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a b s t r a c t

The rate constants and product ion branching ratios were measured for the reactions of various small
negative ions with O2(X 3�g

−) and O2(a 1�g) in a selected ion flow tube (SIFT). Only NH2
− and CH3O−

were found to react with O2(X) and both reactions were slow. CH3O− reacted by hydride transfer, both
with and without electron detachment. NH2

− formed both OH−, as observed previously, and O2
−, the

latter via endothermic charge transfer. A temperature study revealed a negative temperature dependence
for the former channel and Arrhenius behavior for the endothermic channel, resulting in an overall rate
constant with a minimum at 500 K. SF6

−, SF4
−, SO3

− and CO3
− were found to react with O2(a 1�g) with rate

constants less than 10−11 cm3 s−1. NH2
− reacted rapidly with O2(a 1�g) by charge transfer. The reactions

of HO2
− and SO2

− proceeded moderately with competition between Penning detachment and charge
transfer. SO2

− produced a SO4
− cluster product in 2% of reactions and HO2

− produced O3
− in 13% of

the reactions. CH3O− proceeded essentially at the collision rate by hydride transfer, again both with and
without electron detachment. These results show that charge transfer to O2(a 1�g) occurs readily if the

there are no restrictions on the ion beyond the reaction thermodynamics. The SO2

− and HO2
− reactions

with O2(a) are the only known reactions involving Penning detachment besides the reaction with O2
−
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. Introduction

We have recently developed a technique to study the kinetics
f the ion chemistry of O2(a 1�g) more accurately than has been
one in the past [2,3]. The method relies on a calibrated emission
ell to determine absolute O2(a 1�g) flow rates. Recent advances
n thermoelectrically cooled InGaAs photodiodes have enabled the

ethod for use with flow tube instruments. O2(a 1�g) is detected
ith good sensitivity by observing its emission intensity in the

trongly forbidden (a 1�g, v′ = 0) → (X 3
∑

g
−

, v′′ = 0) band at
270 nm [4].

We have used two methods to generate O2(a 1�g). In the first
tudy [2], a microwave discharge on a mixture of O2 in He pro-
uced not only O2(a 1�g), but also O, O2(X, v′′ = 0), and O3. Since

hese species are quite reactive [5–7], the chemistry involving these
pecies must be known in order to determine accurate kinetics
or O2(a 1�g). These species could not be completely quenched,
hich is especially problematic with respect to O and O2(X, v > 0)
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eactions because accurate measurements of the rate constants for
hese contaminants are difficult. Unless the O2(a 1�g) rate constant
s comparable to or larger than those for the other oxygen species,
he experimental value will have large uncertainties after correct-
ng for the trace impurities. For that reason, we have also developed
chemical-based method for generating O2(a 1�g) [3].

Most previous studies of the ion chemistry of O2(a 1�g) have
oncentrated on the key ionospheric reactions that convert ions
nto electrons [2,3,8,9] namely

2
− + O2(a1�g) → 2O2 + e + 51.5 kJ mol−1 (1)

nd

− + O2(a1�g) → O3 + e + 60.3 kJ mol−1 (2a)

O2
− + O − 3.0 kJ mol−1. (2b)

The thermochemistry above has been calculated from the NIST
ebbook values [10]. A major motivation for the development of
ur technique was to help settle a controversy on the correct rate
onstant for both reactions (1) and (2). Previously reported rate
onstants differ by about an order of magnitude [8,9]. Our recent
tudies in a selected ion flow tube (SIFT) have shown that the pre-
ious measurements at 298 K for both reactions have considerable

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:afrl.rvb.pa@hanscom.af.mil
mailto:Albert.Viggiano@hanscom.af.mil
dx.doi.org/10.1016/j.ijms.2008.05.010
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ncertainties. We have also observed product channel 2b for the
rst time [2,3]. The temperature dependences have also been mea-
ured from 200 to 700 K. The rate constant for reaction (1) is found
o be collisional at all temperatures, while reaction (2a) has a rate
onstant that is essentially constant and slow at all temperatures.
eaction (2b) has a rate constant that increases with increasing
emperature as expected for an endothermic reaction that becomes
nergetically allowed at higher temperatures [3].

Other than these two reactions, few studies of the ion chem-
stry involving O2(a 1�g) have been performed. A rough estimate
or the rate constant for vibrational quenching of NO+(X, v > 0)
y O2(a 1�g) has been made by Dotan et al. [11] The reaction of
O2

− with O2(a 1�g) has been studied qualitatively in a flowing
fterglow by Grabowski et al. to bracket the electron affinity (EA)
f SO2 [12]. Bierbaum and co-workers have also studied the prod-
cts generated in the reactions of carbanions with O2(X) and O2(a)

n a flowing afterglow [13,14]. In all of those experiments, the O2(a)
oncentration was not known quantitatively.

The goal of this study is to expand the database of kinetics involv-
ng O2(a 1�g) reactions with negative ions. However, as a mixture
f O2(a) and O2(X) in He is produced by the chemical singlet oxy-
en generator, the first step has been to determine if the chosen ions
eact with O2(X 3�g

−). If this chemistry is unknown, measurements
f the rate constants and product ion branching ratios with pure O2
ave been made. We have currently focused on anions with rela-
ively few atoms. In particular, we have emphasized ions that are
ound to make important contributions to ionospheric chemistry or
hat could utilize the ∼1 eV of electronic energy available in O2(a
�g) to drive an endothermic process such as that observed in the
harge transfer reaction (2b). In the process, some new examples
f Penning detachment of an electron from a negative ion through
eaction with an excited neutral have been found [1].

. Experimental

The measurements were made in the SIFT at the Air Force
esearch Laboratory. This technique for measuring ion–molecule
inetics was described in detail previously [2,15] and only a brief
escription of the method is given here, except for a discussion
f the chemical generation of O2(a 1�g). Briefly, ions were cre-
ted in an external ion source chamber via electron impact on an
ppropriate source gas (see below). The ion of interest was then
ass selected with a quadrupole mass filter and injected into a

ow tube through a Venturi inlet. A helium buffer (AGA, 99.995%)
arried the ions downstream where O2(a 1�g) was added through
Pyrex inlet 49 cm upstream from a sampling nose cone aperture.
he primary ions and product ions were monitored by a quadrupole
ass analyzer and detected with a particle multiplier. Kinetics were
easured by monitoring the decay of the reactant ion signal as a

unction of O2(a 1�g) concentration added.
Here we used a chemical generator for producing O2(a 1�g),

hich is shown in Fig. 1 along with the detection system. Chlorine
Aldrich 99.5+%) was bubbled through a basic solution of hydro-
en peroxide and converted into O2 as shown in the following
quation:

2O2 + Cl2 + 2KOH → O2 + 2KCl + 2H2O. (3)

This reaction is well known to produce both ground electronic
tate O2(X 3�g

−) and O2(a 1�g) [16,17] and was used as a source of

2(a 1�g) to create a chemical O2/I2 laser (COIL) [18]. In that appli-
ation, the reaction used 90% hydrogen peroxide at atmospheric
ressure, typically giving an O2(a 1�g) yield of 30–40%. In our case,
he pressure was low (3–8 Torr) and 35% (w/w) H2O2 (Alfa Aesar)
as used, resulting in smaller conversion yields.

O
s

a
T

ig. 1. Schematic diagram of the chemical singlet oxygen generator with emission
etection adapted for the selected ion flow tube (SIFT).

The basic H2O2 solution was a mixture of 60 ml of 35% (w/w)
2O2 and 40 ml of 4.04 M KOH. The solutions were mixed very

lowly at 0 ◦C because the heat of solution was large and the cold
ath prevented thermal decomposition of H2O2 during the mix-

ng. The solution was then attached to the first bubbler on the SIFT
nd immersed in a methanol bath held at −16 ◦C by a recirculating
hiller. The solution was then pumped on with a mechanical pump
o remove trapped gases.

Keeping the mixture at low temperature created a slushy
ixture inside the reactor and accomplished three things. First,

owering the temperature of the solution prevented decomposi-
ion of the hydrogen peroxide during reaction (3), which is highly
xothermic. Second, the vapor pressure of the aqueous solution
as lowered. Third, we found that the highest yields of O2(a 1�g)
ccurred at the lower bath temperatures, possibly because the
mount of gas phase water was reduced. Even lower temperatures
ere not possible because the solution froze completely, resulting

n transient and unreliable, i.e., short lived, production of O2(a 1�g).
Two gas flows were added to the slushy KOH/H2O2 reaction mix-

ure through a 12-mm Pyrex gas dispersion tube with a horizontal
isk comprised of a coarse glass frit (Chemglass) at the bottom. A
xed flow of 15 sccm of He (Middlesex Gases, 99.9999%) was added
rst to prevent freezing on the glass frit and to create channels for
he gases to escape. Then, a second variable flow of a 20% mixture of
l2 in He (AGA, 99.995%) was introduced. A gas mixture was used so
hat larger gas flows could be used, increasing the O2(a 1�g) yield
resumably by reducing wall quenching. The flush gas also helped
ith reducing the residence time. All of the Cl2 was converted to a
ixture of ground and excited electronic state O2 and the solution

roducts. The Cl2 conversion was monitored using Cl− generated
n the flow tube using the known reactions of O− and O2

− with
l2 [19]. Periodic checks were necessary as the conversion became

ncomplete over the course of a day.
To avoid having water enter the flow tube, we used a second trap

fter the reactor that was kept at −70 ◦C with a methanol–liquid
itrogen slush bath. Water was detrimental in two ways. First,
he technique for measuring the absolute O2(a 1�g) concentration
elied on having only He and O2 in the downstream flow. Second,
2O reacted with some of the reactant ions [19]. This trap had to
e emptied after a few hours of operation because the temperature
ifference between the reaction vessel and the trap had the side
ffect of transferring the water from the first to the second colder
rap. Eventually, the water formed an ice surface that caused the
2(a 1�g) to be quenched. After the second trap, essentially only
(X), O (a), and He remained in the gas flow, verified by studying
2 2

pecies that react with Cl2 and H2O.
The mixture of O2 species and helium then passed through

n optical emission cell to determine the amount of O2(a 1�g).
he details of the detection system were given in our previous
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the rate constant for the detachment channel can be given by the
product of the Langevin collision rate constant (9 × 10−9 cm3 s−1)
and e−�H/RT. This approximate upper limit is 6 × 10−12 cm3 s−1 is
in good agreement with the measured value, indicating that the
reaction is very efficient when allowed. The reaction with O2(X) is

Table 1
Rate constants and branching ratios for O2(X 3�g

−) reacting with CH3O− and NH2
−

at 300 K measured in the selected ion flow tube (SIFT)

Ion Rate constant [collision
rate constant]
(×10−10 cm3 s−1)

Products �Hrxn (kJ mol−1)
A. Midey et al. / International Journ

aper [2]. Briefly, we monitored the weak emission from the O2(a
�g → X3˙g) 0–0 transition at 1270 nm passed through a 5-nm
andwidth interference filter into a fiber optic bundle coupled to a
hermo-electrically cooled InGaAs infrared detector with built-in
mplifier. The output of the detector was read by an electrom-
ter with considerable internal filtering to obtain relative O2(a
�g) concentrations, which were converted to absolute values
y calibrating the detector output with an absolute O2(a 1�g)
pectrometer [2]. With the chemical generator, we found maxi-
um concentrations of O2(a 1�g) in the emission cell of ∼8 × 1015

olecule cm−3, which is ∼15% of the total O2 flow. Lower flows of
l2 resulted in lower conversion percentages.

Flow rates of O2(a 1�g) were determined as follows. The frac-
ional abundance of O2(a 1�g) in the emission cell was simply the
atio of the O2(a 1�g) concentration determined from the emission
easurement to the total gas concentration in the cell determined

y measuring the total pressure in the cell. Multiplying the total gas
ow rate by the fractional abundance of O2(a 1�g) gave the flow
ate of O2(a) entering the flow tube in standard cm3 min−1 (sccm).
his flow rate could then be converted to the concentration of O2(a)
resent in the flow tube under the conditions of the buffer flow rate,
emperature and pressure in the flow tube for determining the rate
onstant. Note that the O2

− reacted with O2(a 1�g) at the colli-
ional value, indicating that losses after the cell were negligible.
he absence of water was thus critical for accurate determinations.

Before entering the flow tube, the O2(a) gas mixture passed
hrough a multi-turn Teflon needle valve with a 0.125-in. orifice
Cole-Parmer, EW-06393-61) that was used both to isolate the
hemical generator and emission detection system from the flow
ube and to increase the total pressure in the emission cell, making
he O2(a 1�g) measurement easier by increasing the absolute gas
oncentration. The possibility of quenching in the valve was ruled
ut by comparing the room temperature rate constants for the reac-
ion of O2

− with O2(a 1�g) using the chemical generator with our
revious measurement using the microwave discharge generator
hat did not use a valve. Excellent agreement was found between
he values determined using the two different generation methods.
n addition, the O2

− rate constant was found to be collisional indi-
ating that the concentration was not reduced. The rate constant
or the O2

− reaction with O2(a) was measured frequently to ensure
he reliability of the system.

For the ions where the reactivity with O2(X) was not known, the
ate constants and product ion branching ratios were measured
sing pure O2 (Massachusetts Oxygen, 99.999%). The concentra-
ions of stable reactant neutrals could be accurately measured.
herefore, the rate constants for the reactions with O2(X) had rel-
tive uncertainties of ±15% and absolute uncertainties of ±25%.
iven the additional uncertainties in determining the concentra-

ions of O2(a 1�g) and the complexity of the experiments, the
ate constants for these measurements had relative uncertainties
f ±25% and absolute uncertainties of ±35% [3].

The branching ratios for reactions where electron detachment
ccurred were difficult to measure. The occurrence of the detach-
ent channel was followed by monitoring the total current at the

ose cone aperture. As ions were converted to electrons, the total
urrent reaching the nose cone decreased because electrons created
n the flow tube rapidly diffused to the walls. However, the observed
ose cone current also reflected the loss of any product ions that
lso underwent detachment through secondary reactions with the
2 in the flow tube. Thus, to find the amount of each product chan-

el including detachment, the branching ratios were determined
y first subtracting the sum of the product ion counts measured at
ach O2 concentration from the counts of the reactant ion lost to the
verall reaction at that concentration. The remainder of the reactant
on counts lost reflected the relative amount of the detachment pro-

N

C

H

ass Spectrometry 280 (2009) 6–11

ess. Then, the counts determined for each product channel were
ormalized to the total product counts to find the branching ratio
s a function of O2 concentration. These branching ratios were plot-
ed vs. O2 concentration and extrapolated to zero O2 concentration
o determine the reported branching ratios. This extrapolation cor-
ected for the secondary reaction of any of the primary product ions.
he downstream quadrupole resolution was kept low to minimize
ass discrimination. In light of the difficulty of the measurements,

he branching ratios had uncertainties of ±15%.

. Source materials

The following neutral reagents were used in the source to create
he reactant ions as indicated: 5% SF6 (Matheson, CP Grade) in He
AGA, 99.995%) for SF6

− and SF5
−; 10% SF4 (Matheson, 90–94%)

n He for SF4
−; SO2 (Matheson, 99.98%) for SO2

− and SO3
−; CO2

Matheson, 99.999%) for CO3
−; CH3OH (J.T. Baker, HPLC Grade) for

H3O−; 35% (w/w) H2O2 for HO2
−; NH3 (Matheson, 99.99%) for

H2
−; N2O4 (Matheson, 99.5%) for NO2

−; distilled water for OH−.

. Results and discussion

.1. Reactions with O2(X 3�g
−)

In order to measure O2(a 1�g) kinetics, one must first under-
tand O2 ground electronic state kinetics because a mixture of
he two states is present simultaneously in the SIFT. Thus, we
ave added O2(X) separately and measured the kinetics when
eactivity has been found. Most of the ions studied here do not
eact measurably with O2(X) [6,20,21]; therefore, an upper limit of
× 10−12 cm3 s−1 can be given for those rate constants. However,
H3O− and NH2

− do react with O2(X), albeit slowly. Table 1 shows
he results for these two ions at 300 K.

CH3O− reacts very slowly with O2(X) by mostly hydride transfer
o produce HO2

− with a total rate constant of 1.1 × 10−12 cm3 s−1,
hich is just within the detection limit of the SIFT. Bierbaum and

o-workers have studied this reaction previously in a flowing after-
low (FA) and saw no reaction [13,14]. The FA technique has no
pstream mass spectrometer to select a reactant ion; rather, the

ons are generated in the flow tube and the source gas will be
resent throughout. Thus, a few percent decline of the reactant

on signal would be difficult to distinguish given the possibility
f reactions with small impurities in the FA. The SIFT method is
ore sensitive to such slow reactions given the mass selection of

he reactant ion inherent in the technique.
In addition, there is a small reactive detachment channel with

H3O−, as well, that differs from the hydride transfer channel only
n that the electron escapes from HO2

−. This channel is endothermic
y 21 kJ mol−1 at room temperature. An approximate upper limit to
H2
− 0.24 [9.0] OH− + HNO (>0.98) −148

O2
− + NH2 (<0.02) 31

H3O− 0.011 [7.4] HO2
− + CH2O (0.85) −79

e− + CH2O + HO2 (0.15) 21

eats of reactions are calculated using values in the NIST Webbook.
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Table 2
Rate constants and product branching ratios for O2(a 1�g) reacting with a variety of
negative ions

Ion Rate constant
[collisional value]
(×10−10 cm3 s−1)

Products �Hrxn (kJ mol−1)

SF6
− <0.1 O2

− + SF6 −38
SF4

− <0.1 O2
− + SF4 7a

20b

SO2
− 1.3 [6.4] O2

− + SO2 (0.50) −31
e− + SO2 + O2 (0.48) 7
SO4

− (0.02) −429
SO3

− <0.1 SO4
− + O −23

CO3
− <0.1 O3

− + CO2 7c

CH3O− 6.9 [7.4] HO2
− + CH2O (0.52) −174

e− + CH2O + HO2 (0.48) −68
HO2

− 3.2 [7.3] e− + HO2 + O2 (0.58) 4
O2

− + HO2 (0.29) −34
O3

− + HO (0.13) −19
NH2

− 9.0 [9.0] O2
− + NH2 (≥0.95) −58

OH− + HNO (≤0.05%) −243

Heats of reactions are calculated using values in the NIST Webbook unless otherwise
noted [10].
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ig. 2. Rate constants for NH2
− with O2. Circles, triangles and squares represent the

verall rate constant, the rate constant for O2
− production, and the rate constant for

H− production, respectively. The O2
− data are fit to an Arrhenius function and the

H− data to a power law.

oo slow to affect the determination of the O2(a 1�g) kinetics with
H3O−.

NH2
− reacts with O2(X) to form almost exclusively OH− at

00 K. The measured rate constant is 2.4 × 10−11 cm3 s−1, which is
omewhat smaller than the previous value of 4.6 × 10−11 cm3 s−1

22]. This reactivity is interesting because the strong O2 bond is
roken, which probably accounts for the slow reactivity. A small
mount (<5%) of an endothermic charge transfer is also observed.
s slow reactions often have interesting temperature dependences
nd because two product channels are formed, we have studied this
eaction as a function of temperature from 300 to 700 K. Note that
he CH3O− rate constant is just measurable in our apparatus, so a
imilar study is not feasible for that ion.

The overall rate constant for NH2
− and the rate constant for each

roduct channel are plotted in Fig. 2. Interestingly, the overall rate
onstant for NH2

− at first decreases with increasing temperature,
hen rises at temperatures above 500 K. This trend results from the
wo product channels displaying completely different behavior. The
xothermic OH− channel decreases with temperature according to
−1.9. A power law fit to that channel reproduces the data reasonably
ell as seen in Fig. 2. There is perhaps a hint of a steeper negative

emperature dependence at higher temperature that may be due to
n increasing level of vibrational excitation in NH2

− or competition
ith the O2

− channel. The branching ratio for this charge trans-
er product channel becomes larger than that for the OH− channel
t temperatures above 600 K. The O2

− channel is endothermic by
1 kJ mol−1 and that channel increases steeply with increasing tem-
erature as it becomes more accessible at higher energies.

A fit of the overall rate constant to the Arrhenius expression
epresents the data reasonably well; although, there is a fair amount
f scatter around the fit, particularly at lower temperatures where
he O2

− channel is small and a larger correction must be made to
ccount for reaction of NH2

− with trace O2 impurities found in the
elium buffer. Approximately half of the NH2

− was consumed in
he absence of added O2 at 300 and 400 K. The activation energy of
1 kJ mol−1 using the 400 K and higher data only is slightly smaller
han the endothermicity, which may reflect a competition between
he two channels or the influence of NH2

− vibrational excitation.
.2. Reactions with O2(a 1�g)

Table 2 shows the kinetics for reactions of various negative ions
ith O2(a 1�g) at 300 K. SF6

−, SF4
−, SO3

− and CO3
− are unreac-

O
i
O
o

a Experimental value of SF4 electron affinity of 1.5 ± 0.2 eV [21].
b G3 value of SF4 electron affinity of 1.64 eV [26].
c Relies on heat of formation from Bopp et al. [29].

ive, having rate constants <10−11 cm3 s−1, which are the smallest
ate constants we can measure for O2(a 1�g) reactions. This lack of
eactivity is observed even though all four reactions have exother-
ic or nearly thermoneutral reaction pathways. Charge transfer

s possible for both SF6
− and SF4

−, but it does not occur as seen
reviously with O2(X) [20]. As discussed below, charge transfer to
2(a 1�g) does not seem to have an intrinsic barrier, so the bottle-
eck most probably involves SFn

− neutralization. For SF6
− charge

ransfer, this bottleneck is well known and is a reflection of the
eometry differences between the neutral and the ion that cause
oor Franck Condon overlap [23–25]. A previous study of charge
ransfer reactions with SF4

− has found no such restrictions [21].
owever, charge transfer from SF4

− to O2(a 1�g) is endothermic.
he experimental value of the EA of SF4 is 1.5 ± 0.2 eV [21], giving
n endothermicity of 7 ± 20 kJ mol−1 for charge exchange. G3 calcu-
ations [26] yield an electron affinity of 1.64 eV, translating into an
ndothermicity of 20 kJ mol−1. G3 calculations reproduce the EA of
F6 very accurately and the theoretical value agrees with the exper-
mental value within the uncertainties [27]. Upper limits to the
harge transfer rate constants for SF4

− of about 4 × 10−11 cm3 s−1

nd 2 × 10−13 cm3 s−1 are found if the experimental and G3 electron
ffinities are used, respectively. The former rate constant is mea-
urable in the SIFT, while the latter is not. Therefore, the absence
f reactivity favors the G3 value if the assumption holds that no
ottlenecks to reactivity are present besides energetics.

In the reaction of SO3
− with O2(a 1�g), SO4

− production is highly
xothermic, but it is not observed, similar to studies with O2(X)
20]. Presumably, the necessity of breaking the O2 bond creates a
arrier to reaction. The reaction of CO3

− with O2(a) to form O3
− is

lightly endothermic. However, the endothermicity is small enough
hat the reaction would be observable at room temperature if no
urther barrier to reaction exists.

Of the reactive ionic species, only NH2
− gives a single product

on. Charge transfer is driven by the electronic energy in O2(a 1�g)
nd is 58 kJ mol−1 exothermic, proceeding at the Langevin colli-
ion rate within the experimental uncertainty. The possibility of

H− production cannot be completely eliminated since >85% O2(X)

s generated and that species has been shown above to generate
H− almost exclusively at 300 K. Therefore, a small contribution
f an OH− product ion channel from the O2(a 1�g) reaction with
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H2
− would be difficult to distinguish, provided the large correc-

ions necessary to account for the O2(X) reactivity. The efficiency
f the charge transfer channel, i.e., the measured rate constant is
asically equal to the Langevin collision rate constant, is consistent
ith the results presented above. This is consistent with other types

f energy driving the endothermic charge transfer channel for the
eaction of ground electronic state O2 with NH2

−.
The reaction of SO2

− with O2(a 1�g) occurs at 20% of the colli-
ional rate constant value. Two main products are observed in about
qual abundance, charge transfer and electron detachment. The for-
er has been qualitatively observed by Grabowski et al. [12] in a

tudy of the electron affinity of SO2. In addition, a small clustering
hannel to create SO4

− has been observed in the SIFT, accounting for
2% of the product ions. The charge transfer reaction is exothermic
y 23 kJ mol−1. The reaction efficiency (the experimental rate con-
tant is about 10% of the Langevin value) implies that reasonable
oupling with the electronic energy in O2(a 1�g) occurs, driving
he reactivity. The electron detachment channel is endothermic by
kJ mol−1 if SO2 and O2 products are formed, which may account

or the rate constant being smaller than collisional. This production
f electrons is a second example of Penning detachment [1], the
rst example being the reaction of O2

− with O2(a 1�g) discussed
n Section 1.

The reaction of CH3O− with O2(a 1�g) proceeds by hydride
ransfer both with and without electron detachment. The two
roduct channels are observed in approximately equal abundance.
ierbaum and co-workers have studied this reaction qualitatively in
FA and have observed the HO2

− product [13,14]. The detachment
hannel would be difficult to attribute to the O2(a) reaction because
hey used microwave discharge generation of O2(a) without any
ltering [13,14], which is known to produce O atoms and O3 [2].
s shown earlier, the O2(X) reaction with CH3O− also makes both
roduct channels. However, the rate constant for O2(X) is over 600
imes smaller than the O2(a 1�g) value, even though both reactions
re considerably exothermic. In this case, the electron detachment
hannel cannot be considered Penning detachment because the
eaction also involves a hydrogen transfer.

Three products are formed in the reaction of HO2
− with O2(a

�g). The main product channel (58%) is Penning detachment and
t is essentially thermoneutral. The next most abundant product
s charge transfer, which occurs in 29% of reactions. As seen with
H2

− and SO2
−, this pathway also requires the electronic energy in

2(a 1�g) to drive that channel. Finally, a chemical reaction channel
roduces O3

− in 13% of reactions. Bierbaum and co-workers have
lso studied this reaction in a FA and again qualitatively observed
he O2

− and O3
− product ions [13,14]. Their experiment would not

e able to easily measure the detachment channel contribution for
he reasons just discussed. The overall rate constant measured in
he SIFT is almost half of the collisional value.

. Conclusions

We have presented a variety of negative ion–molecule chem-
stry involving O2(a 1�g). Our production method of O2(a 1�g)
equires a knowledge of the O2(X 3�g

−) reactivity as well and where
ppropriate this chemistry has been measured. Most of the ions
ncluded in this survey are either known not to react with O2(X
�g

−) [6,20,21] or have been found in the current study not to
eact, giving upper limits for the rate constants of 1 × 10−12 cm3 s−1.

n contrast, CH3O− and NH2

− do react with O2(X). The CH3O−

eaction is very slow (∼10−12 cm3 s−1) and proceeds by hydride
ransfer, both with and without subsequent electron detachment.
his reaction is slow enough not to hinder the O2(a 1�g) study.
he NH2

− reaction has previously been found to produce OH− at

[

ass Spectrometry 280 (2009) 6–11

00 K in a flowing afterglow. Our room temperature rate constant
s about half of the literature value [28]. In addition, we have seen
minor contribution at 300 K from an endothermic charge trans-

er reaction. Temperature dependences measured for this reaction
how that both the branching ratio and individual rate constant for
he exothermic channel generating OH− decreases with increasing
emperature, with a concomitant increase in the branching ratio
nd rate constant for the charge transfer channel up to 700 K.

One of the goals of this study has been to find ion–molecule
eactions for which either charge transfer or Penning detachment
re driven by the electronic energy in O2(a 1�g), i.e., the reactions
re endothermic for O2(X 3�g

−). These mechanisms have been
bserved in our previous studies of the O2

− reaction with O2(a 1�g)
2,3]. Additional reactions have been found to occur by these mech-
nisms in the present study. In both the HO2

− and SO2
− reactions,

he charge exchange and Penning detachment channels compete
ith each other. Penning detachment is very slightly endothermic

n both cases and the results show roughly the same reactivity for
he two ions. The presence of the charge transfer channel implies
hat the reaction may proceed in two steps. First, the charge transfer
ccurs. Then, the excited state ion formed can detach an elec-
ron. The division of products between the two channels would be
etermined by the energy distribution resulting from the charge
ransfer step. Besides these two reactions, NH2

− also charge trans-
ers rapidly with O2(a 1�g), as opposed to essentially no charge
ransfer observed with O2(X). These reactions show that O2(a 1�g)
an be converted into O2

− fairly readily, i.e., the electronic energy
ouples efficiently into the reactivity.

Contrast these observations to the SF4
− and SF6

− reactions,
here the electronic energy is found not to drive the reactivity. For

F6
−, this is most likely a result of the geometry difference between

he anion and the neutral. The inefficiency of the charge transfer
eaction for SF4

− indicates that the calculated EA of SF4 is better
han the experimental one; although, the differences are within
heir mutual uncertainties. In addition, the electronic excitation
oes not appear to be efficient in driving the oxidation mechanism
ecause SO3

− and CO3
− have been found to react with O2(a) at

10−11 cm3 s−1. These may well be due to barriers resulting from
plitting the strong O2 bond.
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