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A study has been made of the ionic and excited atom reactions occurring between xenon and methane in the ionization
chamber of a mass spectrometer. The reactions found are

Xe* + CH; —> XeCH * 4 e (1)
Xe* + CH, —> XeH* + CH; (2)  Xe* 4+ CHy —> XeCH,* + H, (4)
The ions XeC* and XeCH* are also formed but by unknown reactions. In Reaction 1 Xe* represents an Xe atom excited

to an energy about 0.5 volt beneath the Xe ionization energy. This reaction is similar to that observed both in this work
and other work for the formation of dimers of the rare gas ions, viz.

Xe* 4 Xe —> Xept + e (5)

Ionization efficiency curves were determined for the several ions, and those for Xe;* and XeCH,* exhihit a sharp maximum
about 2 volts above onset. This is compatible with the formation of these ions from an excited neutral reactant; thatis,
the ionization efficiency curve is an excitation function. Rate constants were determined for the formation of XeHT,
XeCH;* and XeCH,*, and the values are 3.8 X 10-11, 2.2 X 1072 and 4.5 X 10~ cc./mole sec., respectively. Relative
rate constants for the formation of Xe:+ and XeCH,* were also obtained. Xe* reacts with Xe nine times more rapidly than

Xe* + CH4 —_— XQCH3+ + H (3)

it does with CH,.
this somewhat unexpected behavior.
H,0 is given,

As a result of studies of ion—-molecule reactions in
the mass spectrometer, a chemistry of rare gas ions
and excited atoms is emerging. The formation of
the diatomic molecule-ions has been known for a
considerable length of time.!=3 Hornbeck and
Molnar in particular have observed the dimeric ions
of all the rare gases except radon, and they have
shown that the dimer is formed by the reaction of
an excited neutral atom with an atom in the ground
state, e.g.

Ar +e = Ar* + e (1
Ar* 4 Ar = At 4 e (2)

Morris* has observed mass spectrometrically the
formation of the rare gas dimeric ions in an electric
discharge. Norton® has reported the formation of
the rare gas hydride ions, and Stevenson and
Schissler® have also observed these ions and have
measured the rates of the reactions by which they
are formed. Melton and Rudolph’ have observed
the formation of Xe(CN),*, and Henglein and
Muccini® have observed reactions between the
argon and iodine and krypton and iodine to form
the ions ArI+ and KrI+. They postulate the oc-
currence of reactions such as

Ar* 4+ 1, = Arl+* + 1 4+ e 3)
and
Art 4+ T = ArI* + 1 (4)

For the reactions of the positive ions with I; cross-
sections of about 50A.% are observed. Fuchs and
Kaul® have produced in a mass spectrometer the
heteronuclear rare gas molecule ions NeAr* and
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No net charge exchange between xenon and methane was observgd, but no reascn can be advanced for
A preliminary report of observations of reactions between xenon and O,, CyHs, and

ArKr* and the nitrogen—argon ions ArN,* and

ArN+ Y The reactions deduced from appearance
potential measurements are
Ne* + Ar = NeAr+ + e (5)
Ar* + Ny = ArNyt + e (6)
and
(NpT)* + Ar = ArN* + N (7)

Of particular interest is the fact that the energy of
the excited state of neon which serves as reactant in

-

reaction 5 is about 16.5 volts, which is not only
about 5 volts lower than the ionization potential of
neon (21.56 volts) but also about a volt higher than
the ionization potential of argon (15.76 volts).
The excited state of N,* involved in reaction 7 lies
about 6.6 volts above the ground state of the ion.
We have scanned the mass spectra of relatively
high pressure mixtures of xenon and several gases,
and we have been rewarded by observing compound
ions of xenon with oxygen, water, methane, acety-
lene and fragments from these substances. The
paper is a report of the detailed study of the com-
pounds formed between xenon and methane.

Experimental

The measurements were made with the Humble chemical
physics mass spectrometer (127 radius of curvature, 60°
deflection) previously described.'* Separate sets of meas-
uremerrts were made with each of two ion sources of quite
different dimensions and somewhat different configurations.
Source 1 comprises an ionization chamber 7.0 mm. in
length, planar ion repeller electrodes separated by a 3 mm.
gap and a set of four electron gun electrodes placed between
the filament and the entrance to the ionization chamber.
The slits in these electrodes have the dimensions 3.0 X
0.5 mm., and the electrodes serve various functions when
the equipment is used to make appearance potential measure-
ments using the retarding potential difference technique.
Source 2 comprises an ionization chamber 20.0 mm. in
length, U-shaped ion repeller electrodes separated by a 0.5
mm. gap, and only an electron drawout electrode is placed
between the filament and the entrance to the ionization
chamber. The ionization chamber pressure attainable in
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Source 1 without encountering appreciable difficulties is
greater than that attainable in Source 2. On the other
hand, the behavior of Source 2 at low pressures is more con-
ventional than that of Source 1 in that in Source 1 a high ion
repeller voltage (repeller field strength of 50-100 volts/cm.)
is needed to extract the ions from the ionization chamber.

We mention in passing that we have evidence that this
difficulty is the result of a deep potential depression in the
electron beam. This depression is thought to result in
turn from the narrow slits defining the electron beam, for
because of them a relatively high current density s as-
sociated with the passage of an ionizing current of a given
magnitude. Trouble was particularly observed with cur-
rents greater than 3—-5 microamp.

Studies with methane-xenon mixtures were made with
both sources. Using Source 1 studies were made holding
the pressure of xenon constant and varying the methane
pressure, and wice versa. In general the pressure of the
constant pressure component was held at 40 X 103 mm.
and that of the variable pressure component was 0 to 50 X
10=% mm. The ionizing electron current was maintained
at 1.0 microamp., and the pressure studies were made at a
nominal ionizing voltage of 70 volts. Using Source 2 the
methane source pressure was maintained at 12.5 X 10-3
mm. and the xenon source pressure varied in the range of
0 to 14 X 1073 mm. The ionizing electron current was
maintained at 3.0 microamp., and pressure studies were
made at nominal ionizing voltages of 10 and 70 volts. In
both sources the fleld strength in the ionization chamber
was 12.5 volts/cm. (ion repeller voltage = 5.0 volts),
and the distance from the mid-line of the electron beam to
the ion-exit electrode was 2.0 mm.

Gas pressures in the ionization chamber were determined
by means of a McLeod gage attached to the gas inlet line
at a point about 15 inches upstream from the ionization
chamber. For the two component studies involved in this
work, the variable pressure component was introduced into
one of the gas handling reservoirs of the instrument in such
quantity as to give the desired pressure in the ionization
chamber. The constant pressure component then was in-
troduced into the other gas handling reservoir, and the
amount charged was equal to that known from an indepen-
dent experiment to give the desired pressure in the ioniza-
tion chamber. Ia short, it is assumed that pressure inter-
actions between the two components of the mixture do not
occur to a significant extent, and evidence has been obtained
showing that this assumption is largely valid.

The pressures in the ionization chamber when Source 2
was used were obtained by the usual technigue of determin-
ing the total ionization collected by the ion repcller when
negatively biased.!l!? However, one calculates that if one
passes a beam of electrous through an ionization chamber
of length 20 mm. and filled with gas of ionization cross-
section 6 X 1071 cm.* (rough mean of cross-sections for
CH, and Xe)'® at a pressure of 25 X 10~? mm. about 45%,
of the incident electrons undergo collisions resulting in
ionization. We have found that more reasonable total
ionization results can be obtained with Source 2 if the
meastrements are made with a constant ionizing current
incident on the ionization chamber rather than with the
conventional technique of maintaining a constant current
to the electron collector. That this is the case is doubtless
the consequence of the large fraction of the incident electrons
causing ionization. We approximated a constant incident
ionizing current by maintaining a constant total electron
emission from the filament. Ionization chamber con-
centrations were calculated from equation 8

N =In (I—EOLQ_O—T)/ZQ (8)

where N = nurmber molecules/cm.3, @ = jonization cross-
section from ref. 13, ¢ = 1.80 cm., the length of the ion
repeller, I, = incident electron current (0.50 microamp.)
and I = collected ion current. At the ionization chamber
temperature of 200°, pressure is related to concentration
by the equation P, (microns) = 5.0 X 10~ N.

The relation for Source 2 between the source pressure
(P,) and the Mcleod manometer pressure (Pp) has been
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determined for methane and xenon. Iu the pressure range
with which we are concerned in these measurements (up to
about 30 X 107% mm.) the P, — Pn, relationship is identical
for the two gases. Since the gas flow is for the most part
molecular in the pressure region considered, the lack of
dependence of the source pressure on the ideutity of the gas
is not unexpected, but it is none the less nice to have it
confirmed experimentallv.

It is possible to make an independent check on the Py~
Pg relation for methane from the extent of occurrence of
known ion-molecule reactions at various McLeod gage
pressures. To make this experiment we measured the in-
tensities at masses 15, 16, 17 and 29 at values of Py for
methane up to 300 X 1073 mm. The reactions producing
the mass 17 and 29 ions arei?

p
CH,* 4 CH, —> CH,"* -+ CH, 9)

k
CH,* + CHy —> CoHy* + H, (10)

. . L Ra .
and for the general reaction A+ + I3 ~——— C* + D the rela-
tion between measured ion currents and the ion source
concentration of B is

N =1In <l - {:T;)/kATA*'

Where 14+ is calculated by summing the observed ion cur-
rents of A¥ and C, k4 is the rate constant for the reaction,
and 747t is the residence time of ion A7 in the ionization
chamber. The relationship Ps (Microns) = 5.0 X 107N
still obtains. Equation 10 can be derived easily {rom equa-
tion 11 of ref. 11. Values of &y and £y were taken from refer-
ence 12; namely, at ionization chamber fleld strength =
12.5 volts/cm. ky = by = 85 X 10710 cc./mole sec. The
ion source methane pressure values deduced from the in-
tensities at masses 15 and 29 and from masses 16 and 17 are
for practical purposes identical, and when a plot of P, ws.
P was made both sets of points defined cne line. As a
matter of interest we compare in Table I the methane source
pressures obtained from tle ion—molecule reactions in meth-
ane with those obtained from the total ionization in methane,
The excellent agreement shown in Table 1 is enccuraging
from a number of different points of view, and in our opinion
the most significant is that concerned with the absolute
accuracy of rate data in ion-molecule reactions and the
transferability of such data from one mass spectrometer to
another. The rate constants for the methane reactions
reported in Reference 12 were obtained with a Cousolidated
Electrodynamics Corporation Model 21-620 cycloidal path
mass spectrometer. The difference in ion source configura-
tion, dimensions and operating conditions between the CEC
instrument and that used for the present work is about as
great as will be encountered in mass spectrometry, and con-
sequently we believe as a result of the agreement in Table
I that the error remnaining in the values of these rate con-

(11)

TaBLE I
METHANE SOURCE PRESSURE CALIBRATION

(PrRESSURE IN MICRONS)
) o
Difference

Pm Tatal iot‘v?zatirm Tun- moleé. resct.
20 1.1 1.6 40
40 2.4 3.2 28
60 3.8 4.7 22
86 8.4 6.3 16
100 7.2 7.9 9
120 8.9 9.5 6
140 10.8 11.2 4
160 12.8 13.1 2
180 14.5 15.3 5
200 17.0 17.8 2
220 19.5 19.6 1
240 22.5 22.0 2
260 25.0 24.7 1
280 28.5 27.9 2
Average = 10
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stants is that coming from any error which may exist in the
absolute value for the ionization cross-section for argom,
the quantity on which the jonization chamber pressures are
ultimately based.

The intensities of the ions at masses 15, 16, 17 and 29
may be used to check on the methane ionization chamber
partial pressures in xenon-methane mixtures. The mass
15 and 29 ions are the more useful because we believe that
the CH;* jon will be neither produced nor consumed in
reactions with xenon. This question will be discussed
more fully later. We find in the methane-xenon studies
at 70 volts ionizing voltage that the ratio lne/(I1s + Iee)
exhibits a variation as the xenon pressure is varied which
pessimistically might be interpreted as indicating a variation
in the methane pressure. Adopting this latter point of
view for the sake of argument, the pressure trend represented
in one run is from P(CHy) = 11.4 X 1073 t0 9.2 X 1078
mm. The nominal methane source pressure based on the
McLeod gage pressure is 11.8 X 107® mm. If one con-
siders the ratio /17/(1ie + I;) one finds that the methane
pressure trend is in the opposite direction to that exhibited
by the ratio Ig/(I1s -+ leg). In view of these contrary
indications we calculate our kinetic quantities using the
nominal methane source pressure of 11.8 X 1073 mm. It
is clear that the methane and xenon source pressures are to
a satisfactory extent independent of each other, as we re-
marked earlier.

The P, — P relationship for Source 1 was taken to be the
same as that obtained in a previous study of ethylene.!!

The identities of the reactions yielding the product ions
observed were deduced as usual from appearance potential
measurements. In xenon-methane mixture studies equal
amounts of the two components were used. In measure-
ments using Source 1 the total pressure was maintained
at about 90 X 1073 mm. but with Source 2 the total pres-
sure was changed from one experiment to another, as will be
discussed later. At the high pressures involved in these ex-
periments it is impractical to use a separately added sub-
stance to calibrate the electron voltage scale, but fortunately
the 12¢Xe* jon can be used for this purpose.

Results

A. Mass Spectra.—The intensities of selected
ions from the mass spectra of a mixture of ap-
proximately equal amounts of methane and xenon
determined with Source 2 are given in Table II
The total pressure in the source was 24 X 1078 mm.
and measurements were made at nominal ionizing
voltages of 70 and 10 volts. As is indicated in
Table II, the ions with masses from 141 to 152 can
result from several combinations of carbon, hydro-
gen and the different xenon isotopes, and it is de-
sirable to calculate spectra monoisotopic in xenon
for the various ionic species. Such a monoisotopic
spectrum is given in Table III. In making the cal-
culation the small xenon isotopes at masses 124, 126
and 128 were neglected, which made it possible to
start the calculation by taking the mass 141 ion to
be only the »¥XeC* species.

Elementary mass considerations dictate the con-
clusion that the ions with mass greater than 136 are
formed by secondary processes in the ionization
chamber of the mass spectrometer, and as corro-
boration it is found that the intensities of these ions
vary linearly with either the methane pressure or
the xenon pressure, except for the Xe;* ion, the
intensity of which varies with the second power of
the xenon pressure. The ratios of the intensities of
the product ions to the intensity of xenon ion at
constant methane pressure are listed in Table IV,
which illustrates the degree of constancy (except,
of course, for Xe,*/Xe*) which is experimentally
observed.

To our knowledge the existence of the ions Xe-
CH,*, n = (0-4, has not been reported previously.
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TaBLE 11

PARTIAL Mass SPECTRUM OF XENON-METHANE MIXTURE
P{CH,) = 12 X 1073 mm, = Py(Xe); Source 2

Intensity
(div.)a

ev. = ev, =
Mass Ion 70v. 10 wv.
15 CHs* 10,000 3400
16 CHs* 11,000 6800
17  CHs* 2,300 1100
29 CoHs* 1,330 550
1368 136Xe* 3,670 3150
137 18XeHt 138 77
141 2iXeC+ 5 o
142  129XeCHH*, 130XeC+ 3 0
143  129XeCHy*, 180XeCH*, 81XeC* . 9 4
144  123XeCHs*, 130XeCH: +, 111X eCH*, 132XeC* 27 14
145  126XeCHy*, 100X eCHs*, 1¥1XeCH*, 12XeCH 11 17
146  10XeCHy*, 131XeCHs*, 12X eCHst, 18¢XeC ™+ 22 15
147 18XeCHas ¥, W2XeCHst, 134XeCH 25 26

-

148 18X eCH4*, 1MXeCHa ™, 138XeC ™ 8 7
149 13XeCHs*, 136XeCH * 9 6
150 10XeCHu*, i0XeCHa * 3 6
151 136X eCHi* 7 4
152 130XeCH.* 1 4
263° 1mXelntXe *, 131Xel®2Xet 12 49

el div. = 1 X 107% amp. ° From the known xenon
isotope distribution one can write Z,Jnxe = 10.63 Iuexes.
¢ Xenon molecule ions of significant intensity range in mass
from 256 to 272. From the known xenon isotope distribu-
tion one can write Z,Znlnxemxet = 5.65 I 183xes+.

TaBLE III
PARTIAL MONOISOTOPIC MASS SPECTRUM OF XENON-
METHANE MIXTURE

Py(CH,) = 12 X 1073 mm. = P,Xe); Source 2
gntensity (diE\:L)

Ion Ev. =17 o= 10 v,
Xe* 39,000 33,500
XeHt 1,460 820
XeC+ 19 0
XeCH™ 7 0
XeCH,* 18 13
XeCH,* 74 51
XeCH,* 9 46
Xeg* 67 274

TABLE IV
IoN INTENSITY RATIOS AT SEVERAL XENON PARTIAL
PRESSURES
Py(CH,) = 11.8 X 1073 mm.; Source 2
Ev. = 70
XeCH. %/ XeCHy*/ XeCHs*/
Xe* Xet Xe* Xext/Xet
Ps(Xe) X 108 X 108 X 103 X 103
2.2 0.39 1.35 0.33
3. 44 1.68 0.16 .44
5.2 .32 1.65 .26 .68
6.8 .42 1.72 .24 .82
8.3 .48 1.89 .20 1.32
9.8 .42 1.81 17 1.32
12.2 .46 1.88 .24 1.71

Since Xe™ is isoelectronic with iodine, the forma-
tion of XeCHj;+, XeCH,*, etc., may be looked upon
as analogous to the formation of CH;I, CH,I, etc.,
but XeCH,* has no iodine analog. However, this
ion may be looked upon as a substituted CH;% ion,
albeit a rather unexpected one,

B. Reaction Mechanism Determinations.—The
reactions by which the several product iome are
formed were determined by the usual methods of
matching appearance potentials of products and
postulated reactants and/or calculating ratios of
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intensities of product ions and postulated reactant
ions at different electron energies. From experi-
ments in both Source 1 and Source 2 one obtains
the results that within experimental error the ap-
pearance potentials of the ions Xe+, XeH*, Xe-
CH,;+ and XeCH;* are equal. Ionization efficiency
curves illustrating this equality are given in Fig. 1,
the data for which were obtained in Source 2 as total
pressure in the ionization chamber of 20 X 10-%
mm. One concludes that the three product ions
have a common reactant ion, namely, Xe+*, If
this be strictly the case, the ratios of the intensities
of the four kinds of ions should be independent of
the ionizing electron energy. Such ratios are
plotted in Fig. 2, and it may be seen that the ratios
on the product ion intensities are for practical pur-
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Fig. 3.—Xe* and Xe;* ionization efficiency curves,

poses constant. However, the ratios of the product
ion intensities to the 1?*Xe* intensity vary quite
sharply with the ionizing energy, which behavior is
not compatible with the postulate that Xe* is the
reactant ion. We are forced to choose between the
conflicting evidence, and we believe that more
weight should be given to the appearance potential
data. Thus we postulate that the reactions in-
volved are

Xe+ + CH, —> (XeCH;+) —> XeH* + CH, (12)
L XeCH;* + H (13)
L > XeCHs* + Ha (14)

The XeCH,* is a transient intermediate in this
process which we believe is not observable. We
have no direct evidence for postulating in equation
14 the formation of H; rather than 2H, but H,
would require significantly less energy and is thus
more likely.

In evaluating the significance of the non-con-
stancy of the ratios of the intensities of product ions
and alleged reactant ion, it should first be said that
it is quite possible that the behavior constitutes an
experimental artifact, for at these pressures the
conditions in the ionization chamber are compli-
cated and have been observed to give rise to unex-
pected behavior. However, as will be pointed out
later, an unexpected variation in the current ratio
of XeH * and Xe™ similar to that shown in Fig. 2 is
observed in pressure studies at low ionizing volt-
age, and this leads us not immediately to dismiss the
matter as experimental error. The intensity ratio
evidence and the appearance potential evidence
can be reconciled if one postulates that an appreci-
able fraction of the products observed is produced
from the upper state (2Py,) of the Xe* doublet, but
this is just speculation.

The ionization efficiency curves for Xe,* and
XeCH,* are identical in form and quite different
from the ionization efficiency curves usually en-
countered for electron impact processes. Figure 3
shows the ionization efficiency curves for #3Xe,*
and 1%*Xe+* between onset and 70 volt, and Fig. 4
shows the initial portions of the curves on an ex-
panded scale. For this run the Xe source pressure
was 9 X 102 mm,
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Fig. 4—Xe* and Xe;* ionization efficiency curves.

It may clearly be seen from Fig. 4 that the ap-
pearance potential of Xe;* is 0.5 volt lower than
that of !2#Xe*: that is, 4(Xey?) = 11.7 volts.
Thus Xe,t is formed by the reaction of an excited
xenon atom.

Xe + e = Xe*—!—e&
Xe* 4+ Xe = Xep™ + e)

This finding is what one would expect from Horn-
beck and Molnar’s? results for the lighter rare gases
(see equations 1 and 2, for example). The ioniza-
tion efficiency curve observed for Xe,* is really an
excitation function, and it is very similar in form
to the curves given for the lighter rare gases in the
paper of Hornbeck and Molnar.

It may be seen from Fig. 4 that the Xe, ™ ioniza-
tion rises to its maximum value at only 2 volts
above onset, and since the electron beam contains
the usual energy spread, the Xe* excitation func-
tion must rise very sharply from onset. However,
caution must be exercised in drawing conclusions
from the shape of the curve, for we have observed
that the shapes can be markedly influenced by ex-
perimental conditions. In particular we find that
the sharpness of the onset for the formation of Xe,+
and XeCH,* in Source 2 is very dependent on the
source pressure. In an experiment with xenon at a
source pressure of about 35 X 1072 mm. the Xe,*
intensity increased from a residual value of 75 divi-
sions to its maximum value of 3370 divisions when
the ionizing electron voltage was increased from 7.9
to 8.0 volts. We should also mention that increas-
ing the pressure changed the energy scale for the
ionizing electrons, for at higher pressures all ions
appeared at lower voltages. The very sharp rise in
ionization with electron energy at the higher pres-
sures clearly is the result of the operation of some
kind of cooperative phenomena, but we are at a
complete loss to characterize it further. The data
included in Figs. 3 and 4 were obtained at a low
enough pressure so that we observed no discon-
tinuous effects. Furthermore, an experiment with
xenon at the lowest pressures at which Xe,* meas-
urements could be made (5 X 10~® mm.) gave re-
sults identical with those depicted in Figs. 3 and 4.

Higher pressures are needed in mixtures of xenon
and methane to achieve measurable intensities of
the XeCH,* ions, and consequently we have not

(1)
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succeeded in obtaining in Source 2 a value of the
appearance potential of XeCH,* which is above
suspicion, However, the XeCH," ionization effi-
ciency curve is of the same form as that of Xe,™,
passing through a sharp maximum about two volts
above onset. The ratio of intensity of XeCH,* to
that of Xe,* does not vary with the ionizing electron
voltage, as is shown in Fig. 5. These data were
obtained with Source 1, and it should be noted that
with this source the onset of ionization is at about
13 volts, as compared with 8.5 volts in Source 2
(¢f. Fig. 4). Finally, in mixtures of xenon and
methane the appearance potentials of XeCH,* and
Xep* are identical. We feel sure that XeCH,* ion
is formed by an excited atom or molecule reaction,
and while we cannot be sure that excited methane is
not involved, this seems unlikely., Thus we postu-
late

Xe +e =Xe*+ e

Xe* 4+ CHy = XeCH,;T + ¢

The energy of the excited state(s) of xenon involved
here is close or identical to that involved in the
formation of Xe,*.

No serious attempt has been made to measure
the appearance potentials of the XeC+ and XeCH*
ions observed in the mass spectrum at 70 volts, but
it has been noticed in the course of making other ap-
pearance potential measurements that these ions
vanish at electron voltages 5-10 volts above Xe™,
XeHT, etc., appearance potentials, and thus they
are formed from rather highly excited reactants.

C. Rate Constant Determinations.—For the
reactions 12-14 written in the general form

(16)

Xet + CH4—kli>-P+ + F
the rate expression is
(1 - <P+)) = —kp(CHrxer
(Xe™Y PALI14)TXe
which for small amounts of reaction reduces to
) _ Ie
(Xe™) N Ixe
Txe+ 18 the ion chamber residence time of the
reactant Xe T ions at the ionization chamber repeller
field strength of 12.5 volt/cm. used in these experi-
ments. Residence time can be calculated irom the
relation » = (2dM/eE)"/:, d = distance from elec-
tron beam to ion exit electrode, M = mass and E
= ionization chamber field strength. To calculate
the rate constants, the ion current ratios obtained
at the different reactant partial pressures (Table
IV, for example) are averaged and substituted along
with the appropriate value of 7 into equation 19.
For the kinetics of XeCH, T formation one writes
by analogy to equation 19 the relation
(XeCH,*)
(Xe*)

(17)

(18)

= kp(CH,)rxe+ (19)

= kyxeons(CHy)rxe™* (20)
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Unfortunately, at the present, we have no informa-
tion concerning the concentration of Xe* atoms in
the ion source, and so a rate constant cannot be
calculated. However, it is reasonable to think that
the concentration of Xe* will parallel that of Xet,
S0 we can write

(Xe*) = a(Xet) 21
XeCH,t Ixe
g_(;é*'; = ‘;XC:?* = akxeor{(CHyrxe*  (22)
The residence time rxexis calculated from
g SRT
Xt =T = d / \/ 7] (23)

The residence time calculated from equation 23 is
the maximum time. If the excited state(s) of xenon
(Xe*) involved in the formation of XeCH* can
undergo optically allowed transitions to lower states
with the emission of radiation, rxes will be the
relaxation time for dipole radiation, 4.e., about 108
sec. On the other hand, if the xenon excited states
are metastable, the relaxation time for radiation can
be on the order of 107 to 1073 sec.; the excited
atoms will have time to diffuse out of the ionization
chamber from their thermal motion; and an ap-
proximation to the value of 7xe« can be obtained
from Eq. 23.

The rate expression for the formation of Xe,* is
analogous to that for XeCH,*

Ix(f

I‘( L = Q!kXez"'(Xe)TXe*
Xe

(24)

Pressure studies which serve for the determina-
tion of rate constants have been made at electron
voltage (e.v.) = 70 volts in both Source 1 and
Source 2 for the ions XeH*, XeCH;* and XeCH,*,
In addition studies have been made in Source 2 at
e.v. = 70 volts and 10 volts for XeCH,* and Xe,*,
The purpose of the e.v. = 10 volt runs was to pro-
vide rate data for the excited neutral reactions at
conditions where the formation of the excited reac-
tant was close to its maximum. The studies in
Source 2 were all made holding the pressure of the
methane constant and varying the pressure of the
xenon. In the Source 1 studies the converse experi-
ments (methane varied) were also made.

Replicate experiments were made in all cases.
The agreement between replicate results was gen-
erally satisfactory. No difference in results could
be observed between runs in which the methane
pressure was held constant and the xenon pressure
varied, and vice versa. However, the rate constants
from experiments conducted with Source 2 were uni-
formly about a factor of 2 higher than those ob-
tained with Source 1. The relative magnitudes of
the rates for the several different ions fortunately
are the same for both sets of measurements. We
are unable to explain this discrepancy, and since
we have no reason to choose one set of results in
preference to the other, we have used all of the
experimental values to calculate average rate con-
stants for the several reactions investigated. These
average rate constants are given in Table V.,

By adding together the e.v. = 70 volt rate con-
stant for the ions XeH*, XeCH;* and XeCH,t
given in Table V, we obtain a value of about 4.0 X
10~ cc./mole sec. for the rate constant for the for-
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TABLE V

AVERAGE RaTE CoNSTANTS AT £ = 12.5 VoLt/CMm.
#4 (cc./mole sec.)

Reaction ev. = 70 v, ev, = 10 v.
Xe* + CHy— XeH* + CHy 3.8 X 101
Xe* + CHy — XeCHz* + H 2.2 X 10712
Xe* 4+ CH( — XeCHy* + H; 4.5 X 1071
Xe* 4+ CHy — XeCHi* + e 1.1 X 10-1%/« 8.4 X 10714/ q
Xe* + Xe — Xey* + ¢ 9.2 X 1074/ 8.9 X 10713/

2 = {Xe*)/(Xe™) formed in ionization chamber.

mation of the intermediate complex XeCH,*
written in equations 12-14. To make comparisons
with other reactions, it is convenient to convert this
rate constant to a reaction cross-section, (J, using
the relation't Q = k/(efd/2A1)/>. One thus finds
that the 12.5 volt/cm. cross-section is Qg = 4.2 X
10~ cm.? This corresponds to a rather slow ion-
molecule reaction when compared with relatively
fast reactions such as Ar+ + H, = ArH*+ 4 H,
Op = 111 X 10~% cm.2; Kr+ + Hy, = KrH*, + H,
Qo = 425 X 107% c¢m.?, CHyt 4+ CH, = CH;*
CH;, Q1 = 61.0 X 10~ cm.?, ete. (all cross-section
values taken from ref. 14).

From Table V one can see that in the decomposi-
tion oi the XeCH,T intermediate the loss of a
methyl radical to produce XeH™ ion is about 10
times as probable as the complementary process,
namely, loss of hydrogen atom to produce XeCH;™.
Loss of Hy (2H ?) to form XeCH,t is in turn about
10 times less probable than loss of H. Also from
Table V one can see that the reactivity of Xe* with
methane is about 9 times smaller than the reactivity
with Xe. The rate constants at e.v. = 70 and 10
volts reflect the fact that the excitation cross-
section for Xe passes through a sharp maximum
close to onset. It is to be hoped that these excita-
tion cross-sections can be determined experimen-
tally, which will perinit the calculation of rate con-
stants for reactions involving the excited atoms.

D. Charge Exchange.—One might expect that
one of the most likely ionic reactions between
methane and xenon would be charge exchange.
For example, Melton!® has observed charge transter
between Art, Kr+* and CH,, and we have in this
Laboratory studied charge exchange reactions be-
tween rare gas ions and ethylene,”® The ionization
potential of CH, by electron impact is 13.12 volts, "’
and the energies of the two components of the Xe~
ground state doublet are 12.13 and 13.44 volts.!8
Then one anticipates the occurrence of the following
exothermic reactions

Xe+(sz,fg> - CIL — CH;+ ‘I" Xe

A = =7 keal./mole (25)

and

CH,* + Xe — Xet(?Py,) + CH, (26)

AH = ~—23 kcal./mole

In Fig. 6 we plot the quantity (I + fp9)/(Ji7 +
I) as a function of the ionization chamber partia]

(14) F. W. Lampe and F. H. Field, T'elrahedron, T, 189 (1839). See
equation 11,

(15) C. B. Melton, J. Chem. Phys., 38, 647 (1960).

(16) J. L. Pranklin and F. H. Field, J. Am. Chem. Soc., 83, 3555
(1961).

(17) F. H. Field and J. L. Franklin, * Electron Impact Phenomena,”
Academic Press, Inc., New York, N. Y., 1957,

(18) C. E. Moore, National Burcan of Standerds Cire., No. 467,
Vol, II1 (1958).
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pressure of xenon. The two experiments included
(represented by circles and triangles) were made in
Source 2 at e.v. = 70 volts and were part of the ex-
periments done to establish the rate constants of the
xenon~methane ions. The interpretation of the
constancy observed for this ratio depends upon the
fact that no exothermic reaction can be written for
the consumption of CH;* (in its ground state) by
reaction with xenon or for the production of CH;™*
by the reaction of Xe* with CH,. Thus

Xe* (2Pyn) + CHy —> CHy* + H + Xe (27)
AH = + 21 kcal./mole

CI{3+ + Xe —> Xe(i’]"g/g) ‘I— CH3 (28)

AH = -+ 50 keal. /mole,

where energies are taken from ref. 17. Since this is
the case, the observed constancy of the current
ratio constitutes strong evidence for concluding
that no net charge exchange between xenon and
methane occurs. However, this is not a very palat-
able conclusion, for it requires that the rates of re-
actions 25 and 26 and the cross-sections of formation
of CH,* and Xe*(?Ps,,) meet a rather stringent re-
quirement, namely, £30xe+ = RwQcus. Alterna-
tively, the experimental results can be interpreted
as meaning that no charge exchange at all occurs
between methane and xenon. We have nc experi-
mental basis for choice between these two possibili-
ties.

In the experiment depicted in Fig, 6, the absolute
intensities of all the ions from methane declined
markedly, smoothly and reproducibly as the pres-
sure of xenon was increased. Thus the intensity of
the CH,* ion decreased from 39,700 divisions with
no xenon to 11,000 divisions when the xenon soitrce
pressure was 12.2 X 1073 mm. We believe that
this is an instrumental effect of unknown origin,
but it illustrates the necessity of basing considera-
tions on intensity ratios wherever possible. Part of
the reason for our belief that an instrumental phe-
nomenot is involved is that in the experiments at
ev. = 10 volts the methane ion intensities rise
sharply as xenon is added. The CH,* intensity in-
creased from 642 divisions to 7650 divisions. The
ratio (I1s + Is9)/ (115 + I17) is no longer constant, but
rather rises from the value 0.157 at no xenon pres-
sure to 0.500 at 12.4 X 10—® mm. Hg. This be-
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Fig. 6.—Ion ratio plot.

havior may be interpreted as indicating that the
increased ionization resulting from the introduction
of xenon changes the space charge so as to bring
about an increase in the energy of the ionizing elec-
trons, which in turn results in the production of
relatively larger amounts of the high energy CH;+
ion. If this explanation be accepted, the behavior
observed with the ratio Ixem+/Ixe+ is very inter-
esting. In one experiment this ratio increased from
5 X 1078 to 24 X 10-% as the xenon pressure was
increased, and arguing by analogy from the CH; -
CH.,* explanation, one wonders whether an entity of
energy higher than that of Xe*(2Ps,) is involved in
the reaction producing XeH™*. This possibility
was mentioned earlier in connection with the dis-
cussion of reaction mechanism determinations.

E. Reactions of Xenon with Other Gases.—
In the course of this investigation we have made
qualitative observations concerning the ion source
reactions of xenon with acetylene, oxygen, water,
ethylene and nitrogen. We have not made de-
tailed reaction determination studies, but the ions
observed suggest these reactions

Xet + O —>» XeO*t + O (29)
Xe* + CHy; —> XeCH* + H (30)
L—> XeCy* + Hy(?) (31)

Xet 4+ H:O0 —> XeOH* + H (32)
Xe* 4+ Oy —> XeOyt + e (53)
Xe* 4+ CHy; —> XeCHot 4 e (34)

In addition, XeCH* and XeC+* were observed, but
we do not know by what reaction. No product ions
of xenon with nitrogen or ethylene were observed,
but with ethylene extensive charge exchange
occurred.
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