Lawrence Berkeley National Laboratory
Recent Work

Title
THERMAL ION-MOLECULE REACTIONS IN GASEOUS METHANE-OXYGEN MIXTURES

Permalink
https://escholarship.org/uc/item/0sz2w0dk

Author
Horton, Robert Louis.

Publication Date
1971-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0sz2w0dk
https://escholarship.org
http://www.cdlib.org/

) e Y Goow o . : F

| ' LBL-4114 1
PN TORY ¥ Py ’ . c .
“.‘:‘-2‘.“'"-(4k2ug%y.f::“‘)) ) . )

LAWGENDE
GAMATION LACO GORY,

- 0CT 22 197 )

LIBRARY A
TOLIMENTS C2C ]

% .
2 THERMAL ION-MOLECULE REACTIONS IN
GASEOUS METHANE -OXYGEN MIXTURES
Robert Louis Horton
{Ph.D. Thesis)
August 1971
~AEC Contract No. W-7405-eng-48
"
A

~
For Reference

Not to be taken from this room

$11-T19T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

~



N N 1
Coiddo )
CONTENTS
.
Abstract.. © e e e e e e : e e e e o . . . e v
‘: , . | I.lInﬁroduetion‘and Beckgreund e e e . . .. ;
Summ?ry . }‘. . .“; .,; F e+ ... 8
References for Chanter i e e e 0 e ._. .o . . . . . « 10
IIY Ion Cyclotron Resonance Mass Spectometry . . } . . .11
A, General Basis of the Technlque }'.x;:. . . 11
1. The Cyclotron Frequency . . . F A i
2, Cyclotron Resonance‘ ;_; o e e e e e e e 12
" B. "The Development of Cyclotron ResQnance Instrunentatien 12
C.. Ion Cyclotron Double Resonance . . i . 16
D. Desefiption of the Apperatus‘; . .. 19
A 1. . Gas.. Inlet and Fiow ;.. .« e e . o a e . ..19 -
2. The ICR Cell « v v o (s & : G e e .. .121’\.
'3. Technlques of Modulatlon . . ;P. . . .« « 29
a.  Magnetic Field Mbdulaﬁion e e .3
'b.  Drift Potential Modulation . . . . .+ . . . 32
c. Electron Energy'Medulation‘. <. .32
d. | Pulseq Ton Cyclotron Double Resonance . ;-33
o e "Pulsed Ton Ejeetion". ) e e e .35
- E. Quantltatlve Measurement of. Thermal Ion-molecule :
- Reactlon Rates.. v . v . o v e b s s e 00 35
1. Theory ofVIon Cycletron;Resonanee LineShape e 35
2. Chemical Kineﬁies - ;'.:. Y A
3. How.Ion Drift Time is Determined'. S T
4. . How the Neutral Density is Determined« ...

. L6



ITT.

’ A. .‘

Summary . . C e e e e e e

Referénées fof”Chapter 15

Results for the Méthgne Sjstem -

.

Slmary .l L . .v . L] .. .‘ . L 'v ) L] l.. L] ... LI ..v . ..

. C -’,‘ .

. Refeérences for Chapter IV .. . . . . .

D.

‘E.

The'Fast’ReaCtionéﬂpf‘Impurity and
A.

.Bo:‘.‘ :

2 Summa.ry e s e s .0 0 .- ‘,a .u' n.‘ K . e ) .

The Reactions of C' with Methane .

'_I‘he'Reacti’on's'of'CH'+ with Methane
The Reactions of CHj .with Methane

P A A o
The Reactionsof,CH3 with Methane

- The Reéctions of CHZ with Methane

.;Hydrogen Species + « o v v 4 4 4
Water Species . « « o o oo o o W
Carbon Monoxide Species . . . .

"Carbon‘DiOXide_Spécies e e e

‘V: The Oxygen System . . . . . e e e

Summ.ary l-‘ s . “u. ¢ o o o."o, . O . e

' References for Chapter V . . . . . . .

.M VI. The Cross Reactions in Methane-Oxygen Mixtures

Sumary .”.‘:.‘.l‘...v . . ‘-.- ® o & e o

"Réfergnces for Cha?teerI e e ee s

VII.

VIII;

IX.

Conelusion « « o o v v s s 0 o 0 o 4 s

References for Chapter VII . e e e e

_Acknowledgemeﬁts « e ;“; o 4 e v s

Appendix- a‘o. L e L. « s 0 s

.

Contaminant

Species

. .9
. 110
. m
. 114
« 159
. 160
. 161
.17

. 176

-_'177



[ A S ) A i , s \
T I S S IS BT S

-v-

Thermal Ion-Molecule Reactions‘in Gaseous Methane-Oxygen Mixtures

Robert Louis Horton

Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
and Department of Chemistry; University of California

Berkeiey,iCalifornia ol720

<

ABSTRACT .

Ion cyclotron resonance mass spectrometrvaas applied to the etudy.
of the thermal 1on-molecule reactions occurring in methane -oxygen
mixtures; The reactant ion- product ion relationships were more firmly
established by us1ng ion cyclotron and ion eJection double reésonance
and by examining some of the ion-molecule reactions occurring in
mixtures'ofvoxygen and chloromethaneé...The ion—moleculeureactions'
which.take place in pure methane were re-examined and'found_to account
for most of the product ions found in'methane-o#ygen mixtures. The
remainder is due to the reactions,which bceur in pure oxygen, to the
fast reactions involVing contaminant species, and to the cross ion-
molecule reactions of metnane species-with oxygen'species. The
contaminants were largely produced by chemiCal activity at_the hot
filament in the electron impact ion source. Additionai'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 s&stem were critically discussed in an
attempt to assees the rates of_collision-induced and’spontaneoue

relaxation.of electronically excited o=t The,feaction_of oxygen
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ions, both ground state and electponically exéited; with methane Was'
found to be'very slow not because of an eﬁergj barrier to-reaction but
because only a few percenf of the collisions bring the feactaﬁts into
proper position to permiﬁ a concerted bdnd-breéking; bond-formihg step.
Thié preliminary indicatioh is that a poteﬁtialLy long-lived inter-
”mediate‘Of;structuré (H2=C=(OH)2+)* is formed in thé reaction of 02+.
with methane; The reaction of CH«t with oxygen proceeds with much
higher rate but by way of charge.and Hfatom‘transfef :ather ﬁhan by ﬁay
of the stable but difficult to reach intermediate. - ‘Much more stﬁdy of
this system of reactions is'neéqed‘in order to‘establish,aﬁd explain

the mechanisms and dynamics of the ion-molecule reactions.

~
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1. Introduction and Background

The past decade has Witnessed a mushroominguof the'ion-molecule
reactions realm of chemical kinetics.' The 1nterest in 1on-molecule
reactions stems from the ease w1th which ions can be made to serve the
experimenters' purposes. Ions can be mass selected formed into beams,
accelerated, deflected and S0 forth.v. ?he rapid growth of“the-field
correlates in-large part with technologiCal advancements. Physicists;'
for example, have been u81ng the cyclotron principle for most of this
century, their applications have ranged from high energy particle
accelerators to the study of the electrons in solids by means of electron
cyclotron resonance, _Some research proposals 1nvolv1ng the‘use of ion
Cyclotron.reSOnance as albasisvofvmass'spectrometry date back twenty v
years or morejl: however, full exploitation.of the'technique has‘
awaited technological'developments in high vacuum and the adventvof '
relativelyvinexpensive, highly’uniforn, and high field strength.magnets,

an out-growth of ‘the development of MR in the 1950's. Ton 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 ﬁeéﬁnique to study .
a systen having unique chemistry - ‘the ion-molecule'reactions occurring
in gaseous mixtures of nethane and oxygen. In 1965 Franklin and Munson2
p01nted out some of this uniqueness in a study u31ng a conventional high
pressure mass spectrometer (HPMS). They found "comparatively few and

relatively slow [ion-molecule ] reactions between the hydrocarbons and



o

oxygen."2 ‘While the exothermic reactions possible in this system are
many, few were found to have'measurably large ratee. Figure'l shows
that for the feaction of Og with CH4,’there'are at least'l6vexothermic

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

QZ (i»zﬂg) + CHa - CH302 + ‘H k= 1.26 x 10™*? cm’/molec-sec

— CHs0 . + H20 2.8 x 1071

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

3

elastic ion-molecule collision frequencies, A muchfquoted estimate
for the colliSion frequency comes from the Qrbitingbcross-section? which
is computed by assuming that 511 éollisiens with impact parameters ﬁp.
to a maximum value. bm(Ej lead to reaction. The makimum‘impact
parameter'bm(E) is the greatest value which leads to a trajectory in
which'the_collision partners would pass through the origih, r =0, if
the& moved under the ioh-induced-dipdle potenﬁial, -ae2/2r4. This

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

ative velocity of the encounter:
o | o 23y \1 .

k = 2ne(%557.= 2.342 x leQ_cm3/moleefeec-(Eé%i%b)?% v (1)
where o 1is the polarizability qf the neutral and p is the reduced
mass Of:ﬁhe ion-neutral pair. .For estimation, poierizability data from

dieleetyic consfant meesurementis normally,used.l2 This approximation has
been used successfully to rationalize thevmagﬁitudevand energy dependence
of the rates of many-ion;molecﬁlenreaetionsvat low relative kinetic
energy of collision.6 For the thermal Oz + CHa interection, Eq. 1
predicﬁs a'rate of 11.5 x.io "0 cm3/molec-sec, while Frankiin and

Munson observe a total of about 0.4 x 10710, The very large rate

e
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‘Fig. 1. Thermodynamic data on the system of stoichiometry CH402+;
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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 mlght be expected to react

) 7

rapldly and with little or no actlvatlon energy. Cassuto has
proved that the_actlvatlon energy of
: + . - ' .
CH4 .+ CH4 » CHs + CH3 PR . - (11)

is zero to within 0.2 kcal/mole by measurlng its rate over the tem-.
perature range between -150 C and +200 C. Whlle we cannot perform a
comparable series of measurements, the question of:whether or not an-
activation barrier explalns the relative slowness of the reactlons in
the methane- -oxygen system w1ll be one of the main questlons to be
addressed in this dlssertatlon.

If each of the many exothermlc reactlons occurs with a rate on

the order of 10 %2

or lO Tem /molec -sec, the total could approach the
| li;S x 10710 > predicted by the orbltlng reactlon rate (Eq. l) 'The
occurrence of fast reactions'ofvmethane,ions with methane could in
some caseS'mask theSe slow reactions.' We shail 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 potentiai measurements

-2Q"determining the effect of each neutral partial pressure

3. and determlnlng the effect of the ilon extractlng 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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strong s1gnals can be observed for prlmary 1ons, CH4, CH3, CH2, cH' ’ and
C+, as well as for a number of secondary ions 1f the methane pressure is
high enough to allow 1on-molecule reactlons to proceed rapldly, .as the_
1onlzlng electron energy is reduced to below the appearance potentlal

of ¢ ions from methane (19 5 eV) the formatlon of that ion “and any ions
which 1t produced upon reactlon with methane w1ll cease. That the
appearance potentlal of C2H3 is the same -as that of CH2 establlshes the.
ion-molecule reactlon CH2 + CH4 - C2H3 + H2 +H as one source of mass
27 1ons..- The appearance potentlal of CH is greater than that of CH2
and therefore mass 27 ions produced from the above reaction w1ll persist

to a lower ionizing electron energy than will those produced from

" CH' + CHs > C2HS + Ho.  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 electron beam in Franklln and Munson's spectrometer'

‘was about 1l ev: there Wlll be some uncertalnty 1nvolved 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 CHiiand OZ (% 2Hg) have appearance poten-
tials within 0.7 eV and'since most of the reactions are very slow and

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

the'reactionaof a minority-species7is in competition with that_of

a majority species, such as
it + 02 & mCGT + 0 slow (7).

CH5 + CHse - CoHE +Ho  fast,

it is very easy for the appearance potential_method'to.overlook the
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former reactlon, espec1ally 1f 1ts rate be slow. Thls:is also trne‘for
the ion cyclotron resonance technlque, but to a much smaller extent
We expect to be_able‘to descrlbe moregnearly completely what reactions
6ccnr..' o | | o | |

_ The effect of varylng the ion extractlng fleld strength is to |
alter the klnetlc energy of the ions in the 1on source. When the ex-
tractlng f1eld is contlnuously applled as it was in the 1965 study, the
ions never have an opportunlty to thermallze. The ‘minimum extractlng
Potentlal nsed wss lh.5-yolts,fsovthattthe average center of mass kinetic
. energy for reaetent'ions was prdbahly aronnd 3 to 5 eV, This kinetic.
energy range can hevreeched'with'the ion eyclotron'resonance apparatus,
but the attendant‘exnerimental'diffieulties are great' 'conSeqnently,.
a dlrect comparlson of the results of the 1965 study w1th the present
will suffer from the fact ‘that 1on-molecule reactlon chemistry is
'dlstlnctly dlfferent in the two energy ranges.': The 3 eV center of
.mass klnetlc energy is suff1c1ent to drive a large number‘of endother-
mic resetiqns and surmbunt mosthactivation barriers. The difficnlty
in learning how.effiefently this kinetie energy can be converted into
" internal energy renders uncertain many arguments.based on thermodynamic _
data and theICOnservationlof energy principle..-

The length of.time during’whichhions reect is about 103‘times'
longer_in'the-ICR thsn-in the HPMSQ even'thoughrthe produet of the reac-
tlon time and reactant nentral @ensity is eomparahle:in”the.two instrue
ments;n’ A?preciable poﬁulations of eleetronicly excited ions are prO— R
duced by electron impactg-in both_instruments, but in the ICR,'all but
a fraction of the.lsngest—lived excited ions probably relax to the

ground state via spontaneous emiSsion_before appreciable reaction has
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occurred. . The A ?Hu state of 02,'for_example;hhas about 100 kecal/mole
" more internal energy than the X Zﬂg ground state, and is expected to be
highly reactive. . Franklin and Munson reported nojreaction of this

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

05 (& ZILII'," v=0 to 2) + 0z - O3 + O.

The same product is'seentin the ICR.experiments, but not from the above
reaction, since that excited state will have relaxed to the ground
state and 1nsuffic1ent energy Wlll be available to drrve the reaction.,v
The 03 + 0 product is seen in the ICR spectrometer produced from the
reaction of 0% (a Hu) w1th 02. This excited state appears to have
sufficient lifetime to pers1st through thevtypicalrreaction times used
in these experiments. I | |

The data of Franklin and Munson seems to 1nd1cate that methane
quite rapidly reduces the population of excited oxygen ions available
to produce 03 because upon going from 25 microns (u) 02 plus 25u CH4
to 53u 02 plus 53u CHs the mass h8 peak-intenSity (03) drops by about
30%. K Their failure to p01nt out this fact may 1ndicate that there
is a typographical error in the data reported. No reaction of ex01ted
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 detailiin,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‘compiex

formation and stripping. In the former case the projectile and target
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are'assumed to coalesce into a moiety of‘sufficieht lifetime to allow
equilibration of vibrationalvenergy throughout the éompiex.‘ In the'.

other modei, the frojectile strips.awéy part.of the target mblecule

and littie §r:no momentum is tranSferred'to,whatvremains:of the target. ‘*4~
A long-lived complek mechanism is mostilikely.td be found:wheﬁ the total

ehergy is relétively‘low, the‘ground'state of the assumed complex is

véry stablé,'and theie aré many vibrational modes ﬁo participate in

sharing the energy;. 'Henglein9 has)dembnstrated that a longflived

complex méchanism persists for the reaction

CHsOH' + Dz - [cHs -9-D'F - cHsOHD' + D
| HD

up to about h_eV.initiéi relativé kinefic energy, The ﬁost persuasive
proof of a long-lived compiex is #o show that ‘the complex rotates many
timés:beforé it decomposes, éo that the products come off with equal
probability at all center-of-mass angies. vaall bonds in the colli-
sion complex share the internal energy of the éomplex,'the theories of
uhimolecuiar,decbmpositioﬁlo5 L éan béIﬁSed'to prediét the relétive
rates 6f reaction into each.opénbéhdnnel. Unfortunately evén the
simplest such thebry reduires more'detaiied knowledge—of.tﬁe étructﬁre'
of the complex than is available at preéent for the complexes we may -
encountef in the 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. _ S e
SUMMARY - g - R ¢

Earliér_stﬁdies of ion-molecule reactions suggest that some of
the reactions in methane-oxygen mixtures are considerably slower than

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

A

2
&



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 oceur. -
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' II. ION CYCLOTRON RESONANCE MASS SPECTROMETRY

A. General Basis of the Technigque

vl. The"qulotroﬁ Freguency
: - . 7 . : _ . o
. Ion cyélotrdn~feson&ncé mgss spectrbmetry‘is based on the claésicai
‘motion ofSChargedvﬁérticiés iﬁ magneﬁic and:eléétrié fiéldsw .Ih a
uﬁiform‘ﬁégnefié fieid, g,‘én ion moves in'a'ciféular orbit with
angular freqﬁenéy'wévin“thé plane perpendiéﬁlar'ﬁo B; its motion parallel
to Exis.unédnstQained.' TheICYélofron'fréqueﬁéyvmd.is dependént only

on the field sfrength |B| and the charge-to-mass ratio of the ion:

% n - E 1'53557MHZ‘°‘_ﬁ/§§§§%?§;i}gé).'; | S (1)
where ¢ is the.ion Qharge, B is the~magnetié field1strenéth, and m

is the idn mass: Fdvath ions at'ih kgaﬁsé’(the ﬁgximum field
obtainable with our instrument) the cyclétron‘frequehcy is about

1 MHz.  _EquatiOn (1):is‘dé?iVed'fr0m éQuating the-cenfripetal

) force df:the partiéle moving'in'a circular ofbif, E%?ﬁ’to the force
whiéh causes it, q;'xvg . fhe:fbfce.exerfed on an'ién of mass m,

!

charge q;_and velocity v in_a'magnetic field of intensity B.

v, : o ) .
r m : .

-

where v1 is the ioﬁ #elocity perpéndicular’to B. -
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: N o | _ _
For thermal kinetic energy CDh ions at 14 kgauss, the average speed

is 559 m/éec; hence the orbital radii will be only .0559 cm.

2. Cyélotron ReSonaﬁéé
| When an aiternatiﬁg electricffield Ei(t) at frgquency wi is ’ .

applied,perpendicﬁlar tbAE éo thaf'ﬁhe éhanging ¢leétric fieid is in

phése with an ion's cvélotroh orbital motion, the.ioﬁ’ﬁill be accelerated

by the electric field. Ifrthe-fféquenc& of the electric field w, is

fhe same as the ion's cyciotron fréquenéy, the ion's motion will con-

tinue to be in ?hase_with‘the electric field and‘the jon's acceieratiOn.

Wiil be‘cbhtinuous; figure'l showsithat a mass 15 ioﬁ initially;at

rest for which w, = wc hésAan orbit which:spirals outwardvand a kinetic

1

energy which increases as t?.' Figure 2 shows a similar ion for which N

1

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

W, # mc. The orbit spirals 6utwaf§ while the ion's orbital motion

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, fhe net power absorption for non-

‘resonant ions (w, # wc) will be zero; the net power absorption for

‘ 1
resonant ions will increase as the square of the time during which

absorption occurs.

B.fThe Development of Cyclotron'Resonance Instrumentation

o

Perhaps the earliest ion cyclotron reéonance instrument was
described by Lawrence in 1930.l/vApplication of cyclotron resonance to
the study of the electrons in solidsvand'flames also dates back about

forty yeafs. An ion cyclotron fesonance device was reported in l9h92'
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Fig. 1. Resonant ion motion.




K.E.

T

Fig.

-14-

o
0.0
cneen
oo
.
o
om0
-
o
R
H ¥ 3 $ 4 - - : s o :
! § 1 ] ] : ’ ! i i ]
t t £ 'l H
10N NASS = 15.03S.ANY, UXD = 0. nss.
uvg = . HsS, B = 7.517 KGAUSS, E1 = . usn
AT ?767.787 Ku2, EZ = 3.937 vsn A1 639.362 KnZ
10N NOVED 6.366E-0¢ R IN 3.390E-0$ SEC .
AND REACHED §.71SE-US ELECTRON VOLTS K.E.
XBL 708-1888
— e
TINE 1SECH
[~
oma-o
e
x
2 cone
H]
z
-
(2]
;l 04
K .
Ll
o
<
™ rovae
<
ot
.
‘ 1.0 .8
v
+on-
4 . s ? s - - - . :
t 1 ] : z g i 1 i
] [ [ [ [}
I0N MASS n e | 15.035 AnUs UNO = 0. n5.
Yo = 0. nsS, 8 = 7.517 KGRUSSs E1 = . u-n
A1, 767.787 KHZ, E2 = 3.937 ysn AT 639,362 KnZ

I0N NOVED 6.366E-04 n IN  J.390€~05 SEC

AND REACHED

5.715€-05 ELECTRON vOLTS K.E.

2. DNon-resonant ion motion.

XBL 708-1883

»

¥



aé an independent wey to méasufe the magnetic fieid in a NMR experiment .
By measufiné for ﬁrotohs ihe ratio of the huciear magnefié resonance
frequenéy.té the'ion_¢§010trqn resonanéetffeqﬁency one can determine
the protoﬁ-magnetic mdméht.  ThiS-expérimént haé Become fodgy.the

technigué of'choiée for detefmining the proton magnetic moment to a
3-5

high deéréé bf‘accufacy. _ Almost‘idéntical to_LawrénCe's origihal'

particle aébelérator”design;‘thé modern omegatron gauge6 is primafily

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

> 9

lyzing résidual'gases in vacuum systems in the‘lQ— ‘to 1077 torr pres-

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

impact ﬁpon the gas“in_the'gauge; non-resonant ions remaih'largely

near fhé center‘butvfesohaht'ions éveﬁtually'épirgi out fb the ioh‘
collector about a centimeter frém the source afier having beén accel-
erated tq a"kinetic'enéréy'On the.ordersof hundreds of eV.

"A.high rééolutibh-éyclétrqn rééonance méss épectrométer haév

T

recently become available commercially. “its senéitivity is suffi-

cient to detect 8 ions (With signél—to—ndise ratio of l).8 Tts

resolution ranges up to about 5000 (=«%ﬁ), permitting, for example,
. . e

satisfactory resolution of 02

and ng*+ péaks when the ions are of'
compareble abundanqe. ‘$his greater sensitivity stems from two
technélqgical_advancements'which grew out_bfvthe develbpmept'of nuéiear
magnétic résonance in the 1950'S. The first.is the application of the
margiﬁﬁl_oSéillator:as an energy,absorption'deteqﬁor, capable of

sensing veryxsmall changes‘in'the enérgy'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 sﬁfficiently large areg_to permit separationﬁqf the source and
deteétibﬁ_régiéns and to allow ions to-be;dfifted éiowl&‘but>under5'
precise control through fhe detéction region._ The £echanism and detﬁils
of ioﬁ drift_will be discussed below (seét. Ii). Separation of the
sourcé and analyzer régions,largely‘eliminafes the shifting andr.
bfoadening of the cyclotron resonance absorption caused by the electron

9-11

beam; however, keeping.the emission current at about .05 LA

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

tative data.ll—l2

C. Ion Cyclotron Double Resonance

An additional and pdwerful method_fbr.the identificafion.of-ionf
'mélécﬁie_reactidﬁs which is ﬁﬁique to ion:cyclétronbrésbnanéé'isuthé‘
déublé rééonance:technidue;IBJ Consider a c&cldtfon resonance experiment | ,
in which brimary ions P feaét ﬁith'neqtfalstN to form secdndaiy ions
s and othér'nrodﬁcts;

| | P ions + N neutrals + S ions'+'o£her products;l
Ion cyciotron'doublé reéonénce cdn be pefformédvby applfing an electric
field E(t) with two_frequeﬁcy componehts instead of Qne; One component
is of low amplitude and of frequéncy équél to thelcyclotron frequency
of the pfodﬁct ion S.  This is the detector coﬁpphent'of'g(t); ' The

. . e

frequency of the other componént,vcalled the-ifradiatibn compbnent Of_

« “"

-E(t), is swept through<§»fange which inclﬁdes the cyclotron frequency
of the reactant ion P. When these reactaﬁt ions are non-resonant,
.thevaill have a thermal distributioﬁ of kinetic enérgies and a cértain
spacial,disfribution through the cell; but when they ére resonant,both"

energy and spacial distributions will change, because upon acceleration
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bdth4vl and.f will change'for.éach-ioﬁ. These changes in fhevreaéfaht

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

resulting change in signal is taken as"indiéationvof the existence of

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

schematicaiiy 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 o

Béauchamp, He has shown the double résohance'sighals due to

chaﬁging réactant ion-energies to be proportidhal to %%—, the rate'of
change §f5thé[reaction rate coéfficieﬁt_with enérgy.‘ When Chénging
the reaéténﬁ»ion energies causes the'dduble resonance signal, the
signal can be ﬁegative only fof thbée‘reéctibns which are océurring at
thermai'enefgies, Suéh'reacfions.musﬁ bekexotﬁérmic or’thermoneutral.-
On the:otﬁei haﬁd endothefmié-reactions cannot occur atrthermal
enérgiés (by défihition.ofnthe'term énddfhéfmié) hence an endothermic
reécfibh mustvgivé é‘posifiQévddﬁblé reéghénce signai or n6.5ignai;

The relationship between AH for a reaction and gk an be summarized as

dE-
follows:l5
dk SO
if 3E 18 . . positive or zero - negative
then AH . © . any value . - negative or zero
if AH is . . positive o ©_ negative or zero
-;_Athen'af o -~ positive or.zero - any value. -

Thus in scme cases the sign of AH can be inferred from thezsign of the

- double resonance'signals when the signals'are caused solely by

increasing the kinetic energy of reactant ions.



(w- w)

-18-

)v b
- - — { |
o SINGLE
N RESONANCE
\$~P;_ LINE o o :
o | I __-==™ Reactant Ion Heated ' - -
11 i , S
y t+ 1 1
' I I 1 ,
I | 1. '
o {
Lo |
N { i : ~
s ' : | ps
] | M
_ ; : i Product Ion
o ; DOUBLE
P | B _ RESONANCE
b e ______RESPONSE
----- —"——""-r——-—————-—--——————-——————————.—." 4 ‘\

. .2 'I’ ll ‘l ‘\\ .
5 T
Z| H
Ol o N e e e e o v
o
u
—

3
. . . .
KINETIC ENERGY A o -
. (w- wc) v
XBL 708-1863
Fig. 3. AbSorption of power by.a reactant ion increases iﬁs

© _kinetic energy. A double resonance response depends

on how much effect on the rate Qf reaction results from
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e
-
e
L.
e
o
L
o
Swone
.

The effect.bnbthe:produéfiion_distribﬁtiéns‘quebto'altering the
spscial distribution;sf reacfant ions is £ermed "sﬁeep out." .If
reacﬁaﬁt:ioﬁs are driven from thé‘cell, ﬁhe smallef'humber of reactant
ibns.&ill be reflecfed‘in a smaller numbef of produéﬁ ibns, in‘

propbrﬁion to the siie of k;'rather‘than %% . Unfortunately, sweep-

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

coupled by the chemical reaction or by some non-chemical efféct'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

dE

conditions. In spité of thesé'Short—comings,,howeVer, ion cyclotron

the effects dependéht on gl-'{--'over'a very'wide‘range'of experimental

double resonance is the most powerful techniqué available today for
establishing what precursorvidns are respdnsible'for each préduct ion

species in a system of ion-molecule reactions.

D. Description_of the Apparatus

l.'Gas'inlet'dnd'Fiow

Figure 4 shows a‘s¢hematic of the apparatusf':Gas mixtures are
prepared on a separate aﬁﬁaratus‘consistiﬁg of é mahifold‘with oil
diffﬁsidﬁ pump, a mersury manometer for measuringApféssureS'in the
1 to 76 cm range; and a mefcury—filled Toepplér pump used to move
volumes of gas from one.éontainef’to’another; ‘Detailed discussion of
this apparatus wiil,be’omittsd because tﬁe rela#ive'portions of each
gas comprising a mixture,vincludiﬁg contaminants, is detérmined frqm
low pressure mass spéctra obtsined from the ICR spectrometer. The

container of gas is transferred to the gas storage manifold. If the
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chnxainer Valve is‘opehed siowly; gae will flow hydfodynemicly'into

"the foreline manifold but condensible gases will be most effectively

removed by the.stainless-éteei—weolAfilled 1N, trap. A roughing pump

2
and molecular sieve pump are provided to pump out the foreline manifold

> torr, respéctiﬁely; When pumping is shut off the

3

to 107> and 10~
foreline pressure will rise on the order of 107> torr during the

duration of a typical eXperiment'(h-B nours). This leekage'ie regligi=

' ble compared with the 10 to L0 torr typical sample pressure; methane

begins to condense in'the.lN2

valve is shut exCept’during maintenance and bake—out'procedures. Gas

trap above 40 torr. The analyzer foreline

effuees;thrdugh the semple leek valve into the analyzer chamber ;
hoﬁever;Asince flow out of the analyzer into the Vac-Ion R pum§ is
also ‘effusive, thevrelative-portions of each gas comprising the
mixture in the‘analyzer chamber is,the'seme as that in the foreline
manifold. The sﬁainlese steel_anglyzer chamﬁer sifs beﬁween the‘poles
of.the electromegnet. The entire ICR ceii is within the analvzer
chamber;'eonsequently the gas mixture pefvades both source and detector

regions of the cell, unlike conventional high pressure mass spectfo—

" meters in which only the source contains gas.

2. The ICR Cell

Figures 5 and 6 show the configuration of the ion cyclotron
resonance cell. The dimensions are %-inchvby 1 inch by 6%?inches§
The electron beam is parallel to the magnetic field B. The. cyclotron

0

frequency of the eleetron atvlh kgauss is 3.919 X‘lOl Hz; therefore
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Showing exaggeratéd cycloidal ion drift orbit.:
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eVep éiééﬁroﬁs With'vl = 5.6 x lO8 ch/eeCd(~70eV) will.heve erﬁital
redii no-more than .QOlS‘Cm..~A reaéonable estimete for thevaverage
_ electfeﬁ ofbit.is'E ><‘lv0_)4 6m§ hehce, the elecfrOns"trajectoriee
dev1ate negllglbly from stralght llnes parallel to the magnetlc fleld
The electron beam is produced by thermal emlss1on from a thor1um-ox1de—
coated.irridium filement?Tthe‘beam is accelerated tq the desired ion-
izatioﬁ enefgy:and coliimafed'by_a eircular aperture .%E inch in
diameter. This'nafrow cylindrical beam driffs freely through the_cell,
ionizing some of the gas in its path and out of the cell to an

' kinetic :
electron ‘collector. Wh;le the_lons produced have aA energy distribution -
which is largely the same as-ihat of the neutral ges (at 300°K), in
oxygen as much as a thifd;of‘&m 0" fons are forﬁed with kinetic energy

greater than %;-ev.l8 This is due in large part to dissociative ion-

ization of 0, to produCe fest,0+.18 That a much larger fraefio@ of
such fasfdions is iosf'from conventiehal mass;spectrometers than from
lthe'ICR inetrument'ie shown by the fect'that the_nuin.'ber,bf"o+ ions
relative to :02+ ions is.abeutvthree'times asdgreaf.ih thé ICR as
in a qehventional,spectrqmeter. >Furthérmore about 30% of the .02+
ions predueed'are in the meta-stable. ;'hﬂu excifed'eleétronic state
and about 30% of the 0' are in the meta-stable “D state.’> Other
excited,etetes are proddéed but they relex t6 the abbﬁe—mentioned
: meta;stable states or the:grouﬁd state.inviees than 20 USecllg

‘ Flgure 6 shows, greatly exaggerated the cycloidal drift of ions
through the cell. This drlft is accompllshed by pla01ng dc potentlals
on the plates whlch are parallel to the plane deflned by the electron

beam dlrectlon and the desired dlrectlon of ion drift. Durlng half



&

of an ion'§FCyclotron orbit_thié AC potentiél aééeleréteS'the ion and
consequently increases the‘radius:of tﬁeiorﬁit.slightly. During ﬁhé.
ofhér half orbit, deceieréfion reduces tﬁe orbital'radius. The net
result is‘that the center of curvaturé of fhe orbit translates at
constant velocif& Qd given 5y o
AR (1)

where Ed_is the dc electric field and B.is‘the magnetic field. Note
that thé dfift veiocity isvindepéndént bf.ion mass,.Velocity, or - |
charge,;'One cén get_an'idea of the relative magnitude of the ion
drift vélocity ﬁy observing that'ih'ordéf fd haQe-a mass résolution on
thé order of a fhouéand; the ions must execuﬁévohvthe order of. |
thousandé of cyclotron orbits during the time théyfdrift thréugh thev
deteétOr region.. Typically, the 3.5 inch di_stah.ce'l2 is ﬁraverééd |
in .2 fo 2_méec; - The driff veléééfy vector will follow a line of
equal pdtential;vit is therefore necesséry to set the piané 6f Zero
potential so that it_pasées fhrough’the electron beam. The éffects éf
Velectrié-field fringing on the drift of ioné will be discuSs§§'latef.

A quadrupole traﬁping potential is‘applied to the cell to preﬁént,v
ions'ffom’e5caping-thé cell by moving paraliel to-the magnetic field;
ions of tﬁe wrong poiérify are immediately«ejeéted By the.trabping'
poteﬁtial. iOﬁe can see iﬁ Fig. 5 that with péSiti&e and negafive
drift potentials applied to the a.pprcvnp.riate’ plates there will result a
quadrﬁpole trap wﬁen equal trappihg poténtials are épplied to the

plates'normal to the magnetic field. The effectgo_of this potential



is such.eevto contribute 8 small amount'to the ion‘drift velocity, to
shift the ion cyclotron resqnance'abeorptior frequency by aISmell amount
aﬁd to cause the ions in the cell to execute”harmOniC'motidn in the
directicn paraliel to the magnetic field.‘ All these effects have been
calculatedgo assuming that the trapplng potentlal creates near the

center of the cell a 31mple harmonlc osc1llator potential. The

characterlstlc frequency,» T’ of th1s potentlal is glven by

oo W r . : ~(5)
er T\m , . o
where w; is calculated to be 123.0 kHz when V,, is in practical volts

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

wc ert = @ (l - w /2w ) s | :‘ o | | (6)

consequently the effect 1s typlcally on the order of %?. One can use
the quadrupole trap as a quadrupole mass spectrometer .This.experiment

v‘1s termed "jon eJectlon and 1s-accompllshed by»addlng an r.f.

component V

rf'_to the trapping potential. The time required to eject

an ioh from the center of the cell is -

mV, 2 ) . S .
T : : : : -
=5useC( ) :
. V2- . . v
AN rf ‘ v ' : .
_ o , - &
where V& and Vrf are in tractical volts and m in AMU.QO' The resolﬁtion

of the quadrupole mass spectrometer is very low because the character-
istic frequency of motlon, typlcally 20 to 40 kHz, is low, permlttlng

 few such osc1llat10ns durlng the 1l msec typlcal 1on llfetlme. The .‘
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w1dth and center frequency appear to depend on va anong other things,
although a detailed analys1s of the parameters involved has not been
undertaken Flgure 7 shows two ion: ejection spectra in pure oxygen
at 3.10 x lO 6-torr._ The upper part of Flg.u'Tshows the O ‘s1gnal
detected by the marginal oscillatorvatu6lh}Kc when the magnetic.field
is at éfShS Kgauss. As'the frequency of the ion ejection field is
swept from 20 to U5 kHz, the sign_al due to 0¥ drops at 39.50 KHz to
about 79% of its value with no ejection. Similarly, 02* detected at
61k Ke and 12. 935 Kgauss drops at 27.93 KHz to-about 61% of 1ts value
w1th no_eqection. 02+'1s relatively more strongly ejected because 1t
drifts through the cell-more slowly, and is therefore exposed to the
ejecting field longer. The data obtained frovaig.'T will be used
later to identif&lreactants ions in an erperiment.analogous to ion
cyclotronvdouble resonance" One can see that by uS1ng an eJecting
rf field of low 1ntens1ty one can eJect 20 to h07 of the ions of a
given species w1thout addlng very much kinetic_energy to the ions.
Although_the resolution is very lou, the resulting jon ejection double
resonance:gives avdecrease in product ion intensity that depends upon
the rate of the reaction k (and not'upon.%%d.‘ |

Drift and trapping potentials are applied to a short third
section of the iecr cell. This is done so. that the ions will not simply
stop drifting when they move out of the anal&zer_region."Were they
_allowed-to do so they vwoul"d-still»be within sufficient proximity to
the detector to produce'signalsgﬁtheir 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 electrometerhto ground{ Because the plate is thus essential—

ly at ground potential'all'ions'formed near'ground potential”will be

collected When the drlft potent1als are low so as to obtain good

‘shape and resolutlon of the ion cyclotron resonance 51gnals, one flnds

that large fractlons of the.lons formed 1n the ion source fail to be
colleoted.by the’ion current monitoring plate.b'It appears that they
51mply drlft past the plate w1thout strlklng 1t, 1t does not seem likely
that the low ion current measured at low drlft and trapplng potential is
due to loss. of ions to}the cell walls because such ion losses would

have been appreciable'when the ions nere passing through the detector
region'and nould have heen detectahle;' As drift andvtrapping potentials'
are 1ncreased the monltored ion current rapldly approaches an asymptote
referred to as the "total 1on current" (TIC). . Figure 8 shows that

the aresa under the mass 32 peak'in pure oxygen is dlrectly proportlonal
‘ =5 torr;h
Oé+lis almost entirely a primary'ion;;additionlor,loss of 02+ due to

. . .. : :. . . . 2 ) ) ) ) . . A ) +.
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.

Consequently3 Peak Area (32) apog'pressure, proves in Fig.'8 that the

TIC is.directly prop0rtional to the 0, pressure. - T

3;'TeChniques of ModulatiOn_'

| In order to provide-needed enhancementvof the signal over noise,
the resonance power absorptlon is modulated at 200 Hz. ‘Because.the
marglnal oscillator senses th1s powver absorptlon the output of the
marginal oscillator will be modulated at 200 ‘Hz. This Output is lock-
in detected by a Prlnceton Applled Research JB- h phase sengitive

detector. "By Operatlng the JB- h in the 1nternal mode, the same 200 Hz
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signal which references the‘JB—h_can be used to cause the modulation of
the resonance power absorption}_ Any experimental'parameter can be
modulated_in order to achieve modulation of thelresonance power absorp-

tion hut'only a few wiil be discussed.

a. Magnetlc Fleld Modulatlon
By plac1ng two small" magnetlc field. modulatlon coils on the pole
caps of the large magnet which prov1des ‘the intense d C. fleld, and by

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

‘these coils; theld.c magnetlc f1eld can be augmented by a small (0 25

gauss) ac component . - Wlth the ac component s amplltude fixed at some

small fraction of the'w1dth of the cyclotron resonance absorption to be
measured. the dc component is then swept at a flxed rate through the
approprlate range; The resultlng 1ock—1n detected 51gnal is the
derivative of the actual bell- shaped cyclotron resonance absorptlon

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

. by f1x1ng the dc magnetlc fleld and sweeping the amplltude of the ac

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

should.be a square“wave;.the range of sweeo possible‘is iimited 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 nodulationbas well. The.derivative of the power:
absorption-Signalacan easily-be.measured to.determine the width and
helght of the signal itself, however, the product of width and helght is
related to the area only 1f-the s1gnalrshape 1scon31stent Because the
derivative of_the peak is observed, smallvdeviations of the peak itself .
are accentuated. The derivatire of the pegk is not eaSiiy'integrated'

electronicly.' The amplitude*of:the derivative of-the‘peak.is dependent

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

By driftiné ions very rapidly through thércell héif of fhekﬁime,
one can obtain a ?eak which is the différenée.betwéén péwer”absorpfibnv
whén the ions speﬁd a iot of time‘in thé cell and:very littie fime. »
Fér Pracficél reasons it is not possible to drift fhenions_thréugh the
cell'sQ féétvthat'negligibie foﬁer absbrptioh‘océﬁrs; Conééqﬁentiy
sigﬁal shape is complex and it isvdifficﬁlﬁ'to extract data from the

signalé'onefgeté.

c. Electron Enérgy'Modulation

Thé_moduiationlméthbddféhoice is électron’énéréy ﬁgdﬁlation.gl
'Typically;bthe kinetic energy which electrohs have aé tﬂéy enter
throﬁgh the beam colliﬁating apéffufe is squafé wavebmodulated between
70 eV and about 14 eV. Because 14 eV is below the appearance potential
of all poéifive ions in the methane—o#ygen systéﬁ, theielectréns-pass
through tﬁé cell without producing ahy iohsband withoﬁt causiﬁgvother
excitationvexcépt in a Quitéxnégliéibie.minorityvof the néutral
molecules._'The'squafe wave fises'énd falls in about 2% of the time it
is constant at TO.vblts. The beam energy is modulated between T0 and
14 volts rather than say 70 and 4 volts in Qfdef to minimize Any
_ pile—upbof élect%ons in the region.outside the Celi 5etween,the“
filament énd the beam cdilimating aperture. Even so, a space charge -
does build ﬁp and‘caﬁses a slighﬁ modulatioﬁ of the,emission'current;.i.
However sihgé &irtually all ionization occurs_during'the‘70_volt-portion
of the éycle; only.the‘emission.cﬁfrent:bf_eleé{réﬁs‘having this |
energy is_important;.conséquentlyvthe_slight modulation of the emission

current is very easy to correct for.
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a. . Puised Ton Cyclotron Douhle'hesohance

The cyclotrohvdouble fesonance ekperiment has:been.described
earlier,-.Phoﬁervconditions are found which'cehter on the-cyclotron
'resohahce'absorption of.power from the.marginai_osciilatof at frequency
by a glven product ion S, then modulatlon stops. Now a secohd-

MO

r. f electrlc field is added to that Whlch ‘ions experlence and the

. amplitude of this fiEId is modulated.so.that when a species of reactaht

ions P absorbs ehefgy‘ffom.the field, the kinetic energy or spacial

distribution of ‘that species is modulated. Finally the ion-moiecuie

reactlon communlcates the modulatlon to product ions so that the
resonance power absorptlon from,the marglnal oscillator is modulated.
Cyclotron double resonance in which the second r.f. field is operated
continuous waveh(CW)»while‘auother_parameter, say electron enefgy,

is uodulated‘carries precisely,the samelinformatiou as'pulsed‘double
resonance. Figure 9 shousva.CW cyclotron double_resonance experiuent
in which.electron,energy is modulated, while theiirradiating oscillator
freQueucy is swept from 250 to 1000 KHz. The ions being detected by
the‘margihal oscillator at 614 KHz are mass 15.in pure methane.

While mass 15 is predominantly a primaty-ion,fCH;,‘one can easily see

that it has other components. The deduced assignments are:

Signal 'Freq. c : Reaction ' ; AH
17> 15 sk2xiz - cHS + CH +'-“--'CH'3 +Hy o+ CHh See ref. 22
e 13, .+ 13 o
16 +‘15: | 576:,1<Hz_ CH, + CHy ~ CH3> CH) 0
1k > 15 658 KHz ‘CH2+»+ACHh‘__+ CH3~- + CHy .~ =22 keal /mole

‘One can see sharp artifactsvwheh_the irradiating oscillator'is at»'

various harmonics of the marginal'oscillator' It is clear from Flg 9

that double resonance. does not have to have’ amplltude modulatlon of the
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o o ~ CWDR
Pure CH, . Massis

iy 0.02vPTP

# 0.04VPTP

 XBL7i6- 3725

Fig. 9. Cyclotron double resonance.' While.detgcting mass 15 ipns
iﬁvmethane with marginal oscillator at 614_KHz, irradiating
~oscillator ié swept from 250 tbalOOO'KHz. Irrédiatiné
.oscillator:amplitude is 0.02 practidal volts pea#-to-peak
(VPTP) and 0.0k VPTP. for thé tﬁo scans. ?Irradiatiép givés
‘reactaht ions average center ofvmass kineﬁic energy oh the

order of 1/2 and 1 eV, respectively;l6



4

5
p
oy
I
L
&
o
{

£
£
o

v p . -
2

hixa

irradiating electric field.

e. Pulsed Jon Ejection

Ton ejection double resonance experiments as discussed above have

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

. elsewhere.23~ As with cyclotron doﬁﬁle reéonance; both modes convey -

the samé information. Figuranvreally should be called ion eJection

self double resonance, inasmuch as.some O ions are resonance ejected

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

-+ .
. evelotron resonance detects O ions at 614 KHz.

E. Quantitative Measurement of Thermal
Ton-Molecule Reaction Rates '

IVThis,section describes the experimental pérameters'Which govefn'
the shape and infensity of the signals observed for each ion and how

the parameters are measured. ' S o

l."Theory‘of_Ion_Cyclotron;Reébnance LineShgpe:
~While an ion is_absorbing power in reSOnancelwith the r.f.

4dE. .-
== 1is

electric field, the fate at which its kinetic ehéfgy changes. at
given by the power (A) which is_absorbed:
p e & - (8)

dat

N

+ - ’ ‘ : ,
If n’ ions are initially thermal and absorb energy during the course of

time T then we can integrate (8) to get,
E= A 43w (9

where K is Boltzmann's cohstant and T is the tempefatufe;,'lf'p0wer
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absorptibn‘continued'for a very long time the absorption by non-resonant

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

of power broadensithé frequency range for which the average powér'abSorp—

tion will be non-zero. Beauchamplh~has derived the equation for the
linewidth when collisions-of'ioné with_neutral gas molecules interrupts

the powef.ébsorption. He has shown that
o ffé% | | J?&% | -
Alw) = —— O 1 R Llw,w,,T) (10)

im 1 f'r?(w-wc)z

| o - o _ . : o B v
where A(w)is the power absorption by n ‘ions of mass m, charge q, and

cyclotfop'frequenéy wc from fhe f;f; electric field of gﬁpiitude é; and.
frequency w and where T is the'mean free time bétweenvcollisioné. The
function L{w, w, ,T) is a Lorentzian llneshape functlon whose maximum,
Lo, is unlty when wsw ; and which has half width at half height of l/T

and area‘ﬂ.Lo/T. Combining (9) and (lO) at w=w, we get
3 q° 5’ |

E= KT*""F"‘ (11)
whibh is tﬁe energy a resonanf ioﬁ>reaches‘after.being heated for fime
T. In order to detect thermel ions € mist be keft small so that the
second ferm in 11-is negligible; -Bu'trillz.h has examined the bfoadéning'
which resqlts frdﬁ intefrupting power absorption by drifting the ions
out of:the céll. He found that ﬁhe signals retained the Loréhtzianiliner
shape but.that the width iﬁcreasé linearl&-with the drift velocity éf
the ions ih the resonance region of the cell. At»lqw'drift velocity he
found thatithe linewidth became.constant énd he attributes this intrinsic
‘Width tolstray electric fields in the cell. Thﬁs the.width of the ion
cycidﬁroﬁ resonance lines %-depe#ds upon.elastic and.reactive collision
frequency, ion drift velocity, and.any'ofher parameter which interrupts

. + : .
power absorption. We can get fi /m from (10) by determining the area

vt
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under the absorption curve or the product of peek height A(wéwc) and -

width 1/1: - | | |
L : - L+ 2 g2
A(w—wc) ) ngq é% )

T - Lm

.
n_ -
m

That the ares under the absorptlon peaks is proportlonal to n /m when
the peak shapes deviate somewhat from the Lorent21an line shape has
been well established (Refs. 8, ll, 12, 16; see also Flg. 8).

2. Chemlcal 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 lemgth of

time the ions spend in the cell:
. 1

. o o
n, = / o Ji(t)dt s
. YT o

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

.jleave the analyzer reglon of the cell. The rate ‘at whlch the current

of a glven sort of ion changes is gotten by balan01ng the loss and galn
processes for that ion due to reactlon

all all a1l all

S neutrals  ions - neutrals ions '
a4 (t) :2:: :2:: |
—- =35 (%) L, ek, (12)
where k is the rate coefficient for the reaction'of ion a with neu- -

abe

- tral b; having number denSity'ns,-to produce product ion c. ji is an

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

of cm3/molec-aec then'nl will have units of number of neutral molecules

per cm3; In the.éimple 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
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np+ = —Engé— [exp(-nkTp) - exp(—ka'p)]
and ’ N ' .' o ‘ ‘ ' _ {13)
' "J (téo) 3 | _ : v
n +_°p [Pk(T's— Ts) + exp(_nkT;) - exp(-nkTs)} .

s nk

where n; is the total number of primary ions in the cell, n; ie_the
‘number of secondary ions and n is'tﬁe'nuﬁber deneity of neutral
reactanfs, EQuatien (4) givee:drift feloeity inversely proportional
to magnetie fieldg hence for fixe&'ﬁaénetic field drift time will

be proportional to mass:

-

T!
=
m
-8

(1k)

- and

Slmﬂ
I
wakd
‘@E}U

wm

When the'argumenfs of the exponentials are‘smell, 13'Caﬁ'be simplified

by using 14 to get

2+ ‘ .
mp?s L mpAs - o v
= = !
2+, 2+ A+ mA 3 m(Ty) + ), (15)
mn +mn p s S P :

Ps s P
where As'ahd Ap are areas under the eecondary'and primary ions peaks,
respectively.  Equation (15) has been used extensively to extract
thermal ion—molecule reactiqn rate coefficients from ion cyclotron

11,17,23,2k4

resonance data. Figure 10 shows data from this laboratory

: . v ‘
for the reaction N2 + Dg'f Nng + D for which we. determine -
k = 1.60 XAlO_Q em>/molec—sec by a least squares fit of Eq. (13) to

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

.(13);_the slope . of this curve near the ofigin, %-nk, is much different
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Fig.flOa QuantitatiVe-meaSurement’bf the rate of'N2+'+ Da"» N=D¥ + D.
The rate is determined to be 1.60 x. lO -9 cm3/molec -sec, in good agreement

with earller determ1nat10ns._9é <
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.from fhe'slope ef'e-streighf_iine fitted to the defag showing fhat

the approximatiop'(IS)'should be 1imited'£o>dafa fof'which :.-'*'
mpAs/(m A+ msAp) is 1egs thah abeut 0.3;_ Equation (15)-does:make

it clear:that the'relstiVe size'of'primary and secondary peak areas 1is

governed by the two variables, reactant neutral density and reaction

time.

3. How“iohADrift'Time Is Determinedv

fringing‘of electric_fields.within the cell results frdm the
faef thgfepotentiais‘afe applied to fiﬁite_pletes father than infinitely
exteﬁded planes. We examiﬁe in this section the effect on the ion>
drift times on the fringing of‘fhe eleCtrie fields used to drift ions
through the cell. |

Figures (11-13) show calculated contours of equal drift electric
fieldQ“These.ceﬁteﬁrs are calcuieted'by’numéfically'selviﬁgvPoisson‘s

equation in two dimensions :
“orp=0 e

where ¢ is'the scalar electric potentiai at each poinﬁ (x,y)‘and (oN

is the'charge.densityedistribution.. Also shown is a narrow rectangle
near the horlzontal center line of the cell, showing the relatlve
'positioﬁ'of most Of‘the iohs.'-This rectangle is actually the "shadow"
of the electron beam which passes through the source region, but since
thermal 1ons' orblts are small relatlve to the size of thls rectangle
we can take it as a good estimate of the helght and width of the sheet
of ions which drlfts out of the source region and through the analyzer

region. Solving (16) in two dimensions makes the incorrect assumption

v _
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that the cell is %— inch thick, 1 inch v.ri'd.ev‘a.nd_i'_nfinitely long.
Howevér, becausé‘the ceil éxténds“l‘inch at'ééch énd béyond the actual
path'which ions follow‘from}électron bean fhrough analyzer region;
the actual potentialsvthé ions experience'afe well approximated-by .
the infinitely long cell of finite width éﬁd thickneés. So loﬁg as
the élééfrbn_beam émiésibn current is-kept.ét abbut .05 YA or lower,
the_calculatéd éffect of any non-zero charge density is negligibie,
Figurés 11-13 are calculations for p = 0. The dfiff.electric field
is.detérmined as the gradient of the potential in the direction ﬁormal
to the drift plate. As expected;the contour which passes near the
center of theAcell in Figs. llfl3’ié the value of the.electric fieldv
which the infinitéiy—extendéd—planes ideal:predicts. Since the ﬁhin
réctangie half-way between the drift,plgtes_isbthe approximate extent
of the sheét ofvions,.one can see from these figures that for the most T
part;lions experience drift fié;ds which are appfoximatély the ideal.
o Wé can détermine empirically what drift fields the ions experi-
ence on the average. Figﬁre.lh shows a schematié of the experiment we
used. Avéquare waﬁe is generated by an Exact Model 255 wave generator.
This sngre wave 1s used as a timing reference for a brief pulse éf |
ionizing electrons. - The_resulting pulse of iqns are allowed to drift
down'fhé cell Under the influénce of measured potentials.applied ﬁo

each plate on the cell. Because the jons expeiience différent drift
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Fig. 14. Experimental determination of ion drift time. Trapping

voltage +V

T

from electron beam to TIC monitor.

is maintained while short pulse of ions drift

When trapping potential

goés suddenly negative, any ions still in the celi are,swept

out to tra

Pping plateé.
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fields depending on the‘precise'trajectory’each'follows through the cell,

some ions will arriré at the-TIC monitoring'plate early and some late.
When half the ions havevarrived 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 100B counter is used to keep track of the length
of time 1t required for half the ions to drift from source to TIC
monitoring plate. Figure lS'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 shali'haue to use empirioally“determined drift times'rather’than
calculate.them. The experiment'above was also used to determinevhow
broad is the distribution.of drift times about the average value.

The half width at half height‘of the distributions is'about 56 Usec
at 211 usec average, about 31 usec at 577 USec and about Qh usec at
965 usec. Thus the distribution is sharpest at the greatest drift
times and the w1dth of the distribution drops from about 50%(FWHM) at
.shortvdrift time to only about 1% at long drift time.

4. How the Neutral Density is Determined.

We now have tvo methods for determining the density,of neutrals_

in the'oell: | |

1. ,ﬁe measure the total ion-ourrent, TIC, and the electron '
emission current, je, and relate them to n by 17:

g

Je0£

v



15. The average drift time for ions should be determined emplrically for
quantitatlve rate constant measurements. ‘
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2.  Wevfind a syétem for which.the ?aﬁe‘of reaction is well .
'knqwn-andﬂdétefmine.for a givén'n fhe'reiative sizé gf |
primary and secqndarj peak areas in that.system, fof a given
fon drift time, using Equation (12) or (13).
The first method is most direct buf it relies for its accuracy on o -
published values-for the electron impact ionization cross Sections,.c.b
Some data of this sort is available for the foﬁal cross section for

fdrmation of all ions_from a'given.neutral gas by.electrdns of a. given

énergy.zs' The data for 70 volt electrons is
Neutral _ . "G(X10—16 cn°)

CHh o 3,66

v .-H2 . ’ : | 0;98
Table = = O, g ST L 2,65 ’

I - . co . | 2,90

002 | 3.20

H20 . _ ' v 1.98.

This table dﬁes.nqt.sppply quite enough informetion, however,
becaﬁse ﬁe need the cross.séction for éroduéing.each-speéies of ion;
not simbly the total. Bécause‘liftle such data is‘available we
augment7the above tablé with ouffown data giving the relative current

'Qf‘each ion species/produced at neutral pressure low enough that ion-
molecule feactions cause no appreciable loss of any species. Table II
‘gives the data derived in this manner from Table I. b

'
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Table II. Ionization cross section for impact of 70 volt e_le'cf,rons

Neutfal _ ' ;o_n 0(10—16 Clﬁe) |
.fCHh ) B c* ' ‘.dh51
cnt | 161
om,t L350
et 1.h3
cﬁh+‘ | T 1.68
e, | c* ~ .okoo
| cot o an
cbg+ | | 27k
»CD3f | 1l
O 1
o) 2.28
co A S 29
| o . o L0455
co* 2.73
‘v_cog.'} o Cf S oare
o | ot ke
cot o
co,” | | 2.58
H,0 H,0" 1.6k
+

HO o .oh2
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We use the second metﬁod for determining neutral density as an
1ndependent assessment of the data in Table IT. -.The'reaction which

appears’ most often to have been studled 1sf

e + 26 o ,
CH," + CH, CH5 + CH. _ (17)

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

-10 cm3/no1ec—sec.26h’1 We have'used this value and

-5

become 11.8 x 10

torr to produce the curves in Flg 16.

13

a methane pressure of 3.30 X 10

The mass 17 curve has to be corrected for a small amount of

13

CHh ’
but the natural ratio of C to 120 gives this correction accurately.
The drift time for this experiment was determined bj‘the method
discussed earlier. From Eq. (17) we calculate a methane pressurelof
3.10 leo_s torr. 'Considering the poor egreement for the CHh+ |
production cross—section‘data of Table II with reference 25, and
furthervconsidering that onevpublish ICR—cvlet'erminedeh rate for 17T is

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

to - w1th1n 7% for the two methods for determlnlng Do as somewhat
L
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 primery species,_ions and neutrals, there

are to react by using the following techniques:
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Compariéoh'of,twb méthdds for_measﬁring methane bartial
pressure. Fof_avmeasured drift,time, fitting ?hg solid
curvebto the data determines_nk. ‘Measured totai'ion cuirent

to electron beam emission current ratio determines no.

Literéture values of k and 0 give values of n which agree
to within 7%. g
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a.  low pressuré ion cyciot?on'reéonancé mass spectra.

b. log-log plots ofrpeak gfea data vérsué'Tié or invefSe anéiyzer
drif£.v$itage§ déta approximaﬁeévstraight lines of intégral
slope,‘with unity élope for-primary iéhs{ (This.data is
té,bulatéd in the Appendix, Tables III and IV.) |

é? .ﬁahufaqturér's specificationé on contamihants;

d..'high'préssuré ICR mass spectra to determine ¢dntaminants.on'the
order of 1OO ppm or greater when an ion is produced which is
not masked by ofher,iohs;

The remaining species are products of ion—molecule reactions; for

each we determine which species are precursors,byvusing'techniques

including the folloﬁing: |

a._-varying the.partial pfessure of each'componént'of the sample.
(In the methane-oxygen syéﬁem, for example, this.shbwé 8 given
secondéry.spécies is produced from the reacfion>of i&ns produced'

"~ from methaﬁe reacting with neutfal:methane.moleculeé, oxygen.
ions reactiné with oxygen, or cross reactions.)

b. ion cyclotrén double resonance and ibn-ejéctiop double
Aresonance,

¢c. appearance bbtential measureménts.

d. 'thermodynamic data and the principles.of enefgy\and electrqn'
spin conservation. (Energy conservation limitations ére often
mifigated by the existence of kineticly or internally hot
species; the spinvsélectioh rule is_not wiﬁhoutlviolations.)

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

ol _ . '
T (1n Ji(t)) = sum of loss terms.
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Thus fefveech nrimafy.species a‘leasﬁ squeres‘fit'ef the solution
of the above equafien determines the total rate of loss of that

species. The independent variables are reactant‘neutral pertial
pressures and'ion drift tine; tne sole narameter is the tonalvloss
rate. R | |

L, -Finaily, using the total rate of loss of each primary species

determined in 3 as anvenxiliary-constrainf; another least squares
fit is pefformed; Fof.eecondary species Eq. (12).cannot be
uncoupled in general.d‘Therefore the mutually coupled system of

: differential-equationSv(Eq; 12) is solved'numerically.' The
resulting coupled system of solutions_is fitAusing reactant neutral
_nressnre'and.ion drift time again as independent variables and the
-rdte.cdefficients‘for the system of.ionemolecdle'reactions deter-
nined in sfep 2 above es adjustable parametefs. This calculation

» is accomplished with programmervinterﬁentien (rather thanvrandom
‘seafch) to obtain con#ergence. The analysis of the data described
in this thesis was done on the CDC 7600 in sbout 2 hours (total

28

central processor time).

Ton cyclotron resonance mass spéctrdmetry'has’tWo powerful techniques,
ion cyclotron and ion'ejection_double resonance, for establishing the
reactant ion which produces each product ion. Quentitetivé'fates for

thermal ion-molecule reactions determined'ueing ICR Spectremetry is.

of comparable quality to conventional techniques.
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_torr, If the H O partlal pressure had been 9 X 10

III. . RESULTS FOR THE METHANE SYSTEM

In order to evaluate‘the rates of:iodemolecule reectiohs_in
‘mixtures of methaneiand ongen, it is importahffto have as muchu
infor@ation as possibledon the‘resetions in the two pﬁre oomponeﬁfs.,
We discuss'the methahe sttem here‘first_ahdgthe oxygen sYstem-iﬁ.'
Chapter V .

The procedure glven at the end of Chapter IT w111 be followed
here. _Flrst we determlne.the ion and neutral spec1es-wh1ch w1ll be
present'before mﬁch’reacfioh hes'occurred;:.Then’for each seeondery‘>

ion species we try to determine the precursor‘ion and finally

quantitative'rate'coefficients‘are extracted by date fitting.

' The.qﬁeStion.of saﬁple purifj is one whioh freqdently_recurs.
Table I giveS‘thevmanufactureris specifications; Sample purity is
determiped chromatographicaliy and; Of‘course; is always equal to or
better than specifioatioh; Table I“elso tabulates the ooserred composi-
fion.>:Ih.the’compositiOnAcoiudn, for example, is shown less than about
300 ppm Hzo.“_This siﬁply‘mesns fhat a high total-pressure experiﬁent
was. performed, in whlch the methane partlal pressure was 3. 08 x 10 -

) -9 torr (300 ppm)

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

'The'observed amounts of CO, Ng,'and'CQHh‘are lumped together in the

2

»0.850%'shoﬁn for CO. It is reasonable to conclude'that the N, partial

pressure is no more than 1/20 of thls 0.850% since N, is not very

2

) abundant in the sample 1n1t1ally and the observed total of CO, N and

S2

C Hh does not 1ncrease appreciably over the course of leav1ng the

sample in the foreline manifold 8 hours as it would be expected to do

‘as a result of leaks in the foreline manifold. That C2Hh is lacking
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Table I
.Cémponent_v ' o "Specificationl ‘ o Observed Composition
‘ | | ' - I 13
Methane o 99.999% : , >(98%.CHh and 1.11% CHh)
Ny o0 SR 50 ppm |
V 02 - o . 2'ppm . i ... <100 ppm
co ~ lopm . . - 0.850%
co, om0 <100 ppm
CHe ~ 30pm . < 100 ppm
Colly - lrpem |
O 1.5 ppm o < 300 ppm

from the sample leads one to assign the majority of this 0.850% to CO.
We find;thé source ofvthis gas_i;.fhe fiiament; If methane is admitfed
to thé analyzer chamber‘And_if both sampie leak valve aﬁd high vacuum
thfottle valve arevshut similtanecusly, one canvobserVe cqntinuous slow
oxidgtiOn of CH& to CQ, prgéumably'by the hof thdrium oxide-coated i
iridium filament. ‘The resulting rate«of increasevof mass 28>is gﬁ
.leaSt three orders of mégnitudé,greater thanvthe rate of production df
CQHL* from ion-molecule réatiqns.A‘Tébie_II'gives the purity détermined
vfor.perdeuteromethane (CEh)' | | |
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Table II

Component ‘.. -~ Observed Partial Pressure
CEDy S 2

O+ N, 2.93%

.'C2D6_‘ o o o < 100 ppm

Ho o | :

DQO o — o < 900 ppm

2

The sample of CD, as supplied contained about'teh times as much CO

apd/br’NQ as shown in Tablé.II, but was purified somewhat by distilla—
tibn:éf 2N2 teﬁpératufé usinglthe Toeppler pump todraw off several
uncoﬁdensed portions Qf the éDﬁISaﬁplé; vThis purifiéation ﬁasbsome-
what more effective than Table IT shows Siﬁce there is some oxidation
pvaDh #Q produce CO within‘the cell as there was with CH) . |
 Tables_III and IV of the Appendix show the results of a>convenient
preliminary analysis ﬁhiéh readil& reveals much about the chemistry of
a system. Almoét éll.peaks can be déscfifed as either primarj or
secondafy and therefore the log-loé plot of peak area versus'rea§tion
| fiﬁe or_reéctant neutral density (see Chapter 2, Eqs.'12;15) will
give'apprOXimately linear_fehavio? with slope 1 or.2, respéctively;.

However, we need not go to so much trouble because we seek a quick,
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: conﬁehiént answer. lWe maké log;log plots Qf'peak éréq'vérsué the
inversé 6f the.drift potehﬁiai and versus.TICvinstead of caréfullyv
determihihg fhe feaction time for each dfiftvpoféntialaorAnéutral--
density féf.eécthIC. Observe in Tabié'III of the'Appendix how ﬁhe
primary ions in the mass 12-16 raﬁgé (c*, cut, CH2+, CH3+ cHh+) exhibit
slppes'ih the-0.8 to 0.9 range and the égcondary péaks (CH5+,102H2+,
CéH3+, CQHﬁ+,'C2H5+) exééﬁt.maSS 28 exhibit slopes ﬁhich'aré approxi-.-
ﬁately:double that, 1}8 to 2,0. Mass 28‘has an vinférmédiate_slope be-
ééuse'ité tw0'sourées, primary-CO+'and se¢qndafy CéHu+; are comparable.
We shall show that mass 1L, for example; has a siight secondary

| contribuﬁion but its effeét is not evident from these tables. Likewise

mass 17 has a few-percent contribution from the primary ion,_l?’CH)1L R

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

Appendix, is slightly less than for those of Table v, Appendix,
becausévof the greater pumber of points whiéﬁ determiné'the iine-
father'fhan bedause»the inversezof the drift potential is less noisy
thanvthe totaihion current. It is no£ surprising that the éiopesA
determined from‘reciproéél drift potentials are comparable to those.
detérmined from TIC, since eaéh.bf_these quantities is proportional |
to the iﬁdependénﬁ'variables in Eq. (13) éf Chapter_II and these
variabiesvalways appear aSvthe_product, nt.

?Qf those peaks Wﬁich are indicated as primar&iwe shail examine
all loés méchdniém;fandvtry té'account forlthem.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+vwith

methane will be considered in Chapter IV.

:‘D
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. Table III
~ Rate Of.LOSS Qf Primary Tons in Methane*

‘ - . Loss Rate - Orbltlng Reaction
: o Reaction Primary Ion Reactant  Coefficient ‘Rate Coefficient

e Svecies. | Newteay  (XL0TLO cm3 x10710 cn3
. Number B Species .. Neutral ( v sec) | ( molec—sec)
1,2,3) ¢ CcHa 1k 1h3es
¢t CDs 13.5 o137
4,5,6)  CcH . CHa 13.4 140
oo © epa  13.0 13,0
7,8,9) cE:  cHe 16 137
coE . eDa’ 134 126
10) . cHS U CH«e . 9.92  13.0
L I 05 . e . 897 . - 126
1) CHf  CHa - 12,0 .  13.2
CD4 CDa ©10.7 . 11.8
*% co' .~ CHs 12 1.7
co™  CDa 11 R 11.0
.. *CerreetiOns for * C have been made, ‘the’ correctlons are generaily

. quite small. except for the contrlbutlon to mass 17 due to CH4,
which is 11% at 7. 7 X 10" ¢ torr and 2.7% at 3.08 x 107° torr.

o **See Chapter v. , _
***Based. on polarlzablllty data from Chapter I, Ref. 12
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Table III points dur an.additional feature vhich.istveryvmuch used
in our analysis éf éyclotron double resonance spectra: -the rates of ion-
moleculé reactioné in.perhydfomethane are‘comparable to thoée in pérdeute
perdeutero—methane; Of,cogrse, we might eXpect’isthpe effects to be ) ."
seen in such-hydrogen afom tfansfer reactions‘as_ ‘ - : o . .

o+ cp, S(3)

M A

¢t o+ CH, > CH,
but we do not ékpect the rates to differty as much as an order of
ﬁagnifude, esfecially if the rates approach the orbiting_reaction rate.
Therefore.in énalyzing cyclotron doublé,resbnance-séectra'we shall.alﬁays
exéeét a'reactioh to show doﬁble regonance éignals of rough;y comparable |
size in perhydfomethane andfin-pérdeuferq-methane. Ifléuch corroboration
is not fqund;'the crédibility in a given reaction's occurrence will be

greatly;weakened. g o o . ’ B | .

A. The Reactions of C+ with Methane

The‘thermddynamic data of the Appendix Table ITIT indicates that

the C ,+'CHh interaction has three exothermic reaction channels:

Table IV
| incH, in CD,
AH Double Resonance k  Double Resonance 'k
v (kcal/mole). S ' (xl0flO)
Voot en, 96 1226 . 5.2 12 > 28 5.2 *
2) 02H3* +H  -92 1227 4.0 12 + 30 3.8 .
3) CH3+ +CHE -1l 1215 0 . A 5.0 12 > 18 v L5




where w, is calcuslted to be 123.0 kHz when V

and mrin AMU; the measured value of W

10 cm3/molec—

The observed rate of loss of C 1n-methane‘is’lh 2 x lO_
sec, in CDh’ 13. 5 X lO . These rates agree well with the orbiting
cross section (Chapter I Eq 1) predlctlon of rates of l& 30 and

13.68 X.lO cm3/molec sec, respectlvely Reactlons 1-3 have

recently-been studled in the 2f200 eV range of initial relative kinetic

. energy.2 bThis study showed that_in the low energy range the total

S : SR o g
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 1nd1v1dually showed approx1mately the orbiting cross sectlon ‘
»energy dependency ’ These observations lead one to expect small nega-
tive cyclotron double resonance signals for 113 while none are

. observed~for'1 and 3 and a large negative signal-ie seen for 2.

' The ion.ejection_dOUble'resonance-data presented»in Tables.V
and Vi are non'very informative becauee of the reiatively smallisignali
to-noiéecratio.l Table V shows the:results of ejecting prinarily
mass 12,'for example.in methane.and Table VI,‘of ejecting maes 12
in perdeutero;methane, The second and third coiumns'show"the observed

mass sPectra without and with ion'ejecﬁion. In ordervtoﬂunderStand.

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

' +
Fig 7, that ‘the ion egectlon double resonance of O and O2 in

pure oxygen occurred over a broad frequency range around the center

‘frequency determined approx1mately by Egu (5) of Chapter II:

T is in practical volts
T,is'l58kaz, determined by



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

Jon Detected Peak Area ) .Peak_Area ‘ ~ Calculsated R | Difference . Ratio

w/o Ejection ~  with Ejection o _(#)
12 e 687 e 3 w5
13 a3 3021 - 3035 -8 -.3
w o . '?h83 - ) ; ‘7362' ' _‘ . T395 - =33 o -.5
15 ' 34280 a | 34550 - - 3ko60 Ly S AL

16 30 8530 39100 =575 o as
7 1640 16620 . 16420 97 R =R
18 19k | 193 193 | S .0
o6 : -  1487 : ' | | 1356 | N 1h85 S 128 N 59;5.;
o1 5105 E Lok3 :, : 5098 15k | . =3.1
28 - 2709 | 2653 © 2105 - {51 ' 2.0
29 | | '328oov S 32230 | | 32760 o N 4523 o J1.6

30 R, 5 753 50 3 +.3:

- ThS-




 Table VI. Expt 16k Pure Methane-D) CW Ion Ejection at Mass 12

Ion Detected

12
14 1
15
16
17
18

- 19.
20
21
22 .
23
28
29
30
31
32
33
3L -
35

 Peak Aréa -
w/o Ejection

. 822

3568

107

6947
STk

39850

1563

148920

.. 958"
25430

u275
170

8219

168

1855
b6
38450 -
907

Peak Area
with Ejeetion

676
3550
106
6795

iz’

40010
1541

. L8450
965

24770

285

4210
162"

8103
170
1782
L71
39560
901

~ Calculated .

613

- 3526

106

52

397h0
. 1559
- 148820
| 956
25390
e
Lo69 .
170

8209

168 -

1853
L7s

, 38400
. 906

Difference

3

=1,

1.

_Ratio .

o

-5

1 “
ook o®ENUO M W ®o

_g9_
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uéing an approkimateiy Lorentzian function

E(w,QT

- “ ‘ M . : : -
°y = L — 11 f :E: By (w - Wy °y ] ' (32) ’

l+ ?—.:._wT— . . . -
_ wiord /... S

to determiﬁe the rate at which jons are ejected,

a5 el
—5r— = - §;(8)Elww) oo (3b)
The solution to 3b is simply
3;(6) = 3, (4=0) exp(-Blw,u 0)t) , (3)

which can be 1ntegrated over the length of tlme ions of the ith type «
spend 1n the cell

’

| I 3, (e=0) ‘
Ay o= )y (t)dt ——— exp(—ET ) -exP(—ET Yoo (33)
- }. E , E(w wTo _ _ -
i -

A Ieast_sqﬁares'fit of Eq. (3d) to the data in Fig. 7 of Chapter ‘II
-generated the solid curves. This least squares fitting-determines

the six parameters in Eq (3a) The most 1mportant of these are W, the

T s
center frequency,'and WIDTH the half width at ‘half height if the BM's _ o
were,zere. .The sums of the BM terms are generally less than l in

the 20 to 50 kHz range but are never negligible except_forvw*wT .
These same parameters were used in Eq. (3&) to determine the calculated .

data in the fourth column of Table V. Notice that Eq (3b) is similar
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" to Eq. (12) of Chapter II, which can be written as

all - all
neutrals .dions - neutrals 1ons

0 30 D 20 S
—5r— = -3; (%) j(t)kmllv“ - (3e)

)

v -

For an ion such as C H the first term in 3e will be negligiblé'in

22

the range of n.'s’ ‘and t's of these experlments, 1f ejectlon is centered

1
at mass 12, the third termrls 3e will also be qulte small. - The

v ] B . o L L L . .
second term in 3e is mostly responsible for the loss of C2H2 which

o - ’ o . . +-'.. . ',.-. N ) s . - . B . . H
accompanies ejection of .C ; this difference is given in column five

of Table V. Colhmn six shows the ratio of numbers in ¢olumn five

to those in column three.'_Experience has shown that a value in column

eiwinieﬁ'is'nolleSS than about -2% may not be significant relative
to noise. Tables V and VI cleariy show the occurrence of Reactions
1 and 2.

An additional source of information is fortuitous and comes

“from Experiments 179 and 180, to be discussed_in'Chapter 4, in which

.theeaddition of small‘amounte'of CO and 002, respectively, to methane

adds about 207 more C _This added C+ gives-rise in turn to additionel

peak area at mass 26 and 27. _The'effect’of-Reactibn 3 in response

to thls addltlonal C would be to contrlbute 43 unlts to the observed

total mass 15 peak area of 3& 280 units in pure methane at 3.05 X lO -

.torr; therefore we eannot prove Reaction 3 occurs but'51mply :

-10

vhypothesize,a rate of about 5 X 10 to agreevwith.reference 2 and .

to account for the observed rate of loss_of-C+.
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B. The Reactions of CH' with Methane

‘Cohservation of energyfallows_the fdllowing product'channels

for the interaction of CH + CHh:

,TaBle VII
_ in.CHh..' in.CDu
Proguet  AE - Double k  Dousle.  k
'(kcal/mole)‘ resonance“ (xl0_lo)' " Res. (lQ;lo)
| B Vv‘. ”cm3/moiec-sec B _cm3/moiec—sec
ba) C,H," + K, _., -2 1327 3.1 1k > 30 2.9
bb) C2Hh+ +H 15 13 + 28 <5 1k > 32 <5
he) CH3+L+'CH2 | -27 13 +15 o0 1k > 18 o
5) cH," +‘CH3 " '15,. 13 > b 3 W16 6
6)_C2Hé+v+ Hy + H -12'-_; 13>26 ko '4ih + 28 3.8
| | o 13k | 13.0

Reéctiqn Lg, shéﬁs a strong cyclotron double'resonance signal while

4b-6 show none; howevér,:ha'accoﬁnts for only ;'quarter of the-observed
cut loss. 4b-6 may show ﬁo sighals simply because dk/d4E is small |
while k.is:not. It can be'shown that only abqut half‘the observed -

loss of 02H2+ in Table V is due ﬁo Reactionil;'thévremainder 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

+, ' : '
). This effect is probably also due to:

; +
about 2% loss of CH, (or CD

2 2
the fact that CH (or CD') are lost due to direct ejection when
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ejecting C . The direct ejection-of all ions, including CH. and CH2

is corrected for in Tables V and V15 the édditiénal‘2%'loss of 'CH2+
(or CDQ )

o would have to have a rate on the.order of 3 X lOf

shows the occurrence of Reaction 5. Reaction Le, however,

9

cm3/moleé-sec to
pfoduce a‘comparable percantagé loss of.C.H3'-F (br CD3+)~ Therefqre
Whileywevfend‘té believe ke has abvéry smallbrate because it is spin
fbrbiddeﬁ* and éhoﬁé‘#o.doﬁplevreéﬁnance signals;'thevrate coefficient
coﬁld‘be nearly the fuil orﬁiting réécfion raﬁe without seribusly
altering anyvobservablgs. Since-virtually all-CeHg+.is Prodﬁced froﬁ 
Réaction 7, to bé diSCﬁsséd.later, the rate of Lb cénvbe’no greater'
than S X iOll cﬁ3/molec—sec. Coﬁplete data analysis gives us good

"confidence in this upper limit énd'in the rates for 4a and 6, we can.

only guess at the rates for lc and 5.

* with Methane

- C; The Réactions of CH2

The reaction channels which may be open at thermal energies for

“the intéfaction of CHzf_With CHh ére:

¥

. AR o .- | L
- “The reaction, Y, CH (XE) + CHh(Xl ALY » e,y + on (X )
, - L 1" 3 1" 27 g
is_épin forbidden; ex¢ited states of the producets exist for which
ke is allowed by spin but not by energy coﬁservation.'

i
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Table VIII
| | in CH, | - o in CD,

Product = AH Double k  Double.  k

' ' oy S 10y o -, =10
(kcal/mole) resonance (x10 ) ~Res. (10 —7)

T8) }C Hh+ +H,  -62 . 14>28 275 16>32  2.50

Tb) CH 5 +H -l 1k »29 7 163k 2
8a) c,’ +‘CH3' 22 1k +15 5.8 16 + 18 5.3
8b) CH 2 + 2H2 + 2 1 > 26  <.1 16 > 28 1<'l u

9) CH 3 +H,+H +6 . 127 6.1 16>30 5.6

| 1.6 13

After 1ncrea31ng the rate of loss of CH by about T% to correct for .

10

gain of CH. due to reaction 5, the ldss rate becomes‘lh.6_x 10”0

2_
_ _ . . +
cm3/molee—sec. Similarly correcting the rate of loss of CD, 'in

2
=10 3, : » .
cm‘/molec—sec. _These corrections make

methane—dhigives 13.h x 10
the rates about % hlgher than the orbiting. reactlon predictions .of
13 T0 and 12 55 x 10~ cm3/molec—sec; however, the-corrected loss
rates agree well with the tot&lvof the fairly'aceurately defermined
ratee'for reactions Ta, 8a, and 9a |

| Figure 1 shows thevdependency of fhe ‘mass 28 peak on Ticu At .
lovw pressure the peak is largely prlmary and due to CO At high N
pressure some CO is lost due to reactlons whlch Wlll be dlscussed

in Chapter k. The'peak thus becomes predominantly secondary and due

N N , :
to Cth'i ‘These two sources of mass 28 ions are thus very easy to

distinguish. The calculated rate of formation of Cth+ is predominantly

£
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.due to féaétidﬁ.7é. Itihés beeh mentioned fhap'a harmonic effect
appears in:cyciotf6n dbublé.fésbnance When irradia%iﬁg_atitwice‘the
frequehéy dfbthé detéétiﬁg oscilié£or; however, the vér& large negative
signalvdué.fo feaction 7a.éaéily oVeréheimé thg harmonic éffeétZin
T

both'CHh énd‘CDh. The appearance potential measured by Franklin' for

CQH,: colcides with that of CH ", but the rate of this reaction
C}i++CH:+’CH++2H (115)
L ™ 2°h 2 .

is thréé'orders'of magnitude.lowef thah the orbiting réaction rafe.

Therefore; the occurrence of Reaction Ta is’no% madked by reaction 11b

in Ffanklin'é appearance ?otentiallmeasurement'Becauée aAéharp break

in the.CéHh+;appearanée oceurs at 15.5 volts, coincident with thé.

thfeshbldvfor prodﬁction of CH2+ from methane.
v'Small’positive'cyclotron doﬁble resonance signalé are seen for

ﬁeactidns 8a aﬁdv9.“ As mentioned in”Chaptef'ii, the.sign of'fhe

cyclotron'double résdnance signal-indicateé the Sign of %%-; wev

expect Reaction 9_tovshow a pésitivé gl--\E-because'it is within about

dE

. : +
l'eV of threshold. Indeed CH, ions in the ground electronic and

2 2

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

- , v o . . ‘ . .
most reasonable to suppose that the average CH2 ion in 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 %%-aoes not imply that Reaction 9 is
endothermic. Reaction 8b is also endothermic for ground state CH, ,

but 8b shows a very weak negative cyclotron double resonance signal.
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8b) CH." + cry > CH Y'Y H o+ H AH

for"both’reections; Franklin' observes a rate of less than 3 X 10

; i P R
WA W Qw0 ;f

v

Reaction 8b has a lot of similarity with Reaction 11b:

5 +6 kcal/mole

2’2 T 2T V2

1v) cnt o+ oH »cmt v H +H, A= -3

2 "2 T T2

Beth are nearly,thermoneﬁtrai§ both‘inve1Ve chdensatien (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. Qur data indicates rates of less than 10_11
' ' ' -13
: : ; - ’ =12
for 11b and less than 5 X 10 ° for 8b.
Nothihg'definitive can be said about Reaetion“Tb Tt shows no

double resonance s1gnal but thls may not prove: the reaction- does not .

~ oceur. It could have a moderate rate Wlthout cau31ng serious down- -

ward revision of the_rate of reaction 10, Which is the.major source of

. + .
C2H5_'

o+ + o Ny .
CHy +CHy > CHS" +H, . o (10)

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

f

potentlal measurement for cC.H whlch mlght show the onset of

275

25

' Reactlon 7b at 15.5 eV (therappearance potentlal for C H is lﬁ,2 ev,

which 001nc1des with that of CH ) 7

.D. The Reaction of CH3+vWith'Methane

o CHh-is'

. The only eXOthermie.product'ofvreaCtion of thermal CH,

_given-in Table IX:



“Th-

Table TX

AH . in CH), B ‘in 'CDh' '
Product (kcal/mole) Double res.. k(xlO.lO) Double res. k(x10 10)
10) CH." +H, -23 15>29  9.92 18 > 3k 8.97

These reaction rates are in reasonable agreement with the prediction of
. . .

the orbiting reaction model, 13.46 and 12.16 x 107 ° em>/moléc-sec

C - : ) T Lo L+ :
respectively. The apparent rate of loss of CH3 is about 10% lower

than' the rate of formation of C2H;5+ because of the redatively high

‘rate of reaction 8. Correcting for Reaction 8 brings into good
: + : . Co .+
agreement the rate of loss of CH, with the rate of formation of C2H5 .

3
3,5,6

The above result agrees well with'previous-measurements.

- E. The Reactions of Cth with Methane

As pointed out in Chapter 2; reaction 11 is the most thoroughly
examined i¢n-molecule reaction of'all.8 vThére are, however, two

allowéd reactiQn channels of almost identical exoérgicity:v

Table X

AH "~ in CH - in CD,
: Y L
' VT RETNLRR | Z104 1
Product (kcal/mole) Double res. k(x10 ~ ) Double res. k(x10 ~)
11a) CH," +# CH, -2 16+17 - 12.0  20%22  10.T
1) e’ + oH2 -3 16> 28 < 20 > 32 <

The rate of loss of CHh “accurately matches the rate of formation of

N - . |
CHS_“and agrees well with the orbiting reaction prediction of 13.24 x

1O—lo.cm3/molec-sec (11.83 for perdeutero-methane reaction). Since

v + ' : : :
most of the‘Cth_'observed is accounted for by means of reaction T
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-invest sufficient internal energy'inCH

T ey

the rate of formation of CQHh- from a major ion such as CHh with a
rate greater than lOfll cm3/molec-sec would require serious downward
revision’ef the rate’of'ReaetiohTT._ FranklinTjreports a rate for

11b of less’then 3 x lOf13

cm3/molec—eec.- Because bf this aﬁd because
the cycloﬁron'deuble reeonaﬁee eignalldﬁe‘to reaction 111 isevery
smallbconsldering the gfeat abuqdanee ofICHh+-ioﬁs, this reaction
seems a.reasoneble’cendidete for future ihvestigations eimed at setting
an upfervlimit'en the ﬁaghitﬁde of effecﬁs sUch as sweep eut which
were diseuSSed in Chepter'é; It seemsllikelyeto aesume that most of
the 16 - 28 and 20 +'32'd0ublé-reSOnance signels‘is‘due such non-
chemicel effects. |

A nuﬁber ofvstudies of.fhe energy‘dependenee‘of the rafe ef
Reectieh llkhave been'made’end predicf fhat.dk/dE will'be_emall'in
the'ene?gy raﬁée belbween eV, cenfer—dfemaee energy. Taht the -
CHL}+ +‘CHh 4'CéHh+ cyclotron.deuﬁle resdnahee signel-is small and
may‘be due totally'or in fart to non—ehemical effects indicates fhat
et relative kinetiee energy sp to about one eV, thie reaction channel
is lafgely closed. ,Appafenfly becaﬁse the hydfogen atom exchange,
Reaetlon'll, can be accomplished without so much rearrangement and
becaﬁse the two competing channelé ere ofvsimilar-exothermicity, the
eonde#satien reaction virtually never occurs. At higher relative.

ki??tis'ghergy of interaction, the atom transfer meehanism begins to
o YRS R TEITH BRI R . " v

5 £hat it Quiekly dééomposes

L+ . ' - .
" to CH, + H,, but the condensation mechanism still does not play a

32

ﬁart in reaétion.g
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- Summary

'Généfallngood agféeﬁéﬁt.of thé'ratés of loss df the Varioué ' .
primafy'iohé in mefhane'wifh the.orbifihg feactidn estimafé indicate
that thié syétem ié:highiy'reactivé} In’twoicaSés.in ordér'to ﬁring -
into acébrd the rate of loss of & primary ion with the rate of formation |
of pfoduct ions, it was neCeSSafy to invoke feaétions'which cannot Be
proven directly.r'Howevgr? where £his'was done,‘firmldouble resonanée
'evidenée is.avéilable to Justify the inﬁoked reéctiéhs; Table XI
gives g-summary of the cohclusiéns resached cbnéerniﬁg the thefmal
ion-molécule reactions iﬁ methane. Consideration of CO+ and CO have
~ been deferred fo the ne*t»chapter.' Good quaﬁtitative agreemént3
betwgen théJCAlcuiated éna observed peak areas provideé a satisfactory
foundation on which'to.éssess the addi£ional péak areas found in the

more complex methane-oxygen system.



Table XI. The»RgaétiQns of Methane Ions with Methane

e ’ ‘ ) .
Reaction- T ' - AH - k(x10 chm3/molecesec)

+ o : - S

1) Q + CH) ~ 02H2.»f H, - -96 572  . 5.2_

2) cH +EH 92 b 3.8

3) - omtecm 11 . as.0 - aks

T, N AR B o

La) cH + CH > CjHT + ?2" -112 _ 3.1 | 2.9:

v emter. o135 <5 <5

) . icmteom, 21 v 0 . no

5) . et econ, a5 R

SP 6? S CQHy v HyeE S120 L.o. 3.8
Ya)vCHg + CH, > CH) vae _ -62 2T 2.50

| Ba);'.v | :'_ CHy' + CH 3___ 22 v‘:__ 5.8 5.3
1) emteom, s <1 | <.1:
9) _V:  5v o’ +H +,H 1 :+6 _ 6,1’  g 5;6
10) CH.+,+ cHh f'0235+.+‘H2 : _-23,'-- , 9;92 N i 8.97
11a) oB," + ony »eH von, -2 12.0 .,' ~10.7

et e, -3 o<1 <
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IV. THE FAST REACTIONS OF IMPURITY AND CONTAMINANT SPECIES

v‘ﬁriéf mention in Chapter II was made of thétfadt that methane is
apparehﬁly oxidized by the hot thoriated irridium filament. Experiménts
similar to the one described there were performed.with a number of gases.
In these'expériments portions'bf‘gas’veré traﬁpedvin the analyzef chamber
and the mass spectrum was mdnitoréd as & funétion of fiﬁe. The samples
trapped were at pressureé ofbabout 3 x 10_5 £drr, so‘thaﬁ the natﬁre of
the saméleAsiowly evolved over the course of abouﬁ four hours under the
iﬁflueence_offioﬁ—mdlécuie reactions} ‘Methane, fof exampie, initially
showed éecondary prodﬁct'ions as described in Chapter III. Four hours-‘
later, however, substantial péaks'af masses 41 and L2 iﬁdicatéd that neu-
tfal.ﬁolecules containing t&o or ﬁofe carbbn atoms had come to make up a
few pérceﬁtnof the sample. A considerably more dfamatic increasé had oc-
curred at mass 28, which had doubled in the course of about 50 minutes.
Thié increase was_prqbablyvthe dxidétion of methane to carbon monoxide,
whosé.partial pressure had risen fivéffold in 50 minutes. A similar ex-

perimeht in CO, shows that 002 is reduced to CO at a rate comparable to

méthahé OXidation’ and 0, is 1ibefated‘at about 20% of that rate. Pure
oxygen, on the dthef hand, is cbmplefely absorbed iﬁ'the éoursé of about
3 minutes: These observations indicate that‘the.filament is quite active
chemically; Further expériménts are needed to show this effect is not due
to filament out-gaSsing or pump regurgifation. At first sight these ef-
fects seem negligibly Sloﬁ inasmuch és the %astest has a half;life oﬁ the
ofder to a minute ﬁhile fhe ion—molecule.reactions'we are studying have
half-lives on the order of milliéeConds (téking p~3x 10_5 forr and

k= lO—9 cm3/m61ec—sec gives nk =~ 5000 persecond) for the fast reactions

and perhaps as long as a second for the very slowest. However, one must

recall that gases are=pumped from the analyzer chamber by a Vac-Ion R

-



_pump vhose ultlmate background pressure is about 5 x 10

: CDh and oxygen produces H
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'9

torr under the

~ best of c1rcumstances._ Typlcally, this pump s pumplng rate is V1rtually

-8 -7

zero'for'partial presSures 1n the 107" to lO torr range.' The maximum

pumplng speed is only 8 llters per second, thls rate being achleved with

-5 -3

no throttllng and an analyzer chamber pressure of about 10~ to 10

torr; however, the experiments reported here are performed with the high
uacuumpthrottle'Valve at‘least:95%&closed and with analyzer chamber pres-~

sures in the'10;6 to 3 x 107 torr_range. Tt is thus not surprising'
' -7

that these low rate'prOCesses lead to conteminants in the 1 to 5 x 10

torr range. Table I gives some partial pressure data for selected experi-

ments;:‘While'”pure"‘methane (and-methaneédh) becomes contaminated with

v nearly & percent of CO, "pure" oX&gen generates hydrogen, carbon monoxide

and carbon dioxide,‘while armiXture‘of methane and oxygen.exhibits

synergism; that is, the mixture produces more contamination than -either

eomponenttseparately produces. ObServeg"furthermore, that a mixture of
09 not D2
Slnce there may. be 1nstances in whlch the fast ion—molecule reac-

tions of 1mpur1ty,species in the mixtures of methane and oxygen produce

product ion peaks'of size comparabie 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

k methane-oxygen.mixtures;_ The-methane—hydrogen system hasebeen,studied

extensively in this laboratory and elsewl'xere.e—h .Approximate rates of

the important reactions are given in Table’II.'2



TABIE I+

Typical Observed Partial Pressures*

| 158 . S 164k

184

197

" Expt. : 170

;;;~\\\;5\\ "pure CH,"  "pure CD," "pure 0" cﬁ4/02 ~1 0D,/0, ~ 1
B 8.b x 107 2.9 x 1077 2.5 x 107
D, |
cﬁ4 3.08 x 1075 | 3.0 x 10°°
CD, 3.10 x 107 . 3.20x 1075
0, | 3.00 x 107 3.70 x 107° 3.50 x 107>
co 2.62 x 1077 9.08 x 1077 2.22 x 107" 5.3 x 107 .22 x 1077
co, | 9.21x107 h0x 107 2.43x 1077
'H,0 1.33 x 1077 ?

* No.experiments were run sooner than 30 minutes after start-up. Although most of the electronics

remains on qontinuously, 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 1s approximately the desired value.
experimental parameters, conditions will have achieved a steady state.

After 30 minutes and a few minor adjustments of the -

-08-
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 fable IT
‘Reaction R '_Apﬁrox- k R i
(where H may be H.or D) . (cm®/molec-sec) (kcal/mole )
CHy + H, — CHg +H =~ 3x 107" A
CHy + Hy S 1x107t &0
'CH; +H, — :CH; + Hé 1.7 x lO-;oxf. ' ~0
CH, + K, — CHj + H 3x 1070 -21
Gt e ny o o sxwte
B, + CH, — CHy +®, - =~ emsll -6k
CHy + H, + H © small - -26

in CH O .mlxtures the partlal pressure of Hé is never large enough '
to permlt any of the reactions in Table II to produce measurably large
changes_ln the CHé, CH3, CH4 ;. Or CH5 peak areas. 'In CD,~0, mixtures the
_ effects‘would contribute; for eXampie,'a feu perCent to the CD'H+ peak
area, but have been 1gnored because detalled analys1s of the present data
has been conflned to the 1sotop1cally pure peak data._

All reactlons of ground state O w1th hydrogen are endothermlc.

The reactlons of H have several exothermlc product channels.

Product _ e - - Double Resonance o . k
;(kcal/mole)i ,'d‘ ‘,‘_ o - .(xloflo cmﬁ/molecfsec)
- Ho" oH _'35-,'v ; '.‘2 S a o
| 19a) H20++ o . v-_63~. L 2 - 18 | 2
. o+%Ho- ko 2.6 L
19) HOp + H -33 - 33. . 80

- This systemnwas studied in experlments 182 and 183, in which oxygen
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partial pressures were 3,20 x 10”° torr and 3.00 x 10°° torr, respectlvely,
and‘hydrogenvpartial pressures were 6.T.x‘lO- and 6 x 10™° torr, respec-

tiVely.' In_183,>£ne H,0 partial nreséure was found to be 1.9 x 107 torr;
since ﬁne ratio of mass 18 to mass 3élpeak_areaé is approximately the same

in both experiments, it was concluded thath20+'is.almost entirely a pri-

mary ion as is O;; There is a loss mechanism f_orvHZO'+ in this system:5’6
27) H20+‘ o0 - cg + H0 k~2x 1o'l° cn?/molec-sec
Consequently, the rate of l9a is less than about 2 x lO The extremely

hlgh rate observed for 19 agrees well with published data6 7’8 2l

Moran
and Fr:Ledma.n20 p01nt out that what the observed amount of HO;_really re-
flects.is not just'Reacfion 19 alone but the total of 19 and 19b:

10) - G (8 *my) + H, ~ HO, + E  Af= -48 keal/mole.

They feel that no more than the orbiting collision rate (21'332 107%° en?
per molec-eec) should be aesigned to'l9-and the remaining Ho; must be
due to l9b;' Actnally they have meesured not rate oonstantsrbut the cross
seotiOns;for'theee reacfions in the relatiﬁe kinetic energyvrange'down.to
about % eV; however, since‘they show the energy dependence agrees almost
'perfectly w1th the orbltlng model one can affirm the relatlonshlp that

k o Ezo(E) = a constant independent of E,
where E isdthe relative co;lision kinetic eneréy. They estimate‘that
the 0; ions comprise about 39% X an and 61% §f4Hu and on this basie
determine that 19b occurs at a rate 69%:of the theoretical rate; a recent
meaeurementel shows that O; ions.produeed.by eleotron impact at about TO
eV are 689 X Zﬂg and,32% a 10, on this basivaoren and Friedman would
determine a rate for 19b nhich is 31% greater than the‘orbdting colldsion '
rate, in contradiction to their orlglnal assumptlon about 19. Probably

this contradlctlon 1ndlcates that the orbltlng collision model, like all

theoretical models, should not be expected to be perfect, especially



c1des w1th “that of H

,urement and all previous experimental‘measurements
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considering‘that it is basedfon the perturbation'and point dipoleaiinits
and that the polarlzablllty of widely separated and unperturbed molecules.
(as in gas phase Raylelgh scatterlng experlments) may be much dlfferent
from that of a molecule with an ion only a few Angstroms away Indeed,
statlng a rate for 19 which is only fourrtlmes theuorbltlng reactionvrate
should not be. such a heréSy.“f Most.of the available data indicates that

19 is domlnant over l9b " The appearance potentlal for HO (15 h eV) coin-

+ 6, 7’8 20, 21 and all reported measurements show 19

-has a rate several times‘the orbltlng reactlon‘rate in the range of elec-

‘tron energles greater than the appearance potentlal of H but less than

that of O (a 4I[u), 16. 1 ev. - The cyclotron double resonance signal Wthh
would correspond to l9b (32 a-33 in O -Hé mlxtures and 32 - 3h in O -D
m;xtures) is almost exactLy the same in oxygen-hydrogen mlxtures as it
isxinvpﬁre oxygen.'v On the basis.of thls observatlon one st ascrlbe
these signalshtohcharge'exchange among isotopes of oxygen andvsuchvnOn-
chemical effects asesseepeout andfthe'overeiap ofvthe tail'of the very
strong mass'32.peak into thevmass.33vand 3h'peak'region; however, on the.
basis of>Moran and‘Friedman's'obserVationlgsthat k is almostventirei&
1ndependent of E (hence dk/dE O) one does not expect to see a double

resonance signal for l9b. S;mllarly_one would not expect to see a cyclo-

~tron double resonance signal for 19 ( 2 - 33 in H,-0, mixtures and'h-s'3h

'in 0,-D, mixtures)_but a'moderate signal can be seen.  Furthermore, ion

eJectlon double resonance 1nd1cates a. rate for 19 in the range of 60 to

90 X lO m,/molec-sec 1n agreement w1th the present»quantltatlve meas-~

6,1,8,21 except that

of Moran and‘Friedman.2l” We Should'not lose sight of_the central issue

here, however,which is:not how'HO 1s produced in oxygen-hydrogen mixtures

but Whether the amount of HO+ seen in the mlxtures is large, reproducible -
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and capable,bf being calculated forvthé experimentél‘coﬁditions wé ﬁéed
for the slightly hydrogen-contaminated methane-oxygen.mixtures. . The
agreement in énswering this quéstion inithe affirmative is quite goodv
among all measurements reported, including that of Moran énd Friedman.
Furﬁhermore,.it is clear that all HO; seen in mixtures of methane and

bxygen can. be accounted for on fhe_basis of Reactiéns 19 and 19b from the

observed hydrogen and oxygen partial pressures.

The products of the reactions of Of with H2 are as follows:

Reaction ' : A H¥* ' A H**

Product - (kcal/molg) (kcal/mole)
a) OB+ H a0 | -86
b) H + o -1 | =TT
c) H; +. 0 +h2 - =34
) o +H+ = : s10h 428
o) mwa+o+w T 428

o tor OF(X %) + H(E D)
**A H for 0 (2 2p) + u (¥ 1Zf)

No'prbdﬁéfs‘wére oﬁsérvea for the abdve réacfibns in Experiment 182, in
which p(0,) was 3.20 x 10™° torr and p(H,) was 6.7 x 1077 torr. This
places‘an upper limit on b of about 5'x lO—lovcmz/mblec-sec and on a of
‘about 2 x 107°°, Fehsenfeld? has been alone.in reporting a high rate
(1 x 10-9) for a, while several others have studied the o + H system

7-10

- without observing a. 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 HZO, which can give rise

to OH+ ions. Neverthéless, even if one assumes a rate of lO-9 for both
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,tributes

~rate becomes:ll

ST S A T iy
Lot o U ‘23 W A /
- 85.

a and b, the HzAnartial pressurebin methene—oxygen_mixtures is never large

enouéh to give measurebly large effects from a or b.

"B;\ Water Species

Allvreactions of'H20+ ions with Oé'are endothermicbeicept cherge
ex¢ha55¢,'3é5¢tioh é?,‘which has a rate of”ebout.Q x 1071° cm?/molec-sec.’
leewise,IEll.reectiOns ovaEVWith HEO are en&dthermlc. : Electronicly.
excited o;tcharge eXChanges very.rapidly"With H20,.5 but because the pér-'
tialrpreSSure osz 0 is‘elmays'reletively low in‘the;experiments reported
here, the fast reactlons of 'a minor reactant 1onvspe01es -such as O * can
not produce measurable effectsr Charge*exchange between O and Hzo con-
2 about 5% of the HZO observed in methane-oiygen mixtures.

The methane-water system.is-arcomplex;and highLy'reactive system; »

although-nO‘measurements»are to be found in the literature. Some- of this -

v hlgh react1v1ty appears to be due to the fact that the permanent dipole

moment of H, O increases the long range forces between an ion and a water
molecule;.-'When the dlpole moment is non-zero and stays alligned w1th,the

approachingbion_in the most . favorable manner,'then the orbiting collision

B 2
: . 1 24 1
_kthermal ?_Eﬁe [(-sz (npKﬂ)a] ’
where ”D is the dlpole mement of the neutral molecule, p is the reduced

mass, o 1is the polarlzabillty 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 megnitude-end .
energy dependence'of the rate-of the‘orbiting collisions will revert to
the value discussed-in:Chapter I: l2’13

"k = 2ne( )
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For thé reaction
U HO0 4 H0 - HO 4 OH | (36

10

for example, the rate should fall between 51.0l and 9.40 x 1077° em® per

molec—séc depending-on‘the exteént of tracking and the accuracy of . this

. ) ' . -1
model for the reaction. Recent measurements have given 16.0 x 10 ©

e (the present measurement)

. , . v
(Ref. 11), 26 x 107 ° (Ref. 1k4), and 25 x 10
Many'of the other reactions in the methane-water system have similarly

large rates:

Reacfion - AH o 'k'(fig:ig_fﬁi)v Ref
' : 7 ‘molec-sec )
(kcal/mole)
1h) Hg0' + CH==Hp0' + CHy = =16 a2
33) CH: + HoO == Ho0 + CH, -1 ~20
34) - “Hs0' + CHy 27 - ~30
36) H,O' + H,0==H;0' + OH =10 - 14
37) HCO' + H,0—=H,0 + CO . =33 25 15
35) CHf + H0—=H,0 +CH, =23 . ~50.

These réactions produce a relatively complex scheme when the partial pres-

‘surés of CH, and H,0 are both on the orderiof 10™° torr:

CH,

_CH 1on1zat10n e CH4 > CH;
& 1
O,
B ol 2 B0
H,0 ionlzatlon e H, O+ CH4 — HﬁO - »HEO HCO+'
1,0

This scheme of reactions has been ﬁorked out from Experiments 176 and 177
to give the estimates shown in the above table; the observed rate for 36
agrees weil.with that of Ryan'.ll'L The rate of 35 apbears comparable to

that of 37, which was measufed-by Pritchard and Harrison.lS‘ When PCH,
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is.ahoutv3'x.10‘ torr and pH o is about 1. 3 X lO torr as they are 1n
CH, O2 ~ l the scheme 81mp11f1es.v

CH, .

_ o B .
CH4 ionizatlion - CH: : » CHg
: AR o
Hzol _
R N .
H,0 10N1Z8t100 mmmeetm HoO' s H30' -

In‘thds case‘H20+.is.produced.about»eguailyvfrom ionization of H,0 and
from Reaction 33§'féiatively little ﬁ207 is lost due to Reactlon lh

The major’source of H, o is Reaction 3h In CH, 'O ~ 1 the mass 18
peak area comprises contrlbutlons due to 18O and l3CH which can be _'
accurately corrected for, what remains of mass 18 and all of mass l9 |

are well accounted for by the reactlons dlscussed above.
C.- Carbon Monoxide Species‘

_frohably the greatest'difficulty anafcanfasion in the study of the
_methane-OXygen_system has5centered ahout the‘Questions which arise from
carbon‘monoxideispecies’contamination; ‘ A:great.dealﬂof.effort hasubeen
inuested'in:trying to_design'experimentsvto.show'whether thedprimary'don
contrihution to massr28 was due to ions of carbon monoxide, nitrogen,‘or
ethylene._ 'The‘primary ions of mass 28 were eventually_shown to comprise
predbminantly CO+'ions ﬁroduced from oxidation of methane (ChaptervIII).
Coincidence, “the term used when two different ion species have the same
mass number, plagues thls system and clouds eveny 1ssue.»‘ In every case
the'products of 1on-molecule reactions 1nvolV1ng carbon ions or neutrals
is c01nc1dent with an 1mportant prlmary ion or a maJor secondary ‘ion ﬁro-
Aduced by other spec1es. The exothermlc reactlons for. the oxygen-carbon

‘monoxide and-methane—carbon monoxide systems are: .
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k
: ‘ ~10 3
_ AH (20" em ™/ .
_ Reaction . (kcal/mole) molec=sec) Ref.
+ ' o
28a) CO* + 0, 5 0o + CO a5 2.0 16
A | |
28b) - o, +0 =1k <1
- + + : .
15a) CO + CH,, HCO + CHx - =53 12 _ 1Ta,b,c
15b) CO* + CHyy CHy' + CO -ug <1
. N & N .
15¢) CHs + HCO 23 <1
30) CH,  + CO» HCO' + CH, -2 e | 1To,c
31) CH_' + CO.HCO + CH, -19 5.54 18

5

A small 28+32 cyélotrén_double resonance signal_can be seen in
"pure" O, CH4402 miktﬁreé aﬁd'CD4—02 ﬁixtures; Reaction 28a ﬁas been
Vdetérmined as the source of the signal. Theré.ié also a 32+28 signal ‘
which either indicates electronicaily excited Ozf charge exchanging»with
- CO or swéep—out of Ozf aécompaniéd by space charge coupling of CO+ iéns;
spacial distribution to thét of 02+ ioﬁs. ‘No 28*#& signal has been
'observ¢d;‘the obééf#ed rate of loss of 002+ agrees well with the reac-
tions ﬁo be discﬁséed below; therefore, an upper limit on a source ﬁérm
forvcoé+ éucﬁ as
28b) CO' + 05+ €O + 0
can be seﬁ at less thanvlvx 107%° ¢m3/moléc—sec. ' The only exothermic
réaction channel for CH4+ + CO is reaction 30, for which the rate'of.

1Tb,c

8.7 X 1o;lo'cm3/molec—sec agrees reasonably well with thé orbiting
- reaction model prediction of 10;22 to é0.21 x. 10710 cmj/molec—sec, de-
pending on the exﬁentvto which the dipole.tracks‘with the ion.

Reaction 31 haS‘been_reporte& Veryvrecentlle and may explain small

cyclotfon double resonance signals-which éqnnect mass 16 with mass'29

and mass 17 with mass 29 in "pure" methane. The intensity of the mass
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29.slgnal due to COH in "pure" methane is only a few thousandths that

due to 02H therefore the occurrence of'Reaction.3l”cannot1be‘de-b’

5 5

tected in the quantltatlve measurements of peak area versus TIC and

the 17+29 double resonance 51gnal is more llkely explalned by space
_charge coupllng or some other-non—chemlcal effect;

Reaction'lSa'is unempectedly fast since the ¢O+ 4'CH4 interaction
1nvolves s1mply the 1on—1nduced dlpole long range force (which predicts -

=19 om /molec-sec) and the two other exothermlc

a rate of ll.Th X lO
reactlon channels, le and C, appear to be completely ignored even
though one differs fronm lSa 51mply by a matter of charge exchange

The 1gnored channels, le ‘and ¢, are somewhat difficult to measure since
the very 1mportant prlmary ion contr1butlons to CH f and CH 1nterfere;

1n splte of thls 1nterference one can place ‘an upper llmlt on le and c

at about 3 x lO cm /molec-sec on the ba51s of Experlments 178 and 179

,and perhaps much lower than that on the bas1s of the hlgh rate of lSa.

D. Carbon-Dioxide Species

Because of the very low AHf°'of COg.few ion-molecule reactions of

" this neutral are'exothermic;_none are in the methane#0xygen system. .

A 32 » yh double}resonance-signal_occures.in "pure”‘oxygen but most

likely is explained by non-chemical means. Charge exchange between COs

’ and electronlcally exclted 02 1s exothermlc but these specles are

probably too rare to cause a. measurable double resonance signal. . The

o one exothermlc channel for the interaction of cozt Wlth oxygen or with

‘ methane is charge_exchange:
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a . K

Reaction -  (kcal/mole)  (x10™%%m’/ Ref.
N : - molec-sec) »
ozt +02 - 02 +co2. 0 390 0 <1
+ o+ . - . '
18a) CO2 + CH4 - CHa + CO2 -25 <1
18) ‘ . COsH' +'CHs 41T 10 '17a,b,18
18b) | | " CHs + COsH - +16 <1

However, ho cycletron deuble resonaneeesiépels Originatingrwith COg+
(e.g}, Lh »‘32 or 44 - 15) have been obserfed in .pure oxygen, pure

' ﬁethane of methane-oxygen mixtures; in Expeiiment 180, a miiture of
3;11 X iO‘Svtorr CHs with about 1.65 x 107° torr COz, a small 44 — 45
double resenance signal was dbsefved bﬁt'the absenee of 44 - 16 or

4 - 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-COé+.‘ 1.0 x 107° Cm3/molec -sec in excellent agreement
with the rate of formation of CO-H'; , with Franklln sl8 determlnatlon of
1.05 x 10 ? and wlth the orbltlng reaction prediction of 1.093 x 10'9
cm /molec -sec. All COgH or C02D observed in mixtures of methane and

oxygen is accounted for by Reaction 18.

Summary

Table III shows an exempie of - a mass spectrum obtained for a
mi#ture of mefhane and oxygen. The various partial pressures for this
experi@ent are: | |

| 02 3.70 x 16'5 torr
CHs 3.10 x 107° torr

Ho .029 x 1075 torr
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€0 .052 x 1075 torr
CO2 .047 x 1077 torr
H20  .013 x 107° torr

The impurity neutrals listed above and the ion-molecule reactions

' ‘ ' + + + -+
discussed in this chapter account for all H- , H=0 , H30 , OzH , 002+,

and-COQHfjshown‘in Tablé ITT and fof‘most‘of‘the_CO+'(C+'+ Oz produces
a small amount of,CO+).and CoH" (CH+‘+v02 prodﬁces some COH'). The
product ion peaks from fast réactiohs of impurity species are more:
numerous aﬁd Of-combarable siié to the product ion peéks from the slow

reactions of methane and oxygen species.
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. Table TIT

Experiment 184 -

Mass Total Peak Area ionvspéciés ‘ Aséigned feak Area
2 Héfﬁ ;
1 _ 719'_ .C+i£. '719
13 - 2u65 o’  ous6
o 13d4 29
14 7205 cnz* 7170
| *13Cﬁf' 3
15 36970 CHs" o 36880
| 130y 90
16 47530 ot 13785
| - CHa* 33310
| 305t 435
. ljvv' .'154307 l+6+, 5 .
oit* -
CHsT 115030
| | 13y, + 300
18 | 489 18+ 52
o 180
Ha0" 257
19 381 Hsof 381
26 1184 CaHz' 118y
27 k739 CzHs' 4712
v 27
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" Ion Species .

Assigned Peak Area

.33

960

Mass . Total Peak Area
28 3898 CoHa' - 1795
- I3CCH3+" | :»1i1 -
co’ | 1992
20 ,: 39190 Colst 34300
| B 2300kt :_he
1306t 22
| COH" 4828 |
30 o conzt 81
- - : 8@5 |
o oot 55
3 1781 cons" | '1781
3 181300° o0zt 181300
' 9. 70" 139
0z 580
3k 79 *200" 799
hn 1573 cos* 1573
ks 1865 cozt* 1863
1300,* | .
o 1352 - C02H3+v 1352
48 ot 960
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V. THE OXYGEN SYSTEM

Most of the ion-molecule'réactions'bccurring in "pure'oxygen" have

been discussed in Chapter IV. They are

19) H2+ + 02 »HO2 +H - k =80 x 10'}9 cm?/mbleé—sec
CO" + 0z » 02" + CO e
+ +
28) €Oz + 02 = 02 + COz <1
27) Hz0' + Oz » Oz’ + H20 . 2.

There are but two additional réacfions in puré okygen:

Reaction - k o o
26) 0"+ 020" +0  .169 x 107*° cm’/molec-sec  -36 keal/mole
29) 027(&*ML) + 02> 05" +0  ~7x107% ~0 kecal/mole.

Reaction 26 has received a great deal of attenﬁionl'becéuse of its
great iqnosphéric importanée; It was mentioned intChapter iI and IV
that our ékperiménts show'ébdut three times as much 0F, relative to Oz,
as is observed in conventional méss spéctrdmetersiand this.fact was
attributed to the fact,thgt the ICR spectrometer retains the trans-
lationally hot O+ ions which are lost in cqnventiohél spectrometers.
Reaction 26 has a low rate presumably because it is a hon-resonant
charge exchange.. Rates for non-resonént charge exchange in atoms are
very small for low veiociﬁies.e Rétes of charge’exchange increaseAas
the energy defect diminishes toward zero and for résonanég charge

3

transfers observed rates apprdach the elastic collision rates. Rates

for charge exchange in polyatomic molecules presumably always reSemble
the resonance type because'the'near continunm of states generally

4,7

guarantees a very small energy defect. The behavior 6f charge

\
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exchange in dlatomlc-dlatomlc systems and atom—dlatomlc systems such as

‘(26) is 1ntermed1ate between the polyatomlc and atom atom behav1or.u

The role of . klnetlc energy is- cruc1al since at hlgh klnetlc energy
charge transfer is always of the resonance form, occurrlng on the order
of every colllslon.s At hlgh klnetlc energy the charge exchange Cross
sectlon 1s small because the collls1on cross- sectlon is small. The
charge transfer cross sectlon 1ncreases (1n keeplng w1th the increase

in thevcollls;on cross-section), reaches‘a maximum near
vV =~ pg AE/h_

where v is the relative collision veloCity,-pb is a collision parameter .

on the order of the range over which strong forces are exerted between

ion and-target,.AEsis’the energy defect in the charge transfer, and h

©is Planck's constant.6 'AE'is difficnlt to determine precisely'for

Reaction 26 because it is large (~l 3 eV) for transitions such as

26a) 0O (x 5) + 02(X z;, 'v=0) > O(XZP) + 02 (xgné,v=1) -

which have large Franck-Condon factors for the transition
o;(iBZé,V=o) > 02+(igng,v=1)"and small (~0.008 eV) for

26b)  0"(¥%) + 02(75,v=0) » O(X’P) + 02"(X°m_,v=8),

~ vwhich has a small Franck-Condon factor. Both 26a and 26b will be slow,
one because AR is‘large and the pther because thevFranck-Condon factor

fis 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 N (EP) 4 0x(¥2) - N(E"D) + 0'2_+(x2ng) |

= 5 x 107'° cm”/molec-sec



and | S o
26c) 0'(&%D) + 02(%c) - o(X%p) + 02*(3"my)
k 2 10+(k for 26)

both of whlch have small energy defect and large Franck- Condon
factors,B?ld
Additional~channels for the interaction of N with Oz are ion-

atom interchange:
5 - No(>:)+o(XP) OH

2) »N(XP)+O xz)—< e
NO (xlz:)+o(x P) AH

which proceed at a total rate equsl to charge exchange, 5 x lO‘lo.cm3/

18 kcal.
mole

-molec-sec. quever,_spin and electron orbital symmefry conservation
argumeﬁts.indicate that'ehargevexchange of O+(4S) with Oz and'd+(2D)>
with Oz probably do'not involve atom exchahge'like”2. |

The.rate of 26 is sﬁfﬁicientl& small thaﬁbthe additional 02+
produced is negligibie relative toithe primary 02+ cohcentration. Hence
the plot of mass 32 peak' area versus TIC (Figure & of Che.pt'ervII) is
quite lihear; Furthefhore one can presume»that the population of_O+ ‘
ions in the a°D state is'smali because'26c is fast and would causeea
noticeable effect if ﬁhe ¥°p population were as much as 10% Qf'the
.total O+. | | |

Reaction 29 ie established as the SOurce of 03+.because its
appearance potenﬁiel, 17 volts, coincides.ﬁithvthat of 02+(§4Hu).9

An additional source in high pressure ma.ss spectrometerslo’ll is

29a) ‘og+(K2nu) +02 > 05 40,

-154 Scal |
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‘compared with the earlier experlments.
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but the 02 (A Hu) probabhyspontaneously relaxes to the ground state
w1th1n & few mlcroseconds of 1ts formatlon.(cf NO(B H) radiative life-
tlme of 3 X lO -6 sec.lz‘ Table I gives a comparlson of NO and 02
states.) Leventhal and Fr:.edmanll observe a rate for Reactlon 29 of
only about 2% the orbltlng reactlon rate .and ratlonallze thls low rate
by show1ng that only a fractlon of the 0 ( Hu) w1ll have enough (v
must be greater than about 5 to 7) but will not put so much energy‘into;
the 05" :tha,.t_ it will decompose to 0z + O (v must be less than about 9).
The v =i7 to 9'states of a4ﬁu conprise only about’25% of'the totalx

13 '

a‘nu produced‘by'electron;impact, . Leventhal and Friedman estimated

that about 10 psec after formationv,v‘thev()‘g+ would consist of 39% ground -

electronic state and 61% of‘the'first‘metastable state (8). A recent-
measurement 1h gives these fractions as about 68% X and 32% a. These'
fractlons 1mprove the agreement of - Leventhal and Frledman s observations
w1th thelr estlmate of the v 7 to 9 populatlon in the a Hﬁ state,

giving‘the‘observed rate'of formatlon of-03 . as more like 4% of ‘the ,

‘ theoretical rate. However, assumlng only 25% of the 02 ( Hu) can

produce ozt , the rate- of this process is still only 1/6 the theoretlcal
rate; one must conclude that elther the & Hu populatlon is much less
than 32% or that the state is much less reactlve than expected.'

The A

state mlght spontaneously relax to the ground state before
reaction occurs. This pos31b111ty must be cons1dered when noting that
the present experlments show a much lower rate of" formatlon of 03 ’»
0,11 The essential difference
between the experlments is that. typlcal ion llfetlmes were about 1 to

10 usec:in the earlier experlments whllev they are .1 to 1 msec in

the present experiments.}»Spontaneous relaxation,byfemission of
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 Table I

Comparison of States of NO and Oz

i o . o ogf
Electron Structure State T, T, | State }_ T, o,
(30)2(inj4(1¢%51- i,én 0 ev 1.15 A X ?ng 0ev 1.13 R
(30)3(1n) ?(1m*) 2 & ‘T 4.6 1.ho a 4Hu 4.0 1.38
(30)2(2m) ?(1r*)® e 5.6 Le K2 48  L.le
(30) 3 (1) *(%)2 Bt 5.8 1.3 - b 4Zé 6.2 1.28
(30)*(1m*(1¥)2 - B™A 7.4 130 - o, 749 1.3
(30)1(1n)?(1n*)2 & 7.7 L34 ' 2zé 8.2 1.3k4
(30)2(ln)4(3sc)i‘ o E2' 5.4 1.06 * comparable states
(30)2(1n)*(3pm)* g 6.3 1506 ‘ not observed.
(30)2(1m) *(bpo)t Bezf 6.4 1.06
(30)3(1) *(kso) * CEET 7 1,06

~

¥ These states K,'C, D, and E are Rydberg states. Théir_sfrupture is
very much as if the molecﬁle wére NO+ with a loosely bound,eleqtrén
»lorbiting'about the ibn. .Consequeﬁtly ﬁhere is very little mixing.of
theée.gfates ﬁith the non-Rydberé states;s and that NO has these‘Rydberg
states'hﬁs'little.efféét on the-lifetimes of the non-Rydberg s@atésrl8’2l
This is not true for the'ﬁfeﬂistate because.its potential crossés that
of.thg B I state near ré'= l.;8 K; near thét pbint,'the two states

mix extensively and the crossing is avoided. >

S



vibrational quantavwill'have a'very long'(~l‘second) radiative.lifetime
because 02 has no dlpole moment Non-radiative transitions which are
near resonance can berelatively fast. Probably the 81mplest molecule

for whlch phosphorescence has been reported to date is formaldehydv 13, 16
and although the a A2 is populated by dlrect absorptlon (osc1llator
strength is about l 5x 10'7) radlatlonless tran31tlons compete strongly
w1th the phosphorescence,ls which has a natural radlatlve lifetime of
about 10 msec.16 In 02 the potential energy curves for X°I o N4Hu,
and A Hu become nearly congruent for 1nternuclear dlstances greater
than about 1. 7 K therefore, for v1brat10nal states greater than

about v = 10 1n a Hu, ‘one expects a great deal of m1x1ng with the x Hu

This m1x1ng could lead to ¢ 8 non-radlatlve tran51tlon such as,
T, - o '
3) 02 (a‘*n_,.v=lo) > 02 _(A?n ,v=_5),v

Whlch has an energy defect of about 70 em’ “* (or about 009 eV)

this state would rapldly relax
4l,p‘.ng(K2Hu,V¥5)pha_ Q2+(§éﬂéévslpto 3) ; ~39000 cn't;’ o

_rlThis ﬁixing might'alsoilead directly‘to,phosphorescencet
5)' 62+(§4Hu) *p.ng(iéHg) + hvr

We can estlmate the rate of thls phosphorescence by comparlson w1th :
31mllar processes 1n llght dlatomlc molecules ‘ Except for spin charge
. (5) is an allowed trans1tion,,s;nce spin change is»the weakest selec;
tion rule, 18 this.process'may be relatively’fast. A recent measure-
ment glves the radlatlve lifetime for CO ”3H > xlz ‘as li.h msec.

Thls_tran51tlon is also only spin forbldden-and.lnvolves 8 spln change '
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transitlon in the same orbitals as for (5) Thevfact shat the CO §3H -
st frequency (Te(a3ﬂ) 48700 cm l) is very high would tend to make
its lifetime relatively shorter than the 02 (a Hu‘ﬁ'X Hu)_llfetlme |
“(Te 5332,6oo em™t) if all other factors were équa1.18 On the other .
hand;vthe o 871 > X5 transition is allowed by mixing of the a1
state with AN and other singlet states. Since the AT is 16,300 em™t
higher than 57T the @axihg will be very small and the lifetime conse-
quentlyIWill be lohg. Similar mixing in 02+‘§4Hu'involves a doublet
state only about 8000 cm'i higher. A very.similar transition to (5)
is the §4H to X2l transition in NO, a moiecule isoelectronic with 02+.
A recent calculationel shows‘the 54H5/2 hss a lifetime'of 100 msec due
to spln-orblt mixing of the ground state X H3/2 w1th the b 23/ 3 the
llfetlmes of the other members of the £t multiplet will be somewhat
shorter., The e 3/ ’1/2 X2 3/2,1/2 are mainly allowed through spin-
orbit mlklng of the & ‘ 4 and B2I states (cf; earlier discussion here of
S1mllar m1x1ng of & Hu and A2H in 0z *Ys the &% V5™ §2H3/2 is also
allowed by spin-orbit mixing of the a*m / and G=s~ /2 states; These
estimates lead one to conclude that the total lifetime of 02+ E4Hu with .
respect to radiatiﬁe and non-radiative relaxation is probably'in the
range of'l»to lQOO msec. Therefore the majority of the oé+(§4nu)
prodﬁced 5£ the electron beaﬁ survives sponteneous relaxation.

Thﬁs far, we have examined non-collisional relaxation of_02+*.
Considering, as well, the collisional proceSSes we can rewrite
equation lé, Chapter I as

| SRR - | :

. ) ¥ *

6 (% ) . 500" {Za (02t 50N+ Ta, Tk,

, : i : 3 &
at ‘ i _ J £
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nherehAi(ng* - 02 ) is the rate of the ith type of non-collisional
relnxation andvhag is the rate coefficient for the zth type of
relaxation which'occurs when 02‘* collldes w1th the Jth type of neutral
SteCiee.g Unfortunately the present experlments cannot get at the
number.qf 02 +* ions ‘in the cell, but simp;yvthe total 02 , which is
predaminantly ground:state.‘ Therefore while we could in principle
dlstlngulsh the relative rates of the two terms 1n (6) us1ng the fact
that the last term is of one higher order pressure dependence than the
first, in practice we can meastre no discernible loss of mass 32 ions
(chapter II, Fig. 8). ‘We".do have direct measurement of the number of

05" ions, for we can solve (6) and (7)

7 -'dJ(os+2 - . 3(02) 'k g m(02)

T
to get
8) «j(OZH) = 3(02 't O)exp(-Rt)
and
9) 305" - ..j(ogf*,t=o)n('_.c)2)k29 ;l- exp(-Rt)ii |

~ where

EA (oz**-»oe )+ zn 2 k,,

i
When R is smallh(g) becomes

10) 3(03 ) 3(02 R %o) n(0z) kzg(t'; 1 Rt?)'
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and ‘ T4si N o
a0z = j 3os7) at = . R '
L ' . B - L b=t
3(02",4=0)n(02)kzg 31:2- - § n(02)kygt - MP s

- small

Figure 1 shows the mass 48 peak versus 02+ ion current in various
mixtures. - The solid curve is & least squares fit of equation (11):
7 '

1) n'(0s7) = §(02"",t=0) n(0)k,, {t2 - %_n(Oa)k29t3

48

t=T,q

From the fact that R - n(0z2)k.o is small one can draw_two'conolusions:
a) 2 Ai(02+*<» 02") is less than about 160 sec™?, and
1 k , .
) 'Methane and, oxygen are not very efficient in c011131ona;%y

depleting ofx. The k’s are less than about 5 x lO T19 o /
molec-gec.

of course, the t° term in (11) is only L, 6% as large as the t° term at
the hlghest pressure in Flg. 1 and this 1s'the reason that the above
conclu51ons cannot begany stronger.

A great deal of study of colllolonal quenchlng has been made to
date. Electronlc to translatlonal energy conversion upon collision
.1s inefflcient for quenchlng.22 Vibratlonal to v1bratlonal energy
convers1on can be relatrvely efficient bnt drops off rapidly with
increasing energy defect.. The da%a of Miilikan?3'and others, quoted
by Burnett and North,Eh indicate that vibrational quenching of Oz" by
Oz will be 5 to 8 orders of magniﬁude less than gas kineticj by CH4,

. o5

2 to 5:orders less than gas kinetic.v Burnett and North ~ briefly

discussed electronic energy transfer in diatomic molecules. Their

t=Tug o
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dlscu581on 1s based largely on the data of Callear and Smith 6
dbserved quenchlng of the A, C and ) Rydberg states of NO by varlous
other dlatomlc molecules. They express some alarm over the high rate
of
12)  mo(G 2m) + Ng(}"i'lz;)" - mo(X 2m) + mo(R 7)),

which is on the order of 107° cm®/molec-sec apparently in violation of

the Franck-Condon principie;' while

13)  co(a 2m) + no(% 2m) - - mo(R 25f) + co(x =)
' - 25 ... 26
appears not to occur. Burnett and North -~ and Cellear and Smith

both prefer a two-step process
12)  ®O(C 2m) + Nx(X JL2;) - NO(X Zm) + Na(A 3;:;),

) Ne(R 3::“1) + NO(X 2m) - ~» Na(X lz;) + No(& 2zh)
over the equivalent one-step process

15) . No(§ 2m) + Wa(X 12';)' - NO(& 2Y) & WX 1_22)

to explaiﬁ.the dbserved‘quénching bf the S;bands of NO.nitrogen
accompaniéd by‘an enhancement of the NO T bands. They prefer 12 and
14 over‘lS because the energy defécts are much sméllér, —250& ahd
-5678 cm~t, respectively, for 12 and 1k, but -8182 em~t for 15.

However these energy defects are AT rather than AE(v",v'); taking this
fact into account and using the'more récent potential energy curves20
one finds that 12, 14 and lSiare probably near resonant processes

(AE ~ 500 cm~* or less) with large Franck-Condon factérs. Indeed, the
¢ %I and 5_22+'potential curvesvokaO are almost identical below about

1.18 A, yet the ¢ state is quenched at a rate more than 20 times



greater than the 5,- Gilmbrefs-poténtial energy curves,eo hdwever;'shcw
an aﬁoided cros$ing of the & 2T and the B 21 at r, = 1.18 & which would
greatly.énhance‘thevFfanck-Condbn factors fqr‘processes-such as 15 over
D quenéhing:
16)  mo(F 2N+ me(X 122) > nNo(a ) +'Né(x'1z;) - ~ 8000 em™?.
Why 13 dbeén't oqcur_remains a myster&_bécause 13a,

o S . BN v o
13a)  CO(& ’m, v=0) + No(X M, v=0) - No(X 2=¥, v=2) + co(X *z*,v=0),
has a large Fraﬁék-dondon7factor and anvénergy'defect of less than
1100 em™t. | |

“Cdllisional quenching of Og+(§ 4Hu) by Oz can proceed by way of

" near resonance processes with large Franck-Condon factors. Reaction 5a,

5a) 02" (& *T_,v=0) + 02(X 3;,;) - 0z(X 3Zé,v$h to 8) + 027 (% L,
| | ' . v=1 or 2)

is aboﬁt-ES;bOO em~t exothermic and thiéwlargefAE gives 5a a low fate,
though‘it'is spinfalIOWed and has large Ffanck;Cdndon factor;; Qﬁendhing
similar to 5a of the othef'vibratiogal'ievels of 0" & I is also
.highly non-resdnanée (LE ~.20000 em™t).  Other quenching transitions

are less egothermid, fof'éxample,

5?)' Q?+K§,4?g:§'5 f:Qe(X 3EégV=05. - 02(? lZ;,v=é to.ﬁ) +

. SR . = ‘  02+(X éng,v=; or 2),

' bﬁst£ill_ﬁavelaréé_ehé?éydéfects'and'lOW rates: AE 7‘15000 em™t
for v?_; p,énd-~11ooovcmf1 fbflv;7gregter.than o; The final ﬁossipility

-1s Se,
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'enough infbrnation*cn the'excited‘states'of methane to guess whether
‘16s would-beﬁnear;resonant; If CH4+ were formed 1n a predlssoclated
state, then 16s could’ hardly escape belng near resonant since pre- »
drssoclatedstatestendjto’be‘quasl-contlnuums“rather than-dlscrete
ehergy StatesL' Charge exchangeiin polyatcmic‘species such as’ in
"Reaction’i6s'mayihot*he”QQVerned;bw the~recuirement“of vértical transi-
tions which léads tb'the;FranckeCondqn brinciﬁle; ‘However, that methane
is a poorednenChiné'agent.for 02+(§34Hﬁ)”i8'an empirical’ fact which
- draws nsito‘theicbnciﬁSicn*that“lGS'is:slow regardless‘of'whether‘it_

seems not to have theihsual ccnstraints.“

> tf‘Sﬁmmary .
On the bas1s of thelr Aﬁf one would expect O+ and 02 (a H ) to
be hlghly reactrve spec1es. Thelr 1nteractlons w1th 02 however are -
reactlve in only a few percent of the colllslons.- Charge exchange of
of with- 02 and quenchlng of 02+(a I ) by 02 may both be | slow because
Franck Condon factors for the 1nteract10ns are small except where the

processes have large energy defects. -
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VI. THE CROSS REACTIONS IN METHANE-CXYGEN MIXTURES

In Table III of ChaptervIV the peeks observed in a fypical mass
Ys?ectfum ef a methane}oxygeﬁ mikture were brdken dowﬁ into their compo-
nent epeeies. | Wheﬁ thelSpecies pfeduced ffomecohtaminants,_discuesed '
in Chapter IV, and from methane, discussed in Chapter IIT, are sﬁbtracted
almost‘anhing remains in the typicel mass.spectrum except ﬁhe O; peak.
Fuither taking away the species produced from oxygen leaves that which
will be dlscussed here - the species resultlng from cross reactions of
methane spe01es with oxygen spec1es..

' Table I shows the rates of these'cress interactions determined
from the rate of less of primary-iens of each species; The £ates‘shown
afe not the apparent loss rates but are instead the rates of loss after
correctlon for the reactions dlscussed in Chapters I1T, IV, and V.
vaserve how the reactlon of CH with Oz 1s fast for n—O and 1, but drops
an orderjof magnitude in going to n=2, and again to n=3. CH4 + 0z is’
not‘expected to fit ﬁhe above pattern.becauSe it has two reaction chan-
nels - charge exchange and H atoﬁ transfer - Wﬁichithe h<hvinteractions
do not. The oZ,+ CHa interactien likéwise lacks these two chahnelsvof
reaction and has a very small rate of reaction like CH; 4+ .02. | O+ + CH4
~on the other hand, shows the low rate of reaction even though charge
exchange and H-atom transfer are exothermic.

‘Before we can begin to rationalize the pattern of observed rates
of these cross reactions we must establish what are therpreduct_channels
for each. Table:II gives the enthalpy and spin change data for the chan-
- nels of interest. The rete constants showh will be discussed later.‘

A glance at the length of Table II and the possible complex1ty of reaction

which it implies will convince one that even with a most powerful technlque
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Table T .

Rate of Loss of Primdry Ions due to Cross Reactions

Species

02

02

- Loss Rate Orbiting Reaction
Constant = Rate Constant
- Neutral (xlorlocm3) ' Rageo
molec-sec (x1071°)
02 . 9.8+.8 9.93*
02 9T T 9.65
'bg o 9.2 £.T 9.40,
02 1.0 .0k 9.k%0
02 0.9x.0k 8.98
e 0:13t:01 9,18
02 0.13%.0L 8.64
0= - kb2 8.98
Oz - 4.2 .2 _ 8.35
CHa  ~0.50 13.24
. CDa 0.47£.05  12.56 -
CHe  0.20 £.00k 11.47
s 0.12 .00k

10.67

¥Based on'pélarizability data from Chapter I, Ref. 12.

VI-I



-6

TABLE IT-

" Cross Reaction Data*

Reaction - AH : .k ,
' ‘ ( kcal) As¥** (xlo-locmzs )
mole ' ~\molec-sec
O + CHa 0Oz + CDa
20a) ct+02>c0t+ 0 . o7+ 0 1L0 10.7
b) 02" + ¢ +18 ' ‘
21 &) CH' + 02 » HCOT + 0 -1k5 0 9.7£.7  9.2%.7
b) on' + €O -113 0 < .1 <1
o) cot + o8 -93 0 <1 <1
a) o' + HCO . -29 0 <.1  <.1
SE cot + o0+ H +10 0 - R
£) ot +cn s 0 - -
g) ¢t +HO:  +37 0, - -
20 a) CHo' + Oz » HoO'+ CO -126 0 <.l <.1
v) . cost 4 Ha ~110 0 <.05"  <.05%
) HCO' + OH 130 o < .01 < .0l
a) oot +H0 -9k o <.03  <.03
e) CozH' +H -9 o < .01 < .0l
E N Ho' + CO2 71 0 <.001 < .00l
g H2CO' + 0 -50 0 1.0£.04 - 0.9% .k
n)  0H' + HCO -25 0 < .01 < .01
i) - cozteem -6 0 <.05%  <.05%
3) HCO' + 0 + H -18 0 < .0l < .01
k) 02" + CHz - +39 0 . -
1) ot 4 HOz - - +#6l 0 - -
23 a) CHs' + Oz - H30' + CO -130 -1 0 0
b) HCO' + H20  -12k -1 0 o
c) COzH' + Ho = -TL 1 0 0
a). Bt 4+ cop -58 -1 0 0
e) Hz0' + CHO -31 0 - <.orf < .01

VI-II
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13 a)

CH3O+ +0
Hgo + CO + H

» 02 + CH3

CHY + 05 -

+
‘HgCO - + H20

CHg + H02

L .
H=0 + HCO
C02H2+ + Ho

CHzogf + H
H3O + CO +H

VCH30 + OH

ngO + HoCO
: H"go+ + Hz + CO

+

HCO + H=20 + H
COz: + 2H2H

+

4

HCO + OH'+'H2'
CO + Heo + Ho -

HCO + Hz + H

: H3 + COgH

0" + CHa =

VI-II

H3 + CO2 + H
02 + CHs

_,CH3OH + O
) CH3 + H02

HZCO + H2

_CH30 + H

CH3' + OH_

HCO' + Hz + H

CHz' + Hz0
Hs™ + HCO
co”‘ + 2Hz
H3O + CH

H3 +. H + CO

H20 + CHo
HoCO' + 2H -
Ha' + HaCO

-122
-110

© =109
-107

o
89

-3
-71 |
_86 ‘

©-133

-124
-87
-110

-81 .
6l
-59
. =58

o o0 .0 o

O 0O 0O 0O O OO0 O O o0 0 O 0.00 O O

-1

<' lol

.005
.001
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c
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001
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.001¥
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.001%
.001%
<0014

< .001
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<.,01

<01
S <..0L

.13£.01
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.005°
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.005°
.005°
.001%
.001
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L001d
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© O 000 0o o o o

< .01
< .01
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m) ; CHj+ LR CN } .50£.05  JA47+.05
n) '~ OH + CHs -11 y
16 a) 02" + CHe » H30" + CHO  -108 0 - <.001® < .0018
b) COzHz' + Ho - -96 o < .,001 < .001 )
) HaCO' + Hz0 -95 0 <.0L <.01 o
a cHs0z" + H  -93 0 .0T£.004 .0k, 00k
o) H50" + CO+ H -78 0 <.001% < .0018
£) CH30" + OB -75 0 .13.004  .08: .0k
g) HoO' + H2CO =59 0 < .001* < .o01®
n) .o HzO' + Hz + CO -57 O < .00t < .o0l®
i) HeO" + Ha0 + H -T2 0 ‘<.o0it < .oo?
3) | COz" + 2Ho =37 0 < .00l < .00l
k) © HCO" + OH + Ho =57 0 < .001* < .oo1t
1) - Co" + Ho0+ Ho -21 0 - <.001 < .00l
m) . HCO +Ho+H -U6 0 <.001t < .oolt
n) | Hs' + COzH -3 0 <.0019  <.00183 -
o) Hs % COo+H O 0 <.o019 < .o01
p)  CH0H +0 2 0 <.001 < .00l R
q) CHs  + HO= = +5 0 < .01 < .01 |
r) . CHa' # 02 +1h 0 <.01  .<.01

* This table is intended to comprise all exothermic channels of reaction
and a few endothermic chamnnels of interest. , ’
** ThisAQuantity 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 singliet or - o
.'triplet,:a triplet product ion if the product neutral is a doublet, and
a quartet product if the product neutral is a singlet; other pdssi—-- ‘.
bilities arise if more than one product neutral is formed. This table
will shéw ANs = O 1f any one of the possible combinations includes the
spin change of the reaction being considered. Thus we show As = 0 for
both 24a and 2hq:

cHst (X2E) + oz(}"i:”zg'), > Hs0 (X*A;) + HCO(X2A")

VI-II-
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i

~cHa (%) + 02(R72,7)

Cohéequently,'few reections listed show As #£ 0.

The total rate of Reactlons

.05 x lO locm3/molec—sec. '

b The total -rate of Reactlons

.01 x. lO l°cm3/molec -sec.

The total rate.of_Reactlons
'OOS x lo’lo 3/molec—sec.

d The total rate of Reactlons

.001 x 10" *%cm’/molec-sec.

© The,totel‘rate of Reactioné

.OOS'x‘1O*l°cm3/molec-sec;'

The total rate of Reactlons

+001 x lO’locm /molec -sec. -

g The total rate of Reactions

~.00L x 10 locm3/molec -sec.

b The total rate of Reactlons

' +001 x lo‘locmB/molec -sec.

‘The total rate of Reactlons

.001 x lO locmz’/molec -sec.

J The total rate of,Rea.cti_ohs

.001 x 107*%m’®/molec-sec.

VI-IT

20b and 221 comblned is less
23e and é3g'combined is less

2ha and 2ke combined is less

24m.and:246 combined is less

olig and 2lh eqmbined is less
2hi, 2Lm and 24k combined is

16a and l6e combined is less

16g and 16h combined is less

161, 16k ahd 16m combined is

16n and 160 combined is less

- CHson(izE)e+'0(i3P)é

than

than

than -

than

than

less

than

thah:
less

than

than

thah
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like'cycletron double resonancevthe‘going ﬁill 5e difficult. _Indeed,'

a weak teehnique like:appearanee potentiai measﬁrementsbhASvpr0ven to be
of littie velue;‘ Ton.ejection double-reeenance in the low mass range
(12-14) has proven too noisy‘fof definitive results in the methaﬁe—qugen
system; vIon ejection’double_resonance has_Been able to esteblish some

of the ions for which CHZ'(er CDZ)_and'OE are piecuisers. Tables IIT
and IV show results of ejecting‘CHZ andrcﬁz, respecfively,,in mixtures

of equalvamouﬁts of oxygen and, res?ecti&ely, methane ahd methane-da.

The on;y‘significaﬁt effects observable in Table IV are probablyvdue to
Reacﬁions 10 and 11: R

o . ‘double resonance
10) . CDz + CDa - C2D5 + Do , 18-34

11) . CDi + CDs - CD§ + CDs . . 20-22..

The effects at_masses'23 and 35'are due to *°c analogues ovaeactiqns
lovand il. The'significant effects seen in Table IIIVare duevto Reactions .

10 and 11, above, and 14, 33, and 34, belows

1k4) Hz0' + CHe - H30' + CHs 18519
33)  CHi + Hz0 - Ho0' +.CHs - 16-18
34) CHi + Ho0 - Hs0' + CHs. 16-19

. There is‘a large'effeet in 5eth Tables III and IV at mass U8; we knew

that this ioﬁ is entirely O;§in both mixtures (we can assume cngoZ iS ' R
absenﬁ frem CD4-02 mixtureefeince CHgog is not formed in CH4-0Oz mixtures;
and CH#OE is abseht from CH4-Oz mixtures since CD4O§ is not formed in |
CD4—lemixtu£es). There can be no chemical connection between the
methane reactant iens and O; product ions; therefore, these effects af

the higher masses probably}are due to random errors and to systematic

errors in calculating the effects of direct ejection'(the numbers shown



~ Table ITT. Expt 18&'0Hn:02's'1 CW Ton Ejection at’

Mass ‘16

" Ton Detected

12

13

1h
15
16

17
.‘18.
19
- 26
o7
28
29°
30
-31
- 32

33

Ly
ks

vh8"”

f‘Peak,Areavb
_w/o Ejection

- 31
719

2Lés

7205
36970 °

- k7530

15430
489

- 381
1184
4739

3898
39190
17kl
1781
.-181300

719
799
1573
1865

© 1352
960

'v'wv”Peak Area .
" with Ejection.

.30
715
2456
7072

34800

- 37230
12850
438

. 336

1170
iy deyg

379k -
36460
1591
1772

o 178 00

- T29
N
1563

1851

1325 -
926

.Calculatedrv'

31
716

S-S
- 7073
34540
36510

14130 -

- h73
37k

A: f118o
}.jh723

3886

39070

1736
1776

180900

717
- T9T
1570

... 1861

~13Lk9
958

-1
-1
“ 9 -
- 268 -
712

- =1286 -
-3k
- =37
=9
C =15

91
=2608
- =1k
T3
~=2084 -

12
=20
-6
5
. =24
-3

.. ‘Difference -
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Table IV. Expt 197 CDh:O2 =1 CW Ion Ejection at

Mass 20

Ion Detected

Peak Area
w/o Ejection

27
661
2902
100
19940
778

44370
1472
Loglo
876
24430
28L

3082
130
9788
186
176000
11ks

L7560
1013
834
956
710
91k

Pegk Ares
with Ejection

27

653
2980
.100

19450

T61

41570
1291

30640

Th3
19790
239

3048
127
9505
181

172200 -

1143

45030

928
830
980
681
878

Caiculated

27
660

- 2892
99
19740
763

hzh?o
1289

- 30950

TAT
22840
27h

3053
129
9TLT
185
175000
1139

47310
1008
831
953
708
911

Difference

-901
-309

-30650
-3k

S =l
=1
-211
-2752
L

-2275
=79

-1

27
-26
-32

Ratio

B s
Y
e

-1k,

~-1.
- =2,
-2,
-1.
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in.the colum labelled "Calculated"). ' Ion ejecticn of oZ (Tables V
and VI) on the other hand, gives a substantlal effect at the hlghest

two masses. The 32»48 :effect, of course, is Reaction 29s

29)  obx 4+ 02 - 05 + O 32448

The 32447 1n CH4.02 ~ l and the 32950 in CD4:02 ~ 1 are both due to l6d:.

163) 0+ CH4 - CH302 +H | 32—»1+7 for CHa
| | | 3250 for CDa

Based on the rate of 29 observed in‘pure oxygen and in methane-oxygen'
mlxtures, the rate coefflclent for the effect due to l6d can be deter-

mlned as 7. Ot.h X lO -12 cm /molec sec from the magnltude of the ion

'egectlon effect in CHe-02 mixtures. In CD4-02 mlxtures the effect

shows the rate of 16d as 3.8+.4 x 10™*2. From this same sort of -

‘caleulation, we can determine that the rate of 24d,

oh4d) . CHi + Op - CHs05 +H = 16547 for CHs -
- 8 - o : : 20»50 for CD4
=13

is less than h X lO cm /molec sec. These flgures agree well w1th

the quantltatlve results of the flnal data flttlng procedure, whlch give

- the rate of 164 as 7.0+.1 and 4.0%.1 x 10 12 oy’ /molec-sec in CHa-Oz and

CD4-Qéhmixtures, reSpectiueLy,‘and of 24d as less than 107%>, The v

remaining effects in Tables V and VI are prohably not significent rela-

tive to random error.

~In discussing the“reactionS-of’C+ with methanebin Chepter IIT, we
mentloned that addlng small amounts of CO or 002 enhanced the C concen-

tratlon and gave us addltlonal 1nformat10n about the ct o+ CH4 reactlons{

'The'opportunlty to gain this additicnalfinsight was‘dependent-on the,fact

that-nc interferences arose; by that,vwe mean, for example, that the -



48

705

© Table V. Expt 184 CHu:Oe‘g 1 CW Ion Ejection at Mass 32
- Ton Detected Peak Area - Peak Area " ¢ Calculated - - . Difference - Ratio
w/o Ejection with Ejection o E (%)
2 31 31 31 0 .0
12 719 T193 -~ T19: 0 .0
13 2465 2463 263 0 .0
1k 7205 7198 . T7198 -0 .0 -
- 15 36970 36920 36920 1 .0
16 47530 L7460 LTh60 2 .0
17 15400 15400 15400 0 .0
18 ~ 489, 487 - 4,88 0 0
19 $ 381 380 380 0 .0
26 1184 1162 1151 10 .9
Y 4739 L613 4sho 73 1.6
28 .~ 3898 3710 3639 70 1.9
29 39190 | 36520 34840 1683 L.6
30 17k 1532 1kol 128 8.4
31 1781 1211 1207 L .3
32 181300 109800 108500 1322 1.2
33 - T19 - 509 L80 29 5.7
34 799 - 620 619 1 L2
Lk S1573 0 1537 153k 3 .2
45 1865 1818 1823 =h -.3
LT 1352 911 1326 -l15 R
960 oh3 -237 - =33.8

VI-V

-.l-(a'[-
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Table VI. Expt 197 CD),:0, = 1 CW Ton Ejection at Mass 32 ~ .
.Ion Detected . Peak Area’ . Peak Area . . Calculated = Difference Ratio .=
: : w/o Ejection with Ejection L R (%)
2 27 27 27 . -0 .0
12 661 655 661 =5 -.9
- 1h 2902 2917 - 2899 - 18- .6
15 100 ¢ 99 - 100 =0 0 -
16 - 19940 - 19630 19900 . =273 =1k
17 - T8 770 - TT6 =6 -9
18 - 4h370° 43930 " L4260 - - =330 -.8
19 “1h72 . 1lhoo | 1467 - .23 1.5 .
20 42950 .. k2070 - LoT60- T =692 -1.6
21 876 - . 859 . - 871 - =11, 1.k
22 2hhz0. -2hhis0 2hosp - . 202 .8
23 284 - . 276 - 281 . =5 -2.0-
o8 - 3082 - 29k8 2878 - T1 2%
29 130 118 -6 3 2.2
30 9788 8475 7895 580 6.8
B © 186 1hh 126 18 -12.5
32 176050 106400 105300 - 1065 1.0
33 - 11L5 867, (Y 102 11.8
3k L7560  L® - . 36850 3329 8.3
35 1013 . 925 862 .62 6.7
L4 834 - 823 - 813 10 . 1.2
k6 956 965 936 29 3.0
48 . 710 537 697 -15 -29.9.
50 - 014 -52.2

VI-VI

- -G3T-

e
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reactions of C' with methane gave products knoWn.tovbepof different
masses from:the producte of reaetiohe of CHZ withCO, co’ with CHé, ete.
We have the opportunityvto rely upoh an'analogous set of circumstahces.
in the mlxtures of oxygen and chloromethanes (CH3Cl CHgClg, and CHClz)
whlch were studled in Experiments 201~ 203 These mixtures must be
predomlnantly oxygen so that_theveffects of even the fast reactions df_
chloromethanepions Withichloromethanes will be negligible. There is
necessarily some eoncern over the reactions‘ef Og with chloromethanes;
however, it appears that these interactiops lead predominantly to charge
exchanée..v Itbseems at least that no product ion of maes less than 50
is produced from reactlons of 02 w1th chloromethanes (peaks of mass 50
and greater were not examlned) This means that except for charge |
exchange the reactions of 02 with chloroﬁethanes are; in keeping withA
the reaetionsvof oZ with methane,'very slow (at most,vthey'producebibhe
ef'mass 50 or greater). Somewhat more HOZ was observed than'expected;

however, sSince none of the reactions
-CH;‘ .'.*'. Oz - HO—;_ + CHp-1 o n=1 tol{. .

is exothermic, wé ignored the extratHogl | Perhaps it,is produced from -
» 0’5* + CHsCl, for example, or from Reaction 19, H: + Oz S HOE + H, if
there were more H2 in these experlments, unfortunately H2 was not measured.
- In each of these experlments, mixture ‘compos1tlon was estima-

ted from the pressurevmeasurements gotten on the gas miking_manifold When
the mixture was prepared, instead of the usual procedure ‘ of.determin-
ing mixture composition'mass spectrometricaily. We need an accurate .
measurement of the oxygen partial pressure in the mass spectrometer during
experimenté, bﬁtvonly_a very approximate estimate of the chloromethane

partial preSsure. We can ealculate the Oévpartial pressﬁre in the



follow1ng ‘three ways:

l(_ f From the TIC u51ng the value of Ut for electron impact on
0z from Table II of Chapter II and assiming that o4(CHs) =~
ot(any chloromethane). o

2. From the O;,peak_area,assuming OZ charge exchanges with a
_chloromethane at a rate of 2 x 1071° cm3/molec-sec.

3. - From the O peak area assumlng O charge exchanges with a

'chloromethane at a rate of 5x 1071

Eachbof'these calculatlons is obv1ouslyscrude for moderate'chloromethane

rélative concentrations but fairly good when chloromethanes made up only

5% of the sample or less.- "All three calculations'agreed'tc'Within 6%

generally and the average calculated oxygen partlal pressure was used for

rate calculatlons. In each each experiment a low pressure spectrum was

‘observed for masses in the 12 to 34 and 4O to 48 ranges to determine

any Héb, €0, or COz cohtamination;: ‘The circumstances, theh; are ideal
for eXaminihg_the'products‘of the reacticns of CH; + O2 uhere n=1, 2,
or 3, without the‘interferehces-due to those cf.CHZ + og'br 0% + CHa.

" In the 02 CHCl3 ~ 25 mlxture (Expt 203) secondary. contrlbutlons
were found for masses 28 and 29. . The CHn prlmary ions comprlsed only

modest peaks at masses 12 (C y, 13 (CH+ 13 +) and 14 (130H Y. It

- was determined in'a low pressure spectrum that Hz0,. CO, and COz contam-

inants were present' at high pressure the small secondary component of

‘mass 28 could be accounted for fully by Reactlon 20a,
"20a)_ B A P ot + o,

‘which has a rate of 1.10 x 107° cm;/moiec-secgl’2’3 N On the basis of the

fact that all the secondary*CO_+ wa.s accounted,fpr'by Reaction 20a, we

‘determined an upper limit on'Elc,'
21¢) 'h’cH+ + 02 - co + OH

~of lO “10 em /molec -sec. Because masses 16 and 17 were entirely primary
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(primary ions from Oz and Hz0) We'determined an upper limit‘oh 21b and

d,
21b) T+ 02 > omt # 0O
21d) it + 02 » 0F+mCO S

of 10'12 Cm;/molec-sec.' 2la was determihed to‘haVeﬁa rate df 10 +
1x1071° cm”/molec-sec, .
21a) - CH + 02 - HCO' + 0

3

in good-agreement with Franklin's® measurement of 107" and with the

leést squares data fitting for the results in methane-oxygen mixtures

=10

which gave a rate for 2la of.9.7 + .7 x 10 cm3/molec-sec in CH4i02

‘mixtures and 9.2 + .7 x 10°*° in CD4—02 mixtures. . . v . .

Experiment 202 was_a-study of an 0=2:CH=Clo ® 16 mixture. In this

‘mixture at low pressure; primary ions C+, cat

, CHa' (MPcHet as well),
o*, Hz0', CO' and coot were seen in the mass range below 50. At high
pressure the only secondgry.species not.accounted‘fbr.by reacﬁions of
C+ with‘02‘and C_H+ With Oz was the mass 30 peak. This.peakvis produced

from 22g,: | - | - |

‘ 22g) _v' st + 02 - CH0 +0

which has a rate of 1.0 N .08 x 1071° cm3/molec-§ec.. This reaction
éccountéxfor all the CH20+ observed in mixtures of methanevand bxygen;“
énalysis df the da#a fdr these mixtures giﬁes the rate of 22g as - .
1.0 £ .0k x_lOflO cm3/mol¢c-sec in.CH4-Og'mixtures and 0.9 * ,é x 1071°
in CD4502 mixtures. On thé basis of experimenf 202 and the:analysis
ofvthe methane-oxygen daté we can detefmine upper limits on the rates
of.the'dther exothefmic channels of CHzf + 02} fhese ﬁpper limifs,are

given in Table II. -
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In Experlment 201 a mixture of Og:CH3Cl ~ 50 only one. addltlonal

reactlon was observed than in Experlment 202 and 1t was. 23f

: 23f) ’ CHs' + 02 - cHﬁo, +0

°‘,which showed a rate of ‘1. 3 + 4 x lO‘lJ cms/molec -sec, in agreement with

the subsequent data analy31s for CH4 02 mlxtures whlch gave a rate for
23f as l 3 .l x 1071 3/molec sec (for CD4-02 mlxtures 23f gave a.
rate of l 3 X lO'11 as well) Agaln, the upper llmits on the rates of

the other exothermic'reaction_channels Were'determined from‘Experiment

201 and from data anaLYSis of the.reactionslin methane- and'methane-d4-

oxygen'miXtures; These estimates are shown in Table IT.

"The final method forﬁdetermining'precursors for the product'ions
in methane oxygen mlxtures is ion cyclotron dodble resonance. Tables

VII and VIII glve the results of our double resonance experlments 1n

: whlch the averagereactant 1on center of-mass kinetic energy was around

‘ 20 kcal/mole.f The first column in'Table.VII gives all ‘the signals

observed and qualltatlve estlmates ‘of thelr 1nten51ties. The'secOnd
column llsts some of the non- chemical 31gnals one might expect- we shall

discuss these in more detall below.‘ The third column lists the signals

'seen in pure methane, and the fourth, what remains from the flrst

CQlumn whlch cannot be accounted for by entrles in the'second and-third
columns. Figures 1 and 2 make’clear'what we have attemped in Table VII.

Compare the O'h VPTPJdoubleeresonance spectrum observed in CHs:0z2 *=. 1

l(Flg. 1) w1th that observed in pure CHs (Fig. 2). They'are qualitatirely‘

the same, although the s1gnals 1n pure methane are somewhat more 1ntense.
That they are,qualitatively the same would indicate that no new path;
for forming mass 15 ions occurs in"methane-oxygenﬁmixtures 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 CHM 2 = l’
Compared with CDR in Pure CHI;.

~ CDR . non chemical S Pure = Remainder
VCHM-:OE ~ 1 Signals ? - CH), '
16 248 ww-* 16 - 48 ww-
32 =48 VW= v 32 - L8 VW~ "
15 —élL'?r V- 15 - 47 vu-
16 247 v~ 165 4T w- | .
32 2hT v 32 2 W7 - ST 3R AT v
15 —”4-'5‘ - v | 15 - 45 vw-
16 =L5 vw- 16 > 45 yw-
32 L5 vw- C 32 - 45 yw-
16 - kb vu- 16 - bk vw-
32 =Ll vy~ 32 o bl oy
15 =34 w- 155 3h -
16 =34 vw- 16> 3k -
32 =34 vu- 32 - 34 vw-
15 =33 v+ 1533 w- | |
16 =33 mt 116 - 33 - 16233 m
32 —33 v+ 32 >33 ww- | o |
15 ‘932 m=- . 15 - 32 M-
16 =32 m- ’ 16 32 m- -
17 =32 n- 17 - 32 u-
15 =31 w- 15 - 31 vw-
16 —31 vw- 16 — 31 vw-
17 —31 ww- 17 - 31 wi-

32 3L s+ 32 31 ww- - 32~ 31 et



~ CDR
CHl;.:Og = l_

1k

15
16

15
16
17
32

1k
15
16

3

. 12
' 14

L 16

-3

1l

15

| 16
na o ‘ 32

| 16

16

VI-VII-2

- . 32

-)30 m+
~30 wr

~30 m

29 o+

~29 w-

~29 VW;

=29 vw-

-28 ve+

-28 vw-

-28 vw-

-28 vie

~27 8+

—27 s+

g 2"{ ‘_v_m'_+

=27 vw-

=27 vw-

v"’.E_'I'('V.'W.- '

~26 Wt |

-*26vw+

- 26' YW+

_.".26. W

19 v+

=18 vw-

32

15

16
. 32
15
16
ot

32

15

16.

- 15"
16
32

15

16

%
16

16

18 -

:—>l‘8' w-

B~
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non chemical
Signals

=30 vw-?
=30 w-

=330 vw.. :

-29 yia

-=29 vW-

—29 vw-

-29 yw-

—>2'_8_ W~

~28 w-'

=28 yw-

~27 wi-

~»27 VW=

-27 vw-

-26 vw-v

—26 vw-

-26 V-

=19 W=

Pure - . Remainder

,15

16

,15.
| 16
17

i
15
16

13
!

13

14
16

CH)+.

_ S 14 30 m+
-30 w+?7. '

30 wt

32 530 m+

—29 8+ '
—29 w-

—29 vw-

-—>28 ‘vs+

—28 yw- _

~28 w-

—>27 s+

-27 m+

—>26?_.

=26 W

=26 Wt

-26 it

16 519w

g ]_.6'.-)1_.8 W+
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CDR' . non chémical . Pure . - Remainder
CHM:O2 ~ 1 Signals *? : 'CHu : '

15 f’iT W+ ' vlS‘**lT_vw-, 15 4917 W+ : o -
16 =17 m+ 16 =17 vw- 16 —»17 m+ | - 7
32 »17 wi- 32 ~17 vw- . R .

15 =16 w-:_. , 15 =16 vw- 15 =16 w-
1T 216 vws B 17 =16 vww= 17 - 16 vw+
b 15 m= | 1k —15 m- _

16 =15 s+ 16 —15 vw- 16 =15 s+ - 16 » 15 wi?
17 =15 vwk L7 =15 - 17 =15 VW B _
32 =15 vwe 32 =15 vw- , 32 =15 vw+
15 =14 wt 15 1 w- 15 =14 w
16 =1k v+ 16 =14 vw- 16 -1k vw+ )
32 =14 vw- S 32 -1 vw-

*The notation 16 — U8 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 kca;/mole
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 CD):0, =1 p
' . Compared wlth CDR 1n Pure- CHI;

 CDR . . non chemical Pure Remainder
CDy:0, ~L - : Signals ? = ~ CDy

18 ~+ 50 X 18 - so- V-
20.-» 50 vw- 20 o 50 V- | _

32 548 ww- 32 > U8 ww-

20 » U6 vw- - | "90»h6v'w'-'
‘32?,;‘-5"4'11L - _"3‘2:—>M+ W~

18+ 3 s+ 183 yw- 183k s |
20~ 3m - p0-3%ww-  20-3hw- . 20> 3hm
32 3hs 3?—’3l+vw-'v 32 e 3k s

1632 s+ . 16~ 32 ver
18>32m- - 18- 32 m-
20+ 32 m- 20 - 32 mes
- 32u- . 22 32 um-

12 30 s+ . 1230 s
130 ek ‘ C 1k > 30 st
1630 m 1630 m
18 -+ 30 vw- 18- 30 ww- |

20 = 30 vw- . 20 =+ 30 vw-

| 32> .30 ww- 32 30 w-



. —l3h?

CDR = non chemical - Pure- . ~ .Remainder

CHy:0p ~1 Signals ? - oD,

14 - 28 7 S ' ' 14 »28? ’
16 » 28 wr o R 16 -+ 28 wt

18 » 28 ww+ 18 » 28 vw- 18 -+ 28 v+

20 - 28 wt 20> 28 vw- 20~ 28 vwt

32 » 28 w- 32 » 28 w-

18 - 22 Wi 18> 22 ww- 18 > 22w

20 » PP mk 20 - 22 vw- 20 » 22 m+

16 » 20 w- S 16 20 wa

18 » 20 w- 18 > 20 vw~ - 18 = 20 w- |

30 > 20 vw- 32~ 20 vw-

16 » 18 w- : , 16 » 18 w- -

. f

20 -» 18 m+ - 20+ 18 ww- 20 » 18w+ 20 -+ 18 m+ )
32 » 18 w- 32 > 18 vw- S 32 -+ 18 w-

18 » 16 vw+ - 18 » 16 w- = 18 » 16 vw+

20 -+ 16 vw+ - - 20 - 16 vw- 20 - 16 vw+

32167 3216 w-

*The same notation is used as was in Table VII.
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- FDR
- Mass 15

0.IVPTP

6—15

W 0.04VPTP

Fig. 1. Pulsed.cycldtrOn'dbublévresonance‘experiment in

o CH4: 02

~

Ma$s,15'ié_being detected.

XBL717 - 3869
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Pure CHy = Mgssts

Pskpbioiiy 0.02vPTP

0.04VPTP

XBL716 - 3725
Fig;:e. CW cyclétrén'double resonance experiment in pure
" methane. This figure is avreproduction of Fig} 1I-9.
Notice how the lower spectrum (0.0L4 volts ?eak to
peak irradiating oscillatbr amplitude) fesembles the :

upper spectrum of Fig. VI-1l.

-t
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we will present-later,.that dir occurs with a rate’¢f 2.5 i.2vx'lO’l°

5 _
em”/molec-secs

o) cHat 4 02 - cHsT 4 HO:.

The failure of the comparison of Figs. 1 and 2 clearly to reveal the

occurrence of 2Ur is probably due to'dk/dE;being small and is a weakness

'in the chparisons presented in Tables-ViI and VIII which we shall have

. to kéép iﬁ mind.

'Anothér-feéturé3Which Figurés'i-and 2 point out is the depéndehce
of the signals on ion energy. At irradiatiﬁg oscillator amplitudeldf

O;OH VPTPfthéyioﬁs in.the méﬁhéne40xygen ﬁixtufé are heated less thah

_ih pure‘methane; In these experiments it is ion—neutrél COllision which -

limitsg for,thé most part, the length of time dﬁiing which resdnaht

_ions absorb energy. Equation 11 of Chapter II gives

q2 2T2

m -
as the energy an irrédiétéd ion,réachés'during the time T since the
last thefmalizingvelastic collision. From TI-11 we estimétejthat the

average center-of;mass ion energy for the experiments compared in

‘Tables VII and VIIT is about 20 keal/mole. While the partial pressure.

of methane is the same for the experiments shown in Figs. 1 and 2, the
additional okygen'partial pressure in the experiment shown in Fig. 1 -

makes T about half that in Fig. 2. Therefore it is moré proper to

_ compare the O.l,VPTP spe¢t;um,in Fig. 1 with the 0.0k VPTP spectrum in

Fig. 2{ 'The-resemblance of -the two figures is stfiking.f 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 weak 32-15 signal, which has positive'dk/dE._'The

reaction,
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l6q) “ h 02+ + CHe =~ CH3+' + HOs COAH = +5.kcal/mo_le

has a»thermal rate'of'less'than'lO'lg 3/molec sec although it may be

thermoneutral or exothermic for the 02 ion of average energy That

dk/dE for thlsvreactlon is positive dggs not show that the reaction is
endothermic, but only that it.mayphe. The proof that 16q has a very
low rate;ihoweyer, comes from the least squares data analysis.and‘from

Tables V and VI in which 05" ejection shows little or no effect on
H3+ (or_CD3+). -

We are now ready'to hegin examininé all the double resonance signals'
we see in mixtures of methane and'oxygen; Thevlarge numher of signals
(nearly 51xty) contradlcts the assertlon that thls system is unreactxve,
made by Franklln3 and made here when we p01nted out that in a typlcal
experiment given in Table ITT of Chapter v, llttle remains when we take
away from the mass spectrum what is due to primary and secondary 1ons
from pure methane,vpure oxygen, and known contamlnants. The-number.of.
signals seen is reduced by ho% when we subtract those due to reactlons
of methane ions w1th-methane. Another 40% of the 81gnals share the
common features that they.are very weak; generally result from heating
one ofrthe more important ion species, and show_the product ion signal
diminishes when the reactant ion‘is heated.*‘ It seems likely that these

151gnals are s0 remarkably similar because they all stem from the same
non—chemlcal phenomenon. While it is not clear what the phenomenon 1s,

we cannot escape the conclusion that it is non-chemical. It was noted

* For brev1ty, we shall use the notatlon k' = vw- to refer to a cyclotron
double resonance 81gnal in which the "product" ion signal diminishes
~very slightly when the "reactant" ion is heated. We cannot refer to
dk/dE 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/dE . ' -
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. consider equatlon II 10-
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in:Chapter IT that when dk/dE is'negatireé a thermoneutral or'excthermic
reection must he inrolved fcr?Oniy'such’can occur et ﬁhermal energy-end
Oniy‘thcse‘reactions whichAoccnr et'thermal'energy can diminish in’raﬁe
with increasing ion energy.'bBut'hOW can 16448'vw£ or'i7»32-m- be
'eXPleined? .Only’by‘neans 6f-non-chenicel phenomena.*

' In order to examine'how these non-chemical signals might arise, -

e , qzé, T 1
II-10 Ag(w,) =- T

1+ 2o - o )2
1 cS*

- where A'(w&) is the power absorﬁtion by n;.secondary.ions'of mass mg

charge q, and cyclotron: frequency “bs from the r.f. electrlc field of
amplltude é’ and frequency w . We flrst tune elther w or ®og (hy
altering one of the parameters whach determine wcs) untll w —wcs

Then we sweep the 1rrad1at1ng osclllator of amplltude é’ from frequency
w, to w2 + dw 3 lf scme other ion P is belng heated at @, and/or ®, + 4w,

then a. double resonance signal. change dD( ) may: result such that

e o me) @)
1y . ( ) A= = ———— W,

: .dU~.)2 : dCl)2 o
*The rates for O + 02 +M - 03 + M vor

CH4 + 02 + M - CH402 + M

in order to explaln 16-48vw- would have to be an ‘incredible 10 2%em® /

'molecz-sec, three or four orders of magnltude greater than most three

body ion-molecule reactlons.,

CH5+02 - 02+CH4+H ‘ . .
is 91 kcal/mole endothermlc and hence calls for dk/dE p051t1ve., The two
exothermlc reactions . . . _ _

oit + CHe —» CHsOH' + H or

| ot + 02 - 03 + HO
would have to have rates on the order of an incredjble 107 cm’/molec-sec
in order to explain 17-32m-, based on reasonable n (OH ) estimates.



- =140-

The change in D(w,) will be non-zero so long as dAg(w,)/dw, is non-zero:

1 dAg(w)) 1 ang 2 d4€ 1 et(w,- wge)® Jar -
—7— - = ==+ |- - : "
Agle) amy nl aw, - éi dw, T 1+t () - 0y8)7 ) aw,

[2'52(‘“1" Wg)® ]d‘%s
+

4w,

2/ 2
1+t (wl- wCS)

If we ignére'all but the first term on the right hand side of 2, we can

get the result of Beauchamp (see Chapter IT, ref. 15) by writing

| 1 dag(w) 1 dng dk dBp .
3) . R - = .
. + .
CAg(w;)  do, ng dk dE, dv,

The rate of change of'n; with the value of the rate coefficient k can be
derived from Equation 13 of Chapter II:

e 3p(t=0) o ' - o o
—_— [n.k('bé— tg) + exp(-nktd) - exP_(fnkts)] s ‘

ng .=
- nk
whence
+ . . o ) -
L) = - (nktg+l)exp(-nktg) - (nkti+l)exp(-nktl)
dk nk® | . S |
- o |
5) or — =~ % n jp(t=0) (t4% - t§) ~ — , when nkt} << 1,
Cdk ' k o

In theée équations'ts and t§ are the times when secondary ions enter and .
leave,vres§ectively, the analyzer region of the cell;.they are notvto be
confusedlwith 1, which ié fhe mean:ffee time during which an_ion suffers
no thermalizing collisions. For simplicity we.assume that primary ahd
secondary ions have approximately egual mean free time, T. This means,
as is obsefved, that cyclotron resonance peaks for variousvspecies'will

have about the same width. To. get dEp/dw2 we re-write I1I-11 for the

primary-ions
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6) L Ep,,=_ 3/2 KT ~ + — ‘.L(ué,pr,T)_,
fromIWHieh.we get o "
 ¥ | »dEP : . ETB(w - abp)
- 7) S . Ap(wz) .
_ 4w 14T (w '“bp)

2
Combinlng L and T w1th 3 reveals that the flnal factor in 3 1s the only

-dependent factor. _ we can therefore 1ntegrate 3 over dw, to get

o e As(wl) dns dk :
3 be,) - e ) = o,

_'n; dk dEP dw
Substituting the value of dns/dk from L a.nd of dEp/d from 7 gives the
result of Beauchamp. o '
we can erte each term in 2 as ‘the sum of ‘two terms, as for example,
) 'dns E aIl+ ak dEP S A
9) .. ) + k'(ns))
S dw, 3k aE dw,

where k' is glven‘by

Gt ot
) R ” e.dns ans dk
10 - kY =0 -
o _ dw, ok 4w
- o 2

- and represents all those parameters whlch may depend on @, and on which
o depends.v We know from 5 that n,s depends on n, jp(t=0), t 4, and tg;
but ndne.pf these_depends in tgrn on w_ .  However, for the other terms

in 2 thie mey not be the case:

=

1 aag(e,) N dn;‘; oy aéz.. 1 3¢ 7 ax aE,
. C e = | — —
Ag(w ) dw ng ak o €% 1k | By do

(11

4 [‘k'(e’m “x(n) + 2 - ‘”cs')k':(%s')}

1.
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. : AW, .
in which we have noted that Bﬁs = Oy

_ l-:vEI(wl-miﬁga - N ’}:"‘ " 212( ) e, . : “: |
: -T-' - L+ T2 wlv-'wCS)z ,N T? a-nd ,_l+’l'? wl_wcs)g = 2'7.' ‘((L)lv-(l)cs)} .
From (5) we know that

ldn t -l
—_8 0 o~

When k'approaches'the elastic collision fate, the mean free time 71

is approximaﬁely (nk)~*; hence,

~ k71

AlH
plg
I

One might think that so long as the amplitude of the marginal
0301llator is fixed, theh ééi would be zero. This is untrue, however;_
as can be seen from Figure 3. The amplitude ef the'signal:Which an
ion produces is proportionai to the average of 512 which it experiences.
For-thefmost‘part iens stey ﬁithin the harrow-rectangle ﬁeer the
horiZontel cehﬁer line of the cell. -Io;s near the center ef'this'_
'rectengleeexperience’neariy the ideeliég which would fill the cell’
if the upﬁer and iowef plates were infinite plaﬁes; Because all ions
execute harmonic motion 1n the direction parallel to the magnetic
field B, all ions spend some time near the center of the cell; however,
the average éiz experienced by ions which spend any time near the sides
“of the'cell is certain to be less thexléoz aé’l."'wiil be non-zero
as a result of any effect which alters the average of 8’ whlch product
ions experience.. Obv1ously, if the rate constant is a function of Ep,
then changing U, 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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2 ag]_ ul o . b : : : nf t % . ' Cptwit it
éﬁ_si could indeed be non-zero. Unfortunately we cannot intuit its

order of_magnitude'or for that matter, its sign, without expensive

calollation.
The %ﬁ% term can clearly have k'(éi)'componentS'as‘weil, he of

vthese is due to the'effect of the ions' space-charge.  If the ion
current'dne to one'species is large enongh then irradiating that
spe01es at W 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

3 whlch all—other ions experlence, 1nclud1ng that

which is being detected. -As with @§ ég%, we can intuit neither the
sign nor size of k'(€1). | |

If h'(T)'and k'(whs) 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,cantshift and broaden the ion cyclotronvresonance signals
(see,Chapter-II ‘refs. 9-11). If irradiating a major ion species p
at wg alters the space charge due to that ion then for any other spe01es
S a non- zero value of 55— w1ll arise from the broadenlng or narrow1ng
of the detected 31gnal As(&h) and a non-zero value of 9%%5 will come
from the shift in tyg. Observe thatin 11 k'(wes) has the factor
(wl- s) which was set initially equal to zeros; however, if g%g— is
non-zero then (w;-w,g) will be non- zero also.
| We can estimate k‘(T) due to ion space charge fairly well At a
typical pressure and- electron beam current, the concentratlon of

3

neutrals will be on the order of 10 em™> and of ions, 10% em™>."

. o s P - a2,
Assuming the ion-ion collision cross sectlon (~10 19 em ) is almost

lO times* as great as the 1on-neutral elastic collision cross- -section

* The Rutherford formula, ctn 6/2 = i €o Kb/Ze2, predicts that the
‘center-of-mass scattering angle will be 90° for two thermal ions
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4 em ),then the ion-ion collls1on frequency will be .1% that

(~107%
of the ion- neutral colllslon frequency. Obv1ously, this effect'will-
be negllglble relatlve to the effect of a chemlcal reactlon whlch
occurs at v1rtually every 1on-neutral collls1on, but w1ll not be’

-1l2
"< cm /molec-sec,

~small in comparlson wlth reactlons, w1th rates of 10
as we ﬁave attempted to'ﬁeasure;' From the Rutherford formula, we
expect the ion-ion colllslon mean free tlme to increase. in proportlon
to the relative velccity-cf collision. Thus as irradiation increases.
the'yeiccity_Of ious;'auy rdoutle resorance signal produced by ion-
ion»collisious'will die'off quickly and will show an'apparent dk/dE

_which is positiye‘beCause eiiﬁination'qf ion-ion coilisions Wili
.sharpen the peaks, As(w1=¢ES). Unfortunately this effect seems to be
of.the saﬁe order of maghitude as the-effecte we are attempting to-
explain, but is of the epposite sign.

A shlft 1n cyclotron frequency, T will always give an effect

.of the~r1ght sign because'wl is set equai.toﬂwcs'ln;tially by‘deter—
mihiugfthe maximum of Ag(wy). If w,, changes subeequently, Aé(dhﬁdbs)
is always less thah.As(®1=¢bs).

The‘effect of the space charge of the ions in the cell has been

evaluated by solving Poisson's Equation,

Fétre=0

— AN , , o :
as was discussed in Chapter II except here p is not zero. The density

of charge p was estimated by'aesuming the ion density fora typical

experiment is uniformly distributed over a volume contained by a right

interacting with impact parameter b of about 600 . This is two .
orders of magnltude greater than typical ion-neutral orbltlng meact
parameters : .
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paraukﬂepiped which hes:dimeneioms 8.89:cm by 2.54 cmiby d where d is’
the thickness ef the ion beam. If the iens"ombits were:infimifesimal
then'd‘memidibe about the width of the eleetron beam, O.l6ﬁcm Z 4,
Fer.typicel.thermaivione ﬁhé cyclotroﬁ 6rbi£el redii are about .06 cmj
thus for thermal ions the beam width is estimated as .22 cin. For ions
of about leV energy the beam thickness is estimeted as ebout ;52 cn.

" Thus When ions'are thermal a t&pical charge'density will be‘about

3 x lO;. statcoulom.bs/cm3 and When cyclotron double resonance 1rradi—
.ation raises the energy of most of the ions to about 1 eV, the charge
density drops to about 1x 107* statcoulombs/cm . The potential
¢p(x,y) w1th1n the cell which 1s due to the ion space charge is a
maximum in the center of the cell. This potential, ¢ s ‘and the
gradient, é;,x’ perpendicular to ﬁhe magnetic field end to the
direction of ion driftnthroﬁgh the cell are shown in Figure»h.

| Figure h.ShOWS the effect ef the ion beam's space charge fof the.
case in Whieh ions haVebbeen heated to a kinetic eneigy of aboﬁt 1 ev.
The foree on the ions in the X-direci:ion-’ eé’_é’x, is approximately o
propertienal to x, the distance‘ofvthe ién from the center of the cell,
This appfoximatieﬁ holds rather accurately within the ionibeem.

Outside the ion beam eé?p,x'becomes approximately constnat. _The force
e é},y,'in the direction parallel to the magnetic field is also
approximaﬁely proportional to the distance ffom the center. of the

cell. 'The ien motion which reSuiﬁsvfrom these forcesrean be deter-
mined in a treatment quite analegous to that made by Beechamp and
Armstrvong)+ in determining the ion motion under the influence of the
quadrﬁmole trapping potentials. The effect of the force due to the

ions' space charge parallel to the magnetic field is to slightly reduce the
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effective trapping potentiai., The effect Qf the'fbrce in the x-

direction is to shift the cyclotron frequency on the order of 100 Hz:

w, _[ea€h,x]% _ 453 Hz
27de_x - \/E L.

J

The potentials and electric.fiélds dué to the ion beam's space charge
when the ions are.thermal are similar to thoée shown for translationally
hot ions ih Figure 4. The region over which é;;x is equal tov
+3 % lO'S_Statvoité/cm is larger in both the x-direction and the
direction parallel to §, The region ovér.which' 6%,x is approximately
linear is narrowerj-hence éﬁ%ﬁ;&_ is larger by a factor'Of_abéut 2%.
Heating an ion spepies which makes up an dppreciable fraction of the
total ion current will reduce the space charge‘that all other ion
speciésAexpérience. The redﬁction in space charge will increase the
cyclotron ffequency by aﬁout 100 Hz. Thus thé ﬁerm in (11). due to this
sﬁift,
27" (wl'dbs) gg?g
- 2

1 dnd" dk 4By
nt dk d4E, dwe

will be on the order of 2% of the term for a

typical fast reaction, exactly the size of the effect we are seeking
: , . .
1l dng

to explain. If, for any one of a number of reasonms, thié E;; Tk

term is two orders of magnitude smaller‘thah'for a typical fast

~ reaction, the effect of this term can be masked by the term dﬁe to

“the gyclotfon frequency shift becaﬁse of a change in ion space charge.
The bonsideration'af Taﬁles VII and VIIi can now be resumed,vsincé

we now have an adequate explanation of the ﬁon—ché@ical signais we

have postulated and tabulated in the sécond column of Tables VII and

VIII.»YWe focus our attention on the column labelled "Remainder."
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Observe that the non- chemlcal effect apparently masks the s1gnal for'

Reactlon 29 ‘in both CHe- 02 and CD4-0Oz mlxtures

29)' ' .‘ 02 (g4nu)

‘+ 02 - 03 + O

has a rate of about 1% thatfof typical fast reactions;.it would seem

that dk/dE for. 29 is also qu1te small.

The double resonance s1gnal for Reacthn l6d,

l6d) 0 .+_CH4

- CH302_.+ H,

forfunately is not_masked'becauselits dk/dE is positive, although the

sizevdf'dk/dE‘is prdbably quitessmall.

164 glves the 32 - b7 v+

51gnal 1n CH4—02 mlxtures and the 32 - 50 VWt s1gnal in CD4 02 nixtures.

Masses uh and hS are fully acconnted for by the known COz

contamlnatlon;and the reactlons 1nvolv1ng COg‘contamlnant dlscussed

in Chapter Iv. We have already dlscussed the upper llmlts placed -

on the rates of reactlons such as 22b e, and 23°‘v

22p) CHz' + Oz
e2¢) . CH2' + Oz
23¢) = CHs + Oz

We can now- also place

2L3) . CHa' + 02

163) 02"+ CHa

and 24m and 16m:
. . v ’ ) . + )
ebm) . CHs + 02

16m) 02" + CHa

- C02+ + Ho o
> cozH' + H

. cogﬁf‘+ Ho

. k<5x 10

123
" cm~/molec-sec

12

k<1lx 10

k ~ 0 (spi

n forbidden).'

upper limits on the rates of 24j and 16j:

~ 0z + 2H-

= C02+ + PHo

- :CH02+ + Ho+ H

> CHOz' + Hz + H

k< 107%3

k < 10~%3

k < 10713,

-
cm”/molec-sec

k< 10713,

e
‘cm”/molec-sec
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It is known that mass 34 is a primary ion in CHe-O2 mixtures and
its sighal afea can be accurately accounted for by measuring the mass
32 peak area and calculating the‘méss 34 signal area by assuming that
l80 is present in its .naturally occurring abundance. Since no CD3OD+.
(mass 36) is observed in CD4-0z mixtures and since we can explain
asvnonéchemical;the double resonaﬁce signals in CHa-02 mixturés for

v’"produCt" iénvmass 34, we can set an upper limit on 24q at 10~%°

cm” /molec-sec:

2hg) cHet + 0 > CHs0H" + 0,

andvstdte with confidencé thatJmass 34 in CH4—62 mixtures is eﬁtirely

18,16 4. | |
it has beén discussed in Chabter v that_that part of maés 33

in methane-oxyéen mixtures is HOz* produced from the‘reaction of Hat

with oxygen or of_02+* with Héi:fhe remaindérbié due to l70160+ and

there is'little‘or'nothing.élse contributing to iﬁ. However, Table

VII shows three cyclotron double resonance signals. Two of these,

15 - 33 vﬁ+ and 32 - 33 vw+, are probably non-chemical. They éhow

a positive k'(w,g) rather than the expected negative k'(wbs) probably

5ecause the very intense neighbdring mass 32 peak'is shifted (through

the space charge change)‘to higher fréquency and thus the net overlap

ofvﬁhe mass 32 peak with fhe relatively'Small mass 33‘peék increaées;

The 16 %‘33m+ is probably tbq‘inﬁense’é signal to eﬁplain by that.

méans; instead it probably represents the'épening-up of the endothermic

reaction channel 2hs:

2hs) cdt + 02 - HOz + CHs  MH = +36 kcal/mdlé
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The 20 a‘3h m§VSignai Seen'in'methane—d4 - oxygen'miXtureé corrdbdrates
'thisideduetion; Part of the energy requlrement is probably supplled
by 1nternal exc1tat10n of the CH4 but most would have to come from
the ~25 kcal/mole relatlve klnetlc energy to whlch the CH4 ions are
heated upon.lrradlatlon. Thls would indicate that klnetlc energy
isirelatively'effectively.inrested toward'driving the reaction.
Therefdre it eeems,quite likely that in the cenventionai mass spec-
trometry eiperiments on.thisvsyStem b& Franklin and‘Munson3'this
reaction-Wasbin faet occﬁrring at an;appreCiable rate, since the
average ion kinetic energy was‘always greater‘tnan abéut"7o to”lOOe 
kcal/ﬁele. If the CHa" ions are at:thermai kinetic energy,%hdwever,
the rate of 2hs cannot be more than about 10'13 em /molec sec. This
 would indicate that CH4 'is on the average: not hlghly exc1ted
internally. | |
Three moderate 81zed s1gnale for mass 32 prpductﬁ ien'are
probably non chemlcal Thelr 1ntens1t1eS‘are apﬁroximatel&vthe same
relatlve size as the relatxve ion currents of CH3 s CH4 > and CH5 .
That we are very hard put to present reasonable chemlcal explanatlons
for 15 - 32_m- and 17 - 32 m- is adequate_reason-tovbelleve they are
not of chemical origin.'-The 16 - 32m-‘is'prdbably also largelyvnot
~of cnemieal_origin,valthough tﬁe reactions_may cbntribute:
, Lt : _ : ;ll

1.69 x 10 ‘em”/molec-sec

1l

26) 0 +02 - 02 +0 k

2lp) . CHa + 02 - 0o + CHa k = 2.1t .2 x 10720,

While- these reactions seem to have relatively small dk/dE, the
values shoWn for their rates are fairly well established.' The rate
for Reactlon 26 is taken from the llterature as - dlscussed in Chapter

V3 and the rate ﬂn'ehp has been determined from the present experimental
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data. A‘slightly smaller raté was measured for 24p in thev

perdeutero- system. The 18 - 32m-, 20 - 32m-, and 22 — 32m- doublé

resonéncé signals seen iﬁ that Syéteﬁ are analogous to those seen

in the perh&dro—.syétem and aré iikewise noh—chemical. The 16 - 32s¥

siénalvseen'in CD4-02 mixtureé is probably due.ﬁo Reaction T:

7)  CH2' 4 CHa - CoHa' + Ho

.whiéhris.seenvin puré.methane and méthaﬁe;d4vwith rates of 2.75 and

2.50 x 107*° cm3/moléc-séc respectiveiy.' '
The:cyclotron doublé fesonance sighals‘for "pfoduct" ion mass 31

in ﬁethane-oxygen mixtuies'are all of non-chemical origin except

for 32 - 31s+. Reaction 16f is responsible for it:

=12

16£) - - Oz’ + CHa - CHs0' + OH k = 13+.L4x10 cm”/molec-sec

-In the perdeutero- system i6f causes the 32 - 3Es+ double resonance
signal and has a rate constant of.8 x hAxblOfle cmz/moleé-sec,
Siénificant ion ejection double resonance responses for reaction 16f.
barevnot seen iﬁ Tebles V and VI because its rate is relatively small
and the error is relatively great in correcting”the ion ejectidn‘
resulﬁs 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 2L4f also to be open:
24f)  CHa + O ~ CH30 + OH.

However since no ion éjectionvor cyclotron double resonance responses
are seen which are attributable to 2Lf, we conclude that it does
not occur. - Furthermore, the observed amount of CH30+‘can be well

accounted for by Reactions 16f (above) and 23f;:

s
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23f) CHs' + 02 - CH30" + 0 k = 1.3t.1x10"*'cr’/molec-sec,

whose.rate-was established.indthe erperiments With_the CH3Ci-Og
mixture. : | | | | |

| »The_Significant-crossereaction»cyclotron double resonancevsignals
for product ion massh30 in'methane-oxygen'mixtures are lhi§‘30m+ and
32 e'30m+. The former s1mply corroborates the conclus1on reached
from the data of the CH2012 0z mixture ‘that 22g has an appreciable

rate:
22g) -+ CHo' + 0z - CH20' +0  k = 1.0%.04x10"*%cm®/molec-sec.

This reaction fully accounts for the CHgO+ seen in methane-oxygen

_mixtures; On th1s bas1s that no CH, O appears to be formed from l6c,

13k, or 240, we can establish upper llmlts on the rates,'

S o + . _' , ; .
l6c)v o 02" + CHe > CHz0 +H20 k< lOdlZ cm%/molec-sec
2ke) _1"  CHi' + 02 - CH20' +H20 = < 1072
13%k): - O 4+ CHs - CH20 #2H ° < 107%2
at 10'12

cm3/molec sec. The 32-30m+ siénal.would indicate that while.
16c is very slow. at thermal energy, its rate increases rapidly with

02_ ion klnetlc energy in the range up to about 20 kcal/mole (center-

- of mass) One concludes that l6c probably was occurrlng 1n the

3

The cyclotron double resonance 31gnals for product" ion masses 3

26 to 29 can be accounted for by non-chemical means and by the s1gnalsv

‘which are seen in pure methane. Mass 29 is predomlnantly C2H5 .

Because the very;small additional amount.of mass 29 is due to HCO

produced from Reactions Ela, 15, 30, and 31, Whlch have already been

dlscussed here and in Chapter Iv,
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21a)  ©  CH +02 - HCO'+0 k= 0.7x10 %m>/molec-sec
15)  co' 4 CHs - HCO' + CHs N a7

30) ot rco o HCO' + CHs 8.7

31)  CHs' +CO - HCO' +CHs 5.54,

we can conclude that the rates for 161 and k and 24i are all'very‘sﬁall:

16i) | 02’ + CHs - HCO  + H20+ H “ CHa + 0s (2h1

16k) L > HCO' + OH + H2 < (2bx

‘Likewise, since mass 28 is due to CzHa and CO' from known
contamination due to CO and COg,‘we can conclude that CO+ is not

produéedvby Reactions 164 and 2L4:

164) 02" + CHa - CO' + HoO + Hp « CHe' + Oz. (2
: Ihe'contamination due to ﬁafér‘has been discussed ih Chapter IV
and shdwn'to bevrespbnsiblé for the mass 18 and 19 peaks in the mass
spectrum_bf mefhane-oxygén”mixfures. .The'l6 > 19vw+ and 16 - 18vw+
sighalslséen in these mixtﬁrés probably represent Reactions 33 and 34:
33) s CH;+ + Hz0 = HoO' + CHe k~2x lO*gcmz/molec-sec

) CHa' + H20 ~ H30' + CHs k~3x10°,

rather than 13j or 2ka,e,g, or h:

133) o'+ CHa - Hs0' + CHa

2la or e)  CHa' + 02 - H30' + (HCO or H + CO)

olg or n) CH,' + 02 - .H20_+ + (H2CO or Hz + CO).

Even ifvthe Hg_O+ and H30+ weré duébto, say 24g and 2ka, respectively,

-12

the rate coefficients could be no more than about 5 x 10 cm3/molec-

sec. However, the measured rates of 33 and 34 are sufficiently

A



accurate.thatdan upper'limit en:2ha,_e;'g, and h>canjbe placed another
order of: magnltude lower, .at leo‘lz,» Similar limits'apply.to}l6a,
e,gvand h:}: , , : . _

' 16a”or e)'35‘02+>+'CH; -#' HjO+ %‘(HCOfor-Hd+ CO)'

16'g, ,o'r.h)_" L oat 4 CHe ~ .'..H20+53+ (HCO or Ha + c0).

The rate of . l3j is prdbably less than 10'12 3/molec sec;_

- The 32 - l5vw+ cyclotron double resonance 81gnal has already
been disenssedrabove_in:connectlon with Figures 1 and 2,,and has been
assignedvto_Reectionjl6q; It has a.very‘snall.rate.at thermal kinetic
energylbpt.probablyvthe‘rate lncreases.rapidly-in the range up -to
‘abont‘éo kcal/mole;-center:cf mass'kinetic'energy.' The cerrespondlng
reactlon leading to thls product in the CH4 + 02 1nteract10n is
_ Reactlon 2hr: -' CHe' 4_- 02_ > CHs' + HO_. . The rates. of 2. 5+ 2xlO"1°

cmz/molecésec in CHe-O2 mikturesAand.ofi2.3 _,.2 X lO'l°_

in CD4-02 mlxtures have been determlned

e for. Ehr.- Flgure 5 shows the dependence of the mass 15 peak ared in

| CH4 02 mixtures upon TIC. The solld stralght llne would be the peak
area dependence if there were no reactlon. The lower curve in Flg. 5
represents the expected peak aresa due to CH3 calculated from the loss
of CH3 due to reactlon w1th methane, Reaction lO. |

-10_ 3 -
l,cm /molec-sec,

10) \'_ A CH3+’ +YCH4 - C.'ngs.;’- + Hg' ‘. ' = 9. 92xlO
_and atter&'mnch smallerbloss of dH3+,due:te_reaction'with Oz:
2_3»f) 'J o _‘CH‘3"-' + 02 -> cnsot +0 'k '=...l3r.lelo-.l,lcems/molec-sec,.
'The dlfference between this curre in Flg. 5 and the curve flt to the

data represents the galn of CHs due to 2hr.
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MASS 1S PEAK ARER us TOTAL ION CURRENT

2.0 3.0

40K
_LOSS DUE TO
’ CHE + CH,
3ok} e 4
133 GAIN DUE TO
a CH§+ Og~= CHY + OpH
Lont
«
20K} m
D
=
.
0
m
D -
10k} ]
TOYAL IDN CURRENT
oL - —— .
0. : 1.0:1004 4.0 S.0

XBL 716-1164

Fig. 5. Mass 15 peak area in methane:oxygen = 1,
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. Reaction. 2hr represents only about ‘half the ‘loss of CH4 due to
reaotlon w1th Oz. The. plot of ‘mass 16 ‘peak: area versis TIC in methane:
oxygen:~ ‘1 is shown in'Figure 6. fThe_curve shown in Fig. 6 for the
contribution'due to'O+ is ealcuiated assuming-the rate of 13m is

50 X lO locm3/molec sec- thls reaction w1ll ‘be discussed below. The
' solld stralght line would be the peak area due to primary ion O+ and
CH4 1f there were no reactlon. The curve Just below the stralght

line is the peak area. assuming the only reactlons occurrlng are lla-
1a) CH4 + CH4‘ - CH5_ +CHs k= 12;0xlo'l°cm3/moiec-sec
and l3m, the minor O+ loss mentloned. ' The dlfference between thls curve
'and the curve fit to the data represents the loss of CH4 due. to
reactrons;ERaMthrough_ehr,”of_whrch the‘only reaotlons_w1th even

moderately large;rates,erefahp'and olip:

2HP), ' cHat +“Oé' f'”02+'+ CHa

2hr) o CH4fv+_02 T» -CH3+v+pH02t

2hp apparently'has a fairly small'dk/dE, so that the cyclotron double
resonance signal,'ifVany, due to 2hp is nasked‘by the non-chemical
'effects. The double resonance.signalvseen in pure methane masks

the occurrence of Ehr in the perhydro-methane oxygen mlxtures but

'in perdeutero-methane the 20 - 18 s1gnal due to 24r is not over-
whelmed by the 20 - 18w+ s1gnal seen 1n pure CD4

| The only double resonance s1gnal remalnlng to be explalned is the
.16'» 20w~ signal seen in CH4—02 mlxtures. 1t probably represents |

.charge exchange’ between oxygen atom and methane.

13m) . 0" +0p: - Cpa" 4 0.
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flASS 16 PEAK AREA US TOTAL ION CURRENT
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Fig. 6. Mass 16 peak area in methane:oxygen =~ 1.

5.0
XBL 716-1163

&



The rate of loss.ef O+ dueete‘reecﬁionaWith CDs is 4.7+, 5xlb_llcm?/
>molec sec, determlned to w1th1n about lO% because the rate of loss of
CDg is well known, and the rate of loss of mass 16 in CDa-0z mlxtures
is dueatp thls known CDg_qloss and to O .loss thnough reactions 13m
.a.n;j.. 13a: | | . | |

13n) . O + CDa 5 op* + D5 .

Unfortuneteiy,'there is:no unambiéuous wej in-whiéh 13n can be proVen
to occnrvor'not. The'doﬁble‘resonence signals are masked in both.the
'perdeutero?“ané'pern&dro-bsystens.‘ Tne-conﬁribution ef l3n'to~mass.17
in Cﬁ;ngsmixtnres'end to 18 in.CD4-02 mixtures'cannet'be mea sured
even if the‘ rate of 13n were the full sxlo'”. 'The rate of o+ . CDs
reactlon is. only a small fractlon of the orbltlng reactlon rate
predlction, if the O + CH4 rate 1s the same fractlon of the orbltlng

..ll

reactlon rate then the rate will be 5. OxlO cm /molec-sec., Table II

bshows these rates forlthe sum of l3m and n.

Summary
| At this pbint:all ﬁne reactions.in TableviI and the nates
ascribed £6. each has been'discnssed, In agfeement'with Franklini
and Mnnson3 veny little'reaction'isf6bserved. .The comparison of
tneir resnlts,wiéh the present results and the implications drawn
frpm*the cqmperison and from the results themselves will Be

deferredfuntilvcnaptef VII.
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VII. conCLUSIoN
"The.théfﬁal ioh.mblecuié reéctidns bcéﬁrring in gééeous mixtureél
of methane.and 6x&gen héve:bééﬁ:diséussed in'éhapfers 111, IV, V, and
VI, and ére éompliled iﬁ Table I..'Thé'reaction.ntmbers givén in
Téble'Ivafe iﬁlharmony with ﬁhe.numbérs given each feaétion in ﬁrevious
éhaptefs.' Oné'cén Séevin Tébie I_that ﬁith the ekéepfioﬁ of the
methaﬁé%oxjéen'croés,fegéfions; ﬁhé'rateé’of‘ion;ﬁolecule reactions

are geherally high; very often approaching the elaétié'colliéion rate.

.- The ohly reactions in Table I whiéh have not been thdroughly-discussed'

in the literature are the methane-oxygen crbss reactions; therefore,
the pfimé emphasis of this chaptef will be on those“reactions.
In agreement wifh Franklin and Mﬁnsonlo véry'few and relatively

slow cross-reattions have been observed. In several cases reactions

'weré'pointed out which probably occurred in their expérimenﬁs

_althdugh'the'féaétith-did not occur in the pféééht'experiﬁents}- In

two cases the two experiments differ. The appearance potential

megsurement of CDO is quoted as being near that of CDh and CDO is

first order in both methane and oxygen partial pressurés; hence the

reaction

o+ s L 'i' . ' : -
€D, + 0, cpo” +'(D20 +-D or D, + OD) - (241 or k)

1 cm3/molecfsec at ioniiing_
electron energy of 50 eV and 1.5 X 107 at about 14.5 eV. "Thus CDO
is also formed ffom an ion of a highe? appearance potential than

CDh .ﬁ, However the appearance potential measurement and dependency
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Table I. The Thermal IoneMoieculewReactions in Methane-oxygen Mixtures

Reaction Reaction o AH
Number»' S £g2¥
mole
: A+ ' A T
1 Cc +cCH >CH, +H, -9
o : +
2 02H3 + H . =92
3 CH3+ + CH- -11
ba = CH + CH + -
a C | C I 02H3 7+ H2 112
_ +. )
5 CH2 + CH3 -15
+
6 02H2 + H2 +H -12
' + +
Ta  CH, f CH), > CH), =~ + H, ~62
8a o + CH, -22
+ _
9 CZHB_ +Hy, +H +6
i + +
1D CH31 + CHh C2H5 +,H2 -23
¥ .
. 1;a CH),~ + CHy > CH; + CHj -2
e + o
12 QHS + C2H5 + 2H2 | +;8
13m O + CHh CHh' + 0 -22
13n ou’ + CHy -11
1k H 0 + CH) H3O + CH3 -16
+ + L
15 CO" + CH, > HCO + CH, -53

*
k -

Xlo_lo cm3§

molec-sec

5.2 +.2%%x

k.o

I+
n

5.0
6 -

2,75 *.008

12.0 +.01

~0.50
N2

a
- 12

*%
k

%1070 op3

‘molec-sec

5.2 +.2

3.8":.2"

mh;s

2.9 *.1
G

¥
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Reaction\ Reactioh
v .
« Number
A R
* : 164 - O++ CH, > CH '0++H.'-
-~ o = o y - S-S
16 | > CH30+T+ OH
B ot e
: o *+ O, > COH + CHy
+ . '+ '
19 B+ 0, w0t ew
20 - C +0, 0" 40
. -’+ o+ .
2la CH +0, > HCO' +0
éé CH '+‘b SHCot + 0
<8 2 T2 2”7 T
s . . _ VI
23r cys + 0, »CHO +0
- + + g
2yp CHu. + 02. >0, f CH),
oy > CH3, + HO,,
: 4 AT
260040, >0, 0
27 HO +0, >0, + KO
: . s e
- 28 co. +.02 > 92 + qo
. 4% 4
. _29 0, +0, >0 %0
+ o ’
30 - g’ +co - HCo" + CHy
o, L _
31 CHg +C0 > HCO' + CHy
+ K +
320 Hy +HO - 330{ + H

%"@‘ 5
N “k* : _k** |
kégl ' xlo—lo.cms,. xl(b)‘-"lo cﬁ3'
mole molecfsec”_ molec-sec’
~93 - 0.07 +.00% - 0.04 =+, 004
-5 0.13' £.006  0.08 +.004
£17 '} 16
-33 of
-7k .(11;0 t, .‘10.7 - +.8
,'1h5. 9;7  * 9.2  £.7
-50 1.0+ 0.9 +.04
50 0.13 .01 0.13 +.01
-1h 2.1 ok 1;9 +,2
-9 2}5»' + | 2.3 .2
-36 o;i6§b 0.16§b
13 R é
;h5v 2.0%
0 | o7 b. .o7°
-2 8.7 ®
;19  5,51 ©
-90 ,,20? 
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Reaction - . Reaction = . AH . ‘;lg" 3 . : : ?0 3
Nu - : ’ ' : " keal - x10 77 cm : x10~ cm
umber —_— ———————— e
mole : molecfsec .molec-sec
R S - _ o a
33 CHh + Hgo > HQQ + CHh -1 '\:2()‘
S < . _ L g,
3k L > H O + CH, . =27 © N30
' Lo+ -+ ' o a
+ b _n2 . o
35 CHSf H20 *'HBQ- + CHh o 23~ o 30
. 4 ) + o - . ,b T a,
.36 H,0 ‘+ H2Q,+ H3O>‘+‘OH . _flO 25
37 HCO' + H,0 > H30+-+'CO | -33 25

* v '
Rate coefficients for the perhydro-system.

*% L ‘ :
Rate coefficients for the perdeutero-system.  Thus the rate constant

+ 10

for the perdeuterofréaetion‘sa, op," + cp), > CD3+ + Dy s 5.3 % 107
-cm3/molec¥sec{ V
**¥A[imits shbw the accuracy of the data fitting.  HBecausé the fitting may
for a particular mass ipvolve'several adjustable parameters, the rate
constﬁnts} thevactual uncertainty in the rate_éohstants is probably
a faéfor or two more thén the accuracy of the'fitting. |
Bpeferences and discussion given in Chaptér Iv. |

j
bReferences_and_discussion given in Chapter V.
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"on methane and oXygen’partial pressures can equally well be interpreted

as was done here as:

' CDh+ + CO » CDO" +fCD3  ' k_=_8.7'* IONlO:cm3/moleé-seé, - {30)

by assuming that the oxygen has CO contamination. We agree that CDO

is formed from an ion of a higher appearance. potential than CDLl :

0

> cDof.+ 0 k=9.2% .7x1010 . _ - (21a)

B
o' o, k=921 |

The'other_613crepancy befween the two experiments is uﬁderstandable.

. in tefms of the weakness of the appearance pbtential'method as a

means of establishing precursofs. Franklin and Munsonl measured

3
it to be about 12.2 eV.. Thus they conclude tHat'CH

‘ . . ' + . ‘ ]
an appearance potential of 12.9 eV for CH 0 ; our data would predict

30* is formed

from

,CHh‘ + 0, +vCH3O- + OH o o .(gh#)

We determined the rate for 2Lt is less than 10 12, while CH,O 1is

3
vactually,formedvby 16f and 23f:
.

l?'cm3/molec—sec._(l6f)‘

30+ +. OH- k=7% b x10

.
H +
Ciy + 0, > CHy

> CH.0" + 0 . k=1.3% 1% 107, (23f)
.

 The one mOst"iﬁportanf qugstion which_thé experiments‘ofv

Franklin.and Munsbnianswefed is whether or not'electfonicly_excited
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02+ is responsible for the cfoss—regction pfo@ucts. Could- there be
an enefgy béfrier which prevéﬁts reactants from reaching at room
témﬁeréture the iﬁtermediate cohfiguratioﬁ which.mﬁSt be achieved o
before one of the highly exothermic product channels can be entered?
If there were an activation barrier, a reéétant ion such as 02+(; uﬂu)

with 100 kcal/mole more internal energy than ground state O would

2

more likelyrbe able to react. However; Franklin and Munsonkhave
shown thét all thgsé éross—reaction products have apﬁearance potenfialé
lover than thet of 0, (a “1,) or 0,"( °IL,). The conclusion is that
there is.nd marked difference in the rate of reactidn of methane with
excited oxygen ions comparedito that witﬁ ground state oxygen ions.
Two further deductions can be made. First, the.fact that a few percent
of the O2+(§'2Hg) coilisipns with methane'éfe‘reactive iﬁdicates that
for some collisions there is littlé or no eﬁérgy barrier. Second,
the SAﬁe fraction of collisions of 02+(; %ﬂu) are also probably
reactive, but notAa'significantly.greater fraction. Therefore, except
for'a.féw percent of the collisions thére must be é'barrier to reaction
gfeater fhan 100 kcél/ﬁbie.

| An energy’barrier seems fesponsi‘ble2 for the three orders of
magnitude difference in the rates of thermal reactions 20a and 38:

9

cm3/molec-sec (20a)

" +0,>co" + 0 K =1.10 X 10~

0"+ N, > NO' + N K =1.2x 102 (ref. 7), - (38)
even though the reaction intermediates (COO+ and NNO+) -éfe.

isoelectronic linear molecules and the reactions are both exothermic
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(AHf:‘-Yh keal/mole fer 20a and -26bkca1/mole for 38);: Spin and
electron orbltal symmetry conservatlon forblds elther reactlon s
reachlng the electronic ground state ( H) of the intermediate.

However, 20a,1s "down-hlll all the way." That 1s,‘the.react10n pro-
ceeds by way of a high—lying state of‘COO+.bat this excited state is
neverthelessletill lewer ih energy than the reactants. In Reaction 38
the hlgh—lylng quartet 1ntermed1ate state 1s of sllghtly greater
energy than the reactants at 300°K (1nternally exc1t1ng the N2 reactant
in 38 by several v1brat10nal quanta 1ncreases the rate of 38 an order |

3by,

of magn;tude or more The actlvatlon barrler therefore 1nh1b1ts
reactien; N | .

VIﬁ'Table I-a ﬁattern”can‘be-éeen for the series of reaetions
H¥C+:fv02'ih.whieh : |

Y;Hﬁbf +tdé +iﬂncb+ +0, 23 =0,1,2,0r3,
‘is the ?redominaht:reaetivefproeess.'»Theen =0 caSe has been examined
thoroughly and may-lehdvvaluable iheight inteAthe mechanism of the
otherst This‘tattern probably'warrants additional theoretical
eon51derat10n 50 as to reveal the ba31s of its orlgln " The under-

E standlng galned would 1deally explaln why thls channel of reactlon,.r
in whlch the 1on.1s substltuted for an oxygen.atom, predomlnates

over qther channele of reaetions,'and ﬁhy the rate ef the reactiens
'dim;niéhes With'ihcreaSing n,' If1this series of reactions can to

any extent be thoﬁght_of aéi

R R .
EC +'02.+ Hﬁ;icOH-'+ Q? A 'n =‘l,2,3
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then the pattefn mey be extrepoleted to the n=h>case to give valuable

. : . R . _—
insight into the mechanism of reactions involving CHh + 0

o
. A, + ) - -
The essential- difference between the CHH + O2 interaction and A

the CHn + 02 interactions for n#l4 is that charge exchange and H-atom
, ) 7 . e : .

tranefer'are exothermic for n=4 and endofhermic otherwise. 'The
transfer of relafiVely light particies such es the electron or
hydrogen atom.can occur over greater distances and less energy is
requlred to accompllsh the transfers in- tlmes on'the order of the
duration of a single collision. In pure methane the reaction of

+ o .
CHn with methane involves H-atom transfer:

+ +
CHn + CHh.+ CHn+l f CH3

or CH,” + CH,  n=0,1,23 | -
with'substantial rate in every case where energy and spin coneervation

alloﬁ it  H—atom transfer is clearlyvfa01le Therefoee iﬁ the

reaction of CHh w1th oxygen it is not surpr1s1ng that hlghly

exothermlc channels of reactlon whlch may involve energy barriers and/

or configuratibnal<bottlenecks are slighted in favor of simple

particle exchanges: |

__:+ + . |
th + 02 >0, + CHQ | _ (2kp)

> CH,  +HO, . S (2kr)

Configurational bottlenecks will be discussed further below.

. The same difference which distinguishes CHh+ + 0, from the

e ' +
other'CH'n+ + 02, n#l, cases also distinguishes CHAW +'02‘from



02+>+ CHM' ‘The'total rate Of.reaction from the'former entrance

channel CH# + 02, is h07 of the 1on—neutral c0111s1on rate ‘while

the total rate from the latter is only 2%. Th1s difference only

further underscores the fac111ty,of those simple reactions 2lp and r.

' The concern Franklin and Munson® expressed over the great °
difference whiCh stemSISimpiy’from-the'piacement of a singte electron
probably is best understood from classical theories of chemical'

kinetics,h whlch hypothe31ze that the course of reactlon is determined

.by the 1ntermed1ate whlch is formed as reactants evolve 1nto products.

Slnce the 1ntermed1ates formed from 02" + CHh'and CHh v+ O2 should

“be quite s1m11ar the subsequent reactions should also be s1m11ar

o .
The most stable 1ntermed1ate conf;guratlon is HZC(OH)z» . ‘which has

a ground state heat of formation of about 120 kecal/mole (see the

" Appendix). The ground state of H2C(OH)2+ is bound with respect to

its lowest decomposition channel by about 50 kcal/mole'and_is about

140 kcal/mole lower in energy than the O +‘CHh regctants. ﬁowever,'

2

_in order to form thls 1ntermed1ate it would seen that 1nsert10n of

the oxygen atoms into the two C-H bonds would have to be concerted
w1th.the.0-0 bond scission. This concerted reaction would be more

difficult in O2 + CHh than in CHh + O2 since’ all bonds are stronger

:and shorter in- the former pa1r of reactants. However, e1ther palr of

reactantS'Wouldvhave to be able to pass a conflguratlonal bottleneck_

in order to reach the_'HQC(O_H)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

'atomshinto sufficient proximity to the proper geometry to permit

reaction by way of the H2C(OH)2f complex. For CHh+ +»02 however
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a relat1vely large range of conflguratlons brlng the reactants to a.
point at Wthh electron or H—atom transfer can take place. This large
range‘of configuratlons represents a gaping ‘probability window"

~ which the reaction can pass through in a large fraction of the

collisions of CHh+ with 02 while the>02+ +.CHh. collisions will remain

non-reactive unless the orientations of the atoms is nearly ideal.
Objections can be raised to our choicé of the intermediate, for

. h . i +%
a plausible alternative intermediate of structure CH3OOH does not

reQuire that the 0-0 bond be broken in order to form the complex and
only a single insertion into a CQH‘hond is requ{red. However

\

thermodynamic’arguments given in the Appendix show that while

% : _
CH_,O0H can be formed from O + CHh or CHh + O the intermediate

3

w1ll be unstable w1th respect to ‘several paths of decompos1t10n,

29

1ncluding cH.0" + OH and HC(OH) H; These two pairs of products,

3
. : B
of course, are those formed by reaction of O2 with CHh' It is most

‘unlikely that half as much HC(OH),' + H as CH,0' + OH could be

% . ' ’ :
formed from CH3OOH decomposition since the former product requires

‘extensive rearrangement to be formed. If we estimate the lifetime of
the CH300H+*.complex to he on-the order of.l‘O—lh sec then the OH

- group must be accelerated to a kinetic.energy on the order of 10 eV
in order that it move the'several Angstrom distance to form the
rearranéement product H + HC(OH)é+. vIt is unlikely that the energy
requirements could be met for thermal'reactants. lt is furthermore
unlikely that the CHSOOH+* compler could rearrange:to form the
HZC(QH)2+* complex.' The occurrence of Reaction‘l6d, |

,02+ + CH) > HC(OH)-2+ + H k=T % L x 10712 em>/molec-sec, = (16d)

>
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in Which two c-0 bOnde he&e”been fef@ed;‘is souha evidence that the
vCHjOOﬁ** reaéfiop intermediate iexnot fermed. o |

The HC(OH)2+ + H'product seems to be "the image of its
progenitor,” H,C(0H), " in that the 0-0 bond is broken and two C-0
boﬁds_havevbeen fofmed;, However we still_don!teheve,proof that the
reection‘does not proceed sy_SOme more imﬁﬁlsive:ﬁechanisﬁ, for

example;:in_wﬁich the reéqtion.of O +.with Cthleads to.an unstable

2

product H.+'CH300f by_knocking off a hyergen atom as the C-00 linkage

. . + '
is formed. The‘CH3OO is unstable but itvmight-persist long enough

in a fractlon of the cases to rearrange to HC(OH) before decomposi-

tion led to CH3Q + 0, :Unfortunately the flrstistep

Qé+ + CH), 4“éﬁ3feof +H
is probeﬁl& 70 kcal/mole endotherﬁie. vThus thls partlcular example
_w1ll probably not sufflce as an alternatlve reactlon mechanlsm.
Nevertheless there may be mechanisms of reactlon not con51dered so
far whlch do not require assuming the H C(OH) .1ntermed1ate. |
Further experlments can be devised to test the reactlon
mechanlsm‘ H C(OH) - is stable.and has many v1brat10nal modes to
partlcipate in. sharlng any v1bratlonal exc1tat10n. Therefore we

can expect the-HQC(OH) to be a long—llved,complex,'prebably

2
‘capeble of surviving for.timesAIOng compared with the rotational
peried,of fhe‘molecuie,'so that fhe prodﬁefs of the deébmposition of
tﬁe cempiex will be ejected At randem center—of—mass'angles. If the
reacfioﬁ-were'studied:in-e tendem‘mase sﬁectrometer capable of

measufiﬁg the ‘angles at_ﬁhich products come from the ion-neutrai
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collision site,'then the;scattefing'wouldvbé isotropic in center-of-
»ﬁass:angle if the ldnééliVed complex mecHanism'weré involved;
Unfortunately‘thereactionsfha&e vefy'émall rates'ahd_the.expected
érdssfséctions forvfeactivé scattéring in the ﬁéndem mass spechl

experimeht may be too low clearly to pr0ve'scattéring isotropy.

+
2

The reactants CH
complex much more easily than éan'O

+ HOOH can probably reach the H20(_OH)2
2+'+ CHhL If the complex
2% + HOOH as from

O2 + CHh’ then the pattern of products formed will be similar.

‘Unfortunately CH

formed in similérly excitéd‘internal states from CH

. o . - : L+ .
2+ + HOOH is more nearly like CHM + O2 in respect

to the H-atom and.charge transfer processés, but complex-formation
may sfil;_be seen in a‘fraction‘of the collisions since no very

éeveré‘geometrical restrictionsvare expectéd here. By éelecﬁivelyv
labeliing' the ﬁydrogen atoms in the reactants we can get ébgood

idea of the extent of rearrangement within the complex; an estimate
of itsﬁlifetime,vand‘an,idea 6f its éfructure (espeCiélly.as to':v
vhethgr'it is CH3OOH+*V0r H2C(OH2)+*). Since the heat of formation of
CH," + HOOH fs similar to that of CH® + 0, and 0

complex would'probably be of comparable lifetime when formed from

.
5 + CHh’ the
any of these three channels.

There are, of course, several other convenient reactant pairs'
which should theoretically lead to the same complex (with different
3OH would probably.

not be very informative. since the very stable OH and oHY can ve formed

+
extents of internal excitation). A study of O + CH

by simple H-gtom transfer. Thus H-atom transfer is expected to be very

facile and might take place to thé exclusion of most other reaction
channels. HC + H. has a very high probability of involv1ng‘a

OH 2
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long-lived complex.;'There areffew.exotﬁérmie channels of reaction

available:
0,  _ou L
Hc\/ Ty 'H2—>HC< Y+ H  AH = +3 keal/mole
Noi TN = ,
N .
H,00" + 1,0 s
HO +HCO  -12 .

3

Thus ‘the rate of reaction into a given ekothermic'ehannel_should be
relatively_large. Isotobic'labelling'and tandem mass spec ekperiments

would be easy‘andiwould'tell‘a'great deal about the structure of the

'_complex. It is unlikely, however that'the structural parameters

(such as normal mode frequenc1es) determined for the complex formed

<

from HCOOH- + H2 could be extrapolated to glve the structural param—

eters for the same complex w1th an an addltional 100 kcal/mole
internal energy Thus the results would probably clearly establlsh
the mechanlsm for the reaction of HCOOH W1th H2 but would tell us

+
nothing of the mechanism for 0

5 + CHh reaction. The same statement,
, e S +
would be true to a somewhat lesser. degree of a study of H20 + CH20.F
Perheps if both HCOOH + H2 and H2O+ + CH20 were studied some valuable

inferences'could be made from the pooled results.

Probably the largest gap in our knowledge of the ion-molecule

‘reactions in the methane-oxygen system concerns the O +_CH4' cross-

reaction. Franklin and MunsonB-found nothing they could attribute

to this interaction. The present study has measured the rate'of

'@isappearance of O 1n CDh—O mixtures and found: it to be small

There the results end and speculation begins. Chemieal intuition

o o, o . v _
suggests that O should be very highly reactive; therefore, the
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'relative'unreactivify'observéd here ihdicates'further study of”thié

system.shouid be uﬁdértakeﬁ'in order to advance the stéte of preéent
chemical intuition.

‘A thedretical basis fér undérstanding thé'reiatively low
feactiVity of'thexmethane;oxygen'croéé-reactionsvprobabiy already
exists in the theory of electron orbital symmetry conservation. What
is needéd‘invérder to apply this theofy is an accurate quantum
méchanical>calcuiation of the energies of the molecular orbitals. A
firmer‘know1edge of the mechaniém of the reactions is needed to
providé a better focus for the quantum mechanical investigation and
more experimental data.on thé.internal and kinetic energy dépendence

of the reactions is needed for testing the results of the theory.

- Thus the investigation of the jon-molecule reactions in methane-

oxygen mixtures has only just begun.

>

~F
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. APPENDIX -

Table I. Selected Thermodynamic Datal
Heats of Formation of Tons

.
b as

CH

ja e

IS

oh

OH

Q:
=
N+

Q
n

=21
n o+

Q
=]

Q
N
Ew o+

Q
N
2

ot

.OH

&
U+ ErWw+

w + N+ '

AH;(kcal/molé) '

366

- 356

296
b3
399
333
260

2Tk

o221

317

B 269

© 253

219

37k
450

312

~360

233

156
278
371
o

223



:Ion‘ Tefm | - éymmetry‘ - AH;(kcal/moie)
o;[.' " , 02v T
cot - 5t B - 4
_coH" lzfr_ o Ce 196
.~ CoHy ;232 e ‘ 223
COHy Sy ey, - 180
 COHI- : _?E o Cy - 20
coéH+' . Iy g o 189
- HCOOH" S .

HC(OH)2+ lAl | . - 115
By c(oH)," f |  ~120

* : : ~ S ~ : .
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.

1 . ’ ) '
J. L. Franklin, et al., NSRDS NBS 26, June 1969.

2Matheﬁslaha Warneck, £:4Qhemf;Phjsi, 85k (1969).
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Teble IL Selected Thermodynamic Datal
' Heats of Formation of Neutrals

Neutral Term Symmetry

H .

H

2
o

CH

cit

>
oRy
cH,

0

' COH
- COH
COH,, -

. COHh

CO,H

g, g

52
0
171

142
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Estimation of(AHf° for Species of Stoichiometry

- 3 + _ +
CHOp» CH3Op, CHO, , and CHLO,H .

An ion of mass L7 iﬁ;mixtures of methane and oxygen has the .

\-‘A‘

: o .
~stoichiometry CH_.O -00 - or ‘
OH . 372 3
4 + . ‘
HC‘\ e Franklinzvdismissed the fiest structure since it is not
OH o _ o : A
observed,in‘the;mass spectrum of dimethyl peroxide; this fact gives a

+ 5 :
‘but ‘it has two possible structures, CH

4

lower bound on the AH.® of CH3=OO+ of 240 keal/mole from the requirement
that '

- CH3—OO+ > CH30+'4 0 - AH = 240 keal/mole -

. v - - (1)
o) + o
- #H,°(cH,-00")

be exothermic or thermoneutral. There can:bé little doubt that CH —00+

3
~00-CH

3 3°

. + :
especially considering that HOO is a major ion from HOOH. Failure to : R

is formed from 15 to 20 éV'aﬁdigréatér eléctron impact upon CH

3 3 3

see CH,00 in CH,00CH, must be interpreted as proof that Reaction 1 is R
spontaneous (hence exothermic).
We can get good estimates for the heats of formation Qf the spécies

CH_00, HC=(OH)2, CH..OOH, H,C=(OH),, and their ions by using the data

3 3

compilation'and methods of Benso_n3 to augment theﬁdata of Tables I and.
IT. Therﬁodynamic data from pyrolysis gives the foilowing three bond
dissociation energies:

'D(HO-OH)_='+S0.0 kecal/mole

D(CH,0-0H) = +k2 (2

D(CH

3O—OCH-3') = +33 . . | | - : ‘“
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Using,AH ° (OH)'s +9 kcal/mole and AH (CH o) =+ %-kcal/mole'from

Table II and the above data one gets |

(HOOH) = =32.,5. kcal/mole(ln agreement w1thv—33 from Table II).
NS OOH) =--32 : o . - ' (3)

) AHf (CH3OOCH ) = —32d

» 3

Benson estimateazAHfo(CHBOO) = ts'kcal/mole-by‘assumingvDﬁHdO-H) =

300-) is also in accord with
assuming that D(CH,~00H) =,D(CH3-OOCH3)_= +6 kcal/mole. These D's seem

D(CHéOO-H) = 89.5 keal/mole. This'AHfo(CH

o
f

(formlc ac1d) is =90 kcal/mole while Benson s method predicts -8T.

unreasonably small, but where the problem lies is not known.. AH

Thls agreement is in keeplng w1th the generally good agreement between

predlctlons of Benson s method and measured values for several thousands

~0H
of different compounds. Th1s method predlcts AH ( C_ ) = =94
: _d R T OH 2 Non
kcal/mole. ,That compounds‘such as H C .. have not as yet been observed:

2
OH
is generally ascrlbed to the fact that they spontaneously decompose as

followsv
LOH - - - . oH | g
H.C H.C=0+H.00 A = AH_(H.C ) + 86 kcal/mole
27 o) ‘ 2 : f 2°N o . ’
_ OH I . v CH
. } _ _OH -
- an indication that AH ( c ) < -86 kcal/mole. Since the —9h
s e NoH | ~ _OR.
kcal/mole estlmate is determlned from date for H C ‘where R is
OR '

CH3, CH3CH2, etc.,'it»is not expected to be very accurate. Thus the

AHfo for'this épecies is probably within ten kcal/mole;of —86.' We can
bR peCies 18 ProbebLy Wi o L/ 1C -t .
7

»estimate»the,H;C bonding energy in H.C_. ~from

2 Nom -
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{;O : 5;0 R _ : o I -
H-C~ —> *.C + H- " AH = 4103 kcal/mole (L)
o . Nom E
to get -
"H. OH ‘ , OH :
: 7/ - / : .
Nel D 5 opcl 4w AH ~ + 103 kecal/mole (5)
57 NoH . NoH o
which implies that AH,  (H-C = ) ~ -35 keal/mole.
OH
Estlmating the heats of formatlon of the ions of these compounds+»
: : OH-
will have to be equally uncertain or more so, except for AHf (H-C:: )
OH°

which is known to be +115 kcal/mole from. Table I, ref. l Equation ﬁh)
gave an estlmate for the strength of a. two—electron C~-H bond; another

estimate comes from

HCOOH' —» H + COOH' ~ AH = 89 kcal/mole (6)
. o _OH, ~
In order to estimate AH,  (H,.C. . ') we observe that
In order % £TeNN >
: . . OH
w i+ g
O//' ' é , o’/ | o
xS N : ' B
He + H: C _— 45@0\\ S (7)
*HC g e R |
o 'Hff 0
Seoo D

involves formation of a one electron C-H bond. If we estimate AH
: o T ' OH
for (7) to be about half that of (1) or (6) we get AHfo(Hzc:: )~
S : OH

+120 kcal/mole;
There are several ways in Whlch to estlmate AH (CH OOH )

The first is to assume the proton affinity of HOO and CH3OG are the



e,

same:
e . HOO + H'e———s HOOH' -~ . ' AH = -1148 keal/mole
. CH,00 + K'———= CH,00E" - AH ~ -118 keal/mole;

.’ . . » . N
this’implies‘AHfo(CH300H+) ~ 223 kcal/mole. : - (9)
Anqthervestimate ¢ome$'from vdomparihgithe'following sYstem of
relatibnshiﬁs:

, AH1=+6h S L -A'H3= -112
HOQ + He————tHO + O + He——sHO + 0 + Heme—— HOO® + H
_8911 - =103 1 S l-i3h ) 1-100 (10)
. , o ' - .. —_— ¥ e oo ‘ i
- - HOOH N +50 | HO + + OH" w303 HO + OH’ Tam,- 98 HQOH
S ) ‘ .
: with the similar system:
T , AHi=+56 ek j_"AH§ .
CH,00 + H-—"—sCH0 + O + H——=CHO + 0 + H—=CH,00" + H_
-891' A w}9303 | SR S L | | (11)
CH 00K ~————"CH_0 + OH ———= CH,0 + OF' ———* CH,00H
. bH —+h2 +303 AHL“ :
1 Observ .th t ML = A +-8. |
: N R . . , e
’ and A, = MH; + 8 : | - - (12)

If we now postutate'that
: L 1 :
AH3 ~.,AH3 +8 | |
and AH) ~ Ath + 8., o - (13)
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one finds that

3

+.. : .
00 ) as about +270 kcal/mole in agreement with our earlier

 AHfQ(GH3OOHf) ~ +223‘kca1/mole I (lh)
in'agfeement with (9). _ - R -
Tﬁe postulates (13) fﬁiﬁhérmore éstablish that the hydrogen atqm | ~
affinity of 500" and CH_00" are equal (-100 kcal/mole) and give ' o

(@]
AHf (CH3

observation that AHfO(CH oof)fz‘zho kcal/mole. On the basis of this

3
earlier observation, we must réject a third method of éstimating
AHfO(CH3OOHf).- This estimate derives from equating the ionization
potential difference between HOH and HOOH to that between CH3OH and
CH_00H : | |

3OO

IP(H2O)_- IP(HOOH) = IP(CH30H) - IP(CHBOOH)_

. : : (15) -
=291 - 256 - =250 - 215(7) |
implies.that.IP(CH3OOH) ~ 215 keal/mole,
whence AH_°(CH COH+)‘~ 183 kcal/mole and

AHfO(CH3OO+) % 231 keal/mole
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stoichiometry CH

This table predicts that CH

00U U6 g g s
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Summary

The following estimates have been made for the species of

302, CHhOZ, and their ions::
Appréximate | o >"_Neutral Ton
A8 ° (kcal/mole)
Stfucturer' | : o A .
CH300H' . : - Lo =32 ~+223
. OH | _ .
H20< o $-86 ~ 4120
oo COH - ' o
CH00 - R 2 ~+270
- OH I ’ :
#e { , o~z +115

3

Fraﬁkiin; and wili,decompose as follows:

CH.,00*——> CH

3

3

00H' will also be unstable:

furthermore CH3

© CH,00H —» CHy

3

0" +0  AH =~ -30 keal/mole

00+vwili'be unstable, as observed. by

0"+ 0H  AH~ =34 keal/mole.
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Table TII. Slope of Log-Log Plots of Peak Area
' Vs. ‘Reciprocal Drift Voltage

“
, , _ , A,
Expt. Mass o Slope Std._Deviation 3 .No.:of q’_ﬁ
= * - . _Pts. v
158 12 .808 Lo 29
13: | .805 .0119 |
W 88 L0168
15 .891 ‘i.0122
16 .835 | .oléh
17 1.83%9  .oik
18 1.877 | ' .0150
26 - 1.9 0210 | .
271 - 1.824 L0197 )
28 1365 L0165 B
|  29f,' 1.920 o .01h8_ o !
158 30 1.801 .018Y 29’
-’
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‘ Té,ble IV Slbpe of Log-Log Plots of P‘e’ak(AIrga"Vs'. TIC

O

. Hxpt. Mass. Slope = Std: Dev. No. of Pts.

RN

1582163 Y | .88 .024
E 13'. R - N .020
w8 oz
15 .9k o2
16 .90 ) ‘;626:
1 e Lok
18 180 .05
26 o 1.85 o 031
o1 1.8 Lo26

IV . 28 128 022

- 29 - 1;93;1 o011
158-163 30 ~1.90 © Loz
164-169 12' %0 032
14 | .89 o1l
i6_ .86 - .028
BT 89 .o:
20 86 | - .031
2é 190  .018
28 ,1;03 o -.qlé

30 1.90  -.013 )

32 . 1.85 - . 028

AN N N ON O VO O Oy OOV O O O O O O O OV O\ 0N

 164-169 B 1.95 ' .020




170-175

-170-175
184-189

32
33
3h
Lk
48

12

- 13

1k
15

16

17
18

19

26

28

29
30
'3l

32

33

3L

bk

L5

LT
48

1.01

1;01

.80

.80
.88
.99

.90

2.02
1.79
1.86

1.4

1.95
) 1.89
1.98

.98

.89

. Std..Dev.

012
;009
;616‘-
023
.017 -
'.01LA
Lozé .
.027
.027
.022
025
022
.020
.019
016
’.019
;026 j'
0.17
.01k
oo
.028
.0L7
.032
.01k
034
016
.011

026

" 'No.

[e)
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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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