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Competitive reaction and quenching of vibrationally excited O, ions

with SO,, CH,, and H,0

M. Durup-Ferguson,® H. B&hringer,” D. W. Fahey, F.C. Fehsenteld, and

E. E. Ferguson

Aeronomy Laboratory, National Oceanic and Atmospheric Administration, Boulder, Colorado 80303

(Received 7 March 1984; accepted 16 May 1984)

Vibrationally excited O," ions injected into a He buffered flow tube react rapidly with SO, and
H,O by charge transfer and with CH to produce CH,0,", CH;", and CH," . It is found that the
rapidly reacting states at thermal energy are O;' (v>2) for SO, and CH, and O, (v>3) for H,0,
while the lower vibrationally excited states are rapidly quenched. When the reactions of SO, and
CH, are studied in Ar buffer as a function of kinetic energy it is found that the vibrational
temperature of O;" established through collisional excitation by the Ar buffer is perturbed by
quenching collisions with the reactant molecules. This leads to observed reaction rate constants
that change with reactant gas concentration. For the reaction of O;% with CH, the influence of
kinetic and vibrational energy on the branching ratio of the reaction channels has been
investigated. The present vibrational relaxation data for O," (v) by CH,, in conjunction with other
recent measurements, allows a rather detailed picture of the mechanism to be drawn for this
complicated reaction that involves the making and breaking of four chemical bonds.

I. INTRODUCTION

A number of reactions of vibrationally excited ions have
been carried out in ion swarm experiments at kinetic ener-
gies from thermal to ~ 1 eV."™ Recently, studies of vibra-
tional relaxation of diatomic ions have been carried out in
similar experiments.®~” The present measurements represent
an extension of these studies to the interaction of vibrational-
ly excited O," ions with the molecules SO,, CH,, and H,O,
in which competition is found between reaction and vibra-
tional guenching channels. This competition leads to a con-
siderable increase in the complexity of the studies.

Viehland ez al.® have shown that the internal degrees of
freedom of molecular ions drifting in atomic buffer gases can
be assigned an internal temperature 7; controlled by the rel-
ative ion—buffer gas kinetic energy in steady state. Studies on
several triatomic ions showed that vibrational steady state
was obtained in ~ 10° collisions with Ar buffer gas in a drift
tube, but that the ions were not vibrationally excited in He
buffer gas.* Direct measurement of O, vibrational relaxa-
tion rate constants in He and Ar buffer gases show that O,
ions will attain a steady state vibrational population in Ar in
experiments such as the present one involving more than 103
ion-buffer collisions and that O;* ions will not be vibration-
ally excited in He buffer gas.>® Earlier experiments showed a
large enhancement in the rate of reaction of O," ions with
CH, in Ar relative to He'~ due to vibrational excitation. At
that time, vibrational quenching experiments with added O,
showed directly that the O;" ions were vibrationally excited
in Ar and not in He.2

Introducing ground state O," ions into a He buffer in a
flow drift tube allows rate constant measurements to be
made for ground vibrational state O, ions as a function of
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kinetic energy. There is a large enhancement of the rate con-
stant with kinetic energy for the exothermic reaction O,
+ CH,'~* and, of course, for the endothermic charge trans-
fer of 0,5 with SO, and H,0O. On the other hand, when a
distribution of vibrationally excited O," ions is injected into
the flow tube, both the reaction and quenching rate con-
stants can be determined separately for different vibrational
states, using the monitor ion technique for the detection of
ions in selected vibrational levels.®

In Ar buffer gas the situation is more complex. Any
vibrationally excited O," ions injected into an Ar buffer will
be rapidly quenched, due to the large quenching rate con-
stant 1.0(—12) em®s™' for O;F (v =1) and 2.5(— 12)
cm’ s~ ! for O;* (v = 2).>® Above thermal energies, the O,
ions will be collisionally excited in the Ar buffer and will
attain a steady state vibrational population by excitation and
deexcitation in collisions with Ar. The population will be
Boltzmann with a temperature 7; given by 3/2
kyT; =KEZ,, where ky is Boltzmann’s constant and
where KE 2 is the O;" —Ar center-of-mass kinetic energy,
controlled by varying the drift tube electric field and buffer
gas pressure. This would be an ideal situation for the quanti-
tative determination of the vibrational enhancement of the
rate constant except for the fact that this steady state is per-
turbed by the addition of the reactant gas, since CH, is a far
more effective vibrational quencher than Ar. Thus, the O,"
vibrational temperature will depend on the CH,/Ar ratio,
i.e., the temperature will vary in the course of adding CH, to
measure the O, + CH, rate constant. This complication
was not appreciated in the earlier studies.

The present study was undertaken, in light of the recent
gains in understanding, in order to see what mechanistic re-
action details can be derived from competitive reaction and
quenching studies. The emphasis is on the very complex O,"
reaction with CH,. The present results, in combination with
a great wealth of other recent data on this reaction, provide a
quite detailed picture of a remarkably complex reaction.
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Il. EXPERIMENTAL

The studies have been conducted in a flow-drift tube
(FDT)® with a mass-selected ion source.'®'" This apparatus
has been used for the study of many ion—molecule reactions
as a function of kinetic energy."*° The basic experimental
approach to studying vibrationally excited O;" ions in the
FDT is outlined in Ref. 5. A summary of this approach is
included here along with specific features of the present mea-
surements.

Unless stated otherwise, the O," primary ions in the
present study have been produced in a remote electron-im-
pact ion source. The energy of the ionizing electrons was
maintained at 15.4 eV to avoid the production of metastable
O," (@ *I1,) ions.> After mass selection, the primary ions
were injected into the flow tube with the aid of a venturi
inlet."”!! For He and Ne buffer gases, vibrationally excited
O+ ions produced in the ion source were found not to be
quenched in ~ 10* collisions in the FDT.® The vibrational
state distribution of the O," ions in the FDT was probed by
means of charge-transfer reactions with Xe, SO,, and H,O.
The charge-transfer reactions are exothermic for O, (v>1),
O;" (v>2), and O, (v>3) ions, respectively. With slight vari-
ation ( 4+ 3%), the following state distribution was found:
0,/ (v=0)=35%, O; (v=1)=43%, O;'(v=2)=11%,
and O;' (v>3)=11%.

For the measurements of the ground state reaction rate
constants of O," (v = 0) with SO, and CH, as a function of
kinetic energy in He, the primary ions were produced by 100
eV electrons. The excited O, ions were removed by adding
traces of CO, or O, to the buffer gas. The electronically ex-
cited metastable ions of O, react rapidly with CO,
[k = 9( — 10)cm? s~ *]**!3 and are rapidly deexcited in colli-
sions with O, [k = 3.1( — 10) cm® s~ '].'>!3 The vibrational-
ly excited ions are rapidly quenched by CO, and O, with rate
constants of 1( — 10) and 3( — 10) cm® s, respectively.>*

The ions injected into the FDT were carried down-
stream by the fast flowing buffer gas through a field free
region and into a drift region with a length of 55.9 cm. Reac-
tant and quenching gases are added in the latter at a gas inlet
port located 48.4 cm upstream of the detection system. The
monitor gases for probing the vibrational state distribution
of O, were added at a port 3 cm upstream of the detection
system. The flow tube pressure was maintained at 0.25 and
0.4 Torr with a He buffer, at 0.2 Torr with a Ne buffer, and at
0.125 and 0.2 Torr with an Ar buffer. The measurements
were carried out at gas temperatures of 297 to 300 K.

In contrast to the experiments in He and Ne buffer gas-
es, vibrationally excited O," ions are completely quenched
to the ground state in an Ar buffer in the flow tube region
preceding the drift-reaction region. This follows from the
measured quenching rate constant™ for Arof k, = 1( — 12)
cm? s, the residence time of the O," ions 7>4( — 3) s, and
an Ar density of about 6(15) cm~3. O," (a*/T,) ions are de-
stroyed even more rapidly'>!? by charge transfer with the Ar
buffer [k = 5( — 10) cm®s™']. At sufficiently high kinetic
energy, O," ions are vibrationally excited in an Ar buffer
with a vibrational state distribution described by tempera-
ture T,.% This temperature is equivalent to the mean, center-

of-mass kinetic energy in the collisions of the ions with the
buffer gas atoms KE 2

3ksT, =KE2, =3k T+ M2, (1)

where T'is the gas temperature, M, is the mass of the buffer
atoms, and v, is the measured drift velocity of the ion. The
theory applies when there are enough collisions of O," with
the buffer to reach a steady state between excitation and
quenching.

The rate constant k,; of the quenching process with
quench gas Q:

O p=1+0-0,"v=0)+Q (2)

was measured by the monitor ion technique that has been
described earlier.’ In these measurements, a fixed flow of Xe
is added at the monitor gas inlet to convert some of the vibra-
tionally excited O;' (v>1) ions to Xe™* “monitor ions.” The
Xe™ ion signal at the detector is then proportional to the
concentration of vibrationally excited O;" ions at the end of
the FDT (except for a small contribution to the Xe™ signal
from the slowly reacting ground state O," ions, which is
corrected for). If a quench gas is added to the FDT upstream
of the monitor gas inlet, the monitor signal recorded as a
function of quenching gas flow shows a decline that reflects
the quenching rate constant k,; (when the presence of vibra-
tional states v3>2 is neglected, which can be done without
introducing a large error”).

In the present case of quenching by SO,, CH,, and H,O,
the situation is more complex because these gases also react
with the upper vibrational levels of O,". For this case, the
monitor ion signal recorded as a function of quenching/reac-
tant gas addition shows a decline which reflects both the
reaction rate constants of the upper vibrational levels and
the quenching rate constant k,, (quenching of v =2 and
v = 1 in the case of H,0). Thus, for the data analysis in the
present study, the monitor ion technique used previously
was modified. The quenching rate constant can be deduced
more directly from the O;" signal as a function of quench-
ing/reactant gas flow when sufficient monitor gas is added.
For this case, the difference between the O;" signal as a func-
tion of quenching/reactant gas flow and the O;" signal at
large flow shows a decline that closely reflects the quenching
rate constant k,, . With a small correction, the quenching
rate constant can be deduced exactly. This procedure is ex-
plained mathematically in the Appendix.

To treat the more complex case of O;" + CH,, where
there is also a nonnegligible ground state reaction, a numeri-
cal model that simulates all the reaction and quenching pro-
cesses involved has been used to find the quenching rate con-
stants by fitting the calculated results to the measured data.
The model includes three different states of O;+ with a distri-
bution (v=0)=33%, (v=1)=45%, and (v>2) = 22%.
The states of v =2 and v> 2 were not distinguished since
they have essentially the same reaction rate coefficients with
CH.,,. Results of the model calculations are shown along with
the corresponding experimental data in Fig. 1. Further input
data for the model calculation are the fractions of ground
state and excited state O," ions that are converted to the
monitor ion Xe* before detection for the fixed flow of Xe gas
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FIG. 1. Variation of the primary ion O;" signal as a function of quenching/
reactant gas CH,, addition (points and solid curves). For (a) no monitor gas is
added while (b), (c), and (d) were obtained with different constant flows of Xe
monitor gas. Model calculations simulating the situation have been fitted to
these data with the parameters k, = 6( — 12) cm®s™?, k*=7(—10)
cm®s~!, and a vibrational state distribution of (v=0)=33%,
{v=1)=45%, and (v = 2) = 22%. The values k,; = 4( — 10), 6( — 10),
8( — 10) cm®s~' have been used in the calculations. The curves for
k, = 6{— 10} cm®s~! are almost identical to the experimental data and
thus are not shown.

in the measurement (these fractions are denoted R ' and R in
the Appendix). These two factors are determined empirical-
ly as described in Ref. 5 for each case (b), (c), and (d) shown in
Fig. 1. The model calculations also give a good measure of
the sensitivity of the modified monitor ion technique. The
model calculations have therefore also been applied to test
the SO, and H,O quenching results.

IN. RESULTS AND DISCUSSION
A.O; + S0,

SO, reacts with O," by charge transfer, which is exoth-
ermic by 0.19 eV for O;" (v = 2) and slightly endothermic by
0.039 eV for O; (v = 1). As has been shown,’ a fast and a
slow reacting group of O," ions can be distinguished experi-
mentally in a He buffer at near thermal energy. The propor-
tion of the two groups of ions is obtained by recording the
primary ion signal as a function of reactant gas addition and
extrapolating the final slope of the O," signal for large flows
back to zero flow in a semilogarithmic plot as indicated in
Fig. 2. The fraction of fast reacting ions is designated by B
and the slow reacting fraction by 4 in Fig. 2. The fractional
abundance of the fast reacting ions in the O;" + SO, reac-
tion is found to be B /(4 + B) = 22% at thermal energy. If
the kinetic energy of O;5 — SO, collisions is increased, the
fraction of fast reacting O," ions in a He buffer increases to
40% at 0.4 eV as shown in Fig. 3.

The rate constant that is deduced from the final slope of
the O, ion signal as a function of reactant gas flow (Fig. 2)
will be designated by k,, the reaction of the ground state O,"
ions. The curve that is obtained by subtracting the straight
line fitted to the final slope from the primary ion signal curve
gives another rate constant that will be designed by & * (see
Fig. 4 for the example of the O;* + CH, reaction and Ref. 5.
k * corresponds to the rate of disappearance of the fast react-
ing ion species.
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At thermal energy, a rate constant k& * of 1.2{ —9)
cm®s~! is determined.’ & * is the sum of the reaction rate
constant k, and the quenching rate constant k,, for the O,"
(v>2) ions.>*? Unfortunately, the two rate constants cannot
be determined independently. If one assumes that the vibra-
tional distribution of the O;" ions given by the Franck—Con-
don factors’* is an upper limit to the vibrational excitation in
the present experiment, one obtains O," (v>2)<45% and
k,>k,, . k* was found to be constant in the energy range
from thermal energy to 0.2 eV.

The reaction rate constant of the charge transfer of O,"
(v =0) with SO, as a function of kinetic energy has been
measured and the results are shown in Fig. 5. The rate con-
stant is steeply increasing with energy as expected for an
endothermic reaction. At energies below 0.1 eV, O; asso-
ciates with SO, and therefore no values for the charge trans-
fer reaction rate constant are given for this energy range.

g T I T T
-+
_g 0k 05 +80, = SO + 0, |
5V 60} © Heand Ne Buffer i
o soF & Ar Buffer |
g a0 & _ |
« +
% 0F o 0} (vz1)
o o
w o ]
“5 20 - 0o a
< Mv22>‘
S 0 \ ,
S % o 02 03 04 05
a

KEcm(eV)

FIG. 3. Fraction of O;" (v) ions reacting fast with SO, as a function of rela-
tive kinetic energy with respect to ion-reactant collisions KE?, , in He, Ne,
and Ar buffers. In He and Ne buffers the O; ions have the vibrational state
distribution they attained prior to injection (see the text) while in the Ar
buffer the excitation is determined by collisions with the buffer. The vibra-
tional state distribution calculated for the O;* ions in the Ar buffer at excita-
tion and deexcitation steady state (solid lines) is shown for comparison.

J. Chem. Phys., Vol. 81, No. 6, 15 September 1984



2660 Durup-Ferguson et al. : Vibrationaily excited O; ions

100 ' T T T T l T T T T
0, (v22)
30 — X 3
- ,
-]
2
c
=1
o
0 - _
X
®
c
o
n
§
= 10| —
- q -
3 l 1 1 i 1 I 1 1 1 ]

0 2 4 6 8 10 12 14 16 18x10-2

CH, Flow (atm cm®s -)

FIG. 4. Reaction of CH, with O;" ions in the given vibrational state distri-
bution in the He buffer at near thermal energy. The dashed line gives the
ground state rate constant k, while the steep straight line gives k * for O
(v>2).
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FIG. 5. Rate constant of the reaction O;" + SO, as a function of kinetic
energy in He and Ar buffers. In He the reactant ions are only O;" (v = 0) due
to quenching by CO,. In the Ar buffer at energies above the threshold for
vibrational excitation (~0.12 eV) two reaction rate constants for the limit-
ing conditions of very small and very large SO, flows are given (see k, and
k, in Fig. 9, respectively).

The quenching rate constant k,, of O;* (v = 1) by SO,
has been measured at near thermal energy by the modified
monitor ion technique using Xe as monitor gas. The result of
the measurement is shown in Fig. 2. A quenching rate con-
stant of k,; = 5.7( — 10) cm®s™! has been deduced from
these data.

The results in Fig. 3 can now be explained in the follow-
ing way: The fast reacting species at thermal energy are
mostly O,t (v2) ions. The endothermic charge transfer re-
action of O,;* (v = 1) is certainly slower at thermal energy
than the quenching and contributes only to a very small de-
gree to the observed rapidly reacting ions. In a similar case,
the endothermic charge transfer reaction of O;
(v=0) + Xe{dH = + 0.06 eV) has a reaction rate constant
of 6( — 11) cm®s~! at thermal energy.® When the kinetic
energy is increased, however, the quenching rate constant
k. is expected to decrease while the reaction rate constant
for O, (v = 1) increases, which results in an increasing frac-
tion of O, (v=1) ions that contribute to the fast reacting
species as shown in Fig. 3.

In an Ar buffer at energies above 0.15 eV, the O;* ion
signal does not decline exponentially as a function of SO,
flow. Instead, a curvature is observed on a semilogarithmic
plot at low flows and a straight line observed only for large
reactant gas flows. The rate constant that corresponds to this
final exponential decline is exactly the same as the ground
state rate constant for the same kinetic energy. This indicates
that for these large reactant gas flows (0.5%-3% of the buff-
er flow) the vibrationally excited ions are more rapidly de-
pleted by quenching and reaction than the vibrational state
distribution can be reestablished by collisional excitation.
This effect will be discussed in more detail for the O,

+ CH, reaction. The rate constants in an Ar buffer for the
final decline of the primary ion signal and for the limiting
case, of very small SO, flow (designated &k, and k,, respec-
tively, for the case of O;* + CH,) are given in Fig. 5 as a
function of kinetic energy. The rate constant k, for very
small SO, flows should be the rate constant averaged over a
vibrational state distribution given by the temperature 7
since the excitation of O," is mostly determined by collisions
with the Ar buffer.

If the final exponential decline is extrapolated back to
zero flow, one obtains the ratio of fast and slow reacting ions
similar to the case in a He buffer. The fraction of fast reacting
ions is given as a function of kinetic energy in Fig. 3. Also
shown are the fractions of O," ions that are expected to be in
the vibrationally excited states v>1 and v>2 for the given
internal temperature 7;, assuming a Boltzmann distribu-
tion. One expects that the fraction of fast reacting ions is
roughly proportional to the concentration of the excited
states of O;" that can react fast. The proportionality factor
depends on the rate at which the excited states can be repo-
pulated. Small deviations from proportionality are expected
because the residence time and the excitation rate change
with kinetic energy. Figure 3 shows that the fraction of fast
reacting ions follows the curve for the fraction of O;" (v>2)
ions for low kinetic energy. This is consistent with the results
in a He buffer at near thermal energy where only O, (v>2)
ions were found to react rapidly. At an energy of 0.3-0.4 eV,

J. Chem. Phys., Vol. 81, No. 6, 15 September 1984
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TABLE 1. Measured reaction rate constants of the fast reacting O;* species
k *, the ground state O;" ions k,, the fraction of fast reacting O," ions B/
A + B, quenching rate constants for O," (v = 1) &, , and collision rate con-
stants k, for the ion-neutral pair at thermal energy.

Reactant k*

neutral [cm3s—!] kg B/A+B kg k,
SO, 12(—9F <1(—12) 022  57(—10) 1.2(—9p
H,O 135-9 <l(—12) ol 12(=9) 14{—9)
CH, 7—10) 5(—12) 025 6(—10) 1.14(—9)

*a(~b)=ax10~°.
®See Ref. 5 for calculation of k..

a transition is observed indicating that O," (v = 1) ions also
begin to react rapidly. This is probably a consequence of the
fact that, at energies above about 0.35 eV, O;t (v = 1) reacts
faster than it is quenched by SQ,.

The fact that vibrationally relaxed O," ions (with large
SO, flow) have the same charge-transfer rate constant with
SO, as O;" ions in He proves that there is no rotational en-
hancement of the charge-transfer rate constant since the ro-
tational temperature is very much higher in the Ar than in
the He buffer. This result was found earlier for N,O* charge
transfer with NO.*

The rate coefficients measured at thermal energy for
this system are summarized in Table I. The uncertainties in
the measurements are estimated to be the following: k, was
measured with the standard accuracy of the technique
{ + 30%). The accuracy was estimated to be (+ 60%/

—40%) for k* and k,, (+ 80%/ — 50%) for k,, and
(+75%/ — 40%)* for k,, .

B. 0;‘ -+ Hzo

H,0 reacts exothermically only with O,;" (v>3) ions by
charge transfer. 11% + 2% of the O,* ions in the given state
distribution in the FDT have been found to react fast with a
rate constant k * of 1.35( — 9) cm® s—'. The quenching rate
constant for O,;" (v = 1) by H,O has been determined by the

Xe™* monitor ion technique to be k,, = 1.2( —9)cm®s™".

C.0; +CH,

In this reaction, three different channels are observed,
two of them are endothermic for O;" (v = 0) and become ex-
othermic for O; (v=2)and O;' (v = 3). This, added to the
fact that the quenching rate constant of O,;" (v>1) by CH, is
one-half Langevin,” makes it a very complicated reaction
and, at the same time, a good candidate for the study of
competition between reactive and quenching collisional pro-
cesses. Among six possible exothermic channels only reac-
tion (3) is observed, leading to the formation of the CH,0,"
ion

O; + CH,—~CH,0;* + H+4.8¢V, (3)
—H,0* + HCO + 4.9 ¢V, (4)
—H,0* + H,CO + 2.3 ¢V, (5)
—H,CO* + H,0 + 4.1 ¢V, (6)
—HCO* + H + H,0 +3.1eV, (7)

—CH,0* + OH + 3.4¢V. (8)

Two endothermic product channels for O;" (v = 0) are also
observed:

O;Y + CH,—~CH;" + HO, — 0.24( + 0.04, — 0.02)eV (9)
which becomes exothermic by 0.22 eV for O,% (v =2) and
0,y + CH,—»CH +0,—0.6eV (10)

which is exothermic by 0.09 eV for O; (v = 3}.

The thermochemical data are taken from Refs. 15-17
and the heat of formation of HO, from Ref. 18.

The product ions CH;t and CH;' react rapidly with
CH4,19

CH; +CH,~CH; +H,, k=12(—9cm’s~},

(11)
CH; + CH,~CH;" + CH,, k=12(—9)cm’s~". (12)

CH;" and CH,' are therefore only intermediate species with
very small abundances and their production is monitored by
the ion signals of C,H," and CH,".

The structure of the product ion CH,0," is protonated
formic acid, i.e., HC(OH),", whose heat of formation!” is
97.2 kcal mol . The structure has been established by Lin-
dinger and his colleagues®>*! in two different kinds of experi-
ments. Isotopic exchange with D,O has been measured for
the CH;0," product of reaction (3) and for CH;0;* pro-
duced by reaction of formic acid ion with formic acid with
identical results, namely the two OH hydrogen atoms are
successively exchanged while the CH hydrogen is not.2°
Also, collisional breakup of the CH,0," ions produced both
ways gives identical results®’; the ions H,O* and HCO™ are
produced in comparable abundance at all kinetic energies
sufficient for breakup.

The energy dependence of the individual rate constants
of the reaction channels (3), (9), and (10) and of the overall
reaction rate constant for O;% (v = 0) ions in He buffer is
shown in Fig. 6. These measurements were performed using
the electron impact ion source immersed in the flow tube and
adding enough O, so that all primary ions were quenched to
the ground vibrational state by O;" ~O, collisions. The mea-
surements were also repeated with the mass-selected ion
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FIG. 6. Rate constants for the three individual reaction channels in the re-

action of O, (v = 0) with CH, as a function of kinetic energy in the He
buffer.
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source and the contribution of the fast reacting excited ion
species to the three product channels was subtracted from
the ion signals. The results of both measurements were iden-
tical.

Figure 6 shows that the steep increase of the reaction
rate constant for O," (v =0) + CH, above about 0.15 eV is
mainly due to the opening of the two endothermic reaction
channels (9) and (10). The small CH;* and CH," signals at
low energy are consistent with the endothermicities of reac-
tion channels (9) and (10). The CH;' signal at 0.04 eV {3/2
kg T) corresponds to a rate constant ~1{ — 13) cm®*s™},
about 10~* of the collision rate constant. The Boltzmann
factor exp( — 0.24/ky T') is also near 10~*. The CH,* chan-
nel has an equivalent 1( — 13) cm® s~ ! rate constant near 0.1
eV, or 2.5 times higher than the CH;" value, corresponding
to the ~2.5 time greater activation energy, or ~0.6 eV.

When the O, ions in the given vibrational state distri-
bution (65% inv>1,22% in v3>2, and 11% in v3>3) produced
in the mass selected ion source are reacted with CH,, one
observes that ~24 + 2% of the O, ions undergo a very
rapid reaction, as shown in Fig. 4, with a rate constant
k*=7(—10) cm®s~'. This fraction, almost identical to
that reacting rapidly with SO,, must be almost exclusively
the O, ions in v>2. The reaction rate constant of the slowly
reacting ions is identical to the rate constant for O;F (v =0)
ions, k, = 5(— 12) cm?s~! obtained from measurements
where the O;" ions were vibrationally relaxed by O, colli-
sions prior to the reaction. This is already an indication that
the population of O;" (v = 1) is very rapidly relaxed by CH,.

The branching ratio of the three reaction channels for
the fast reacting ions can be determined from the results
shown in Fig. 7:

0;" (v>2) + CH,—~CH;" + O,
—CH;* + HO, 37%,
—CH,0;* +H 11%.

From these percentages, one can calculate that for the whole
population of O," ions, 12.5 + 2% react to give CH,". For
this reaction channel, O," (v>3) are required, the abundance
of which is about 119%. This leads to the conclusion that all
the O;" (v>3) ions react by charge transfer with CH,. The
11.5 4+ 2% of the whole population of O," given CH;" and
CH,0;" are therefore all the O; inv =2.

The absence of the contribution of O;" (v = 1) to the
endothermic production of CH," is consistent with the fact
that the O," (v = 1) are more rapidly quenched than they
react at thermal energy. This is shown by the results in Fig. 1
obtained with the Xe™ monitor ion technique. The recovery
ofthe O;" ion signal with CH, gas flow at a fixed monitor gas
flow indicates that the current of ground state ions reaching
the monitor gas inlet increases. The quenching rate constant
k,, obtained from fitting model calculations to the measured
results is 6{ — 10) cm® s ™.

52%,

When, in a different experimental approach, the pro-
ducts CH;* and CH;" from the O, + CH, reaction were
used as monitor ions to study the quenching of vibrationally
excited O;% ions with CO, and Kr, the values

k,(CO,) =2.1(—10) cm®s™' and k,(Kr)=16(— 11)
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FIG. 7. Ion signals of the product ions from reaction O;* (v) + CH, as a
function of CH, flow in the He buffer. The curve CH,O;* [from O;" {v<1)}is
calculated from the known ground state reaction rate constant k, and the
relative concentration of O;" (v = 0,1) ions. The curve CH,0," [from O;
{v>2}] is obtained by subtraction of CH,0;" from O," (v<1) from the total
CH,0," curve. The branching ratio of the three product channels CH;*,
CH,', and CH,0;" in the reaction O;" (v>2) + CH, is obtained from these
data.

10~ cm® s~ ! were obtained. The values were thus almost
identical for both monitor ions. These values are in very
good agreement with the results obtained>® with the SO,"
monitor ion technique k,,(CO,)=2(—10) cm’s~" and
k4 (Kr) = 1.7( — 11) cm® s~ . This confirms the conclusion
that at room temperature the product ions CH;" and CH,;"
are primarily due to O,' (v>2) ions. One would expect that
the quenching rate constant observed with the CH," moni-
tor ions would be higher than k, because it should essential-
ly give k3, but the experimental technique may not be accu-
rate enough to resolve the small difference between k_, and
k,; in this case.

Figure 8 summarizes the results of reaction rate con-
stant measurements as a function of kinetic energy in the
different buffer gases He, Ne, and Ar. In a Ne buffer, about
24% of the O;* ions reacted rapidly just asin the case of a He
buffer, indicating that the vibrationally excited ions pro-
duced in the ion source are not quenched in the FDT in
agreement with the earlier observations.>® The rate con-
stants given for He and Ne buffer gases are those of the slow-
ly reacting ground state O, ions. The rate constants in He
and Ne are identical within the experimental error limit over
the entire energy range. This implies that the O," ions are
not vibrationally excited in Ne. This differs from the obser-
vations of Alge et al.> who found a rate constant enhance-
ment in Ne. In order to further demonstrate that there is no
significant excitation of O," in Ne buffer at high kinetic ener-
gy in the FDT, 2% of O, gas was added to the buffer which
should result in a very efficient quenching of vibrational ex-
citation. No change in the rate constant of the slowly react-
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FIG. 8. Rate constant of the reaction O;% + CH, as a function of kinetic
energy in He, Ne, and Ar buffers. The reaction rate constants in pure He and
Ne buffers are those for the ground state ion k. For the Ar buffer at ener-
gies above the threshold for vibrational excitation of O5" (~0.12 eV}, two
rate constants k, and k,, for small and large CH, flows, have been deter-
mined (see Fig. 9). In some measurements in the Ne and Ar buffers, O, has
been added to quench the vibrational excitation of the O;" ions.

ing ions was observed while the fast reacting ions disap-
peared.

In an Ar buffer, where excitation of the O," ions in the
FDT is possible at sufficiently high kinetic energy, a curva-
ture appears above 0.12 eV in the decline of the logarithm of
theion signal as a function of CH, flow. A typical example of
ameasurement at 0.23 eV is shown in Fig. 9 (the reaction rate
constants given in Fig. 8 for Ar buffer at KE cm>0.12 eV
are those for the limiting cases of very small and very large
flows of CH,, k,, and k,,, respectively). The observation of a
change in the slope of the decline is similar to the behavior of
the reaction O;" + SO, in an Ar buffer. The two cases differ
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FIG. 9. Typical result in the measurement of the rate constants for the reac-
tion O;% + CH, in the Ar buffer at energies above the threshold for vibra-
tional excitation of O;% (~0.12 eV). No unique rate constant can be ob-
tained but rate constants for the limiting conditions of very small and very
large CH, flows, k, and &, , respectively, have been deduced.
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however. For O;" + SO,, the rate constant for large SO,
flow coincides with the ground state rate constant measured
in He buffer while for O, + CH, the rate constants for large
CH, flow in Ar is still significantly higher than the ground
state rate constant. When 10% O, gas is added to the Ar
buffer to quench the vibrationally excited O, ions, the cur-
vature in the primary ion decay disappears for the reaction
O;" + CH, and the unique rate constant derived is identical
to that for large CH, flows (as shown in Fig. 8).

The change of the reactivity of O," as a function of
reactant gas addition in the case of the reactions O," + SO,
and O;* + CH, in an Ar buffer at high kinetic energy can be
understood in the following way: The quenching rate con-
stants measured for the deactivation of O," * by SO, and
CH, are about k,; = 6( — 10) cm® s~ ! while the quenching
rate constant for Arisonly 1{ — 12) cm® s~ ! at thermal ener-
gy.>% From detailed balance, one expects that the excitation
rate constants have the same order of magnitude at kinetic
energies above the excitation threshold as the quenching rate
constants. More precisely, both rate constants should de-
crease somewhat with increasing kinetic energy (not more
than an order of magnitude) as expected from the quenching
studies.>® Since relaxation and excitation by CH, and SO, is
about 600 times faster than by the Ar buffer, one expects that
the internal temperature of the O," ions in the FDT is con-
trolled almost exclusively by the collisions with CH, and
SO, when these gases are added to the buffer in mixing ratios
larger than 1%. In the case of CH,, the internal temperature
of O;" is expected to decrease because of the light mass of
CH, compared to Ar and also because of the ability of the
buffer to store internal energy. Inelastic collisions resulting
in excitation transfer to the buffer have been found by Vieh-
land and Fahey?? to lower the kinetic energy of the ions and,
similarly, one expects that the internal energy of the molecu-
lar ion is decreased compared to the value calculated from
Eq. (1). It is surprising, that for large SO, addition, the O,"
ions show a reactivity as if they were all quenched to the
ground state. For the large mass of SO, one would expect a
larger degree of excitation than for the case of CH,. One
possible explanation is that V-V transfer occurs in this case
so that detailed balancing does not apply under drift tube
conditions, i.e., vibrational deexcitation is much faster than
excitation. For example, the two quantum excitations of
SO,

05" (v = 1) + SO,(000}~0;" (v = 0) + SO, (101), (13)

must be nearly resonant, since
+ Av[SO,(001)] — Av[Ot w=1)] =9 cm™L.
Small differences in the rate constants of ion—molecule
reactions in different buffer gases can occur due to differing
speed distributions of the drifting primary ions. This has
been demonstrated? for the reaction O* + N, which shows
an extremely steep increase of the rate constant with kinetic
energy. For the reaction O, + Xe*%and also for O;% + SO,
with large addition of SO,, no differences are observed in the
rate constants obtained in He and Ar buffer gases. There-
fore, one does not expect that the difference in speed distri-
butions causes a significant effect in the reaction O,"

hv[SO,(100)]
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FIG. 10. Fraction of O;" (v) ions reacting fast with CH, as a function of the
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gases. In He and Ne, the vibrational state distribution of the O;* ions is
equal to that prior to injection into the flow tube (see the text). In an Ar
buffer, the vibrational state distribution is determined by exciting and deex-
citing collisions of O, with the buffer. The distribution calculated for
steady state is shown in the figure for comparison.

+ CH,, which shows less variability of the rate constant
with energy than the reaction O* + N,.

The fraction of O, ions reacting fast with CH, in an Ar
buffer can be found in the same way as for the SO, reaction.
Figure 10 shows the percentage of rapidly reacting O;* as a
function of kinetic energy along with the fractions of O,
ions expected to be in the excited states O, (v>1), O;" (v>2),
and O;" (v>3) for the corresponding excitation temperature
T;. The data indicate that below 0.25 eV the fast reacting
ions are mainly O;" (v>2) ions while above 0.25 eV, O;"
(v = 1) ions also react rapidly.

The present vibrational quenching data combined with
other recent data on the O;" + CH, reaction, yield a rather
detailed picture of the reaction mechanism. The vibrational
quenching rate constant k,; = 6( — 10) cm®s~" allows an
estimate of the [0, -CH,)* collision complex lifetime. The
rate of vibrational predissociation of the complexes

kep
[0 (v =1)}X]*> 05 (p=0)+X (14)

are found to be k,, ~10° s~ for X = Ar, N,, CO,, H,0, and
SO, and for NO*(v) vibrational predissociation by CO,,
CH,, NH,, and CO.?*?* These values are derived from the
expression k., = k,k,/k >, where k, is the experimental vi-
brational quenching rate constant, & is the experimental
three-body association rate constant for

k!
O} + X +M—0; X +M, (15)

and k. is the stabilization rate constant for
k

[0 X |* + M—O; X + M, (16)

assumed to be the collision rate constant k, = k., = 2we(a/
1)"/* for heavy M#He. The relation k,,, = k, k,/k > is valid
for the cases where vibrational quenching is slow, i.e.,
k, <k., otherwise vibrational quenching is rate limited by
the complex formation step and the derived value of &, is
only a lower limit. Since O;" (v = 1) is quenched in about
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half the collisions with CH, (Table I), it appears that the
complex lifetime is comparable to the reciprocal vibrational
predissociation rate k ,; ' ~ 1( — 9)s. This is a longer lifetime
than one would expect from purely electrostatic bond con-
siderations. For example, the lifetime 7 of the NO*—CH,
complex can be estimated to be ~3( — 11) s at 300 K from
k> = k.k, 1. The complex formation rate constant and the
collisional stabilization rate constant are assumed to be Lan-
gevin and the NO* 4+ CH, + M—NO™*.CH, three-body
rate constant®® is k >°<2( — 29) cm®s' in a He/N, = 2.25 gas
mixture at 300 K.

The mechanism leading to a longer lifetime for O,
-CH, complex is believed to be H™ abstraction to form CH;"
‘HO, in the complex. This is the 0.24 eV endothermic reac-
tion (4) except that the HO, (with a very large dipole moment
of 2 D)is trapped and cannot separate at thermal energy. The
electrostatic attraction energy is quite enough to supply this
0.24 eV at impact. This is analogous to the situation recently
described in which Si* was found to have an anomalously
large three-body association with O, by virtue of the slightly
endothermic formation of SiO* in an [SiO™*-..O]* complex
which allows Si™ access to the deep potential well between
the oxygen atoms.?” That hydride ion (H™) abstraction oc-
curs is evident from the steep onset of CH;" production at
threshold shown in Fig. 6. Hydride ion abstractions as a class
are very often efficient so this is not an unexpected result.
The hydride ion abstraction first step in reaction (3) aids
greatly in terms of reaction dynamics as well. The reaction of
O;" with CH, to produce protonated formic acid is a remar-
kable one, involving the breaking of the O~O bond and three
C-H bonds with the formation of two C-O and two O-H
bonds. The initial H™ abstraction lowers the O-O bond
strength from 6.7 eV in O;' to 2.6 eV in HO,, as well as
breaking one C-H bond and making one O-H bond. Since
the reaction probability for reaction (3)is ~ 5( — 3), the ratio
of k, to k. in Table I, the lifetime of the [O," -CH,]* (or
[CH;' -HO,]*) complex against reaction to produce CH,0,"

+ H, must be ~7/P~5(— 10)/5(—3)~1(—7)s.

A recent experiment which beautifully confirms this
picture is the measurement of reaction (3) down to 20 K in a
uniform supersonic jet at Meudon, and confirmed down to
70 K by flow-drift tube measurements at Birmingham.?® The
value of k, increases with decreasing temperature, following
a very linear T~ '® dependence from ~ 150 down to 20 K.
At 20 K the rate constant is 5{ — 10) cm> s !, almost half of
k., = 1.14( — 9)cm 3 s~ '. A smooth extrapolation on a lin-
ear T scale yields almost exactly k. at O K. This is qualita-
tively quite consistent. The lifetime will increase with
decreasing T and at 20 K will be 7 (20 K)~ (300 K) (39)"*
= 1{ — 7) s. This is comparable to the lifetime for CH,0,"
production [i.e., reaction (3)] so that reaction should occur
on ~ 1/2 the collisions as observed.

An interesting observation is that the reaction

0;+-0, + CH,—0;* -CH, + O, (17)

has been observed,?**° i.e., a stable O," -CH, cluster ion ex-

ists in spite of the fact that O;" reacts with CH,. However,
the reaction scheme we have suggested above requires that
the O,* and CH, collide with the 0.24 eV energy necessary
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for hydride ion abstraction by the O, . Evidently when the
CH, is “gently” inserted in the switching reaction (17), the
endothermic hydride ion abstraction cannot occur and
therefore the subsequent CH,O;" productionon ~1( — 7) s
time scale also does not occur.

IV. SUMMARY AND CONCLUSIONS

For the reactions O;+ + SO,, O; + CH,, and O;"
+ H,0, very fast quenching of the first vibrationally excited

state of O," was found while reaction of this state was very
slow at thermal energy. Only at higher kinetic energy does
the reactive channel become dominant in the reactions of
0," (v = 1) with SO, and CH,. In the absence of reaction,
one would expect that the vibrational states O;" (v = 2) and
0O," {v = 3) would be even more efficiently quenched by SO,
or CH, than is O;" (v = 1). For the higher vibrational levels
however, the quenching process is in competition with ex-
othermic reaction channels. For these states it is observed
that reactive processes occur at almost the collision rate and
dominate the quenching.

In the reaction O;% + CH,, the two endothermic reac-
tion channels leading to CH;" and CH,;" become dominant
at higher kinetic energy (R 0.5 eV) and at higher internal
energy (v>2) of the O;" ions. Quite similar observations have
been made by Tanaka ez al.>! who used an experimental tech-
nique in which the O;" ions can be prepared in the selected
vibrational states v = 0, 1, and 2.

In the reaction studies in an Ar buffer at higher kinetic
energies, the steady state of vibrational excitation and deex-
citation of O;" is mainly controlled by the reactant gases
CH, and SO, when they are added to the buffer in quantities
larger than a few tenths of a percent. It is not possible to
predict the steady-state internal temperature of O;" in this
case because T; depends on the degree to which collisional
energy and vibrational energy of O;" are transferred into the
internal modes of the molecular targets during collisions.

The combination of the present O;'(v) vibrational
quenching and reaction studies with CH,, recent very low
temperature measurements of the reaction rate constant,
and collisional breakup studies and isotopic exchange stud-
ies of the CH,0;" production, allow a rather detailed insight
into the reaction mechanism. This also involves the recently
developed information about the systematics of vibrational
relaxation of diatomic ions with neutrals. It is clear that the
newly developing field of molecular ion vibrational relaxa-
tion studies will provide useful insight into reaction dynam-
ics, just as neutral vibrational relaxation studies have done
for several decades.

APPENDIX

The modified monitor ion technique that is used to
measure the quenching rate constants for the lower vibra-
tional levels of O," when the upper states react with the
quenching gas is demonstrated here for the simplified case of
a three-state model.

[A*(0)]o, [A™(1)]o, and [A *(2)], are the initial concen-
trations at the upstream end of the FDT of the ground state
ions, the excited, unreactive ions, and the excited, reactive
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FIG. 11. Plot of ion concentrations as a function of quenching/reactant gas
for the three-state system analyzed in Appendix A. [A *(n)],, n = 0, 1, 2, are
the initial concentrations for the three states of the primary ion A *. [A* ]\
and [A *], are the concentrations of all A+ ions at the FDT detector with
and without monitor gas M added to the system. [M*], is the monitor ion
concentration at the detector. 4 [A *],, is a difference concentration that is
used to give the quenching rate of A *(1)ions when R is close to unity (see the
Appendix).

ions, respectively. (Refer to Fig. 11.) With Q as the quench-
ing/reactant gas, we have

A*(0) + Q—no reaction, (A1)
A1)+ QA *(0)+Q, (A2)
A*(2) + O— products. (A3)

[A*], is the initial primary ion concentration that includes
all states of the ion

[A+]o = [A+(O)]o + [A+(1)]o + [A+(2)]o-

The concentration of A™ ions in the flow tube is a function of
the flow of quenching/reactant gas Q and the rate constants
of Egs. (A2) and (A3). We have then

[AT]=[A"(0]) + [A*(1)]o + [A"(2)]o exp( — a7),
[A™(0)]] = [A™(0)]o + [A™(1)]o(1 — exp( — Br)),

wherea = k,[Q], B = k,[Q], and 7 is the residence time of
the ions in the drift-reaction region.

The monitor ion signal M™ is produced from A™* ions
reacting with the monitor gas M. Both the excited state and
ground state ions will, in general, react to produce M ™ ions.
The fractions of excited state and ground state ions that react
to produce M™ are a function of the respective reaction rate
constants with M and the flow of M. These fractions are
designated R and R ', respectively, at a monitor flow F, [see
Eqgs. (A5) and (A6)in Ref. 5]. The concentrations of M* ions
at the FDT detector is given by

[M*], =R(A*]—[A¥(0)]) + R TA*(0)],

(A4)

(AS)
(A6)

(A7)

where the A* concentrations are evaluated at the monitor
gas inlet. Substituting Egs. (A5) and (A6) in Eq. (A7), we
obtain
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[M*]g, =[AM(1)]o(R — R "Jexp( —Br) + R )
+[AT(2)IR exp( —ar) + R'[A*(0)],.  (Ag)
The addition of monitor gas to the FDT results in a

reduction of A* ions in the system. The concentration of A+
ions at the detector with monitor gas present is given by

ATy =[AY] - [M™],. (A9)
Using Egs. (A5) and (A7), we have
[A%Tm = [A*(0)]6(1 = R) + [A*(1)]o
X(1—R’"— (R — R "Jexp( — B7))
+ [A*(2)]of1 — R Jexp( — a7). (A10)
When the flow of Q is large, the exponential terms vanish

and Eq. (A10) reduces to a constant term that depends only
on the monitor flow F,, through R and R ’;

(AT =[AT(0)o(1 — R) + [A*(1)]o(1 — R "),
[Q]large. (All)

The difference between Eqs. (A11) and (A 10), therefore,
is a term that depends on Q and is defined as A4 [A*],,. We
then have

A[A]m = [AT(1)]o(R — R Jexp( — B7)
— [A*(2)]o(1 — R Jexp( — a7). (A12)

In summary, 4 [A "]y is the magnitude of the change in the
A7 ionsignal in the FDT detection system as a function of Q
for fixed values of R and R ’ set by the monitor gas M at flow
F,

Finally, if the monitor gas flow is sufficiently large, R
can be made to be approximately unity (see Appendix A,
Ref. 5), causing the second term of Eq. (A12) to vanish. For
this condition, the change in the A™ ion signal is a pure
exponential that depends only on the quenching rate con-
stant k, of A*(1) ions, the desired result.
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