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The kinetics of the reactions of Gand Q™ with O,(a'Ag) have been studied at 300 K in a selected ion flow
tube (SIFT). The @a'Ag) concentrations have been determined using emission at 1270 nm from-the O
(a*Ag, v =0— X34, v = 0) transition measured with an InGaAs detector calibrated against absolute spectrally
dispersed emission measurements. The rate constants measureddiod @~ are 1.1x 107°and 6.6x

1071 cm? s74, respectively, with uncertainties ef35%. The Q- reaction only produces electrons and can

be described as Penning detachment, while thegaction has been found to produce both @nd €. The

O, branching fraction has a lower limit 6¢0.30. Comparison of the present results to previous measurements
found in the literature provides a resolution to a previous discrepancy in the rate constant values.

Introduction Further interest in these A&'Ay) reactions has developed
because of their importance in electric oxygen-iodine laser
(EOIL) systems. In these systems, the atomic iodine laser
transition at 1315 nm, #Py7—2Ps), is excited by energy
transfer to atomic iodine from £atAg) produced in an electric

Reactions of negative ions that influence electron concentra-
tions help control radiowave propagation in the D-region of the
atmospheré.Therefore, these reactions have been among the
first reactions studied in the NOAA flowing afterglow system, ¢ ) . ) ) )
particularly the detachment reactions of the important D-region oxygen/helium Q|schgrgk. Since O is readily formed in such
ions, O and Q~, with O(aAg).2 These ions react with ground discharges by dissociative attachment gf &@ectron detachment

state Q only by very slow clustering. The NOAA group found ~ Via reaction 2 helps to sustain the dischaiy¥.Beyond this

that these reactions proceed as shown below: practical importance, reaction 1 is the only known prototype
for Penning detachment, the negative ion analogue of the
o, + Oz(alAg) —20,+e+51.5kImolt (1) familiar Penning ionization process between a metastable neutral

and another neutral. Electronic energy from the metastable
collision partner is used to detach an electron from the other.

Recent advances in@'Ay) detection have made it possible
o + Oz(alAg) —0,+e+60.3kJ morl? ) to readily study its ioa-molecule chemistry in a selected ion
flow tube (SIFT). Due to recent advances in thermoelectrically
and that reactions 1 and 2 are relatively efficient. The thermo- cooled InGaAs photodiodes@'Ag) can now be detected with
chemistry shown above has been calculated from the NIST good sensitivity by observing its emission intensity in the
Webbook valued Consequently, gatAg) production helps tip  strongly forbidden &\q — X%~ band at 1270 nr#: Problems
the balance of negative charge toward electrons in the D-regionassociated with producing the reactant ions directly in the flow

and

through these two reactions. tube of the flowing afterglow are eliminated by using the SIFT.
Since that original measurement, a second study has beerin addition, recent experiments in our laboratory make it possible
conducted that found that the rate constants for the &d to quantify possible interferences from Oy(@ and Q that

O~ reactions are much small&Both this study and the NOAA  can be produced during generation of(&Ag) by monitoring
study have been performed in flowing afterglows, and the their ion chemistry#—2° As a result, we have undertaken a SIFT
disagreement between the two is puzzling. Recently, new studiesstudy of reactions 1 and 2 to help settle the controversy over
of reaction 2 have also been made by modeling complex O the rate constant values. In the process, we have also found a
plasmas:® This more recent determination is in general agree- second product channel in the reaction of @ith Ox(a'Ay),

ment with the NOAA value. namely charge transfer, which is shown by eq 3:
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Figure 1. A schematic diagram of the selected ion flow tube (SIFT), including the newly employed quantitative soureéafag)O

Experimental

The measurements were made in the Air Force Research

Laboratory’s selected ion flow tube (SIFT). This technique for
measuring iormolecule kinetics has been well described
previously?! and only a brief description of the method is given
here, except for a discussion of the measurement (d'®)
concentrations. In short, Oand Q™ ions were created from

detector with built-in amplifier (Oriel, 77038). The output of
the detector is read by an electrometer (Keithley, 6514) with
considerable internal filtering.

Without calibration, this light detection system measures
relative Q(alAg) concentrations. Therefore, the cell, the as-
sociated optics and the detector were calibrated at Physical
Sciences Inc. using their flow tube@'A4) emission detection

O, through electron impact in an external ion source chamber. Scheme. During the calibration, one end of the emission cell
The ion of interest was mass selected with a quadrupole masgV@s monitored using the AFRL detection system, while the
filter and injected into a flow tube through a Venturi inlet. A OPPosite end was monitored by absolute spectrally dispersed
helium buffer (AGA, 99.995%) carried the ions downstream ©€Mission using a liquid nitrogen-cooled-InGaAs array spec-
where Q(atAg) was added through a Pyrex inlet 49 cm upstream trometert! This plewce was also flbe_r-coupled, with a collimated
from a sampling nose cone aperture. The primary ions and and a_lpertured field (_)f view as described above. The spectrometer
product ions were monitored by a quadrupole mass analyzeracquired the full emission spectrum at 0.4 nm spectral resolution,
and detected with a particle multiplier. Kinetics were measured and was calibrated for absolute intensity using a NIST traceable

by monitoring the ion distribution as a function of@Ag)
concentration.

The inlet system for producing and monitoring(&A,) is
shown in Figure 1. A fixed flow of He (Middlesex Gases,
99.9999%) and a variable flow of@Mass. Oxygen, 99.999%)

blackbody source. Analysis of the spectral intensity distributions
confirmed that all of the emission was due ta(@Ay, v = 0),
and verified that the rotational temperature was 300 ¥a%d.q)
concentrations were determined by dividing the observed
spectrally integrated band intensity by the measured band-

were added to a 0.5 in. 0.d. diameter Pyrex tube surrounded by2veraged Einstein coefficieft?*The setup for generating,0
a McCarroll microwave cavity. Producing a microwave dis- (@A) for the calibrations was similar to that on the SIFT

charge of around 25 W created O atoms an(@td,) molecules.
However, most of the added ,Oemained in the ground

reactor, except that the glass wool was absent because the
presence of O atoms did not affect the calibration. As a result,

electronic state. The gas mixture then passed through a plug ofthe Q(a"Ag) concentrations in the cell were considerably larger,
glass wool to help recombine the O atoms. In past studies of Providing good signal-to-noise ratios for both the AFRL
Ox(alAg), a mercury oxide coating on the glass wool was used photometer and the PSI spectrometer. The calibrations consisted
to speed the recombination process, but safety issues preclud®f @ series of measurements of the(®Ag) signal for the

this step in the current arrangement. O atom concentrations wergPhotometer versus £&'Ag) concentration from the spectrom-

subsequently monitored by the known reactions of S&nd

eter, for selected pressures, flow rates, andc@centrations

SR~ with O as explained later. After passing through the glass at @ fixed microwave power.

wool, the gas mixture entered a 10 cm long Pyrex optical cell
with uncoated BK-7 glass windows epoxied at both ends.
Emission from Q(alAg) in the cell is observed via a fiber-
coupled optical collection system with a field of view which is
well collimated along the length of the cell. An aperture was
used so that the cell walls are not in the field of view. The light
from the cell is passed throbga 5 nmbandwidth interference
filter centered on the weak emission from thg@®A, — X3Z)
0—0 transition at 1270 nm (Andover Corp.). After the filter,
the emission is sampled Wit 7 mmdiameter iris, then focused
by a planoconvex BK-7 glass lens (Melles-Griot, LAG 005)

Two calibration runs were performed at different operating
pressures. The results are shown in Figure 2. T{g"®y) signal
is obtained from the difference between the detector signal
obtained with and without ©added to the discharge. Good
linearity was found between the instruments’ response; the two
data sets shown in the figure have slopes that are statistically
indistinguishable. There is a small offset in the intercept in the
lower pressure run, which was attributed to background effects
on the small signal levels from the AFRL photometer. The
calibration indicates that 1 mV of signal from the AFRL
photometer corresponded to 1.%210* molecules cm? in the

into a 24 in. long glass fiber optic cable (SpectraPhysics, 77524). emission cell. Percentages of(@Ay) in the total Q flow, and

A biconvex BK-7 glass lens focuses the light emerging from
the fiber bundle onto a thermoelectrically cooled-InGaAs

the concentrations of {&'Ag) present in the SIFT were obtained
from the calibration curve, the total cell pressure, and the relative



5220 J. Phys. Chem. A, Vol. 111, No. 24, 2007

O,(a 1Ag) Calibration

4 e e

< L |--2--2.9 Torr

E 3 |—®—59Torr y

> i g

c L

3 i

5 2r ]

X

% i ]
© - 4

o i ]
] 1K .

= i ]
@ i

5 ]

? ok b

| | | | | |

0 110"210"310"410"°510"°610"7 10"
Oz(a) Concentration (molecules cm'e’)

Figure 2. Calibration curve for AFRL Q@a'Ag) emission detection
scheme. The difference between(&®Ag) and detector background
signals is plotted vs the absolute(@Ag) concentration present in the
emission cell. See text for details.

He/G; flow rates. The small signals detected required relatively
long time constants for the £&'Ag) concentration measure-

ments. Therefore, long kinetic runs were necessary, which

sometimes resulted in ion signal drift. To mitigate this situation,
a separate determination of the(&Ag) concentration versus
O, flow rate was made and the data were fit to an empirically
determined power law. The &'Ag) concentrations were then

calculated at the end of the kinetics run in order to acquire the

data more rapidly and minimize the effects of long-term ion
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Figure 3. Kinetics data for the reaction of O with Ox(aAg) at 300

K as measured in the selected ion flow tube (SIFT). The ion signal is
plotted vs the concentration ofa@'Ag) in the flow tube. The small

O~ and Q" signals are the result of reactions of Qwith the small
amounts O and ©impurities that have not been removed. (See text
for details.)

into electrons. Thus, monitoring the nose cone current as a
function of Oy(a'Ag) concentration indicated the occurrence of
the detachment proce%s.

Results and Discussion

a. Reaction of @~ with O5(a*Ay). Figure 3 shows kinetics
data for the reaction of £ with Ox(a'Ag). The exponential

source fluctuations. Periodic checks showed that the fit data character of the @ decay is excellent. The small"Gnd G~

were reproducible if the operating conditions were not varied.

The discharge source made O; &hd vibrationally excited
O,(X), in addition to Q(aAg). While the glass wool clearly
reduced the O atom concentration, it did not completely
eliminate it. Sk~ and Sk~ proved to be good ions for
monitoring both the O and £concentrations. The chemistry
involved was previously measurét:l” O, did not react with
any of the ions used in this study. §Runderwent slow charge
transfer with both O and £and Sk~ reacted with O to produce
F~. No measurable reactivity of either ion with,@Ag) was
observed. Therefore, the ©QO;~, and F signals were used as
monitors of the O and ©concentrations. Typically, we found
that the O, @(a'Ag), and Q concentrations were ca. 1%, 9%,
and <1% of the Q concentration in the flow tube.

The fraction of Q(a'Ag) concentration decreased slightly with
increasing @flow rate. This effect is a well-known consequence

signals are the result of reactions of Qvith the small amounts

O and Q that have not been removed by the glass wool, the
latter of which appears to be more important at higher oxygen
flows, presumably due to O plus ;Orecombination. An
approximately <10% correction to the observed,O rate
constant for the O atom reaction has been applied, resulting in
a rate constant for reaction 1 of 6:61071° cm® s™1 with a +

35% uncertainty. This uncertainty is slightly larger than the
standard uncertainty of & 25% because of the additional
uncertainty in measuring the;@'Ag) concentration. The value

is an average of four runs with scatter on the order of 10%.
The Langevin collision rate constant is 7.851071° cm® s71,
assuming that gfa'Aq) has the same polarizability as the ground
electronic stat@5-28 The bond lengths in the two states are
similar, so this assumption should be reasonable. Comparing
the observed rate constant to the collision rate constant indicates

of the decrease in electron temperature and electron-impactthat the Q™ reaction is about 90% efficient.

excitation rate coefficients in the discharge with increasing
diatomic mole fractiod124Oy(X, v > 0) was monitored by the
reaction with . A previous study from our group found that
Oy(v) reacted much more rapidly than the ground vibrational
state!®20 Rate constant measurements for thier€actions with

This present value of theOrate constant is higher than the
previous measurements. The NOAA value~d x 10710 cm?3
s ! measured in a flowing afterglow reactor is the closest,
although the uncertainty given is a generous factor of 10.
However, an erroneously low value for the rate constant could

the discharge on and off produced similar values, indicating have easily been obtained in the NOAA experiment O

that: (1) Q(v) was not present in large concentrations and (2)
O,(a'Ag) did not greatly increase the rate constan(b@®y")
was measured to be much smaller in concentration than O
(a'Ag) in such discharge effluent flows, due to much more rapid
guenching by O and by collisions with the reactor surfdées.
Therefore, only O and ©must be accounted for.

reactant ions were made by electron attachment £anQhe

flow tube of a flowing afterglow. Thereby, production of
electrons in reaction 1 would be followed by reattachment to
the remaining @ source gas to recreate, Oions, yielding a
slower observed decay and a reduced value for the rate constant.
Evidence for this possible interference may be seen in the

The main product channel seen in the current reactions wasmeasurement by Upschulte et*dfigure 6 in that paper shows
electron detachment, i.e., electrons were produced by eacha kinetic plot with pronounced curvature. The authors accepted
reaction. In the SIFT, electrons produced in the flow tube by the higher flow, slower kinetics part of the graph as indicative
this process diffused rapidly to the walls and the total flux of of the correct rate constant and they have obtained a value of
negative ions to the nose cone decreased as ions were converte?l4 x 10711 +100%/50% cn? s™1. Fitting their data instead
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to a biexponential function shows that the faster decaying part 0 +0,a 'A ) at 300 K

of the curve corresponds to a rate constant of aroundx2.0 T T

10719 cmd s71, in agreement with the NOAA value. However, 10° f * . ———o—o

the Upschulte et al. measurements also would suffer from the E

reattachment process. The only way for the present measure- 2 .

ments to be consistent with the previous values would be to 5 10°¢ 5 o o B Oy

increase the actual'Ag) concentration by a factor of 3. That g o o o o

would lead to a conversion efficiency of ca. 30%. That value is § 107 LO o i

much higher than expected, especially considering the fact that % ED

the g!ass wool a}lsq greatly decrea_ses Fhe fracthn £8Dg) Z [© ——0 0 o o o-|]

entering the emission cell. The calibration experiments at PSI N 2 3

without glass wool had much higher concentrations than those r

in the kinetics measurements with the glass wool. Therefore, W
0 210 410 610 810

the present value of the rate constant should be correct,
intimating that the reaction of O with Ox(a'Ag) is extremely
efficient. Figure 4. Kinetics data for the reaction of Qwith O,(a'Ag) at 300 K
It is useful to consider the efficiency of reaction 1 from the af S’%aswtehd in the Sflet(?md ifo(”alﬂAO‘)’V_tU%e (ﬂSIFTt).bTheTLon sign”al is
; ; : otted vs the concentration of in the flow tube. The sma
Eaerrzrs)ev(\:/gvaergf;f/{?eli :ia?p?écgfggsrlu(ﬁg%Q:gﬁgqé?ﬁ %lel):}yasa_ signal is the result of reactions ogit(with the small amount of ©
. . . ’ ’ impurity that has not been removed. (See text for details.)
has considered this phenomenon from a theoretical perspective
and has concluded that these cross sections should be mucthe higher efficiency for collisional detachment (approaching
larger than the neutral analogues, reflecting the long-range 100%) reported here is consistent with fast autodetachment of
capture at play in the ionic encounters. This expectation is the Oy~ intermediate. This may imply that the energy depen-
thus consistent with the high collision efficiency measured here. dence of the efficiency is large. It remains to determine to what
In this context, it is also of interest to include the implications extent the 30% photofragmentation quantum yield reflects the
of related measurements on the photochemical procés&es: amplitude for the production of the two channels as opposed to
a reflection of the relative rates of autodetachment and prompt
0, +hv—[0, % — O,X 329) + O,(X 329) +e  (4a) (impulsive) dissociation.
b. Reaction of O with Ox(a'Ag). Figure 4 shows kinetics
[O, *] = O,(a 1Ag) +0, (X 2l'Ig) (4b) data for the reaction of Owith O,(aAg). The small @~ signal
is the result of the reaction of Qwith the small amount of ©
which can be viewed as capturing the4[€] intermediate of (<1%) that has not been removed, which appears to be more
reaction 1 at the “half collision”. Photoexcitation ofOat 2.37 important at higher oxygen flows. An 18% correction to the
eV occurs about 1.46 eV above the onset of the electron observed O rate constant for the O atom reaction has been
continuum (reaction 4a), but interestingly results in efficient applied. The rate constant for the sum of reactions 2 and 3 is
production of Q- exclusively via reaction 4b, which is energetic 1.1 x 1071° cm® s with an uncertainty of+ 35%. The
by 0.98 eV. No ground state 0X3Z7) is produced in the  Langevin collision rate constant is 9.2 10719 cm® s71,
photodissociation. The photofragmentation channel occurs with indicating that the reaction is only about 10% efficient. The
a quantum yield of about 30%, indicating that thg ©species, NOAA value for this reaction is % 1071° +900%/~90% cn?
which is deeply embedded in the electron continuum, survives s™1. The current measurement is a factor of 3 lower that the
long enough to dissociate into stable products. NOAA value; however, the rate constants are in agreement
More detailed consideration reveals that the collisional and within the combined uncertainties of the two experiments.
photoexcitation experiments explore somewhat different aspectsAgain, the Upschulte et al. value of 3:310711 +100%/-50%
of the dynamics, as excitation with 2.37 eV photons creates cm?® s™! is much lower. In that reaction, they also showed a
the nascent @* intermediate about 1.46 eV above the threshold curved decay plot and again used the slower portion of the decay
for reaction 4a. This is in a repulsive region of the potential, as correct, attributing the faster part to reaction with vibrationally
which is much higher in energy than the region sampled in the excited Q. If their data are similarly fit with a biexponential
(thermal) collisional regime (reaction 1), which is 0.53 eV above function, the faster part of the decay would then correspond to
the electron threshold. The anisotropic angular distribution of a rate constant of 1.9 1071° cm? s71 +100%/~50% cn? s,
the G~ photoproducts (4b) indicates that the photodissociation in reasonable agreement with the present value. In addition, a
event occurs with fast, impulsive dynamics, so that the*O recent value derived from modeling of a dc glow discharge
intermediate is only exposed to the electron continuum for on yielded the same value, 1.9 107° cm?® s71.6 An estimate of
the order of 100 fs. The 30% yield can result from the relative 1.3 x 1071° cm® s7* for the total rate constant has also been
cross sections for excitation of the embedded anion resonanceobtained from modeling a radio frequency plasma reattor.
and that of the direct photodetachment continuum, or from Assuming the reanalysis of the Upschulte et al. data is correct,
competition between the dissociation and autodetachment ratesthere is general agreement between various measurements within
While the observation of efficient photofragmentation sets the combined uncertainties of the different methods. Neverthe-
an upper bound on the autodetachment rate, the lower bound idess, almost a factor of 2 discrepancy remains between the
explored by the collision efficiency for reaction 1. The colli- various measurements of the rate constant.
sional process occurs at much lower energy than that at play in  The branching fraction for reaction 3 $9/([O27] + [e7]))
photoexcitation, and samples much larger impact parameters.has been found to have a lower limit of around 0.27 after the
Both of these effects should lead to much longer lifetimes for observed @ product counts have been corrected for the
the Q;~* intermediate. In this context, the lower value reported contribution from the O reaction with the small @mpurity .14
earlier would have implied surprisingly slow,T electron The branching ratios for reactions 2 and 3 are given as limits
autodetachment rates (e.g., on the vibrational time scale), whilebecause the rapid secondary chemistry gf @ith O, O; and

[0,(a 1Ag)] (molecules cm™)
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O,(alAg) cannot be corrected for completely. The rate constant
for reaction 3 only is~3 x 107 cm® s This pathway is
barely endothermic. An upper limit to the rate constant for
reaction 3 can be estimated ky, exp(—AH/RT) to be 3 x
10719 cnm?® s71, well above the current value. This channel has
not been seen in the previous flowing afterglow experiments,
presumably because someOis present in the initial ion
distribution. O does not react with gX). Since O can be
injected cleanly into the SIFT and the increase isr Cseen
even after correcting for the Ompurity contribution, cannot

come from any other species generated in the discharge excepi

Oy(a'Ag), the current identification of the new reaction product
is certain. This finding is significant for application to models

of low-pressure oxygen discharge plasmas, since three-body,,

formation of Q~ is negligibly slow for those conditions, and
O~ is commonly thought to be the primary negative 183
The likely presence of an energy barrier suggests that the O

Midey eta .
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