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Rate constants and product ion distributions for thea@d Q™ reactions with Q(a'Ag) were measured as

a function of temperature from 200 to 700 K. The measurements were made in a selected ion flow tube
(SIFT) using a newly calibratedA&'A4) emission detection scheme with a chemical singlet oxygen generator.
The rate constant for the,Oreaction is~7 x 1071° cm?® s! at all temperatures, approaching the Langevin
collision rate constant. Electron detachment was the only product observed switfit@ O reaction shows

a positive temperature dependence in the rate constant from 200 to 700 K. The product branching ratios
show that almost all of the products at 200 K are electron detachment, with an increasing contribution from
the slightly endothermic charge-transfer channel up to 700 K, accounting for 75% of the products at that
temperature. The increase in the overall rate constant can be attributed to this increase in the contribution the
endothermic channel. The charge-transfer product channel rate constant follows the Arrhenius form, and the
detachment product channel rate constant is essentially independent of temperature with a véldexof
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Introduction Given the relevance of reactions 1 and 2, two direct
measurements of the rate constants for these reactions have been
made previoushP:11 and two additional determinations of the
rate constant for reaction 2 have been obtained by extensive
modeling of complicated plasm&&!® The thermochemistry
_ N N shown for reactions 1 and 2 has been calculated from the NIST
O, +0OyaAy)—20,+ e+ 52kJmol (1) Webbook values? Recently, we have remeasured the kinetics
for reactions 1 and 2 in a selected ion flow tube (SIFT) for the
O™ + O,a'A,) — O, + e+ 60 kJ mol'* (2a) reactions of @ and O with O,(alAg) at 300 K1° The rate
g constant for reaction 1 has been found to be substantially larger
than previous measuremeffs! and the rate constant for
O +0)aA)—0, +O—3kimol*  (2b) reaction 2 is considerably smaller. The presence of channel 2b
has been detected for the first time, reflecting the advantages
the equilibrium electron concentration, which, in turn, controls of using a SIFT instead of a flowing afterglow. In all of the
radiowave propagation because electrons interact with theprevious direct experiment8;l! Ox(a'Ag) was generated in a
radiowaves and ions essentially do Aurther interest in these ~ microwave discharge onO
O,(a'Ag) reactions has developed because of their importance  Our recent measurements also used the microwave discharge
in the electric oxygeriodine laser (EOIL) system. In this  technique to generate@'Ag).1® In that work, the Q(a'Ay)
system, the atomic iodine laser transition at 1315 nm, concentration in the SIFT was measured by calibrating a newly
I(2Py7—2P3)y), is excited by energy transfer to atomic iodine designed emission detection scheme to an absolute standard.
from Ox(a'Ag) that is produced in an electric discharge on Unfortunately, O atoms are an unwanted byproduct of the
oxygen and heliurd=6 O~ is readily formed in such discharges ~discharge method and they also react with bogh @nd O'.
by dissociative attachment of electrons tg; @hus, electron Passing the discharge effluent over glass wool with a mercury
detachment via reaction 2a helps to sustain the discHérge. oxide coating effectively quenches O atoms and has been used
Beyond this practical importance, reaction 1 is the only known in the earlier measuremeris!! However, given the current
example of Penning detachmérithis process is the negative  environmental restrictions on mercury use, ridding the flow
ion analogue of the familiar Penning ionization process between stream of atomic oxygen has proven difficult. Consequently,
a metastable neutral and another neutral. In Penning detachmentorrections to the recent SIFT data were made for small
electronic energy from the metastable neutral collision partner concentrations of the O impurity, and to a lesser extent for an

Reactions of @ and O with Ox(a'Ag) are important for a
variety of systems. In the D-region of the ionosphere, the
conversion of ions into electrons via reactions 1 and 2a affects

is used to detach an electron from an ion. Oz impurity, that could not be completely removed. These
corrections are relatively small for the fastey Qeaction, but
* Corresponding author. E-mail: AFRL.RVB.PA@hanscom.af.mil. they are more substantial for the slower @actiont®
T Air Force Research Laboratory. ; ihiti
*Under contract to the Institute for Scientific Research, Boston College, Studying temperat.ure' dependences has been prohibitive
Chestnut Hill, MA 02467. because of the c_ompl_lcatlons from O atoms. Therefc_)re, we have
8 Open University of Israel. adapted a chemical singlet oxygen generating technigue to create
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Figure 1. Schematic diagram of the chemical singlet oxygen generator with emission detection adapted for the selected ion flow tube (SIFT).

Oy(a'Ag) in a SIFT without O and @impurities. We report the made by a chemical reaction of chlorine with a basic solution
first temperature dependences for both the rate constants anaf hydrogen peroxide as shown in eq 3. This reaction is a well-
product branching ratios for reactions 1 and 2 measured from

200 to 700 K. This study represents the highest temperatureH,0, + Cl, + 2KOH — O,(a)/0y(X) + 2KCI + 2H,0 (3)

data ever taken on a SIFT.
known source of @a'Ag)!®?°and has been used to create a

chemical Q/I laser (COIL)?! For that application, the reaction
was performed at atmospheric pressure using large volumes of
The measurements were made in the SIFT at the Air Force highly concentrated solutions, starting with 90% hydrogen
Research Laboratory. peroxide and resulting in a reported yield of(8Ag) between
This technique for measuring iermolecule kinetics has been 30 and 40%' The current S”:;r experiments marked the first
described in detail previousi®and only a brief description ~ time chemically generated (&'Ag) was used as a neutral
of the method is given here, except for a discussion of the reactant for the study of ieamolecule reactions in a flow tube.
chemical generation of {&'Ag). Briefly, O~ and Q™ ions were The chemlcgl gengra.tor deS|gr)ed to producéatd,) qnd )
created from @in an external ion source chamber via electron the corresponding emission detection system are shown in Figure
. . . . 0, i
impact. The ion of interest was mass selected with a quadrupolel' A volume of 60 mL of 35% HO; (Alfa Aesar) was admitted

mass filter and injected into a flow tube through a Venturi inlet. .

Experimental Section

into the reaction vessel kept afG by an ice water bath. Then,

A helium buffer (AGA, 99.995%) carried the ions downstream 40 m_L 0f 4.04 M KOH_WaS added very slowly to th_e chilleql
where Q(alAg) was introduced into the flow tube through a solution because the mixing created a very exothermic reaction;

Pyrex inlet with an exterior conductive gold coating to prevent huS: the cold bath prevented thermal decomposition 9.H

charging in the presence of ions, located 49 cm upstream from.durtIng reatctlog.t;he restgltlng solu|t|on Wals Co(;‘r.‘e“ed t'?h thel
a sampling nose cone aperture. The primary ions and productInS rument an € reaction vessel was placed in a methano

ions were monitored by a quadrupole mass analyzer and detecte&"'f‘t: held at;lS_ CI by a recirculating chiller, ct‘hen pumpr(ka]d on
with a particle multiplier. Kinetics were measured by monitoring with a mechanica pump to remove trappe gases. ihe tem-
the decay of the reactant ion signal as a function g, perature of the reaction vessel was held just at the freezing point
concentration added ¢ of the solution and a slushy mixture formed inside the reactor.

. . Worki t low t t lished three things. First,
Heating and cooling of the flow tube were performed by oriing a; ‘ow temperature accompiisned tree things. Firs

i C . lowering the temperature prevented decomposition of the
heating tapes and a pulsed liquid nitrogen flow, respectively.

. hydrogen peroxide during reaction 3, which is highly exother-
We recently upgraded the flow tube and seals to allow for higher mic. Second, the vapor pressure of the aqueous solution was

temperature operation. We attempted to make measurements o4 Third. we found that the highest vields of(&@A

at 120 K, but it was clear that @A) was partially lost either occurred at thé lower bath temperatl?res y of(®A)

in the inlet system or on the flow tube walls at that temperature, Two gas flows were then added to tHe slushy KOpbi
precluding a rate constant determination Théaq) is likely reaction mixture through a 12 mm Pyrex gas dispersion tube
quenched through a long residence time on the cold surfaces,yiy, 5 horizontal disk composed of a coarse glass frit (Chem-

In all of the previous iormolecule experiments involving  glass) at the bottom. A fixed flow of 15 sccm of He (Middlesex
Oz(a'Ag), 10517 1%his species was produced by the well-known Gases, 99.9999%) was added first to prevent freezing on the
technique of passing a mixture of;Gand He through a  glass frit that was used to create small gas bubbles as the gaseous
microwave discharge. Such a system was described in detail inreagents passed through the slush. Then, a second, variable flow
our recent papef? A high-density plug of glass wool was  of a 20% mixture of GI (Aldrich, 99.5+%) in He (AGA,
required to adequately remove most of the O atoms through 99.9959) was introduced. A gas mixture was used so that larger
recombination on the wool to form additionab@Ag) prior gas flows could be used, increasing thga,) yield presum-
to entering the emission cell. Unfortunately,(@Aq) was also  aply by reducing wall quenching through a shorter residence
quenched on the glass wool, reducing the yield. As discussedtime of the Q(aAq) product in the cold traps. All of the chlorine
above, environmental restrictions on mercury use eliminated thewas converted to the product mixture of ground and excited
possibility of utilizing mercury oxide quenching. electronic state @and HO. This conversion was verified by

To eliminate the production of the O atom contaminant, we monitoring for the presence of Clgenerated in the flow tube
have adapted a method for making(8Ag) chemically. It was using the known reactions of Cand Q™ with Cl,.22
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To avoid having residual water enter the flow tube and the TABLE 1: Rate Constants for the Reactions of @~ and O~
O(aAg) emission cell, we used a second trap after the reactor\I/:VI'th C%z(glA(g%I\'/:sTEemperature Measured in a Selected lon
that was kept at-60 °C with a methanetliquid nitrogen slush ow Tube )

. . . . -+ IA
bath. Water was detrimental in two ways. First, the technique 02+ 0fa’A)

for measuring the absolute,@'Ag) concentration relied on rate constant efficiency

having only He and @in the downstream flow. Second @ temp (K) (x10%cm?s 1) Kol

may be reactive with some of the reactant ions, includipg® 200 7.4 1.02

This trap had to be emptied after a few hours of operation 300 7.2 0.99

because the temperature difference between the reaction vessel 400 6.5 0.89

and the trap had the side effect of transferring some water from 588 2-4 (1)'252;

the first to the second colder trap. The water eventually formed ! 4 )

a sizable ice surface inside the trap that caused #@& &) to O™ + Oxa'Ag)

be quenched. After the second trap, essentially on(XP O- temp rate constant efficiency Oz + e~ product O,~ + O product

(a'Ag), and He remained in the gas flow. (K) (x10%cmPs 1)  kikeo  branching ratio branching ratio
The mixture of Q species and helium then passed through 200 0.73 0.08 0.88 0.12

an optical emission cell to determine the amount gfa\). 300 0.86 0.10 0.64 0.36

The details of the detection system were given in our previous g i:g 8:% 8:;’2 8:23

papert® Briefly, we monitored the weak emission from the-O 700 25 0.28 0.24 0.76

(a'Ag — X3%g) 0—0 transition at 1270 nm passed througha 5 - . .
- . ) . ) . The efficiency is the ratio of the measured total rate constant to
nm bandwidth interference filter into a fiber optic bundle the Langevin collision rate constant determined with a theoretical

coupled to a thermo-electrically cooled InGaAs infrared detector pojarizability for O(a). The product branching ratios for the @action

with built-in amplifier. The output of the detector was read by are also given.

an electrometer with considerable internal filtering to obtain

relative Q(a'Ag) concentrations, which were converted to diffused to the walls. However, the observed nose cone current
absolute values by calibrating the detector output with an will also reflect the loss of @ product ions generated via
absolute Q(a'Ag) spectrometef? With the chemical generator,  channel 2b that underwent secondary reactions with the O

we found maximum concentrations ob@4A,) in the cell of (a'Ag) in the flow tube. Given that reaction 2 had only two
about 8x 10" molecule cm?, which is~15% of the total @ pathways, the branching ratios were determined by first
flow. subtracting the @ product ion counts measured at eack O

Flow rates of Q(alAg) were determined as follows. The (a'Ag) concentration from the counts of Qost to the overall
fractional abundance of £&'Ag) in the cell is simply the ratio reaction at that concentration. The remainder of thecGunts
of the Oy(alAg) concentration determined from the emission lost reflected the relative amount of the detachment process.
measurement to the total gas concentration in the cell determinedThen, the counts determined for each product channel were
by measuring the total pressure in the cell. Multiplying the total normalized to the total product ion counts to find the branching
gas flow rate by the fractional abundance then gave the O ratio as a function of gfa'Ag) concentration. These branching
(a'Ag) flow needed for the rate constant determinations. The ratios were plotted vs £a*Ag) concentration and extrapolated
fraction of Oy(alAg) in the overall Q flow was determined from  to zero Q(a'Ag) concentration to determine the reported

this measurement and the measured ratio of the flGiv branching ratios. Extrapolating to zero flow corrected for the
(assumed to convert completely te)Qo the total He flow. secondary reaction of the 0 product with Q(a'Ag). The
The absence of water was thus critical for accurate determina-downstream quadrupole resolution was kept low to minimize
tions. mass discrimination, which was typicaliy10% when checked.
Before entering the flow tube, the,@!Ay) gas mixture In light of the difficulty of the measurements and the additional

passed through a multiturn Teflon needle valve with a 0.125 Uncertainties in working with @a'Ay), the branching ratios had
in. orifice (Cole-Parmer, EW-06393-61) that was used both to Uncertainties of-15%.

isolate the chemical generator and emission detection system . .

from the flow tube and to increase the total pressure in the Results and Discussion

emission cell, making the £a'Ag) measurement easier by Table 1 and Figure 2 give the results for reactions 1 and 2.
increasing the absolute gas concentration. The possibility of The rate constant for reaction 1 ranges from 6.4 tox7 4010
quenching in the valve was ruled out by comparing the room- ¢y 51 gver the temperature range from 200 to 700 K. The
temperature rate constants for the reaction of @ith Ox(a'Ag) small variation appears random and the average value is about
using the chemical generator with our previous measurement7 o x 10-1° cn?® s This value is essentially equal to the
using the microwave discharge generator that did not use ap angevin collision rate constant of 7.2810-1° cm? s~2, which
valve. Excellent agreement was found between the valuesincorporates a calculated polarizability value fox(@Ag) of
determined using the two different generation methods. Con- 1 56 A3 The polarizability has been determined from a Density
sequently, the rate constant for the"Geaction with Q(a'A,) Functional Theory (DFT) optimization fortA,) using a large

was measured frequently to ensure the reliability of the system. pasijs set at the B3LYP/aug-cc-pVQZ level of theory. Use of

Given the additional uncertainties in determining the concentra- the ground electronic state;@olarizability of 1.58 & increases
tions of Oy(a'Ag), the rate constant measurements had relative the collision rate very slightly to 7.3% 1071° cn® s Our

uncertainties of£25% and absolute uncertainties ©85%. previous|y reported rate constdnat 300 K is 6.6x 10 19¢cmd

The branching ratios for the Oreaction were difficult to s 1. Thus, the present room-temperature value of>7.20710
measure. The detachment channel 2a was followed by monitor-cm® s™1 is approximately 10% higher. However, the two
ing the total current at the nose cone aperture. As ions weredeterminations agree within the uncertainties of the respective
converted to electrons, the total current reaching the nose conemeasurements. The agreement is excellent considering the large
decreased because electrons created in the flow tube rapidlydifference in how the gfa'Ag) is generated in the two methods
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and the additional corrections required in our previous study. for both reactions 1 and 2, lowering the rate constant values
This agreement gives us confidence that typical SIFT uncertainty and causing an even larger discrepancy in the values for reaction
limits of + 25% are valid for the @a'Ag) measurements. No 2.

ionic product was observed over the entire temperature range Our previous study found that reaction 2 proceeds not only
for reaction 1. via electron detachment (2a) but also through an endothermic

charge-transfer reaction (2b). In that study, we found that charge
transfer accounted for27% of the reactivity, the limit reflecting

. the corrections for reactions with the small O atom and O
been madé.(')'ll a]l of which are lower than the AFRL vqlues impurities. Our present value for the charge-transfer branching
presgnted in this stquy and n ref 15. As gxplamed INOUN ratio channel is 36%, in good agreement considering the
previous paper, the discrepancies are most likely the result of yigsie ity of completely accounting for the O atom contributions.
the previous measurements occurring in a flowing afterglow.  the “gyerall rate constant for reaction 2 increases with
In that method, @used to form the reactant ion will be present temperature as shown in Figure 2. To gain insight into the
throughout the flow tube. The electrons formed through reaction origins of the temperature dependence, Figure 2 also shows the
1 can also attach to this large quantity of © re-form Q- partial rate constant for each channel, determined by multiplying
with a three-body attachment rate constant of 3.80 32 crrP the overall rate constant for the"@eaction by the branching

s 1,2 decreasing the apparent decay of the @actant ion.  fraction for each product channel given in Table 1. The rate
The SIFT technique eliminates this possibility by having an constant for the detachment channel (2a) does not vary with

As discussed in the Introduction, a number of other direct
measurements of the rate constant for the @action have

external ion source. temperature within the ability to determine this branching ratio.
Previously, the overall rate constant for the @action at As mentioned earlier, we have not been able to measure a rate
room temperature was found to be k11071 cm?® s~1 in the constant at 120 K, but a scan of the mass spectrum shows that

SIFT using the discharge 'A,) source, as compared to the N0 charge-transfer products occur at this temperature, only
present value of 8.6x 1011 cm? s 115 Despite the 28% electron detachment. We were only able to directly measure

difference, the values agree within the uncertainties of the two (€ Pranching ratio from 200 to 500 K for this channel because

measurements. The discrepancy in the two values reflects thethe Q" product ion also detaches electrons, making the

extra uncertainty incorporated by the additional correction used separation difficult at hlgh temperature.vyhere th's. pathway
- o accounts for a large portion of the reactivity. To estimate the
to compensate for the small amount of O atom impurity in the

discharae method that becom an rv with the chemi LOO K branching ratio, we assume that the rate constant for the
scharge method that becomes unnecessary € CheMICayatachment channel (2a) remains independent of temperature
generator. Consequently, the current result should be more

L o above 500 K. Thus, the ratio of the average detachment channel
accurate. However, the present value is in substantial disagree;,ia constant to the total rate constant at 700 K approximates

ment with the two previous flowing afterglow measurem&hs 6 fraction of detachment observed. The remaining products
as well as with the indirect determinatiot¥s3Again, the present  5re thus from the charge-transfer channel.

values should be more accurate because of the simplifications  Gjven that the charge-transfer channel (2b) is endothermic,
inherent in the SIFT technique. The great agreement betweenthe rate constants only for that channel are plotted in Figure 3
the G, rate constant with the collision rate constant over the (circles) in an Arrhenius form. The experimental data follow
entire temperature range further supports the validity of the new this form throughout the temperature range, including the 700
measurement. Any systematic uncertainties in the concentrationk point, indicating that the extrapolation discussed above should
measurement would show up in the rate constant determinationsbe reliable. The results of an Arrhenius fit to the experimental
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rate constants for the charge-transfer channel only depicted in In our previous study® we compared our results for the
Figure 3 are given by eq 4, labeledlas. The pre-exponential  efficiency of the electron detachment fromCby Ox(atAg) to
the efficiency of photodetachment of, O3 The former is

ker = 7.3 % 10 1078901 (3 g1 4) shown here to be-100% efficient over the temperature range
200-700 K and the latter is only 30% efficient at a photon
energy 1.47 eV above threshold. It has been speculated that
the change in reaction efficiency may be caused by the energy
difference. At 700 K in the SIFT, the total energy in the reactants
(translational plus rotational) is 0.14 eV, still well below the
photoexcitation energy. Therefore, the present data rule out a
drop at still higher energy. The essentially unit efficiency up to
700 K supports Berry%speculation that Penning detachment
is highly efficient.

factor is on the order of, but slightly less than, the overall
Langevin collision rate constant for the @eaction of 8.9x
10710 cm?® s71, which is reasonable considering that there is a
constant contribution 0f6.1 x 1071 cm? s~ to the observed
total rate constant. Thus, the charge-transfer reaction is highly
efficient when sufficient energy is available.

From eq 4, an activation energy of 7 kJ mbtan be derived,
which is larger than the endothermicity of 3 kJ mblAn
Arrhenius fit performed with the endothermicity set equal to conclusions
the activation energy does not represent the experimental data, ) .
even when the 25% uncertainty is included in the rate constants. '€ raté constants and product branching ratios for the
It cannot be ruled out that a small barrier exists. However, itis '€actions of @~ and O with Ox(a'Ag) have been measured
possible that a competition arises between the charge exchang&©m 200 to 700 K in a SIFT using a chemical singlet oxygen
channel and the associative detachment channel. The overalf€nerator. @ reacts at around 7.6 1071% cm® s at all
rate constant clearly has two separate components. As seen ilemperatures, which is essentially equal to t_he Langevin collision
Figure 3, the total rate constants measured (squares) showate constant. The only product channel is detachment of an

Arrhenius behavior at high temperatures and plateau at the€/€ctron from the reactant ion. Ohas a strong positive
channel 2a rate constant at low temperatures where Chargéemperature dependence from 200 to 700 K, where the increase

transfer is not observed. The dashed line in Figure 3 representd” the rate constant with increasing temperature reflects a switch
a two component fit to the data assuming that the total rate from basically all electron detachment from the &t 200 K to
constant equals the sum of the charge-transfer rate constanf” /2% charge transfer to create; Oat 700 K. The charge
calculated with eq 4 and the fixed detachment rate constant valuee*change product channel is slightly endothermic at 300 K. The
of around 6.1x 10~ cm? s—L. Total rate constants calculated 'ate constant for this reaction pathway exhibits Arrhenius
in this way fit the experimental data extremely well, showing Pehavior from 200 to 700 K, and the detachment product

that the reaction pathways are actually additive and not channel has a rate constant that is essentially independent of
i temperature with a value of roughly 6: 10710 cn?® s71
competitive. ; . . . S
The absence of a temperature dependence in the detachme As discussed earlier, reactions 1 and 2 are important in the
-region of the ionosphereThey convert ionic species into

channel (2a) is interesting. Most slow associative detachment h d. theref fect radi " Previ
reactions have temperature dependences on the same order !%ec rons and, therefore, afiect radiowave propagation. Frevi-

those expected for typical association reactions. In that case,OUSIy' the ionospheric _models have only had the room-
an estimate of the expected dependence is aboRf because tempelr?ture values available, which have been recently cor-
of the single rotational degree of freeddfn26 A temperature rected.> The present measurements show that ttierabm-
dependence of this magnitude can be measured in the SIFT andémperature rate constant needs an additional small downward

the lack of any dependence indicates a different mechanism.COTection. Also, the D-region is cold; theref_ore, the present
LT . . A measurements show that the @ate constant is even slower
Some indication as to why the Oreaction with Q(a'Ag)

occurs with such a small rate constant may found by considerin than assumed. The high-temperature behavior involving charge
: . - may found by . Ytransfer to @ will also increase the conversion rate to electrons
if the reaction passes through an CGntermediate. Forming

. - - : because @ also reacts rapidly with §a*Ag) to form electrons.

g:(%ltjggrrﬁ!gatlgohr;tcocsjit:;idaoat}lgivzrg:ﬁg%T\()Ztc;:Ij;ggr?i;éZtri\s/- This information could be of practical importance for under-

9 . . standing oxygen discharges where either the temperature or the
copy?® experiments in the energy range between 2 and 3 eV ion energy can be quite high
have found that the cross section for creating©0, products '
is over 4 times larger than the cross sections for photodetach-
ment of an electron or photofragmentation tg"G+ O. The
only other photoproduct besides @bserved below 2.5 eV is

electron detachment, with?;n increasing amount of fhoto-  ijier for assistance with the polarizabilities. This work was
products from 2.5 to 2.7 e¥.Thus, the process favors creation g, hhorted by the United States Air Force Office of Scientific

of O, consistent with the slow rate constant observed for Research (AFOSR) under Project No. 2303EP4. A.J.M. was

reaction 2. In addition, thezp photochemistry has been shown supported through Boston College under Contract No. FA8718-
to proceed through the{(*A,) electronic excited stafé,from 04-C-0006. I.D. was supported under a National Research

X 1 _ i ! i
which both O + Ox(aAg) and Q™ + O products can be  cqyncjl Research Associateship Award at AFRL.
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