between 26a and 26b will be some-

what faster. For example, much faster rates of charge exchange are 

found for 

1) 

k = 5 x 10-l0 cm3/molec-sec 
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o+(a2D) + 02(X3L:~) --. O(X3P) + 02+(a4~) 

k ~· lO·(k for 26) 

' I 

both of which have small energy defect and large Franck-Cqndon 

8 ld 
factors. ' · 

Additional channels for the interaction of N+ with 02 are ion-

atom interchange: 

2) 
fill = _48 kcal 

mole 

fill = -154 ~~~ 

which proceed at a total rate equal to charge exchange, 5 x 10-lo cm3/ 

molec.:.sec. However, .spin and electron orbital symmetry conservation 

. + 4 + 
arguments indicate that charge exchange of 0 ( S) with 02 and 0 (2D) 

with 02 probably do not involve atom exchange like 2. 

The rate of 26 is sufficiently small that the additional 02+ 

produced is negligible relative to the primary 02+ concentration. Hence 

the plot of mass 32 peak area versU.S TIC (Figure 8 of Chapter II) is 

quite linear. Furthermore one can presume that the population of o+ 

ions in the ~2D state is small because 26c is fast and would cause a 

noticeable effect if the a2D population were as much as 100/o of the 

total o+. 
. + 

Reaction29 is established as the source of 03 because its 

appearance potential, 17 volts, coincides with that of O,~/(a4Tiu). 9 

10 11 An additional source in high pressure mass spectrometers ' is 

29a) 

.. 
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but the 02 +(.A?~) probabJ;y spontaneously relaxes to the ground state 

within a few microseconds of its formation.(cf. NO(B2IT) radiative life

time of 3 x 10- 6 sec.
12 

Table I gives a comparison of NO and 02+ 

states.) 
. . 11 

Leventhal and Friedl!lan observe a rate for Reaction 29 of 

only about 2% the orbiting reaction rate .and rationalize this low rate 

by showing that only a fraction of the 02 +(a4 IT) will have enough (v: 

must be greater than about 5 to 7). but will not put so m~ch energy into, 
. + . ' . .· + . . 

the 03 that it will decompose to 02 + 0 (v must be less than about 9). 

4 The v = 7 to 9 states of ~ ~ comprise only about 25% of the total 

a4 IT produced by electron impact. 13 Leventhal and Friedman estimated 
u 

that about 10 IJ.Sec after formation, the 02+ would consist of 3gfo·ground 

electronic state and 61% of the first metastable state (a). A recent 

14 . · 6M "' a1 measurement gives these fractions as about v-1o X and 327o a. These 

fraction~ improve the agreement of Leventhal and Friedman's observations 

with their estimate of the v = 7 to 9 population in the a4~ state, 

giving the observed rate of formation of 03+ as more like 4% of the 

t t at +(--.;4TT) heoretic.al ra e. However, assuming only 257o of the 02 a .11 can 

produce 03+, the rate of this process is still only 1/6 the theoretical 

rate; one must conclude that either the a4~ population is much Jess 

than 32% or that the state is much less reactive than expected. 

4' The a llu state might spontaneously relax to the ground state before 

reaction occurs. This possibility must be considered when noting that 

the present experiments show a much lower rate of formation of 03+, 

. 10 11 
compared with the earlier exper~ments. ' · The essential difference 

between the experiments is that typical ion lifetimes were about 1 to 

10 IJ.Sec·in the earlier experiments while they are .1 to 1 msec in 

the present experiments. Spontaneous relaxation by emission of 
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Table I 

Comparison of States 
. + 

of NO and 0.2 

NO 02+ 

Electron Structure State Te State T r r e e e 

~ 

. 0 0 
(3cr) 2(111:) 4(ln:*) l x 2IT 0 eV 1.16 A x 2rr g 0 eV 1.13 A 

(3cr)2(ln:)3(ln:*)2 a 4IT 4.6 1.4o "' 4 a IT u 4.0 1.38 

(3cr)2(ln:)3(ln:*)2 B 2rr 5.6 1.42 A. 2rr u 4.8 1.42 

(3cr)l(ln:)4(ln:*)2 . b 42::- 5.8 1.30 b 42::- 6~2 1.28 
I g 

(3cr)l(ln:)4(ln:*)2 13,26 7.4 1.30 2.6. 
g 7.9 1.3 

(3cr)l(ln:)4(ln:*)2 G 22::- 7.7 1.34 22::- 8.2 1.34 g 

(3cr) 2(ln:) 4(3scr) 1 A. 22:+ 5.4 * 1.06 comparable states 

(3cr)2(ln:)4(3pn:)l c 2IT 6.3 1.06 not observed. 

(3cr)2(ln:)4(4pcr)l :0 22::+ 6.4 1.06 

(3cr) 2(ln:) 4(4scr) 1 :E 22::+ 7.4 1.06 

* These states A., c, D, .and E are Rydberg states. Their structure is 

very much as if the molecule were NO+ with a loosely bound electron 

·orbiting about the ion. Consequently there is very little mixing of 

these states with the non-Rydberg states18 and that NO has these'Rydberg 

states has little effect on the lifetimes of the non-Rydberg s~ate~. 18, 21 

This is not true for the C2IT state because its potential crosses that 

of the B 2IT state near re = 1.18 A; near that point, the two states 

. t . ly d th . . . . d d 20 m1x ex.ens~ve an e cross~ng ~s avo~ e • 

.. 

) 

... 
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vibrational quanta will have a very long ("'1 second) radiative lifetime 
+ • . 

because 02 has no dipole moment. Non-radiative transitions which are 
. . 

near resonance can berelatively fast. Probably the simplest molecule 

for which phosphorescence has been reported to date is formaldehyde, 15 , 16 

and although the a3
A2 is populated by direct absorption (oscillator 

strength is about 1.5 x 10-_7) radiationless transitions compete strongly 

with the phosphorescence, 15 which has a natural radiative lifetime of 

about 10 nisec.
16 

In 02+ the potential energy curves for X2 IIg' a4 llu, 

and A2 llu become nearly congruent for internuclear distances greater 

than about 1.7 .A; 20 therefore, for vibrational states greater than 

about v = 10 in a4 IIu, one expects a great deal of mixing with the A2 IIu· 

This mixing could lead to a non-radiative transition such as, 

3) 

17 which has an energy defect of about 70 em-~ (or about • 009 eV) · and 

this state would rapidly ~eLax, 

4) 

5) 

+("'2· ) 02 A II ,v=5. u 

This mixing might also lead directly to phosphorescence: 

We can estimate the rate of this phosphorescence by comparison with 

similar processes in light diatomic molecules. Except for spin charge 

(5) is an allowed transition; since spin change is the weakest selec

tion rtile,
18 

this process may be relatively fast. A recent measure-

. . 3 "'~ + 
ment gives the radiative lifetime for CO a II ~ X i: as 1±.4 msec. 

This transition is also only spin forbidden and involves a spin change 
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transition in the same orbitals as for (5). The fact that the CO a3 II ~ 

){l·r:+ frequency (Te(a3 II) = 48700 cm- 1
) is very high would tend to make " 

its lifetime relatively shorter +(~4 ~2 ) . than the 02 a~·~ X~ lifetime 
. 18 

·. (Te = 32,606 cm- 1
) if all other. factors were equal. On the other 

~3 . ~1 + ~3 hand, the CO a II ~ X L: transition is allowed by mixing of the a II 

state with A?II and other singlet states. Since the A?II is 16,300 cm~ 1 

higher than a?II.the mixing will be very small and the lifetime conse

quently will be long. simiiar mixing in o2 + a;4~ .involves a doublet 

state only about 8000 cm-1 higher. A very similar transition to (5) 

is the ~4II to X2 IItransition in NO, a molecule isoeiectronic with 02+. 

A recent calculation21 shows the a 4 II5 j 2 has a lifetime of 100 msec due 

to spin,-orbit mixing of the ground state X2
II3/2 with the b4L:;;2; the 

lifetimes of the other members of the a multiplet will be somewhat 

Shorter. The ~a4II ~ x2 II ·n1y 11 d thr h · 
3 j

2
,

1
j 2 . 3 j 2 , 1 j 2 are ma1 a owe oug sp1n-

orbit mixing of the a4 II and B2 II states (cf. earlier discussion here of 

similar mixing of' a4~ and A 2 IIu in 02 +); the a4 II
1

/ 
2 
~ X2 II

3
/ 2 is also 

allowed by spin orbit mixing of the ~4II1/ and G2 L:-/ states. These 
. 2 1 2 

estimates lead one to conclude that the total lifetime of 02+ a4 IIU with 

respect to radiative and non-radiative relaxation is probably in the 

range of 1 to 1000 msec. Theref~re the majority of the 02+(a4IIu) 

produced at the electron beam survives ~pontaneous relaxation. 

+* Thus far, we have examined non-collisional relaxation of 02 • 

Considering, as well, the collisional processes we can rewrite 

equation 12, Chapter II as 

6) 

. .,. 

.. 

• # .. 
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whe:re Ai(02+* ~ 02+) is the rate of the ith type ~f non-collisional 

relaxation and kj£ is the rate coefficient for the ,eth type of 

relaxation which occurs when 02+* collides with the jth type of neutral 

species. Unfortunately the present experiments cannot get at the 

+* + number . of 02 ions in the cell, but simp~ the total 02 , which is 

predominantly ground state. . Therefore while we could in principle 

distinguish the relative rates of the two terms in (6) using the fact 

that the last term is. of one higher order pressure dependence than the 

first, in practice we can measure no discernible loss of mass 32 ions 

(chapter II, Fig. 8). We do have direct measurement of the number of 

03 + ions, for we can solve ( 6) and ( 7) 

7) 
dj(03 +) 

dt 

to get 

8) 

and 

9) 

where. 

+* ' ' 
= j( 02 ·· , t=O) exp( -Rt) 

j(03+) = j(o2*,t=O)n(02)k29 
R 

I:n. I: k.n • 
j J .£ JXI 

When R is small (9) becomes 

'· .. : 
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T 

= ./

48 

j(O:/) dt 

48 

j(02+*,t=O)n(02)k29 jt
2 - ~ n(02)k29t 3 -~t3 

small 

Figure 1 shows the mass·48 peak versus 02+ ion current in various 

mixtures. The solid curve is a least squares fit of equation (11): 

( 

11) = j(o2*,t=O) n(02)k29 lt2 - ~ n(02)k29t 3 

From the fact that R - n(02)k29 is small one can draw two conclusions: 

""' ( +* +) . 6 1. a) £J Ai 02 -+ 02 is less than about l 0 sec- , and 
i 

b) Methane and+oXygen are not very efficient in colii~iona~ 
depleting o2*. The k's are less than about 5 x 10 10 em/ 
molec-sec. · · 

Of course, the t 3 term in (11) is only 4.6% as large as the t 2 term at 
\ 

the highest pressure in Fig. 1 and this is 'the reason that the above 

conclusions cannot be any stronger. 

A great deal of study of collisional quenching has been made to 

date. Electronic to translational energy conversion upon collision 

is inefficient for quenching. 22 Vibrational to vibrational energy 

conversion can be relatively efficient but drops off rapidly with 

increasing energy defect. The da~a of Millikan23 and others, quoted 

by Burnett and North, 24 indicate that vibrational quenching of 02+ by 

02 wili be 5 to 8 orders of magnitude less than gas kinetic; by CH4, 

2 to 5 orders less than gas kinetic. Burnett and North25 briefly 

discussed electronic energy transfer in diatomic molecules. Their 



--· 

·"' .· 

.. 

0' \ 7 
·-105-

1000 

300 
+ In o-~:ca • ., 1 

800 

?00 • In pure ·02 

3 
'D 
en 

600 en 

• • •In o2·:H2 "' 50· ID 

600 
., 
1'11 
'D 
lll: 

400 :D » 
1'11 » 

300 

200 

100 

o; IDH CURRENT 
0 

XBL 717-11'72 

Fig., 1. Mass 48 peak area vs. 02* ion current in pure oxygen 

(dot), 02:CH4 ~ 1 (diamond) and 02:H2 ::::< 50 (triangle). . . . . 
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discussion is based largely on the data of Callear and Smith26 who 

observed quenching of the A, c, and D Rydberg states of NO by various 

other diatomic molecules. They express some alarm over the high rate 

of 

J2) 

which is on the order of 10-9 cm3/molec-sec apparently in violation of 

the Franck-Condon principle, while 

appears not to occur. Burnett and North25 and Callear and Smith26 

both prefer a two-step process 

J2) ·NO(c 2II) + N2(x i~+) --. NO(x 2II) + N2(A 3~+) 
. g u 

14) N2(A 3~+) + No(x 2II) --. N2(x ~~+) + NO(A 2~+) u g 

over the equivalent one-step process 

to .explain the observed quenching of the o-bands of NO nitrogen 

accompanied by an enhancement of the NO y bands. They prefer J2 and 

14 over 15 because the energy defects are much smaller, -2504 and 

-5678 em-~, respectively, for J2 and 14, but -8182 cm-l for 15. 
I 

However these energy defects are 6Te rather than 6E(v 11 ,v'); taking this 

fact into account and using the more recent potential energy curves20 

one finds that J2, 14 and 15 are probably near resonant processes 

(6E "' 500 cm-1 or less) with large Franck-Condon factors. Indeed, the 

"' 2 . "' 2 +' C II and D ~ potential curves of NO are almost identical below about 

1.18 A, yet the C state is quenched at a rate more than 20 times. 
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gre~ter th~n the D. 20 ' 
Gilmore's potential energy curves, however, show 

an avoided crossing of the C 2TI and the B 2TI at r = 1.18 A which would c 

greatly enhance the Franck-Condon factors for processes such as 15 over 

D quenching: 

Why 13 doesn't occur remain~ a :JDYStery because 13a, 
. \ 

13a) CO( a 3 TI, v=O) + NO(X 2TI, v=O) -. · NO( A 2 L:+, v=2) + CO(X lL:+, v=O), 

has a large Franck-Condon factor and an energy defect of less than 

100 cm-l. 

Collisional quenching of 02+(a 4 ITu) by 02 can proceed by way of 

· near resonance processes with large Franck-Condon factors. Reaction 5a, 

5a) 

v=l or 2) 

is about· 25,000 cm-l exothermic and this large 6E gives 5a a low rate, 

though it is spin-allowed and has large Franck-Condon factor. Quenching 

similar to 5a of the other vibrational levels of 02+ a 4 IT is also . u 

highly non-resonance (6E"' 20000 cm-l). other quenching transitions 

are less exothermic, for example, 

~b) 0 .. 2.+("'a 4 IT ,v') 0 (X 3~- o) . . ~ + .2 . ~i,v= -+ 02(b lL:+,v=2 to 4) + 
f; 

02+(X 2IT ,v=l or 2), 
g 

but still have large energy defects and low rates: 6E "' 15000 cm-l 

for v' = 0 and "'11000 cm-l for v' greater than o. The final possibility 

is 5c, 
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enough information on the excited· states of methane to guess whether 

·" 16s would be near-resonant. . +* . . . . If CH4 were formed ~n a pred~ssoc~ated 

state,.then 16s couldhardly escape being near..:resonant since pre

dissoci~ted states tend to· be quasi-coritinutims· rather than dfscrete 

energy states~ Charge exchange .in p·olyatC>lD.ic' species such as' .in 

. Reactiori 1Bs may not·b·e governect by the requirement -'of vertical tra.nsi-
• .• c 

tions which leads to the_Franck..;Condon principle. ·However:, that methane 

·is a poor quenching' agent for 02+(8:' 4 ITU}·is ari empirical fact which 

dXaws us '·to 'the conclusion" that' 16s is sloW regardless of' whether it 

seems not to have theU.sUa.l constraints. 

SUmmary 

On the basis of their ~ 

be highly reactive species. Their interactions with 02 hbwever are

reactive iri only a. few percent of the collisions. Charge exchange of 

0+ with ·02 and q~en~hing of 02 +(a 4IT j by 0~ ma:y both be slow because 
' ' u . 

Franck-Condon factors for the interactions are small except where the 

processes have large energy defects. 
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VI. THE CROSS REACTIONS IN METHANE~OXYGEN MIXTURES 

In Table III of Chapter IV the peaks observed in a typical mass 

spectrum of a methane-oxygen mixture were broken down into their compo-

nent species. When the. species produced from contaminants, discussed 

in Chapter IV, and from methane, discussed in Chapter III, are subtracted 

+ almost nothing remains in the typical mass spectrum except the 02 peak. 

Further taking away the species produced from oxygen leaves that which 

will be discussed here - the species resulting from cross reactions of 

methane species with oxygen species. 

Table I shows the rates of these cross interactions determined 

from the rate of loss of primary ions of each species. The rates shown 

are not the apparent loss rates but are instead the rates of loss after 

correction for the reactions discussed in Chapters III, IV, and v. 

Observe how the reaction of CH~ with 02 is fast for n=O and 1, but drops 

an order of magnitude in going to n=2, and again to n=3. 

not expected to fit the above pattern because it has two reaction chan-

nels - charge exchange and H atom transfer - which the n<4 interactions 

do not. The ot + CH4 interaction likewise lacks these two channels of 

reaction and has a very small rate of reaction like CH~ + 02 • 

on the other hand, shows the low rate of reaction even though charge 

exchange and H-atam transfer are exothermic. 

Before we can begin to rationalize the pattern of observed rates 

of these cross reactions we must establish what are the product channels 

for each. Table II gives the enthalpy and spin change data for the chan-

nels of interest. The rate constants shown will be discussed later. 

A glance at the length of Table II and the possible complexity of reaction 

which it implies will convince one that even with a most powerful technique 

-. 
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Table I 

Rate Of Loss of Primary Ions due to Cross Reactions 

Loss Rate Orbiting Reaction 
Reaction Primary Ion Reactant Constant Rate Constant 

Number Species Neutral xlo·- J.O cm3 

(melee-sec) 
Rate 

(xl0-10) 

20) c+ 0.2 9.8 ±.8 9-93* 

21) CH+ 0.2 9· 7 ±. 7 9-65 

CD+ 0.2 9-2 ±. 7 9.40 

22) CH~ 0.2 1.0 ±.o4 9.4o 

CD~ 0.2 0.9 ±.o4 8.98 

23) CHj 0.2 0.;13±. 01 9.18 

CD~ 02 0.13±.01 8.64 

'•· 

24) CH! 0.2 4.6 ±.2 8.98 

cDt 0.2 4. 2 ±. 2 8.35 

13) o+ CH4 "-0. 50 13.24 

o+ CD4 0.47 ±. 05 12.56 

16) 0~ CH4 0.20 ±. 004 11.47 

0~ CD4 0.12 ±. 004 10.67 

""' *~s~d on po1arizapi1ity data from Cha:pte:r I, Ref. 12. 

-' . 

VI-I 
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TABLE II· 

Cross Reaction Data* 

Reaction &I 
k 

( kcal) 68** ( xl0-l
0

cm3 ) 
mole . molec-sec 

02 + CH4 02 + CD4 

20 a) c+ + + 
02 -+ co + 0 -74 0 11.0 10.7 

b) 
+ 

02 + c +18 0 

21 a) CH+ + 
+ . 

02 --.. HCO + 0 -145 0 9·7~.7 9·2±.7 

b) OH+ + CO -113 0 < .1 < .1 

. c) co+ + OH -93 0 < 1 < 1 

d) 0+ + HCO -29 0 < .1 < .1 

e) co+ + o + H +10 0 

f) + 
02 + CH +21 0 

g) + 
C + H02 +37 0 

22 a) 
+ 

CH2 + 
+ 

02 -+ H20 + CO -126 0 < .1 <.1 

b) 
+ 

C02 + H2 -110 0 < .05a < .05a 

c) HCO+ + OH -130 0 < .01 < .01 

d) co++ H20 -94 0 < .03 < .03 

e) 
+ 

C02H + H '-92 0 < .01 < .01 

f) 
+ 

H2 + C02 -71 0 ,< .001 < .001 

g) + 
H2CO + 0 -50 0 1.0±.04 0.9± .4 

h) OH+ + HCO -25 0 < .01 < .01 

i) 
+ 

C02 + 2H -6 0 < .05a < .05a 

j) HCO+ + 0 + H -18 0 < .01 < .01 ._r-

k) + 02 + CH2 +39 0 

1) + CH + H02 +61 0 .. 

23 a) + CH3 + + 
02 -+ H30 + CO -130 -1 0 0 

b) 
+ 

HCO + H20 -124 -1 0 0 

c) + 
C02H + H2 -71 -1 0 0 

d) + H3 + C02 -58 -1 0 0 

e) 
+ + CHO -31 0 < .01b < .Olb H20 

VI-II 
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f) 
+ 

CH30 +. 0 -20 0 .13±.01 .13±.01 

g) + + CO + H -1 0 < .01b .01b H20 < 
h) 

+ . 
02 + CH3 +51 0 

;• 

i) CH2 + H02 +78 0 

., 
24 a) + + -122 .005c .005c CH4 + 02 __. H30 + HCO 0 < < .. 

b) 
+ 

C02H2 + H2 -110 0 < .001 < .001 

c) 
+ 

+ H20 -109 0 H2CO < .005 < .005 

d) 
+ 

CH302 + H ..:107 0 < .001 < .001 

e) + +CO+ H -92 0 < .005c < .005c H30 

f) 
+ . 

CH30 + OH -89 0 < .01 < .01 

g) + 
+ H2CO -73 0 < .005e < .005e H20 

h) + + H2 + CO -71 0 < .005e < .005e H20 
i) + 

HCO. + H20 + H -86 0 < .001f < .001f 

j) 
+ . 

C02 ·. + 2H2 -51 0 < .001 < .001 

k) + 
HCO .·· + OH + H2 -71 0 < .ooif < .001f 

1) 
+ .· . 

-35 ·. 0 .001 .. CO + H20 + H2 < .001 < 
m) + 

-60 .001f .001f HCO + H2 + H 0 < < 
n) 

. + . 
-17 0 < .001d < .001d .. H3 + C02H 

o) + H3 + C02 +H -14 0 < .001d < .001d 

p) 
· .. + 
02 + CH4 -14 0 2~1±.2 1.9±.2 

q) CH30H+ + 0 -12 0 < .001 < .001 

r) 
. + 

CH3 + H02 -9 0 2.5±.2 2.3±.2 

13 a) 
+ 

0 + CH4 
+ --. H2CO .+ H2 -133 -l 0 0 

b) 
+ . 

CH30 + H -124 -1 0 0 

c) 
+ CH3 · + OH -87 -1 0 0 

d) 
. + 

HCO + H2 + H -110 -1 0 0 

'"' e) 
+ . 

CH2· + H20 -81. -1 0 0 

f) H3+. + HCO -64 -1 0 0 ... g) co++ 2H2 -59 -1 0 0 . 
h) + 

H30 + CH -58 ..,1 0 0 

i) + H3 + H + CO -34 -1 0 0 

j) 
. + 
H20 + CH2 -29 0 < .01 < .01 

k) 
+ 

H2CO + 2H -29 0 < .01 < .01 

1) H2+ + H2CO -28 ..;1 < .01 < .01 

VI-II 
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m) + 

} CH4 + 0 -22 0 
.47±.05 

n) OH+ + 
-50±.05 

CH3 -11 0 

16 a) + 
02 + + CH4 -+ H30 + CHO -108 0 < .OOlg < .OOlg 

b) + C02H2· + H2 -96 0 < .001 < .001 

c) 
+ 

H2CO + H20 -95 0 < .01 < .01 

d) + 
CH302 + H -93 0 .07±.004 .04±.004 

e) + H30 + CO+ H -78 0 < .OOlg < .OOlg 

f) + CH30 ·+ OH -75 0 ·13±.004 .o8± .04 

g) + H20 + H2CO -59 0 < .OOlh < .OOlh 

h) 
+ . 

H20 + H2 + CO -57 0 < .OOlh < .OOlh 

i) HCO+ + H20 + H -72 0 < .OOli < .OOli 

j) + C02 + 2H2 -37 0 < .001 < .001 

k) HCO+ + OH + H2 -57 0 < .OOli < .OOli 

1) 
+ 

CO + H20'+ H2 -2i 0 < .001 < .001 

m) . + HCO + H2 + H -46 0 < .OOli < .OOli 

n) 
+ 

H3 + C02H -3 0 < .OOlj < .OOlj 

o) 
+. 

H3 + C02 + H 0 0 < .OOlj < .OOlj 

p) + 
CH30H + 0 +2 0 < .001 < .001 

q) + 
CH3 + H02 +5 0 < .01 < .01 

r) 
+ 

CH4 + 02 +14 0 < .01 < .01 

* This table is intended to comprise all exothermic channels of reaction 

and a few endothermic channels of interest. 

** This quantity refers to the change in spin quantum number. The 

interaction of a doublet ion with a triplet neutral, for example, can 

produce a singlet product ion if the product neutral is a doublet or 

quartet, a doublet product ion if the product neutral is a singlet or 

triplet, a triplet product ion if the product neutral is a doublet, and 

,. 

a quartet product if the product neutral is a singlet; other possi- ., 

bilities arise if more than one product neutral is formed. This table 

will show ~ = 0 if any one of the possible combinations includes the 

spin change of the reaction being considered. Thus we show ~ = 0 for 

both 24a and 24q: 

VI-II 

CH4+(X~2E) 0 (X~3~ -) + 2 J:.g 



.• 
·. 

. .• 

.•. 

... . 

0 'J f' J .I 6 u ,· ~ 
J~ .. ·a \.,)! •.. ~ ' ~J r;,.,y' '"':~ 

-119-

Consequently, few reactions listed show ~s f 0 • 

a The total rate of Reactions 22b and 22i combined is less than 

.05 x 10-10cm3 /molec-sec • 
b ' ' 

The total rate of Reactions 23e and 23g combined is less than 

.01 x 10-10cm3 /molec-sec. 

c The total rate of Reactions 24a and 24e combined is less than 

.005 x l0-10cm3 /molec-sec. 

d The total rate of Reac·tions 24m and 24o combined is less than 

.001 x l0-10cm3 /molec-sec. 

e The total rate of Reactions 24gand 24h combined is less than 
. 10 3 

.005 x 10- em /molec-sec. 

f The total·rate of Reactions 24i, 24m and 24k combined is less than 

.ool x l0-10cm3 /molec-sec. 

g The total rate of Reactions 16a and 16e combined is less than 

.001 x l0-10cm3 /molec-sec. 

h The total rate of Reactions l6g and l6h combined is less than 

.001 x l0-10cm3 /molec-sec. 

i The total rate of Reactions l6i, l6k and 16m combined is .less than 

.001 x 10-10cm3 /molec-sec. 

j The total rate of Reactions l6n and 16o combined is less than 

.001 xl0-10cm3 /molec-sec • 

VI-II 
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like cyclotron double resonance the going will be difficult. Indeed, 

a weak technique like appearance potential measurements has proven to be 

of little value. Ion.ejection double resonance in the low mass range 

(12-l4) has proven too noisy for definitive results in the methane-oxygen 

system. Ion ejection double resonance has been able to establish some 

of the ions for which CH! (or en!) and 0~ are precursors. Tables III 

. + + 
and IV show results of ejecting CH4 and CD4, respectively, in mixtures 

of equal amounts of oxygen and, respectively, methane and methane ... d4. 

The only. significant effects observable in Table IV are probably due to 

Reactions 10 and ll: 

lO) 

ll) 

CD~ + CD4 

en! + CD4 + ..... CDs + CD3 

double resonance 
. lB-+34 

2(}-+22 •. 

The effects at masses 23 and 35 are due to 13C analogues of Reactions 

lO and ll. The significant effects seen in Table III are due to Reactions 

lO and ll, above, and l4, 33, and 34, below: 

l4) H.20+ + CH4 + CH3 lB-+l9 ..... H30 + 

33) CRt + H20 + CH4 l6 ..... l8 ..... H20 + 

34) CRt + H20 + 
CH3 r6 ..... l9 ..... H30 + 

. There is a large effect in both Tables III and IV at mass 48; we know 
·.~_;t~\'1: 

that this ion is entirely o! in both mixtures (we can assume CD20~ is 
··l ,, 

absent from CD4-02 mixtures: .since CH20~ is not formed in CH4-02 mixtures; 

. + + 
and CH402 is absent from CH4-02 mixtures since CD402 is not formed in 

There can be no chemical connection between the 

methane reactant ions and o! product ions; therefore, these effects at 

the higher masses probably.are due to random errors and to systematic 

errors in calculating the effects of direct ejection (the numbers shown 

-. 

.. 

... 
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Table III. Expt 184 CH4 :02 ~ ·1 CW Ion Ejection at Mass _16 

l:2: 

Ion Detected £eak. Area .Peak Area . Calculated· Difference Ratio ~··.-

' 
.,w/o E,jection with E,j ectiori .J!l -· 

''""""-
2 31 30 31 -1 -3.3 

12 719 715 716 -1 -.2 c 
13 2465 2456 2447 9 .4 ,. . 

14 7205 7072 7073 -0 .-.0 
... _ ... -\< 

15 36970 34800 34540 268 ' .8 -0"· 
16 47530 37230 36510 712 ;.1.9 I 

1\). ,. 
1-' 

i.,...p~. 

17 15430 12856 14130 ..;,1286 -lO.O I 

18 489. 438 473 -34 ..;8.o ' ....... 

19 381 336 374 .. -37 -11.4 
~:(~ 

26 ll84 1170 . 1180 -9 -.8 
27 4739 4707 4723 -15 -.3 .I;;;:.. 

28 3898 3794 3886 -91 ~2.4 i!.J/ ' ·• 

29 39190 36460 39070 -,2608 . -7.2. 
30 1741 1591 1736 -144 -9.1 
31 1781 113[} 1776 -3 -.2 

. 32 181300 178 0 180900 .:..2084 -1.2 

33 719 729 717 12 1.7 
34 799 777 797 -20 -2.6 
44 1573 1563 1570 ·;,, -6 -.4 
45 1865 1851 1861 -9 -.5 
47 1352 1325 1349 -24 -1.9 
48 960 926 958 ,-31 -3.5 

~ .. ~ 

VI-III 



Table IV. Expt 197 CD4 :o2 ~ 1 CW Ion Ejection at Mass 20 

Ion Detected Peak Area Peak Area Calculated Difference Ratio 
w/o Ejection with E,jection (%) 

2 27 27 27 0 .o 
12 661 653 660 -6 -1.1 
14 2902 2980 2892 88 . 2.9 
15 100 100 99 1 .1 
16 19940 19450 19740 -296 -1.5. 
17 778 761 763 -1 -.3 

I 

18 44370 41570 42470 -901 -2.2 ~ 
1\) 

19 1472 1291 1289 2 .2 I 

20 42940 30640 30950 -309 -1.0 
21 876 743 747 - -3 -.5 
22 244'5) 19790 22840 -3050 -15.4 
23 284 239 274 -34 -14.7 

28 3082 3048 3053 -4 -.2 
29 130 127 129 -1 -1.6 
30 9788 9505 9717 -211 -2.2 
31 186 181 185 -3 -2.3 
32 176JOO 172200 175000 -2752 -1.6 
33 1145 1143 1139 4 .3 

34 47'150 45030 47310 -2275 -5.1 
35 1013 928 1008 -79 -8.7 
44 834 830 831 -1 -.1 
46 956 980 953 27 2.8 
48 710 681 708 -26 -4.0 
50 914 878 911 -32 -3.8 

VI-IV 
•: 
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in the column labelled "Calculated"). 
. . + 
Ion ejection of 02 (Tables V 

and VI) oh the other hand, gives a substantial effect at the highest 

two masses • The 32~ceffect, of course, is.Reaction 29: 

29) 32~ 

The 32~7 in CH4:02 ....; 1 and the 32-+50 in CD4:02 "' 1 are both due to 16da 

16d) + + H 32~7 for CH4 
32-+50 for CD4 

Based on the rate of 29 observed in pure oxygen and in methane-oxygen 

mixtures, the rate coefficient for the effect due to 16d can be deter

mined as 7.0±.4 x 10-12 cm3 /molec-sec from the magnitude of the ion 

ejection effect in CH4-02 mixtures. In CD4-02 mixtures the effect 

. -12 shows the rate of.l6d as 3.8±.4 x 10 • From this same sort of 

calculation, we cah determine that the rate of 24d, 

24d) 

is less than 4 x 10 -n cm3 /molec-sec. 

16~7 for CH4 
20-+50 for CD4 

These figures agree well with 

the quantitative results of the final data fitting procedure, which give 
. 3 

the rate of 16d as 7.0±.1 and 4.0±.1 x 10-12 em /molec-se~ in CH4-02 and 

CD4-Q2 mixtures, respectively, and of 24d as less than 10-13
• The 

remaining effects in Tables V and VI are probably not significant rela-

tive to random error. 

In discussing thereactions of c+ with methane in Chapter III, we 

mentioned that adding small amounts of CO or C02 enhanced the c+ concen

+ tration and gave us additional information about the C + CH4 reactions. 

The opportunity to gain this additional insight was dependent on the. fact 

that no interferences arose; by that, we mean, for example, that the 
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Ion Detected 

2 
12 
13 
14 
15 
16 

17 
18 
19 
26 
27 

28 
29 
30 
31 
32 

33 
34 
44 
45 
47 
48 

VI-V 
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Table V. Expt 184 cH4:o2 ~ 1 CW Ion ~jection at Mass 32 

Peak Area Peak Area Calculated · Difference 
w/o E,jection with Ejection 

31 31 31 0 
719 7193 719'~ 0 

2465 2463 2463 0 
7205 7198 7198 0 

36970 36920 36920 1 
47530 474w 471!60 2 

154oo 15400 15400 0 
489 487 488 0 

. 381 380 380 0 
1184 1162 1151 10 
4739 4613 4540 73 

3898 3710 3639 70 
39190 365a:> 34840 1683 
1741 1532 1404 128 
1781 1211 1207 4 

181300 109800 108500 1322 

719 509 480 29 
799 620 619 1 

1573. 1537 1534 3 
1865 1818 1823 -4 
1352 911 1326 -415 

960 705 943 -237 

\ ./ 

Ratio 
.. (%) 

.0 

.0 

.o 

.0 

.0 

.0 I 

1\) 
+=" 

.0 I 

.o 

.o 

.9 
1.6 

1.9 
4.6 
8.4 

.3 
·1.2 

5.7 
.2 
.2 

-.3 
-45.7 
-33.8 
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Table VI. Expt 197 CD4:o2 = 1 CW Ion Ejection at Mass 32 

Ion Detected Peak Area Peak Area Calculated Difference Ratio 
c 

w/o E.iection with E.iection (%) ~ ........ , 

2 27 27 27 0 .0. .c ...... -
=..-~ 

12 661 655 661 -5 -.9 
14 2902 2917 . 2899 18 .6 c, 

15 100 99 100 -0 .. o ~~ ' 
\a.';:"\. 

16 1994o 196:30 19900 -273 -1.4. 
17 778 770 776 ~6 ,.... .9 . 

I 
0' 

18 44370 43930 44260 8 
~ c. ~330 -. \Jl 

'1472 1490 1467 
I 

19 23 1.5 
20 42950 42070 4276o -692 -1.6 

~.e.· 

21 876 859 871 -11. -1.4 ~,.,_-~ 

'\.....-.~ 

22 24430 24450 24250 202 .8 
23 284', 276 281 -5 -2.0 .!:::~ 

28 3082 2948 2878 71 2.4 ""-J 

29 130 118 116 3 2.2 
30 9788 8475 7895 580 6.8 
31 186 144 126 18 12.5 
32 176050 106400 105300 1065 1.0. 
33 1145 867 764 102 11.8 

34 47560 4o18J 36850 ·3329 8.3 
35 1013 925 862 62 6.7 
44 834 823 813 10 1.2 
46 956 965 936 29 3.0 
48 710 537 697 -159 -29.9 
50 914 591 900 -307 ~52.2 

VI-VI 
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reactions of C+ with methane gave products known to be of different 

masses from the products of' reactions of CH! with co, CO+ with CH4, etc. 

We have the opportunity to rely upon an analogous set of circumstances 

in the mixtures of oxygen .and chloromethanes (CH3Cl, CH2Cl2, and CHCl3) 

which were studied in Experiments 201-203. These mixtures must be 

predominantly oxygen so that the effects of even the fast reactions of 

chloromethane ions with chloromethanes will be negligible. There is 

necessarily some concern over the reactions of 0~ with chloromethanes; 

however, it appears that these interactions lead predominantly to charge 

exchange. It seems at least that no product ion of mass less than 50 

is produced from reactions of 0~ with chl6~omethanes (peaks of mass 50 

and greater were not examined). This means that except for charge 

exchange the reactions of 0~ with chloromethanes are, in keeping with 

the reactions of 0~ with methane,.very slow (at most, they produce ions 

of mass 50 or greater). + Somewhat more H02 was observed than expected; 

however, since none of the reactions 

CH~ + n=l to 4 

is exothermic, we ignored the extra HO~. Perhaps it is produced from 

0~* + CH3Cl, for example, or from Reaction 19, H~ + 02 -+ HO~ + H, if 

there were more H~ in these experiments; unfortunately H~ was not measured. 

In each of these experiments, mixture composition was estima-

ted from the pressure measurements gotten on the gas mixing manifold when 

the mixture was prepared, instead of the usual procedUre of determin-

ing mixture composition mass spectrometrically. We need an accurate . 

measurement of the oxygen partial pressure in the mass spectrometer dU!ing 

. ' 
experiments, but only a very approximate estimate of the chloromethane 

partial pressure. We can calculate the 02 partial pressure in the 
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following three ways: 

l. From the TIC using the value of at; for electron impact on 

02 from Table II of Chapter II and assuming that at(CH4) Rl 

crt (any chloromethane) • 

2. From the 0~ peak area assuming 0~ charge exchanges with a 

chloromethane at ~ rate of 2 x lo-lo cm3/molec-sec. 

3. From the 0+ peak area assuming 0+ charge exchanges with a 

chloromethane at a rate of 5 x lO-u. 

Each of these calculations is obviously. crude fbr moderate chloromethane 

relative concentrations but fairly good when chloromethanes made up only 

5% of the sample or less~ All three calculations agreed to within 6% 

generally and the average calculated oxygen partial pressure was used for 

rate calculations. In each each experiment a low pressure spectrum was 

observed for masses in the i2 to 34 and. 4o to 48 ranges to .determine 

any H20, CO, or C02 contamination. The circumstances, then, are ideal 
. . . + 

for examining the products of the reactions of CHn + 02 where n=l, 2, 

' + + or 3, without the interferences due to those of CH4 + 02 or 02 + CH4. 

In the 02:CHCl3 Rl 25 mixture (Expt 203) secondary contributions 

were found for masses 28 and 29. The CHri primary ions comprised only 
. + 

modest peaks at masses 12 (C ) , It 

was determined in a low pressure spectrum that H20, co, and C02 contam~ 

inants were present; at high pressure the small secondary component of 

mass 28 cOuld be accounted for fully by Reaction 20a, 

) + ' + 20a C · + 02 ~ CO + o, 

which has a rate of 1.10 x l0- 9 cm3/molec-sec.1 '
2'3 On the basis of the 

fact that all the secondary co+ was accounted for by Reaction 20a, we 

.determined an upper limit on 2lc, 

.2lc) + OH 

of 10-lo cm3/molec-sec. ··Because masses 16 and 17 were entirely primary 
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(primary ions from 02 and H20) we determined an upper limit on 2lb and 

d, 

2lb) 

2ld) 

CH + + 02 -+ OH + .f. CO 

CH+ + 02 -+ 0+ + HCO 

of 10-12 cm3 /molec-sec. 2la.was determined to have a rate of 10 ± 

lxl0-10 cm3 /molec-sec, · 

2la) + + CH · + 02 -+ HCO + 0 

in good agreement with Franklin's 3 measurement of 10-9 and with the 

least squares data fitting for the results in methane-oxygen mixtures 

which gave a rate for 2la of 9.7 ± .7 x 10-10 cm3 /molec-sec in CH4-02 

mixtures and 9.2 ± .7 x 10-10 in CD4-02 mixtures. 

Experiment 202 was a study of an 02:CH2Cl2 ~ 16 mixture. In this 

. + + + (l3 + ) mixture at low pressure, primary J.ons C , CH , CH2 CH2 as well , 

+ + + . + 
0 , H20 , CO and C02 were seen in the mass range below 50. At high 

pressure the only secondary species not accounted for by reactions of 

C+ with 02 and CH+ with 02 was the mass 30 peak. This peak is produced 

from 22g, 

22g) 

which has a rate o:f 1.0 ± .08 x 10-20 cm3 /molec-sec. This reaction 

+ . 
accounts for all the CH20 observed in mixtures of methane and oxygen; · 

analysis of the data for these mixtures gives the rate of 22g as 

1.0 ± .04 x 10-10 cm3 /molec-sec in CH4-02 mixtures and 0.9 ± .2 x 10-20 

in CD4-02 mixtures. On the basis of experiment 202 and the analysis 

of the methane-oxygen data we can determine upper limits on the rates 

of the other exothermic channels of CH2+ + 02j these upper limits.are 

given in Table II. 

. ,. 
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In Experiment 201 a mixture of 02&CH3Cl ~ 50 only one additional 

reaction was observed than in Experiment 202 and it was 23f, 

23f) 

which showed a rate of 1.3 ± .4 x lo-n cm3/molec-sec, in agreement with 

the subsequent data analysis for CH4-02 mixtures which gave a rate for 
' ' 

23f as 1.3 ± .l x 10-n cm3/molec-sec (for CD4-02 mixtures 23f gave a 

rate of l. 3 x lo-l.l as well). Again, the upper limits on the rates of 

the other exothermic reaction channels were determined from Experiment 

201 and from data analysis of the reactions in methane- and methane-d4-

oxygen mixtures. These estimates are shown in Table II. 

The final method for determining precursors for the product ions 

in methane-~xygen mixtures is ion cyclotron double resonance. Tables 

VII and VIII give the results of otir double resonance experiments in 

which the average reactant ion center-of-mass kinetic energy was aro'und 

20 kcai/mole. · The first column in Table VII gives all the signals 

observed and qualitative estimates of their intensities. The second 

column lists some of the non-chemical signals· cine might expect; we shall 

discuss these in more detail below. The third column lists the signals 

seen in pure methane; and the fourth, what remains from the first 

column which cannot be accounted for by entries in the second and third 

columns~ Figures l and 2 make clear what we have attemped in Table VII. 

Compare the 0.4 VPI'P double resonance spectrum observed in CH4:02 ~- l 

. (Fig. l) with that observed in pure CH4 (Fig. 2). They are qualitatively 

the same, although the signals in pure methane are somewhat more intense. 

That they are qualitatively the same would indicate that no new path 

for forming mass 15 ions occurs in methane-oxygen mixtures besides those 

that occur in pure methane. Unfortunately we have good evidence, which 
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TABlE VII 

Cyclotron Double Resonance (CDR) Observed in cn4 :02 ~. 1 

Compared with CDR in Pure CH4 

CDR non chemical Pure Remainder 
CH4 :02 ~ 1 Signals ? CH4 

16 -748 vw-* 16 ~ 48 vw-

32 -748 vw- 32 -7 48 vw-

15 -747 vw-· 15 -7 47 vw-

16 -747 vw- 16 -7 47 vw-

32 -7 47 VW+ 32 -7 47 vw- 32-7 47 VW+ 

15 -7 45 vw- 15 -7 45 vw-

16 -745 vw- 16 -7 45 vw-

32 -745 vw- 32 -7 45 vw-

16 -744 vw- 16 -7 44 vw-

32 -744 vw- 32 -7 44 vw-

15 -7 34 vw- 15 -7 34 vw-

16 -7 34 vw- 16 -7 34 vw~ 

32 -7 34 vw- 32 -7 34 vw-

15 -7 33 VW+ 15 .-7 33 vw-

16 -7 33 m+ 16 -7 33 vw- 16-7 33 m+ 

32 -7 33 VW+ 32 -7 33 vw-

15 -7 32 m- 15 -7 32 m-

16 -7 32 m- 16 -7 32 m-

17 -7 32 m- 17 -7 32m-

15 -731 vw- 15 -7 31 vw-

16 -7 31 vw- 16 -7 31 vw-

17 -7 31 vw- 17 -7 31 vw-

32 -7 31 S+ 32 -7 31 vw- 32-7 31 S+ 

... /".; 
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CDR non chemical Pure Remainder. 
CH4 :02 

:::::: 1 Sighals ? CH4 

14 ~30 rn+ 14 ~30 rn+ 

.. 15 ~30 ? i5 ·~30 vw-? 15 ~30 W+? 
... 

16 16 16 ~30 w+ ~30 vw- ~30 W+ 

32 ~30 Ill+ 32 ~30 vw- 32 ~30m+ 

15 ~29 S+ 15 ~29 vw-· 15 ~29 S+ 

16 ~29_w- 16 ~29 VW·- 16 ~29 w-

17 ~29 VV{- 17 ~29 vw- 17 ~29 vw-

32 ~2.9 vw- 32 ~29 vw-

14 ~28 VS+ 14 ~28 VS+ 

15 ~28 vw- 15 ~28 vw-. 15 ~28 vw-
16 ~28 vw- 16. ~28 vw- 16 ~28 vw-

32 ~28 vw- 32 ~28 vw-

12 ~27 S+ 12 ~27 S+ 

13 ~27'S+ 13 ~27 S+ 

14 ~27 rri+ 14 --+27 rn+ 

15 ~27 vw- 15 ~27 vw-

16 ~2.7 vw- 16 --+27 vw-

32 --+27 vw- 32 --+27 vw-

13 --+26 ? 13 ~26 ? 

14 ~26 W+ 14 ~26 w+ 

15 ~26 VW+ 15 ~26 vw- 15 ~26 VW+ 

16 --+26 VW+ 16 ~26 vw- 16 ~26 VW+ 

.... \ ..... 32 ~26 vw- 32 ~26 vw-

~. 16 ~19 VW+ - 16 --+ 19 vw- 16 ~19 VW+ 

16 .~18 VW+ 16 .~18 vw- 16 ~18 VW+ 

32 ·~18 vw- 32 --+18 vw-

VI-VII-2 
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CDR 
CH4 :02 ~ l 

15 ~17 W+ 

16 ~17m+ 

32 ~17 vw-

15 ~16 w-. 

17 ~16 vw+· 

14 ·~15 m-

16 ~15 S+ 

17 ~15 VW+ 

32 ~15 VW+ 

15 ~14 W+ 

16 ~14 VW+ 

32 ~14 vw-

-132-

non chemical 
Signals ? 

15 ~17 vw-. 

16 ~17 vw..-

32 ~17 vw-

15 ~16 vw-

17 ~16 vw-

16 ~15 vw-

17 ~15 vw-

32 ~15 vw-

15 ~14 vw-

16 ~14 vw-

32 ~14 vw-

15 ~17 W+ 

16 ~17m+ 

15 ~16 w-

17 ~16 VW+ 

14 ~15 m-

16 ~15 S+ 

17 ~15 VW+ 

15 ~14 W+ 

16 ~14 VW+ 

Remainder 

16 -+ 15 w±? 

32 ~15 VW+ 

*The notation 16 ~48 vw- indicates that in a cyclotron double 
resonance experiment a very weak signal was seen while detecting 
mass 48 ions with the marginal oscillator while heating the mass 
16 ions to a center-of-mass kinetic energy of about 20 kcaljmo1e. 
The - sign indicates that in a continuous wave double resonance 
(CWDR) experiment the mass 48 signal would diminish slightly when 
heating mass 16 ions. As discussed in the text, this sign may 
also give the sign of dk/dE for the reaction connecting the two 
masses. A question mark is shown after the two masses whenever 
ambiguity arises due to the electronic artifacts which arise when 
the ratio of the frequencies of the marginal and irradiating oscil
lators is integral. 
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TABLE VIII 

·Cyclotron Double Resonance (CDR) Observed in CD4:o
2 
~1 

Compared with CDR in Pure CH4 

CDR 
CD4 :o?.~l 

18 -+ )0 vw'-·x 

20 ~·50 vw-

3? -+ 50 VW+ 

20 -+ 48 vw-

32 -'+ 48 vw-

?0 -+ 46 vw-

3? -+ 44 vw-

18 -+ 34- &t 

?0 -+ 34 m+ 

3? -+ 34 s+ 

16-+ 32 &t 

18 ~ 32 m-

?0-+ 3? m-

?? -+ 32 m-

12-+ 30 &t 

14-+ 30 s+ 

16-+ 30 m+ 

18-+ 30 vw-
?0 '+ 30 vw-

3?-+ 30 vw-

non chemical 
Signals ? 

18 -+ 50 vw

?0 -+ 50 vw-

32 -+ 50 vw -

20 -+ 48 vw-

32 _. 48 vw-

?0 ~ 46 vw-

32 -+ 44 vw-

18 -+ 34 vw-

ro -+ 34 vw-

32 -+ 34 vw-

18 -+ 3? m-

20 -+ 3? m-' 
22 -+ 32 m-

18-+ 30 vw-

?0 -+ 30 vw-

32 -+ 30 vw-

Pure 
CD4 · 

18 -+ 34 8+ 

20-+ 34 w-

16-+ 32 Vs+ 

12-+ 30 s+ 

14-+ 30 s+ 

16-+ 30 m+ 

Remainder 

32 -+ 50 VW+ 

?0 -+ 34 m+ 

32 -+ 34 s+ 
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CDR non chemical Pure .Remainder 
CH4 :o2 :::::1 Signals ? CD4 

14 ... 28 ? . 14 ... 28 ? 

16-+ 28 W+ 16-+ 28 W+ ·• .. 
18-+ 28 VW+ 18 ... :::>8 vw- 18 ... 28 VW+ 

20 -+ ?8 W+ 20 ... 28 vw- ?0 ... 28 VW+ 

32 -+ 28 w- 32 -+?8 vw-

18 -+ ??.w+ 18 ... 22 vw- 18 -+ 22 W+ 

?0-+ ?? m+ 20 ... ?.? vw- ?0 -+ 22 m+ 

16 -+ ?0 w- 16 -+ ?0 w-

18 -+ ?0 w- 18 -+ 20 vw- 18 .... 20 w-

32 ... 20 vw- 32 -+ 20 vw-

16 -+ 18 w- 16 -+ 18 w-

20-+ 18 m+ 20 ... 18 vw- 20-+ 18 W+ 20 ... 18 m+ 

32 -+ 18 w~ 3?-+ 18 vw- 32 -+ 18 w-
c; 

18 ... 16 VW+ 18 -+ 16 vw- 18 -+ 16 VW+ 

20 -+ 16 VW+ 20 -+ 16 vw- 20-+ 16 VW+ 

32 -+ 16 ? 32 -+ 16 w-

*The same notation is used as was in Table VII. 
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+ 

PDR 

Mass 15 

~0.04VPTP 

- I 

X B L 7 .I 7 - 3 8 6 9 

Fig.· 1. Pulsed. cyclotron double resonance experiment in 

CH4: 02 ~ 1. Mass 15 is being detected. 
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Pure · CH
4 

+· 

--
I I 

1'-W --

1.0 

I 
v 

·._ ... 

CWOH· 

Mass 15 
,· .. -

0.02VPTP . 

XBL716- 3725 

Fig. 2. CW cyclotron double resonance experiment in pure 

methane. This figure is a reproduction of Fig. II-9. 

Notice hmT the lower spectrum (0.04 volts peak to 

peak irradiating oscillator amplitude) resembles the 

upper spectrum of Fig. VI-1. 
.. --. 

. .. 
" 
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we will present later, that 24r occurs with a rate of 2.5 ±.2 x 10~10 

cm3 /molec-seca 

24r) 

The failure of the comparison of Figs. 1 and 2 clearly to reveal the 

occurrence of 24r is probably due to dls/d.E being small and is a weakness 

in the comparisons presented in Tables VII and VIII which we shall have 

to keep in mind. 
. . 

· Another feature which Figures 1 and 2 point out is the dependence 

of the signals on ion energy. At irradiating oscillator amplitude of 
. . 

0 •. 04 VPI'P the ions in the methane-oxygen mixture are heated less than 

in pure methane. In these experiments it is ion-neutral collision which 

limits, for the most part,. the length of time during which resonant 

ions absorb energy. Equation ll of Chapter II gives 

II-11 3 . . q2ao 2'r2 
E = 2 kT+ m. 

as theenergy an irradiated ion.reaches during the time-r since tl:ie 

last thermalizing elastic collision. From II-11 we estimate that the 

average center-of-mass ion energy for the experiments compared in 

Tables VII and VIII is about 20 kcal/mole. While the partial pressure 

of methane is the same for the experiments shown in Figs. 1 and 2 1 the 

a~ditional oxygen partial pressure in the experiment shown in Fig. 1 

ma~es -r about ha*f that in Fig. 2. Therefore it is more proper to 

compare the 0.1 VPI'P spectrum in Fig. 1 with the 0.04 VPI'P spectrum in 

Fig. 2. The resemblance of the two figures is striking. The one signal 

which the 0.1 VPTP spectrum in Fig. 1 has which the 0.04 VPTP spectrum 

in Fig. 2 lacks is the weak32'-+15 signal, which has positive dk/d.E. The 

reaction, 



-138-

16q) · t£ = +5 . kcal/ mole 

has a thermal rate of less than 10-l2 cm3/molec-sec although it may be 
. . .. . + 

thermoneutral or exothermic for the 02 ion of average energy. That 

dk./d.E for this reaction is positive does not show that the reaction is 

endothermic, but only that it may be. The proof that 16q has a very 

low rate; however, comes from the least squares data analysis and from 

Tables V and VI in which 02+ ejection shows little or no effect on 

. + + 
CH3 (or CD3 ) • 

We are now ready to begin examining all the double resonance signals 

we see in mixtures of methane and oxygen. The large number of signals 

(nearly sixty) contradicts the assertion that this system is unreactive, 

made by Franklin3 and made here when we pointed out that in a typical 

experiment given in Table III of Chapter IV, little remains when we take 

away from the mass Spectrum what is due to primary and secondary ions 

from pure methane, pure oxygen, and known contaminants. The number of 

signals seen is reduced by 40%. when we subtract those due to reactions 

of methane ionS with methane. Another 40% of the signals share the 

common features that they are very weak, gen~rally result from heating 

one of the more important ion species, and show the product ion signal 

diminishes when the reactant ion is heated.* It seems likely that these 

signals are so remarkably similar because they all stem from the same 

non-chemical phenomenon. While it is not clear what the phenomenon is, 

we cannot escape the conclusion that it is non-chemical. It was noted 

* For brevity, we shall uSe the notation k' = vw- to refer to a cyclotron 
double resonance signal in which the "product" ion signal diminishes 
very slightly when the "reactant" ion is heated. We cannot refer to 
dk/d.E for a CDR signal which is of non-chemical origin because there is 
by definition no chemical reaction involved, hence no rate coefficient 
k. However when the signal is of chemical origin we can identify k' 
as dk./d.E. 

• 
1'· 
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in Chapter II that when dk/ dE is negative, a thermoneutral or exothermic 

reaction must be involved for only such.· can occur at thermal energy and 

only those reactions which occur at thermal energy can diminish in rate 

with increasing ion energy. But how can 1~ vw- or 17~32 m- be 

explained? •' . * Onl¥ by means of' non-chemica.l. phenomena.. 

In order to examine how these non~chemical signals might arise, 

consider equation II-10: 

II-10 
n+q2~ 2-r 

s . c~ 
4ms 1 + 

1. 

-r2( (.l) 
~ 

where As(m~) is the power absorption by n~ secondary ions of' mass ms, 

charge q, and cyclotron frequency mcs from the r.f. electric field of' 

a.Inplitw:le e~ and frequency (.l)~. We first tune either m~· or mcs (~ 

altering one of' the paramet~rs which determine mcs) until m~ ==illcs. 

Then we sweep the irradiating oscillator of' amplitude e2 from frequency 

m2 to m2 + dill2; if' same other ion P is being heated at m2 and/or m2 + dm2 

then a.<iouble resonance signal change d.D(m2) may result such that 

d.D( m ) dAs ( m2) 
1) d.D(m2) == dill2 2 == dm2 

d(.l)2 d(.l)2 

*The rates for 0+ + 02 + M ~ o; + M or 
+ ·. + 

CH4 + 02 + M ~ CH402 + M 

in order to explain l~vw- ~ould have to be an incredible l0-24cm6 / 

molec2-sec, three or four orders of :magnitude greater than most three 
body ion:-molecule reactions.· · 

+ + CHs + 02 · ~ 02 + CH4 + H 
is 91 kcal/mole endothermic and hence calls for dkjdE positive. The two 
exothermic reactions · 

+ + OH + CH4 ~ CH30H + H or 

OH+ + 02 ~ 0~ + HO 

would have to have rates on the order of an incred~ble 10-7 cm3/molec-sec 
in order to explain 17~32m-, based on reasonable n (OH+) estimates. 
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The change in D(ro2 ) will be non-zero so long as dAs(ro2 )/dro
2 

is non-zero: 

2) 

If we ignore all but the first term on the right hand side of 2, we can 
. . 

get the result of Beauchamp (see Chapter II, ref. 15) by writing 

1 
3) 

dill 
2 

1 dns d.k dEp 
::: -------

The rate of change of n~ with the value of the rate coeffiCient k can be 

derived from Equation 13 of Chapter II: 

whence· 

+ 
ns 

+ dns 
4) 

5) 

= 
j ( t=O) [ ] 
P nk(t'- t 8 ) + exp(-nkt~) - exp(-nkt8 ) 

nk s ' 

(nkt~+l)exp(-nkts)] 

dk k 

In these equations ts and ts are the times when secondary ions enter and 

leave, respectively, the ana:).yzer region of the cell; they are not to be 

confused with ~, which is the mean free time during which an ion suffers 

no thermalizing collisions. For simplicity we assume that primary and 

secondary ions have approximately equal mean free time, -r. This means, 

as is observed, that cyclotron resonance peaks for various species will 

have about the sa.me width. To get dEp/dro
2 

we re-write II-ll for the 

primary ion• 

.. 

,.,. -
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3/2 KT 
q2~2T2 

L( ill2 , illcp, T) 6) E1> = + , 
4IDp 

from which we get 

7) 
dEp 

Ap(ill2) 
2-r3 ( ill2- illcp) 

= . 
dill2 l+T2( ill2-illcp) 2 

Combining 4 and 7 with 3 reveals that the final factor in 3 is the only 

ill -dependent factor. 
2 

8) D(ill ) 
.. 2 

We can therefore integrate 3 over dUk to get 

= As(ill1 ) dn~ dk /dEp dill 
+ . 2 

ns dk . dEp dill2 . 

Substituting the value of dn"J'dk f1'om 4 and of dEp/d 2 from 7 gives the 

result of Beauchamp. . . . . 

We can write each tenn.in 2 as the sum of two terms, as for example, 

9) 

+ dn+ ok dEp dns s 
k 1 (n~);, = ---·- + 

dill dk dE dm .2 p 2 

where k 1 is given by 

+ dns on~ ·d.k 

10) kl = - - ---
dill2 ok dill 2 

.. 
and represents all those parameters which mey depend on ill2 and on which 

n~ depends. We know from 5 that n~ depends on n, jp(t=O), t~, and ts; 

but none of these depends in turn ori ill2. However, for the other terms 

ii1 2 this may npt pe t:q.~ case; 

1 dAs(ill ) [_:_ + 2 oC. 1 o-r 
l 

dns 
l 

= - + - + 
As (ill) dill + dk e.·. dk dk 2 ns l T 

(li 

/ 
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in which we have noted that Owes - 0. --- ' 

l - -
'r 

Clk 

1 and -:r' 

From (5) we know that 

l . an+ 
~ k.;.J.. ::"":F ' dk ~ ' ' • 

ns 

When k approaches the elastic collision rate, the mean free time -r 

is approximate:cy (zi!t)-l; hence, 

One might 

oscillator is 

think that so long as the amplitude of the marginal 

fixed, then ddel would be zero. This is untrue, however, 
(1)2 

as can be seen from Figure 3. The amplitude of the signal which an 

ion produces is proportional to the average of ~1. 2 which it experiences. 

For the most part ions stay within the narrow rectangle near the 

horizontal center line of the cell. Ions near the center of this 

rectangle experience near:cy the ideale~ which would fill the cell 

if the upper and lower plates were infinite planes. Because all ions 

execute harmonic motion in the direction parallel to the magnetic 
-+ 

field B, all ions spend some time near the center of the cell; however, 

the average C:2 experienced by ions wll.ich spend any time near the sides 

of the cell is certain to be less than~2 • ~~·.will be non-zero 

as a result of any effect which alters the average of el2 which product 

ions experience. Obvious:cy, if the rate constant is a function of Ep; 

then changing me can through its effect on k alter the distribution 

of points at which secondary ions are formed and their distribution 

of kinetic energies (hence cyclotron orbit radii). Therefore 

'· '-

... 
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could indeed be non-zero. Unfortunately we cannot intuit its 

order of magnitude or for that matter, its sign, without expensive 

calculation. 

The d~ term can clearly have k'(€1) components as well. One of 
dW2 

these is due to the effect of the ions' space-charge. If the ion 

current due to one species is large enough, then irradiating that 

species at ~ could move the ion beam or deplete the space-charge due 

to the irradiated species. These effects would be reflected in changes 

in the average ~2 which 

which is being detected. 

sign nor size of k' (e1). 

all other ions experience, including that 

As with ..} 0f,1 , we can intuit neither the 
C:l ./!. 

If k'(-r) and k'(mcs) are due to ions' space-charge we can at least 

guess the sign of the effect. We know that the electron beam's space

charge can shift and broaden the ion cyclotron resonance signals 

(see Chapter II, refs. 9-11). If irradiating a major ion species p 

at m2 alters the space charge due to that ion then for any other species 

S a non-zero value of ~ will arise from the broadening or narrowing 
~2 . 

of the detected signal As(ml) and a non-zero value of ~: will come 

from the shift in mcs. Observe that in 11 k' ( mcs) has the factor 

(ml-mcs) which was set initially equal to zero; however, if ~ is 

pon-zero then (m1-mcs) will be non-zero also. ~r" 

W~ ca~ ~~timate k'(-r) due to i9q ~p~c~ charge f~~rly well. At a 
• - -' ~ . • ~ • - . ? • • ~-- . . ; 

typical pressure and electron beam current, the concentration of 

neutrals will be on the order of 1011 cm-3 and ~f ions, 104 cm- 3
• · 

Assuming the ion-ion collision cross section (~lo- 10 cm2) is almost 

104 times* as great as the ian-neutral elastic collision cross-section 

* The Rutherford formula, ctn S/2 = 4n Eo Kb/Ze2, predicts that the 
center-of-mass scattering angle will be 90° for two thermal ions 
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( ~10 -l4 cm2), then the ion-ion collision frequency will be .1% that 

of the ion-neutral collision frequency. Obviously, this effect will 

be negligible relative to the effect of a chemical reaction which 

occurs at virtually every ion-neutral collision, but will not be 

small in comparison with reactions, with rates of 10""12 cm3 /melee-sec, 

as we have attempted to measure. From the. Rutherford formula, we 

expect the ion-ion collision mean free time to increase in proportion 

to the relative velocity of collision. Thus as irradiation increases 

the velocity of ions, any double :;-eson.ance signal produced by ion

ion collisions will die off quickly and will show an apparent dk/dE 

which is positive because elimination of ion-ion collisions will 

sharpen the peaks, As(rol=rocs)• Unfortunately this effect seems to be 

of the same order of magnitude as the effects we are attempting to· 

explain, but is of the opposite sign. 

A shift in cyclotron frequency, roes' will always give an effect 

of the right sign because ro1 is set equal to roes initially by deter

mib.i.ng the maximum of As(ro~). If roes changes subsequently, As(rolfrocs) 

is always less thanAs(rol=rncs).· 

The effect of the space charge of the ions in the cell has been 

evaluated by solving Poisson's Equation, 

\ 

as was discussed in Chapter II except here p .is not zero. The density 

of charge p was estimated by assuming the ion density for a typical 

experiment is uniformly distributed over a volume contained by a right 

interacting with impact parameter b of about 600 A. 
orders of magnitude greater than typical ion-neutral 
parameters. 

This is two 
orbiting impact 
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paraUeJepiped which has dimensions 8.89 em by 2.54 em by d where d is 

the thickness of the ion beam. If the ions' orbits were infinitesimal 

then d would be about the width of the electron beam, O.l6 em : d0 • 

For typical thermal ions the cyclotron orbital radii are about .06 em; 

thus for thermal ions the beam width is estimated as .22 em. For ions 

of about leV energy the beam thickness is estimated as about .52 em. 

Thus when ions are thermal, a typical charge density will be about 

3 x l0-4 statcoulombs/cm3 and when cyclotron double resonance irradi-

ation raises the energy of most of the ions to about l eV, the charge 

density drops to about l x l0-4 statcoulombs/cm3
• The potential 

¢p(x,y) within the cell which is due to the ion space charge is a 

maximum in the center of the cell. This potential, ¢ , and the 
p 

gradient, t , perpendicular to the magnetic field and to the p,x 

direction of ion drift through the cell are shown in Figure 4. 

Figure 4 shows the effect of the. ion beam's space charge for the 

case iri which ions have been heated to a kinetic energy of about l eV. 

The force on the ions in the x-direction, e ep,x' is approximate]¥ 

proportional to x, the distance of the ion from the center of the cell. 

This approximation holds rather accurate]¥ within the ion beam. 

Outside the ion beam e e becomes approximate]¥ constnat. The force p,x 

e tp,y' in the direction parallel to the magnetic field is also 

approximately proportional to the distance from the center of the 

cell. The ion motion which results from these forces can be deter-

mined in a treatment quite analogous to that made by Beachamp and 

Armstrong4 in determining the ion motion under the influence of the 

quadrupole trapping potentials. The effect of the force due to the 

ions' space charge parallel to the magnetic field is to siightly reduce the 
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THE DC PDTENTI~LS WITHIN THE CELL 

.. 
-X 

L-. B 

DUE TO THE ION BEAM 
p = 10-4 STAT COULOMB/ CM 3 

• 

1.5lti0-5 STATVOLTS 

tP,x 
OU E TO THE ION BEAM 

P = 10-4 STATCOULOMB/CM3 

3X I0- 5 STATVOLTS/CM . 

_. 3x I0-5 STAT VOLTS /CM .. 

XBL717-1207 

Fig. 4. The potential a?d electric field in the cell due to 

ion space charge. 
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effective trapping potential. The effect of the force in the x-

direction is to shift the cyclotron frequency on the order of 100 Hz: 

1t53 Hz 
rm 

The potentials and electric fields due to the ion beam's space charge 

when the ions are thermal are similar to those shown for translationally 

hot ions in Figure 4. The region over which ~ is equal to p,x 

±3 x 10- 5 statvolt~/ em is larger in both the x-direction and the 

-+ 
direction parallel to B. 

linear is narrower; hence 

The region over which ~ is approximately p,x 

de p.x is larger by a factor of about 2~. 
dx 

Heating an ion species which makes up an appreciable fraction of the 

total ion current will reduce the space charge that all other ion 

species experience. The reduction in space charge will increase the 

cyclotron frequency by about 100 Hz. Thus the term in (ll) due to this 

shift, 

will be on the order of 2% .of the A dns+ dk. ~ term for a 
ns dk. dEP drn2 

typical fast reaction, exactly the size of the effect we are seeking 
l dn8 + 

to explain. If, for any one of a number of reasons, this ::-:F dk. 
ns 

term is two orders of magnitude smaller than for a typical fast 

reaction, the effect of this term can be masked by the term due to 

, .. 

• 

the cyclotron frequency shift because of a change in ion space charge. •• 

The consideration of Tables VII and VIII can now be resumed, since 

we now have an adequate explanation of the non-chemical signals we 

have postulated and tabulated in the second column of Tables VII and 

VIII. We focus our attention on the col'umn labelled "Remainder." -
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Observe that the non-chemical effect apparently masks the signal for 
I 

Reaction 29 in both CH4-02 anq CD4-02 mixtures. 

29) 

has a rate of about lo/o that of typical fast reactions; it would seem 

that dk/d.E for 29 is also quite small. 

The double resonance signal for Reaction l6d, 

fortunately is not masked because its dk/d.E is positive, although the 

size of dk/d.E is probably quite small. l6d gives the 32 -+ 47 vw+ 

signal in.CH4:-02 mixtures and the 32-+ 50 vW+ signal in CD4-02 mixtures. 

Masses 44 and 45 are fully accounted for by the known C02 

conta.mination.and the reactions involving C02 contaminant discussed 

in Chapter IV. We have already discussed the upper limits placed 

on the rates of reactions such as 22b,e, and 23ca 

22b) 
+ 

02 
+ l0-12 3/ CH2 + -+ C02 + H2 k <5 X em molec-~ec 

22c) 
+ 

02 C02H+ lo-12 CH2 + -+ + H k<lx 

23c) 
. + 

02 CH3 + -+ C02H+ + H2 k~O (spin forbidden) • 

We can now-also place upper limits on the rates of 24j and l6j: 

24j) 
+ + 

2H2 k< lo-13 cm3/molec-sec CH4 + 02 -+ C02 + 

l6j) 
+. + 

2H2 l0-13 02 + CH4 -+ C02 + k< , 

and 24m and l6ma 

24m) 
+ CH02+ CH4 + 02 -+ + H2 + H k< l0-i3 3/ em molec-sec 

16m) 
+ ' CH02+ + H2 + H k< l0-13 • 02 + CH4 -+ 
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It is known that mass 34 is ~ primary ion in CH4-02 mixtures and 

its signal area can be accurately accounted for by measuring the mass 

32 peak area and calculating the mass 34 signal area by assuming that 

18o . ·t . "t t lly . b . l.S presen l.n l. s .na ura occurrl.ng a undance. 

(mass 36) is observed in CD4-02 mixtures and since we can explain 

as non-chemical the double resonance signals in CH4-02 mixtures for 

"product" ion mass 34, we can set an upper limit on 24q at 10-13 

cm3 /molec-sec: 

24q) 

and state with confidence that mass 34 in CH4-02 mixtures is entirely 

180160+. 

It has been discussed in Chapter IV that that part of mass 33 

in methane-oxygen mixtures is H02+ produced from the reaction of H2+ 

with oxygen or of 02+* with H2; the remainder is due to 17o16o+ and 

there is little or nothing else contributing to it. However, Table 

VII shows three cyclotron double resonance signals. Two of these, 

15 -+ 33 vw+ and 32 -+ 33 vw+, are probably non-chemical. They show 

a positive k'(mcs) rather than the expected negative k'(mcs) probably 

because the very intense neighboring mass 32 peak is shifted (through 

the space charge change) to higher frequency and thus the net overlap 

of the mass 32 peak with the relatively small mass 33 peak increases. 

The 16 -+ 33m+ is probably too intense a signal to explain by that 

means; instead it probably represents the opening-up of the endothermic 

reaction channel 24s: 

24s) 6H = +36 kcal/mole 

•. 

... 
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The 20 - 34 m+ signal seen in methane-d4 - oxygen mixtures corroborates 

this deduction. Part of the energy requirement is probably supplied 
·. ' ' ,· ·.·· + ' ' .. 

by internal excitation of the CH4 but most would have to come from 

the ~25 kcal/mole relative kinetic energy to which the CH4+ ions are 

heated upon irradiation. This would indicate that kinetic energy 

is relatively effectively invested toward driving the reaction. 

Therefore it seems quite likely that in the conventional mass spec

trometry experiments onthis system by Franklin and Munson3 this 

reaction·was in fact occurring at anappreciable rate, since the 

average iori kinetic energy was always greater than about 70 to lOO 

kcal/mole. If the CH4+ ions are at thermal kinetic energy, however, 

the rate of 24s. ~annot be more than about lo-13 cm3 /molec-sec. This 

would indicate that CH4+ is on the average not highly excited 

internally. 

Three moderate sized signals for mass 32 "product" ion are 

probably non-chemical. Their intensities are approximately the same 

+ + + relative size as the relative ion currents of CH3 , CH4 , and CH 5 • 

That we are very hard put to present reasonable chemical explanations 

for 15 - 32 m- and 17 -4 32 m- is adequate reason to believe they are 

not of chemical origin. ·. The 16 -4 32m- is probably also largely not 

of chemical origin, although two reactions may contribute: 

26) 

24p) 

+ . + 
0 + 02 -4 02 + 0 

+ + CH4 + 02 -4 02 + CH4 

k = 1.69 x 10-ll cm3/molec-sec 

k = 2.1 ± .2 x l0-l0 • 

While these reactions seem to have relatively small dk/dE, the 

values shown for their rates are fairly well established. The rate 

for Reaction 26 is taken from the literature as discussed in Chapter 

VJ and the rate ftr24p has been determined from the present experimental 
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data. A slightly smaller rate was measured for 24p in the 

perdeutero- system. The 18 ~ 32m-, 20 ~ 32m-, and 22 ·~ 32m- double 

resonance signals seen in that system are analogous to those seen 

in the perhydro- system and are likewise non-chemical. The 16 ~ 32s+ 

signal seen in CD4-02 mixtures is probably due to Reaction 7: 

7) 

which is seen in pure methane and methane-d4 with rates of 2.75 and 

2.50 x 10-10 cm
3/molec-sec respectively. 

The cyclotron double resonance signals for "product" ion mass 31 

in methane-oxygen mixtures are all of non-chemical origin except 

for 32 ~ 3Js+. Reaction 16f is responsible for it: 

16f) 4 -12 3/ k = 13±. xlO em molec-sec 

In the perdeutero- system 16f causes the 32 ~ 34s+ double resonance 

signal and has a rate constant of 8 ± 4 x 10-12 cm3/molec-sec. 

Significant ion ejection double resonance responses for reaction 16f 

are not seen in Tables V and VI because its rate is relatively small 

and the error is relatively great in correcting the ion ejection 

results to account for direct ejection for the masses near that mass 

on which the ejection is centered. 

Since 16f is an open reaction channel we might expect the 

slightly more exothermic 24f also to be open: 

24f) 

However since no ion ejection or cyclotron double resonance responses 

are seen which are attributable to 24f, we conclude that it does 

not occur. + Furthermore, the observed amount of CH30 can be well 

accounted for by Reactions 16f (above) and 23f: 

(• 

... 
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23f) 

whose rate was established in the experiments with the CH3Cl-02 

mixture • 

The significant cross-reaction cyclotron double resonance signals 

for product ion mass 30 in methane-oxygen mixtures are 14 ~ 30m+ and 

32 ~ 30m+. The former simply corroborates the conclusion reached 

from the data of the CH2Cl2-02 mixture that 22g has an appreciable 

rate: 

22g) k = 1.0±.04xl0-10cm3 /melee-sec. 

This reaction fully accounts for the CH20+ seen in methane-oxygen 

mixtures. On this basis that no CH 0+ appears to be formed from 16c, 
. . ' . 2 

13k, or 24.c, we can establish upper limits on the rates, 

16c) + + 10~12. cm3/molec-sec 02 + CH4 ~ CH20 + H20 k< 

24c) CH4+ . + . . -12 + 02 ·~. CH20 + H20 < 10 

,13k). o+ + + < 10-12 CH4 ~ CH20 + 2H 

at l0-12cm3 /molec-sec. The 32-30m+ signal would indicate that while 

16c is very slow at thermal energy, its rate increases rapidly with 

02 + ion kinetic energy in the range up to about 20 kcal/mole (center

of mass). One concludes that 16c probably was occurring in the 

experiments of Franklin.and.Munson. 3 

The cyclotron double resonance signals for ''product" ion masses 

26 to 29 can be accounted for by non-chemical means and by the signals 

which are seen in pure methane. Mass 29 is predominantly C2H5 +. 

Because the very small additional amount of mass 29 is due to HCO+ 

produced from Reactions 2la, 15, 30, and 31, which have already been 

discussed here and in Chapter Dl, 
_,., 

I 
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2la) + 
CH + 02 .... HCO+ + 0. k = · -lo 3/ 0.7xl0 em molec-sec 

15) co++ CH4 -+ HCO+ + CH3 11.7 

30) 
+ 

CH4 + co -+ HCO+ + CH3 8.7 

31) + + 
CHs + co .... HCO + CH4 5.54, 

we can conclude that the rates for l6i and k a.nd 24i are all very small: 

l6i) 

l6k) 

. + . + + 
02 + CH4 -+ HC 0 + H20 + H -+- CH4 + 02 

-+ HCO + + OH + H2 -+-

+ + Likewise, since mass 28 is due to C2H4 and CO from known 

contamination due to CO and C02, we can conclude that CO+ is not 

produced by Reactions 16£ and 24£: 

16£) 

(24i 

(24k 

(24£ 

The contamination due to wafer has been discussed in Chapter IV 

and shown ·to be responsible for the mass 18 and 19 peaks in the mass 

spectrum of methane-oxygen mixtures. The 16 ~ l9VW+ and 16 -+ l8vw+ 

signals seen in these mixtures probably represent Reactions 33 and 34: 

33) 

34) 

rather 

l3j) 

24a or 

24g or 

than 

e) 

h) 

l3j or 24a,e,g, or h: 

k ~ 2 x l0- 9cm3/molec-sec 

k ~ 3 X 10-9
, 

0+ + + 
CH4 -+ H20 + CH2 

CH4+ + 
(HCO co) + 02 -+ H30 + or H + 

+ 
02 

+ 
(H2CO or H2 +co). CH4 + -+ H20 + 

+ + Even if the H20 and H30 were due to, say 24g and 24a, respectively, 

the rate coefficients could be no more than about 5 x 10-12 cm3/molec-

sec. However, the measured rates of 33 and 34 are sufficiently 

,.._ 

• 

·• . 
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6. ') 
11'-. 

a.ccurate that an upper limit on. 24a, e, g1 and h can be placed another 

d f ·t d 1 t 5xl.0~ 13 • or er o · magm. u e ower, a .. Similar limits apply to 16a, 

e,g and h: 

+ + 02 + CH4 ·~ H30 + (HCO or H + CO) 16a or e) 

16g or h) 
+ . + 

· 02 + CH4 -+ H20 + (H2CO or H2 + CO). · 

The rate of 13j is probably less :than 10~ 12cm3 /melee-sec •. 

The 32 -+ 15vw+. cyclotron do.uble resonance signal has already 

' been discussed above in connection with Figures 1 and 2, .and has .been 

assigned to Reactionl6q~ It has avery small.rate at thermal kinetic 

energy but probably the rate increases rapidly in the range up to 

about 20 J:tcal/mole, center of mass kinetic energy. The corresponding 

reaction leading to this product in,the CH4+ + 02 interaction is 

Reaction 24r: 
3 . . .: . .. · .. . . :. ,:, . 'l 

em /melee-sec in CH4-02 mixtures and of 2.3 ± .2 x 10- 0 

in CD4-02 mixtures have been determined 

for 24r. · .. Figure 5 shows the dependence of the mass 15 peak area in 

CH4-02 mixtUres upon TIC. The solid· straight line would be the peak 

area dependence. if there were no reaction. The lower curve in Fig. 5 
+ . 

represents the expectedpeak area due to CH3 calculated from the loss 
. + 

of CH3 due to reaction with methane, Reaction 10: 

10) 

and a Vf!-rY much smal:l.er loss of CH3+ due to reaction with 02: 

23f) 

The difference between this curve in Fig. 5 and the curve fit to the 

+ data represents the gain of CH3 due to 24r. 
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MASS 15 PEAK AREA US TOTAL ION CURRENT 
40Kr·------------~------------~------~----~----~~~~~------------~ 

30K 

.... 
(11 

20K ~ 
D 

!OK 

"' D 

"' m 
D 

TOTAL ION CURRENT 

GAIN DUE TO 
CH4+02-CH~+ OzH 

0~----------~----------------------------------~--------~ 
0. 1 .0 • 10·IOA 2.0 3.0 

Fig. 5. Mass 15 peak area in methane:oxygen ~ 1. 

4.0 5.0 
XBL 716-1t64 
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Reaction 24r represents only abou~ half the loss of CH4+ due to 

reaction with 02. The plot of mass 16 peak area versis TIC in methane: 

oxygen.~ 1 is shown in Figure 6 •. The curve shown in Fig. 6 for the 

contribution due too+ is calculated assuming the rate of 13m is 

.50 x 10-l0 cm3/molec-sec; this reaction will be discussed below. The 

solid straight line would be the peak area due to primary ion o+ and 

CH4+ if there were no reaction. The curve just below the straight 

line is the peak area assuming the only reactions occurring are lla: 

lla) · -lO . 3/ k = 12.0xl0 em mc>.lec-sec 

and 13m, the minor o+ loss mention~d. The difference between this curve 

+ and the curve fit to the data represents the loss of CH4 due. to 

reactions 24athrough 24r, of which the only reactions.with even 

moderately large rates are24p and 24r: 

24p) 

24r) 

.+ + ·. CH4 · + 02 · -+ 02 + CH4 

+ + . CH4 + 02 -+ CH3 + H02 

24p apparently has a fairly small dk/ dE, so that the cyclotron double 

resonance signal, if any, due to 24p is masked by the non-chemical 

effects. The double resonance signal seen in pure methane masks 

the occurrence of 24r in the perhydro-methane-oxygen mixtures but 

in perdeutero-methane the 20 -+ 18 signal due to 24r is not over-

whelmed by· the 20-+ 18w+ signal seen in pure CD4. 

The only double resonance signal remaining.to be explained is the 

16 -+ 20w- signal seen in CH4-02 mixtures. It probably represents 

charge exchange between oxygen atom and methane: 

13m) 
+ . + 

0 + CD4 -+ CD4 + 0. 
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M~SS 16 PE~K ~RE~ VS TOT~L ION CURRENT 
SOK~~----------------~----------------~--~----~~----~--~------~ 

(1. 

40K 

-~ 

::!: 
D 
en 

30K en 

~ 
(I) 

, 
"' I) ... 

20K D 
;Q 

"' 'D 

101< 

TOT~L ION CURRENT 
o~------------~------------~------------~---
0. 2.0 3.0 4.0 s.o 

XBL 716-1163 

Fig. 6. Mass 16 peak area in methane:oxygen ~ 1. 

VI-6 



/'1 

. . 

.. 

u ·.J d .. . r 
,,j 6 

-159-

,..,., 
~j 

The rate of loss of 0+ due to reaction with CD4 is 4.7±.5xl0-11cm3/ 

molec-sec, determined towithin about 10% because the rate of loss of 

CD2+ is well-known; and the rate of loss of mass 16 in CD4-02 mixtures 

. . + . + 
is due to this known CD2 .loss and to 0 loss through reactions 13m 

and 13nz 

13n) + . + 0 + CD4 -+ OD . + CD3. • 

Unfortunately, there is no unambiguous way in which 13n can be proven 

to occur or not. The double resonance signals are masked in both the 

perdeutero- and perhydro- systems. The contribution of 13n to mass 17 

in CH4-02 Inixtures and to 18 in CD4-02 Inixtures cannot be measured 

. . il + 
even if the rate of 13n were the full 5xlo- • The rate of 0 + CD4 

reaction is only a small fraction of the orbiting reaction rate 

prediction; if the 0+ + CH4 rate is the same fraction of the orbiting 

reaction rate then the rate will be 5.0xl0-:-11cm3/molec-sec. Table II 

shows these rates for the sum of 13m and n. 

Summary 

At this point all the reactions in Table II and the rates 

ascribed to each has been discussed. In agreement with Franklin 

and Munson3 very little reaction is. observed. The comparison of 
. . I 

their results with the present results and the implications drawn 

fromthe comparison and from the results themselves will be 

deferred until Chapter VII. 
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VII. CONCLUSION 

The thermal io'n molecule reactions occurring in gaseous mixtures 

of methane and oxygen have been discussed in Chapters III~ IV, V, and 

VI, and are compliled in Table I. The reaction numbers given in 

Table I are in harmony with the numbers given each reaction in previous 

chapters. One· can see in Table I that with the exception of the 

methane-oxygen cross reactions, the rates of ion-molecule reactions 

are generally high, very often approaching the elastic collision rate. 

The only reactions in Table I which have not been thoroughly discussed 

in the literature are the methane-oxygen cross reactions; therefore, 

the prime emphasis of this chapter will be on those reactions. 
·. . .· 10 

In agreement with Franklin and Munson very few and relatively 

slow cross-reactions have been observed. In several cases reactions 

were pointed out which probably occurred in their experiments 

although the reactions did l1.ot occur in the present experiments. In 

two cases the two experiments differ. The appearance potential 

+ . + + 
measurement of CDO is quoted as being near that of cn4 and CDO is 

first order in both methane and oxygen partial pressures; hence the 

reaction 

(24i or k) 

·is ascribed a rate of 6.6 ± 2 x 10-ll cm3/molec-sec at ionizing 

electron energy of 50 ~V and i~5 x 10-ll at about 14.5 eV. "Thus CDO+ 

is also formed from an ion of a higher appearance potential than 

CD + ul 
4 However the appearance potential measurement and dependency 
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Table L The Thermal Ion-Molecul.e .Reactions in Methane-oxygen MixtUres 

./ 

* ** " 
Reaction Reaction ~H 

k k 
-10 3 10-10 3 

Number- kf~l xlO em_ x em 
mole molec-sec molec-sec .o.J 

1 
+. + 

-96 ±.2*** C + CH4 -+-CH +H 5.2 5.2 ±.2 
2 2 2 

2 + -+- c
2
H

3 
+ H -92 4.0 ±.2 3.8 ±.2 

3 
+ '\J5. 0 rv4.5 -+- CH + CH -11 

3 

4a 
+ + CH + CH

4 -+- C2H3 + H2 -112 3.1 ±.1 2.9 ±.1 

5 -+- CH + + CH 
2 3 -15 rv6 rv6 

6 + 
-+- C2H2 + H2 + H -12. 4.0 ±.1 3.8 ±.1 

7a CH
2
+ + 

. + 
CH4 -+- c

2
H

4 
+ H

2 -62 2. 75 ±. 008 2.50 ±.008 

8a 
+ -+- CH

3 
+ CH

3 
-22 5~8 ±.05 5.3 ±.05 

9 -+- C2H3 
+ + H2 + H +6 6.1 ±.05 5.6 ±.05 

HY 
+ . + 

9.92±.01 8.97 ±. 01 CH
3 

. + CH4 -+- c
2
H

5 + H2 -23 

lla 
+ + CH4 + CH4 ·-+- CH

5 
+ CH

3 -2 12.0 ±.01 10.7 ±.01 

12 + -+-CH++ +18 CH
5 

+ 
2 5 

2H2 ? ? 

13m 0+ + CH4 
-+- CH

4
+ + 0 -22 I< 

~ 0.50 0.47±.05 + 
l3n -+- OH + CH -11 

3 -· . . 

14 
+ 

H
2
0 + + CH4 -+- H

3
o + CH

3 
-16 'Vl2 a 

+ + a 
15 CO + CH4 -+- HCO + CH

3 -53 12 
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* ** 
Reaction Reaction ~H ~ k 

... kcal . -10 3 xlo .... 10 cm3 
Number xlO em 

,1\ mole molec-sec molec-sec 

.• 
16d 0 + + CH4 -+: CH

3
o

2
+ + H -93 0.07 ±.004 0.04 ±.004 .•· 2 

16f -+: CH
3
o+ + OH -75 0.13 ±.004 0.08 ±.004 

18 + + . lOa C02 + CH4 -+: CO H + CH +17 
2 3 

19 H + + 
2 . 02 -+: H0

2
+ + H -33 8cf 

20a 
+ 

c + 02 -+: co+ + o -74 11.0 ±.8 10.7 ±.8 

2la ·+ CH + 02 -+: HCO+ + 0 -145 9.7 ±.7 9.2 ±.7 

22g CH2 
+ 

+ 0 
. + 

-+: H
2

CO + 0 
2 -50 1.0 . ±.04 0.9 ±.04 

<· 

CH + + 
23f + 02 -+: CH

3
0 + 0 -20 0.13 ±.01 0.13 ±.01 

3 

24p CH + 
4 + 02 

+ 
-+: 02 + CH4 -14 2.1 ±.2 1.9 ±.2 

24r 
+ 

-+: CH
3 

+ H0
2 -9 2.5 ±.2 2.3 ±.2 

26 + . + 
-36 0.169 b 0.169 b 0 + 0 -+: 02 . + 0 

2 

27 
+ 

-+: 0 + -13 a H20 + 02 + H 0 'V2 
.2 2 

, ...... 28 co+ + o
2 

-+: 0 + 
2 + co -45 2.0a 

'• . 29 
+* + rvo b .07b 0 + 02 .-+: 03 + 0 .07 - 2 

30 
+ + :....2 8.7 a CH

4 
+ co -+: HCO + CH3 . 

31 
+ 

CH
5 

+ co -+: HCO+ + CH4 
...;19 5.54 

a 

32. + H
2 

+ H
2

0 + 
-+: H

3
o. + H -90 20a 
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* **· 
Reaction Reaction 6H k k 

10-10 3 -10 3 
Number 

kcal x em xlO em 
mole molec-sec . molec-sec 

... 

33 
+ ..;. H 0+ a 

CH
4 

+ H 0 + CH
4 -1 'V20 "· 2 2 

34 + H 0+ -27 
a 

+ CH
3 

'V30 •. 
3 ~· 

35 CH + + H
2

0 
. + a 

+ H 0 + CH4 .-23 50 
5 . 3 . 

36 
+ . . + a 

H
2

0 + H
2

o + H 0 + OH -10 25 
3 

37 
+ + a 

HCO + H20 + H
3

o +co -33 25 

* Rate coefficients for the perhydro-system. 

** Rate coefficients for the perdeutero-system. Thus the rate constant 

+ + -10 
for the perdeutero-reaction 8a, CD2 + cn4 + CD

3 
+ CD3 is 5.3 ~ 10 

cm3 /molec-sec. 

***Limits show the accuracy of the data fitting. Because the fitting may 

for a particular mass involve several adjustable parameters, the rate 

constants, the actual uncertainty in the rate constants is probably 

a factor or two more than the accuracy of the fitting. 

a References and discussion given in Chapter IV. 

b . 
References and discussion given in Chapter v. 

. . 
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"j 
I 

on methane and oxygen partial pressures can equally well be interpreted 

as was done here as: 

+ + 
CD4 + CO ~ CDO + CD

3 
. ' -10 3 . 

k = 8.7 x 10 em /molec-sec, ( 30) 

by assuming that the oxygen has CO contamination. We agree that COO+ 

+ is formed from an ion.of a higher appearance potential than cn4 : 

+ + CD + 0
2 
~ CDO + 0 k = 9.2 ± .7 X 10-lO (2la) 

The other discrepancy between the two experiments is understandable 

in terms of the weakness of the appearance potential method as a 

means of establishing precursors. 
. - l . .. 

Franklin and Munson measured 

+ an appearance potential of 12.9 eV for CH
3
o ; bur data would predict 

+ it to be about 12.2 eV. Thus they conclude that CH
3
o is formed 

from 

CH4+ + 0 ~ CH 0+ + OH .- 2 3 

We determined the rate for 24f is less than l0-12 , while CH
3
o+ is 

actually formed by 16f and 23f: 

(24f) 

k = 7 ± .4 x lo-12 cm3/molec-sec (16f) 

k = 1. 3 ± .1 X 10-ll . (23f) 

'' 
The one most important question which the experiments of 

Franklin and Munson answered is whether or not electronicly excited 
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02+ is responsible for the cross-reaction products. Could there be 

an energy barrier which prevents reactants from reaching at room 

temperature the intermediate configuration which must be achieved 

before one of the highly exothermic product channels can be entered? 

+-4 
If there were an activation barrier, a reactant ion such as 02 (a IIu) 

+ with 100 kcal/mole more internal energy than ground state o2 would 

more likely be able to react. However, Franklin and Munson have 

shown that all these cross-reaction products have appearance potentials 

+-4 +-2 
lower than that of o

2 
(a Ilu) or 02 (A IIu). The conclusion is that 

there is no marked difference in the rate of reaction of methane with 

excited oxygen ions compared to that with ground state oxygen ions. 

Two further deductions can be made. First, the fact that a few percent 

+-2 
of the o2 (X Ilg) collisions with methane are reactive indicates that 

for some collisions there is little or no energy barrier. Second, 

+-4 the same fraction of collisions of 0
2 

(a Ilu) are also probably 

reactive, but not a significantly greater fraction. Therefore, except 

for a few percent of the collisions there must be a barrier to reaction 

greater than 100 kcal/mole. 

An energy barrier seems responsible2 for the three orders of 

magnitude difference d:n the rates of thermal reactions 20a and 38: 

k = 1.10 x 10-9 cm3/molec-sec (20a) 

-12 ( ) k = 1;2 x 10 ref. 7 ~ (38) 

even though the reaction intermediates (COO+ and NNO+) are 

isoelectronic linear molecules and the reactions are both exothermic 

.. 
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(LlH = -74 kcal/mole for 20a and -26 kcal/mole for 38). Spin and 

electron orbital symmetry conservation forbids either reaction's 

reaching the electronic ground state (2rr) of the intermediate. 2 

However, 20a is "down-hill all the way." That is, ·the reaction pro

ceeds by way of a high-lying state of COO+ but this excited state is 

nevertheless still lower in energy than the reactants. In Reaction 38 

the high-lying quartet intermediate state is of slightly greater 

energy than the reactants at 300°K (internally exciting the N2 reactant 

in 38 by several vibrational quanta increases the rate of 38 an order 

of magnitude or more3b}. The activation barrier therefore inhibits 

reaction. 

In Table I a pattern can be- seen for the series of reactions 

HnC+ + o
2 

in which 

n = 0, 1, 2, or 3, 

is the predominant reactive process. The n = 0 case has been examined 

thoroughly and may lend valuable insight into the mechanism of the 

others. This pattern probably warrants additional theoretical 

consideration so as to reveal the basis of its origin. The under-

standing gained would ideally explain why this channel of reaction; 

in which the ion· is substituted for an oxygen atom, predominates 

over other channels of reactions, and why the rate of the reactions 

diminishes with iricreasirig n.. If this series of reactions can to 

any extent be thought of as 

H C + + o
2
. -+ H ·· COH + + 0_ , 

n n-1 . n = 1,2,3 



then the pattern may be extrapolated to the n=4 case to give valuable 

. . + 
~nsight into the mechanism of reactions involving CH4 + 02 . 

. + 
The essential difference between the cH4 + o2 interaction and 

the CHn+ + 0
2 

interactions for n*4 is that charge exchange and H-atom 

transfer are exothermic for n=4 and endothermic otherwise. The 

transfer of relatively light particles such as the electron or 

hydrogen atom can occur over greater distances and less energy is 

required to accomplish the transfers in times on the order of the 

duration of a single collision. In pure methane the reaction of 

+ CH with methane involves H-atom transfer: 
n 

n = 0,1,2,3 

with substantial rate in every case where energy and spin conservation 

allow it. H-atom transfer is clearly facile. Therefore in the 

reaction of CH4+ with oxygen it is not surprising that highly 

exothermic channels of reaction which may involve energy barriers and/ 

or configurational bottlenecks are slighted in favor of simple 

particle exchanges: 

0 ~ 0 + CH + 2 --,- 2 + 4 

Configurational bottlenecks will be discussed further below. 

+ The same diff-erence which distinguishes CH
4 

+ o
2 

from the 

other CHn+ + o
2 , n*4, cases also distinguishes cH4~ + o

2 
from 

(24p) 

(24r) 

.. 
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+ o2 + CH4 . The total rate of reaction from the former entrance. 

+ channel, cH4 + 02 , is 40% of the ion-neutral collision rate, while 

the total rate from the latter is only 2%. This difference only 

further underscores the facility of those simple reactions 24p and r. 
. . . . . 1 

The concern Franklin and Munson expressed over the great · 

difference which stems simply from the placement of a single electron 

probably is best understood from classical theories of chemical 

kinetics, 4 which. hypothesize that the course of reaction is determined 

by the intermediate which is formed as reactants evolve into products. 

Since the intermediates formed from o2~ + CH4 and CH
4 
+ + 0

2 
should 

·be quite similar, the subsequent reactions should. also be similar. 

Th.~ most stable intermediate configuration is H2C(OH) 2 +*, which has 

a ground state heat of formation of about 120 kcal/mole (see the 

Appendix). + The ground state of H2C(OH) 2 is bourid with respect to. 

its lowest decomposition channel by about 50 kcal/mole and is about 

140 kcal/mole lower in energy than the o2+ + cH4 reactants. However, 

in order to form this intermediate ·it would seem that insertion of 

the oxygen atoms into the two C-H bonds would have to be concerted 

with.the 0-0 bond scission. This concerted reaction would be more 

difficult in o2+ + CH4 than in CH4+ + o
2 

since all bonds are stronger 

and shorter in the former pair of reactants. However, either pair of 

reactants would have to be able to pass a configurational "Qottleneck 

+* in order to reach the H2C(OH) 2 intermediate. That is, each atom 

would have to be properly placed so that the concerted reaction could 

take place. Only a small fraction of the collisions bring the reactant 

atoms into sufficient proximity to the proper geometry to permit 
. . . . .· ~ + 

reaction by way of the H2C(OH) 2 complex. For cH
4 

+ o
2 

however 
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a relatively large range of configurations bring the reactants to a 

point at which electron or H-atom transfer can take place. This large 

range of configurations represents a gaping "probability window" 

which the reaction can pass through in a large fraction of the 

collisions of CH4+ with 0
2 

while the 0
2
+ + CH4 collisions will remain 

non-reactive unless the orientations of the atoms is nearly ideal. 

Objections can be raised to our choice of the intermediate, for 

1 . al . . OR+* d t a p aus~ble ternative ~ntermed~ate of structure CH
3

o oes no 

require that the 0-0 bond be broken in order to form the complex and 
( 

only a single insertion into a C-H bond is required. However 

thermodynamic arguments given in the 

+* + . 
CH3ooH can be formed from 0

2 
+ cH4 

Appendix show that while 

+ or CH4 + o
2

, the intermediate 

will be unstable with respect to several paths of decomposition, 

including. CH
3

o+ + OR and HC(OH)
2
+ + H. These two pairs of products, 

+ .· 
of course, are those formed by reaction of 0

2 
with cH4. It is most 

unlikely that half as much HC(OH)
2

+ + H as CH
3
o+ + OR could be 

. * 
formed from CH

3
00H+ decomposition since the former product requires 

extensive rearrangement to be formed. If we estimate the lifetime of 

+* -14 the CH
3

00H complex to be on the order of 10 sec then the OR 

group must be accelerated to a kinetic energy on the order of 10 eV 

in order that it move the several hgstrom distance to form the 

+ rearrangement product H + HC(OH)
2 

. It is unlikely that the energy 

requirements could be met for thermal reactants. It is furthermore 

+* unlikely that the CH
3
00H complex could rearrange to form the 

+* . 
H2C(OH) 2 complex. The occurrence of Reaction 16d, 

-12 3 k:-= 7 ± • 4 x 10 em /molec-sec, (16d) 

.. 



0 

-171-

in which two C-0 bonds have been fo:nned, is sound evidence that the 

. CH
3
00H+* reaction intermediate is not formed. 

The HC(OH)
2
+ + H product seems to be "the image of its 

progenitor/' H
2

c ( OH)
2 
+ in that the 0-0 bond is broken and two C-0 

bonds have been formed •. However we still don ~t have .proof that the 

reaction does not proceed by some more impulsive mechanism, for 

. + 
example, in which the reac,tion of o

2 
with cH4 leads to an unstable 

+ product H + CH
3

oo by knocking off a hYdrogen atom as the C-OO linkage 

is formed. The CH
3
oo+ is unstable but it might persist long enough 

in a fraction of the cases to rearrange to HC(OH)
2
+ before decomposi

tion led to CH 0+ + 0. Unfortunately the first step 
3 

0 
+ . + 

+ CH4 + CH -00 + H 
2 3 . 

is probably 70 kcal/mole endothe:nnic. Thus this particular example 

will probably not suffice as an alternative reaction mechanism. 

Nevertheless there may be mechanisms of reaction not considered so 

far which db 
. . . . +* 

not require assuming the H2C(OH)
2 

.intermediate. 

Further experiments can be devised to test the reaction 

mec.hani sm ~ + H2C(OH) 2 is stable and has many vibrational modes to 

participate in sharing any vibrational excitation. Therefore we 

can expect the 
~* . 

H2C(OH)
2 

to be a long-livedcomplex, probably 

capable of surviving for times long compared with the rotational 

period of the molecule, so that the products of the decomposition of 

the complex will be ejected at random center-of-mass angles. If the 

reaction were studied in a tandem mass spectrometer capable of 

measuring the angles at which products come from the ion-neutral 
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collision site, then the. scattering would be isotropic in center-of-

mass angle if the long-lived complex mechanism were involved. 

Unfortunately the reactions have very small rates and the expected 

cross-sections for reactive scattering in the tandem mass spec 

experiment may be too low clearly to prove scattering isotropy. 

+ - ~ 
The reactants CH

2 
+ HOOH can probably reach the H2C(OH) 2 
.. . + 

complex much more easily than can o
2 

+ CH4. _If the complex 

+ formed in similarly excited internal states from CH2 + HOOH as from 

+ 02 + CH4, then the pattern of products formed will be similar. 

Unfortunately CH
2

+ + HOOH is more nearl~ like CH4+ + 02 in respect 

to the H-atom and charge transfer processes, but complex-formation 

may still be seen in a fraction of the collisions since no very 

severe geometrical restrictions are expected here. By selectively 

labelling the hydrogen atoms in the reactants we can get a good 

idea of the extent of rearrangement within the complex, an estimate 

of its lifetime, and an idea of its structure (especially as to 

whether it is CH
3
00H+* or H

2
C(OH

2
)+*). Since the heat of formation of 

+ ' + + 
CH2 + HOOH is similar to that of CH4 + 02 and o2 + cH4, the 

complex would probably be of comparable lifetime when formed from 

any of these three channels. 

There are, of course, several other convenient reactant pairs 

which should t!leoretic!:l,lly lead to the same complex (with different 

extents of internal excitation). + 
A study of 0 + CH

3
oH would probably 

not be very informative. since the very stable OH and OH+ can be formed 

by simple H-atom transfer. · Thus H-atom transfer is expected to be very 

facile and might take place to the exclusion·of most other reaction 
~0 

channels. He, 
OH 

+ + H
2 

has a very high probability of involving a 

_i,.) 

... 

... 
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long-lived ~omplex. There are few .exothermic channels of reaction 

available: 

6H - +3 kcal/mole 

+1 

-12 

Thus·the rate of reaction into a given exothermic channel should be 

relatively large. Isotopic labelling and tandem mass spec experiments 

would be easy andwould tell a great deal about the structure of the 

complex. It is unlikely, however, that the structural parameters 

(such as normal mode frequencies) determine.d for the complex formed 

+ from HCOOH · + H2 could be extrapolated to give the structural param-

eters for the same complexwith an an additional 100 kcal/mole 

internal energy. Thus the results would probably clearly establish 

the mechanism .for the reac~ion of HCOOH+ with H2 but would tell us 

nothing of the mechanism for o
2

+ + 

would be true to a somewhat lesser 

cH4 reaction. The same statement 

+ degree of a study of H2o + CH2o. 

Perhaps if both HCOOH+ + H
2 

and H
2

o+ + CH
2

o were studied some valuable 

inferences could be made from the pooled results. 

Probably the largest gap in our knowledge of the ion-molecule 

+ reactions ip the methane-oxYgen system copcerns the 0 + cH4 cross-

reaction. Frankiin and Munson3 .found nothing they .could attribute 

to this interaction. 'rhe present study has measured the rate of 

+ disappearance of 0 in cn4-o2 mixtures and found it to be small. 

There the results end and speculation begins. Chemical intuition 

+ suggests that 0 should be very highly reactive; therefore, the 
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. . 

relative unreacti vi ty observed here indicates further study of this 

system: should be undertaken in order to advance the state of present 

chemical intuition. 

A theoretical basis for understanding the relatively low -reactivity of the methane-oxygen cross-reactions probably already 

exists in the theory of electron orbital symmetry conservation. What 

is needed in order to apply this theory is an accurate quantum 

mechanical calculation of the energies of the molecular orbitals. A 

firmer knoifledge of the mechanism of the reactions is needed to 

provide a better focus for the quantum mechanical investigation and 

more experimental data on the internal and kinetic energy dependence 

of the reactions is needed for testing the results of the theory. 

Thus the investigation of the ion-molecule reactions in methane-

oxygen mixtures has only just begun. 

. .~ 
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APPENDIX 

Table.I. Selected Thermodynamic Data1 

Heats of Formation of Ions 

~ 
'w' 

·'I 

* f~H~(kpal/mole) .. Ion Term Symmetry 
. ...., ·+ ls 366 H ~ 

+ 2 + 
356 H2 ~r:· Dooh:~ g 

H+ 
3 

lA ... 
1 D3h 496 

c+ 2 p -~ 431 

CH+ 1· + 
399 ~ c oov 

CH+ . 2 
2A 

1 c2v 333 

CH+ 
3 

lA..o 
1 D3h 260 

+ CH4 
2E 

c3v 274 

--
CH+ lA ... 

cs . 5 221 
+ 

C2H2 317 

··c H+ 
. 2 3 269 

+ 
C2H4 253 

. + 
C2HS 219 

0+ x4s 374 

-2 aD 450 

OH+ J(3~- c 312 oov 

~Ll "'360 
)•~ 

2B OH+ c2v 233 " 2 1 ... OH+ 1A 
c3v 156 3 1 

0+ -2 
278 ·.X II Dooh 2 g 

-4 a II 371 u 

0 H+ 
2 

lA~ 
cs 271 

+ 
02H2 223 
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* b.H~(kcal/mole) Ion Term Symmetry 

0+. 
3 

2A 
2 c2v 318 

cct 2~+ coav 297 

COH+ 1~+ c =: 196
2 

COH+ 
2 

2B 
. 2 c2v 223 

COH+ 
3 

lA 
1 c3v 180 

COH+ 
4 

2E 
c3v 202 

co+ 2 223 II Dooh 2 g 

CO H+ 
2 

lA' cs 189 

HCOOH+ 2A'I 
cs 164 

HC(OH)
2

+ lA 
1 c2v 115 

+ 
H2C(OH)

2 -'120 
'" 

* Ground state unless noted. X means ground state A means first excited· 

state of the same spin multiplicity as ,ground state, and a means first 

excited state of different spin. 

l J. L. Franklin, et al. , NSRDS NBS 26, June 1969. 

~thews and Warneck~ !!_ •. ~em.: Phys., 854 (1969). 
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Table IL Selected Thermodynamic Data1 

Heats of Formation of Neutrals 

. .... / 

·~ 
* ~H~(kcal/mole) Neutral Term Symmetry 

"' .. 2· H s Kb 52 

H2 
1~+ 

Dooh 0 g 

c . 3p 
~ 171 

CR 2rr I Coov 142 

CR2 
3~- D 94 g ' ex>h 

CR 2. " 
D3h 33 . 3 A2 

CR . 4 
lA 

1 Td -18 

0 x3P ~ 6o 

·": 
.. -a'D 105 

~ OR 2II 
COOl! 9 

OH 2 1~ c2v -58 

02 ~- Dooh 0 g 

02R 2A" cs 5 

02R2 -3~ 

03 lA 
·1 c2v 34 

co 1~+ c -26 
001/ 

COR 2A'; cs -4 
!r 

COH2 
lA. c2v -28 1 .. COR·· 2E 

c3v 
1 -,_ --3 2. 

COH4 
lA' c s -48 

C02 
1~+ 

Dooh -94 g 

C02R 2A 
1 c2v -39 

C02H2 
lA' cs -90 
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Estimation of.t.Hf0 for Species of Stoichiometry 
+ + 

CH4 02 , CH
3

o2 , CH4o2 , and CH
3

o2 . 

An ion of mass 47 in·mixtures of methane and oxygen has the 

stoichiometry CH
3
o

2
+ but it has two possible structures, CH

3
-oo+ or 

,OH + . 2 HC Franklin dismissed the fiest structure since it is not 
'oH 

observed in the mass spectrum of dimethyl peroxide; this fact gives a 

lower bound on the t.H 0 of CH ~oo+ of 240 kcal/mole from the requirement 
f 3 

that 

llH = 240 kcal/mole 

- t.H/(CH
3
-oo+) 

(l) 

be exothermic or thermoneutral. + There can be little doubt that CH
3
-oo 

is formed from 15 to 20 eV and greater electron impact upon CH
3
-oo-cH

3
; 

especially considering that HOO+ is a major ion from HOOH. Failure to 

+ see CH
3

oo in CH
3
oocH

3 
must be interpreted as proof that Reaction l is • 

spontaneous (hence exothermic). 

We can get good estimates for the heats of formation of the species 

CH
3
oo, HC=(OH) 2 , CH

3
00H, H

2
C=(OH)

2
, and their ions by using the data 

compilation and methods of Benson3 to augment theLdata of Tables I and 

II. Therinodynamic data from pyrolysis gives the following three bond 

dissociation energies: 

D(HO-OH) = +50.0 kcal/mole 

D(CH
3
0-0H) = +42 

D(CH
3
0-0CH

3
) = +33 

(2) 

• 

. -
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Using I::.Hf
0 

(OH) = +9 kcal/mole and I::.H/ (CH
3
o) 

Table II and the above data one gets 

1 
-·+ 2 kcal/mole from 

I::.H/ (:HOOH) = -32.5 kcal/niole (in agreement with -33 from Table II) 

I::.H 0 (CH OOH) :: -32 (3) 
f 3 . . 

I::.Hf
0

(CH
3

00CH
3

) = -32 

Benson3 estimates I::.Hf
0

{cH
3
oo) = +5kcal/mole byassuming D(HOO-H) = 

D(CH
3

oo-H)_ = 89.5 kcal/mole._ This I::.H/(cH
3
oo) is also in accord with 

assuming that D( CH
3

-00H) = D(cH
3
-oocH

3
) = +6 kcal/mole. These D 1 s seem 

- . 

unreasonably small, but where the problem lies is not known. I::.H o 
. f 

(formic acid) is ""'90 kcal/mole while Benson's method predicts -87. 

This agreement is in keeping with the generally good agreement between 

predictions of Benson's method and measured values for several thousands 
,.oH 

of different compounds. This ~ethod predicts I::.Hf
0

(H
2
C. ) = -94 

OH · 'oH 
. . ""' kcal/mole. That compounds such as H

2
C .·. have not as yet been observed 

· 'oH 
is generally ascribed to the fact that they spontaneously decompose as 

follows 

...,.oH 
H C 

2 'oH 
H C 

2 

0 
,....oH 

an indication that I::.Hf · (H
2

C . ) :S -86 kcal/mole. Since the -94 
'oH _,..OR 

kcal/mole estimate is determined from data for H
2

C where R is 
· 'oR 

CH
3

, CH
3

CH
2

, etc., it is not expected to be very accurate. Thus _the 

I::.Hf
0 

for tltis species is probably witb,in tep kcal/mo::).e_of -86. Wf7 can . . . . ,...o:a . . . 
estimate the H~c bonding energy in H C from 

2 'oH 
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/0 ~0 
H-C;,; ~ · C + H· 

'oH · 'oH 

OH / 
H-C · 

'oH 
+ H· 

~H = +103 kcal/mole 

~H ~ + 103 .kcal/mole 

· OH 
which implies that ~Hf0 (H-C~ . ) ~- -35 kcal/mole. 

"OH 

(4) 

( 5) 

Estimating the heats of formation of the ions of these_compounds+-
. /00 

will have to be equally uncertain or more so~ except for ~Hf0 (H-C , ) 
· '-oH · 

which is known to be +115 kcal/mole from.'l'able I; ref. l. Equation f4) 

gave an estimate for the· strength of a two-electron C-H bond; another 

estimate comes from 

HCOOH + --+ H + COOH + ~ = 89 kcal/mole 

OH 
In order to estimate ~ 0 (H C/ +) .we ob_serve that 

. f 2 '-oH 

involves formation of a one electron C-H bond. If we estimate ~H 
/OH 

for ( 7) to be about half that of ( 4) or ( 6) we get ~Hf 0 (H
2

C +) ~ 
· '-oH 

+120 kcal/mole. 

0 +) There are several ways in which to estimate ~Hf (CH
3
-00H . 

The first is to asstime the proton affinity of HOO and cH
3
oe are the 

(6) 

•• ,; 
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same: 

Another estimate comes from comparing the following system of 

relationships: 

L1H1=+64 +314 L\H = -112 
+ 0+ + H 3 . . + 

HOO + H . HO + 0 +H-HO HOO + H 

-89 t . -103 t ! -134 1-100 
HOOH HO + OH + OH+ + 

L1H·=+5o· +303 HO L1H4= -98 HOOH .. 

2 

with thesimilar system: 

+ H 

Observe that 

and 

If we now postutate that 

and 

(9) 

(10) 

(11) 

(12) 

(13) 
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one finds that 

in agreement with ( 9) . 

The postulates (13) furthermore establish that the hydrogen atom 

affinity of ROO+ and CH
3
oo+ a~e equal (-100 kcal/mole) and give 

b.Hf 0 
( CH

3
oo +) as about +270 kcal/mole in agreement with our earlier 

observation that LlH/(cH
3
oo+) ·;:: 240 kcal/mole. On the basis of this 

earlier observation, we must reject a third method of estimating 

0 + b.Hf (CH
3

00H ). This estimate derives from equating the ionization 

potential difference betweenHOH and HOOH to that between CH
3

0H and 

= 291 - 256 = 250 - 215(?) 

implies that IP(CH
3
00H) ::::s 215 kcal/mole, 

(14) 

(15) 

whence LlHf0 (CH
3

ooH+) ::::s 183 kcal/mole and 

b.Hf0 (CH
3
oo+) ~ 231 kcal/mole 

(16) 

• -!-
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The following estimates have been made for the species of 

stoichiometry CH
3
o2 , CH4o

2
, and their ions: 

Approximate 

~Hf0(kcal/mole) 

Structure 
CH

3
00H 

-./OH 
H

2
c, 

OH 

Neutral Ion 

-32 "'+223 

$-86 "'+120 

+5 "'+270 

--35 +115 

This table predicts that CH
3
oo + wili be unstable, as observed. by 

Franklin, and will.decompose as follows: 

CH
3
oo +-~) CH 0 + + 0 . 3 

furthermore CH
3
ooH+ will also be unstable: 

~H l'::: -30 kcal/mole; 

~H l'::: ~34 kcal/mole. 
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Table III. Slope of Log-Log Plots of Peak Area 
Vs. Reciprocal Drift Voltage 

'-·' 
~,. 

Expt. Mass Slqpe sta.. Deviation No. of .; _-, 
Fts. • 

158 12 .808 .0172 29 

13 .805 .0119 

14 .818 .0168 

15 .891 .0122 

16 .835 .0124 

17 1.839 .0141 

18 1.877 .0150 

26 1.794 .0210 ,.. 
~. 

27 1.824 .0197 
.. ) 

28 1.365 .0165 

29 1.920 .0148 

158 30 1.891 .0184 29 
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Table IV. Slope of Log~Log Plots of Peak Area Vs. TIC 

. .., 
r1 

~ 
Expt. Mass Slope Std. Dev. No. of Fts. .. 
158~163 12 .88 .024 6 

13 .. 88 .020 6 

14 .87 .021 6 

15 .94 .022. 6 

16 .90 .026 6 
'· 

17 1.81 .014 6 

18 1.81 .015 6 
CH4 

26 1.85 .03i 6 
' .o(· •• 

..., .. 
27 1.88 .. 026 6 

~ 28 1.28 .022 6 

29 1.93:. ~011 6 

158-'163 30 1.90 .024 6 

164-169 12 .90 .032 6 

14 .89 .011 6 

16 .86 .028 6 

18 .89 .021 6 

r\·1'1 20 .86 .03l 6 
. cn4 22 1.90 .018 6 

""'·,._. 
6 28 1.03 .012 

30 1.90 .013 6 

32 1.85 .028 6 

164-169 34 1.95 .020 6 
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Expt. Mass Slope Std. ·Dev. No. of Fts. 

170-175 16 1.01 .012 6 

28 .99 .009 6 ..... 

32 1.02 .016 6 
f, 

i. 
-~-

33 1.19 .023 5 "pure 0 " .. 2 

34 1.01 .017 6 

44 1.01 .014 6 

170-175 48 1.83 .026 6 

184-189 12 .80 .027 6 

13 .80 .027 6 

14 .88 .022 6 

15 .99 .025 6 

16 .90 .022 6 .. ;.., 

17 1.76 .020 6 
'I 

18 1.56 .019 6 •. 

19 2.02 .016 4 

26 1.79 .019 6 

27 1.86 .026 6 

28 1.14 0.17 6 CH4 : 02 

.014 6 
= 1 

29 1.95 

30 1.89 .021 6 

31 1.98 .028 6 r/-:~ 

32 .98 .017 6 ..... -. 

33 1.31 .032 6 

34 1.00 .014 .6 
-~~:: 

44 .89 .034 6 

45 1.86 .016 6 

47 2.02 .011 6 

48 1.70 .• 026 5 
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~----------------LEGAL NOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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