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Thermal rate coefficients for the removal (reactiénquenching) of Q*=4") by collision with several
atmospheric molecules were determined to be as follows: k§fe10-370 K) = (3.63 + 0.86) x 10
exp((—115+ 66)/T); HO, ky(250-370 K) = (4.52+ 2.14) x 1012 exp((89+ 210)T); Ny, ks(210-370 K)

= (2.03+ 0.30) x 107** exp((37+ 40)/T); CO;, ks(298 K) = (3.39+ 0.36) x 1073 CHy, k7(298 K) =

(1.08+ 0.11) x 1013 CO, k(298 K) = (3.74+ 0.87) x 10715 all units in cn? molecule s™%. Oy(*Z4")

was produced by directly exciting ground-statg(®®,~) with a 762 nm pulsed dye laser. The reaction of
O,(*=4") with Oz was used to produce &KX), and temporal profiles of €®) were measured using VUV
atomic resonance fluorescence in the presence of the reactant to determine the rate coefficients for removal
of Oy(*=g"). Our results are compared with previous values, where available, and the overall trend in the
O,(*=4") removal rate coefficients and the atmospheric implications of these rate coefficients are discussed.
Additionally, an upper limit for the branching ratio of;(3=4") + CO to give OfP) + CO, was determined

to be <0.2% and this reaction channel is shown to be of negligible importance in the atmosphere.

Introduction The primary loss of @*=") in the atmosphere is believed
to be via electronic quenching to;(®Ag) by other atmospheric
gases. While there have been many previous measurements of

- i : .
have been studied in the past for a variety of reasons includingthe rate coefficients of @'%,") with a variety of atmospheric

their involvement in terrestrial airglow and chemical lasers (see Molecules;*“there are significant uncertainties in the reported
Wayne, 1985,and Schweitzer and Schmidt, 200y reviews). values, and in some cases, there is nollr.1format|on on the
In addition, it has been proposed tha(3,") may influence temperature dependences of the rate coefficients. Furthermore,
the chemistry of the stratosphere and upper troposphere@lmost all previous measurements have employed similar
significantly as a source of odd-hydrogen (§16r odd-nitrogen methods for their studies by observing the rate of loss sf O
(NO,) .35 It is this last reason that motivated two recent studies (*Zg"). Studies using a different method are therefore helpful

The reactions of the second electronically excited state of
molecular oxygen, €b'=4t) (hereafter referred to as,(3=4)),

in our laboratory.” in reducing the overall uncertainty in the rate coefficient values.
To assess the potential influence of(&,") on the atmo- In this study, we measured the rate coefficients fo*E)")
sphere, one needs the atmospheric concentration,@EQ); removal by a number of atmospheric gases at atmospherically

concentrations are determined by the balance of the rates of,
the production and loss of 8=4"). Atmospheric Q(*=4) is
produced either via direct absorption of visible radiation near

relevant temperatures.

762 nm or collisional deactivation of electronically excited O,(*%,") + O, — products )
oxygen atoms, GD), by ground-state molecular oxygen,

ng/%g—). O by g Y9 0,('Z,") + H,0— products 4)

0,(*=,") + N, — products 5

0,8, + v (~762 nm)— 0,5, ") 1) o(Zg) + N~ p (5)

0,(*2,") + CO,— products 6

0(D)+0,(5,) ~ 0P+ 0,(5,) () A %)+ Cop ®

0,('Z,") + CH, — products @)

The atmospheric @'=4") production rate therefore depends on -
the visible and ultraviolet actinic flukthe pressure dependent O,('Zy") + CO— products (8)
line shapes of the @'Zgt) — O,(°Zy™) transitions’ the

absorption cross sections fo @ produce O(D),1° the rate A hericallv rel h v th
coefficient for quenching of GD) by OxE, )5 and the t atmospherically relevant temperatures, the only thermo-

abundances of £and Q. dynamically possible pathway is the quenching ef%®,*) to
either Q(*Ag) or Oy(3%y7) in most reactions. However, the

* To whom correspondence should be addressed at the National Oceanicre""c'[ic?nS of *Z4*) with Og can lead to 2@and OFP), and
and Atmospheric Administration. that with CO can lead to COand O¢P).

10.1021/jp044129x CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/12/2005



Kinetic Studies of the Reactions of,(®'Z4")

0,('%,") + 0;—~20,+ OCP);
A Hogs= — 12.0 kcal/mol (3a)

0,('=,") + 0, — O,(' AN 0,2, )} + O;
AHa9s = — 15.0{ —37.8 kcal/mol (3b)

0,('E,") + CO—0(P)+ COy;
A Hagg = — 45.6 kcal/mol (8a)

rxn
O,('Z,") + CO— O,(*A){O,(’Z, )} + CO;
Aran298= - 15-q_37-3 kcal/mol (8b)

The yield of OfP) in reaction 3 has been previously reported
to be between 0.75 and'%1” We measured the upper limits
for the yields of OP) and of CQ from reaction 8a to determine
whether this reaction has any atmospheric significance.

Experiments

Pulsed Photolysis. Resonance Fluorescence Detection of
O(P). Our experiments utilized pulsed generation ef‘Gy")
via excitation and GP) detection via resonance fluorescence
(PP-RF) in the vacuum ultraviolet (VUV); this apparatus has
been described in detail elsewhéréd1°We emphasize that
we did not directly measure the temporal profiles of'‘®y*).
Instead, OP) atoms produced via the reaction af{&4+) with
O3 (reaction 3a) were monitored.(3%4t) was produced via

reaction 1 with a tunable dye laser in the presence of an exces$

of stable reactant gases (([X]4@=5")]o) > 30) such that @
(*=4") loss was first order in its concentration. The photolysis
laser was tuned to the peak of the individual('Qg*) —
O,(%%y") transitions by monitoring the photoacoustic signal from
100 Torr of Q in a separate absorption céll.lemporal profiles

J. Phys. Chem. A, Vol. 109, No. 17, 2003013

(1Z4™) was used. In our experimentsy@4*) generation from
reaction 9 was insignificankg ~ 2 x 10733 cm?® molecule?
s~121which yieldskg(bimolecular)=5 x 1015 at 80 Torr and
leads to a negligible<0.1%) loss of OfP) due to this reaction
in 100 ms). Q(*Ag) produced by the quenching of(3=4")
was therefore also in sufficiently low concentrations that the
energy pooling reaction of £{}Ag) with itself would not
regenerate significant amounts of(€4").

O,('Ag + O,('A) — OL('Z,") + O,(%;)  (10)
Last, the lack of OfP) signal when @was absent or when the
laser was not tuned to the peak of ap('Qg*) — Ox(°Zg")
transition showed that there were no othePR)(production
processes and that the photolysis of Ity 762 nm radiation
did not produce significant concentrations offP)

The excess reactants were prepared and their concentrations
determined via several different methods. Ozone was subjected
to several freeze-pump-thaw cycles (at 97 K) to remoyei@r
to making dilute mixtures in He~1%) in 12 L Pyrex bulbs.
During all rate coefficient measurements, theddncentration
in the gas stream flowing through the reactor was determined
by measuring the absorption of 253.7 nm light=€ 1.15 x
10717 cm?)0 in a 100 cm long cell. The uncertainty in
determining the @ concentration, due to variation in the
intensity of the light source, was estimated to $£2%. The
method for preparing a stable flow of water vapor and measuring
its concentration has been described in detail elsewiiere.
riefly, we bubbled a small flow (8100 sccm) of He through
distilled liquid HO maintained at 273 K (by immersing the
bubbler in an ice/water bath) and metered out a small flow of
this moist He through a needle valve. The water vapor
concentration was determined by measuring the absorption of
121.6 nm light ¢ = (1.59+ 0.10) x 1077 cm?)2324in a 19

of OP) following Ox(14*) generation were measured in the €M cell prior to the reactor. The following gases (with the vendor
presence of a range of concentrations of the stable reactant t@nd purity level indicated within parentheses) were used in these

determine the overall rate coefficient for removal of(qy")

by that reactant. The first-order rate coefficient for the rise in
O(®P) signal was equivalent to the first-order rate coefficient
for Ox(*=4") loss; so the kinetic information on0=4") was
obtained from the GP) temporal profiles. This method

experiments without further purification: UHP He (US Welding,
> 99.999%), UHP @(Scott Specialty Gases,99.99%), UHP
N, (Scott Specialty Gases;99.9995%), UHP C@ (Scott
Specialty Gases; 99.99%), UHP CO (Spectra Gase$9.99%),
and UHP CH (Scientific Gas Products; 99.97%). Concentra-

determines the rate coefficient for the sum of quenching and tions of these stable gases in the reactor were calculated using
reaction of Q('S,"). Experimental conditions used for measur- the mass flow rates (measured using calibrated electronic mass
ing ks throughks are listed in Table 1. Reactions-8 were flow meters) and pressures (measured using capacitance ma-

studied only at room temperature, reactions 3 and 5 were studied’OMeters). The uncertainties in the mass flow rate and pressure
between 210 and 370 K, and reaction 4 was investigated measurements were atl 2%, leading to uncertainties of at most

between 250 and 370 K.

The initial concentrations of £'>4*) were estimated from
the laser fluence and absorption line strengths for th@3g")
— O(3%4") transition as described in Talukdar et®alhe
absorption of radiation near 762 nm by(€x,) occurs over

very narrow wavelength ranges and the dye laser must be

carefully tuned to maximize the production ob&4"). The
concentrations of GP) were estimated from the calculated
initial O2(*=4*) concentrations, assuming that reaction 3 pro-
duced at most one €R), and by taking into account the loss of
O,(1Z4") via reactions other than reaction 3. Maintaining a
sufficiently low O@GP) concentration €102 molecules cm?d)
minimized regeneration of =4) via the OfP) self-reaction.

OCP)+ OCP)+ M —0,('2,") + M (9)

Reaction 9 has been known to produce(*®,*) in some
previous studie®® where a microwave discharge source for O

+ 10% (2) for the concentration of the stable gases in the
reactor.

FTIR Detection of CO,. A Fourier transform infrared
spectrometer (FTIR) was employed to search for @@duced
from reaction 8a. The C{roncentration was calculated using
Beer's law by comparing the spectrum recorded with an
evacuated cell to that filled with the reaction products, and using
the known integrated line strength for the entire absorption

feature of the C@stretch near 2350 cm (0 = 1.01 x 10716

cn? cm™1) (from the HITRAN databas$i Using the integrated
line strength for the absorption feature (in £om~1) avoids
corrections for pressure and Doppler broadening of individual
rotational lines.

These experiments involved detecting the possible production
of CO, from reaction 8 in the presence of CO. Figure 1a displays

the absorption spectrum of a mixture of CO/£Q, and shows
that the CQ absorption feature at 2350 cfand the CO stretch

near 2140 cm! (0 = 1.01 x 1077 cnm? cm™! °) do not overlap.
Known mixtures of CQ/O, and CO/CQ/O, were prepared in
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TABLE 1: Rate Coefficients for the Removal of O,(*X4™) by Various Molecules and the Experimental Conditions Used to
Measure Them

overall [Og] (10% [Of] (10 762 nm [O2(ZgN)]o range of excess

temp pressure molecule molecule fluence  (10"molecule  reactant concn rate coeff (cm
molecule (K)  (Torr) cm3) cm9) (mJ pulse?) cm9) (molecule cm?®) K range (s%) molecule? s7%)
O3 210 20 295279 1.79 8 8.1 7365940 (2.03:0.10)x 10°%
232 18 3.1553.1 25 3 3.6 74612180 (2.20+ 0.14)x 107t
248 18 438475 2.3 35 3.6 103012000 (2.24+ 0.20)x 1071t
268 18 196454 21 3 2.7 73611300 (2.24-0.03)x 1071t
295 16.7 1.69245 1.36 4 2.36.4 4406-5830 (2.36+ 0.11)x 10°1*
321 18.5 223456 1.85 4 2.8 72010480 (2.34:0.14)x 1074
348 185 147396 1.75 4 2.5 58010490 (2.58+0.22)x 107
373 18.8 3.7235.0 1.6 35 1.9 120010050 (2.89+ 0.14)x 10t
H,O 248 18 4 2.22 267 2.7-73 (7.74-18.1)x 10 860-13880 (6.59t 0.20)x 10712
268 18 25 2.1 2+6.2 2557 (5.7717.4)x 10" 550-10440 (6.45-0.43)x 107%2
295 18.5 2625 1.73-1.95 1.3-7 0.9-5.6 (1.61-15.3)x 10* 680-8700 (5.41+ 0.54) x 10°%2
348 18.5 2.2 1.69 3:88.5 2.352 (4.89-17.4)x 10" 750-11200 (5.63:0.43)x 10712
373 18.5 4 1.56 338 1.8-4.3 (2.71-16.3) x 10* 1060-10570 (5.64+ 0.76)x 107%?
N2 210 80 15 1.83 6 6.1 (1.6129.3)x 107 2870-9390 (2.38+ 0.28)x 10715
230 80 11 1.96 8 8.5 (1.3227.5)x 10Y7 2250-8550 (2.34+ 0.20)x 10715
250 80 13 1.73 8 7.2 (1.3@5.5)x 107 2730-9850  (2.44+ 0.14)x 1071
273 80 12 1.7 8 6.8 (1.3722.6) x 107 2660-8430 (2.44+ 0.36)x 10°%°
295 805 10 1.80 6 5.2 (1.424.5)x 107 2432-8210 (2.23:0.11)x 10715
323 82 8 1.68 48 3.2-64 (2.28-21.1)x 107 1870-6550 (2.214+0.14)x 107%
350 81 7 1.56 8.5 6.2 (1.9119.5)x 107 1690-5980 (2.18+ 0.17)x 1075
373 80 7 1.61 8 55 (0.8416.7) x 107 1780-5600 (2.31£0.22)x 10°%°
CO, 295 25 7.50 1.81 510 43-86  (8.5-104)x 104 1840-6690 (3.39£ 0.20)x 10713
CHa 295 25.2 1.40 1.81 523 4.3-19.9 (1.32-16.8)x 10 390-2233 (1.08£0.70) x 10713
CcO 295 71.5 8.10 1.80 410 3.4-8.6 3.8-182x 10'®  1940-9690 (3.74+0.44)x 10°%
determined spectroscopically with those determined manometri-
0.5 cally was within a factor of 2 for C®and was within a factor
g 044 of 3 for CO. These differences were most probably limited by
£ 03 co, the resolution of the FTIR (0.5 cm), and since we determine
2 s only upper limits for the C@concentrations (see later discus-
i sion), we did not spend too much effort in resolving the
i | discrepancy between the Beer’s law/HITRAN calculation and
0.0 ) ul the manometrically prepared mixtures. Overall,@0Oncentra-
2000 2100 2200 2300 2400 tions as low as & 10 molecules cm? were detectable in the
/ l photolysis cell.
2.0 Before
o Excitation Results
0.0 ' Rate Coefficient MeasurementsThe method employed to
= il analyze data on rate coefficients reported here was the same as
; T Excitation that used in the GD) reaction studies described in Dunlea and
_g 1.0 1 | Ravishankara® The temporal profiles of GP) measured here
g 0.0 ' were described by a biexponential function:
-]
-
2.0 Residual 3 _B D
. [OCP),=Ae ®'+cCe™ 0)
0.0

| T I I T Using the reaction of @'=4") + N, as an example, parameters
2300 2320 2340 2360 2380 A, B, C, andD are defined as follows:
Wavelength (cm_l)

Figure 1. (a, top panel) FTIR absorption features for CO and,CO I (2 (O I ot & [\PY))

measured with spectrometer resolution of 0.5 €fiCO;] = 4.5 x A =[Oy 2g )]OT (1
10'® molecules cm?® and [CO] = 9.0 x 10 molecules cmq). (b; ( )

bottom panel). FTIR absorption feature for £seen before and after B = ky[O4] + Kg[N,] + ki (1
the production of @'Z;*) to determine an upper limit of GO

production from the @X;") + CO reaction. The two features and C= [O(3P)] —A (IV)
the residual between them have all been offset for clarity. The residual 0

shows no indication of C@ production, suggesting a negligible D=k, V)

production of CQ due to reaction 8a.

a 40 cm long (2 cm diameter) photolysis cell, then expanded ki1 andky are, respectively, the rate coefficient for the first-
into a 10 cm cell placed in the optical path of the FTIR order loss of OP) due to flow out of the reaction zone, and
spectrometer. This method minimized the interference from the rate coefficient for the first-order loss ob(@=") due to
ambient CQwithin the FTIR. The agreement for concentrations both flow and quenching by the bath gas.
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OCP)— loss

O,('E,") — loss

(11)
(12)

The sum of the paramete’s + C was equal to the initial
concentration of GP), [OCP)]o, produced via the photolysis
of O3 in the Chappuis band at 762 nm. It was very small
compared to the total G®) signal from the @*=;") + Os
reaction as mentioned above.

Figure 2 shows the measured first-order rate coefficient at
298 K for the OFP) rise (the B parameter in eq Ill) plotted

against the reactant concentration; the slope of each line is the

bimolecular rate coefficient for the removal of(@4+) by that

reactant via both reaction and quenching. The determined rate

coefficients are also listed in Table 1. Uncertainties in the rate
coefficients are reported at the Bvel and were derived from
the uncertainty in the reactant concentration, the uncertainty in
the fit of the OfP) temporal profile to eq 1114£3% 5 and the
uncertainty in the slope obtained in the linear least-squares fit
of the B parameter vs the reactant concentration, all summed
in quadrature.

The intercept of the plot of thB parameter vs [g) (top panel
of Figure 2) representk;,, the first-order rate coefficient for
the background loss of £#=5"). This loss rate coefficient is
the sum of those for @'=4") loss via quenching by £and He
and the loss due to loss ob(X4") out of the detection region
(assumed to be first order):

0,('%,") + O, — products (13)

0,('E,") + He— products (14)

O,('Z,") — loss due to flow out of detection region (15)

Ascribing the measured ;3Z4") loss rate coefficient only to
reactions 13 and 14 and using a literature v@lfer k4 of 2.5
x 10718 cm?® molecule® s yields an upper limit foik;3 of <

1 x 10715 cm?® molecule! st at room temperature.

Large concentrations of CHwvere necessary to observe a
change in the measured loss rate of®,") (Figure 2, middle
panel) due to reaction 7. GHbsorbs the VUV radiation used
for OCP) detection @131 n{CHs) ~ 2 x 10717 cn? 29),
Therefore, the range of first-order rate coefficients for loss of
O,(1=4") was restricted to small values and thus yielded a less
precise value ok;.

Figure 3 shows the rate coefficients; and ks, measured
between 210 and 370 K, arld, measured between 250 and
370 K, in an Arrhenius form. These data were fit to the
expression

a

(RT)

In (K) = In (A) — V1)
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Figure 2. Plots of the first-order GP) rise rate coefficients (thB
parameter from eq Il described in text) vs the concentration of stable
reactant for Q(*Z4") reactions at 295 K. The slope of each fitted line
is the room-temperature bimolecular rate coefficients for removal of
Oy(*Z4%). In the top panel, the intercept of the plot for reaction 3 was
used to determine an upper limit for the rate coefficient for the
quenching of Q(=;") by O, (see text). For all other reactions, the
loss of Q(*=4") in the absence of reactant has been accounted for in
the plotted rise rate coefficients; thus all other intercepts are zero.

could have produced €R). As can be seen in Figure 4, there
was no measurable production of®) from reaction 8a. The
O(P) concentration was calculated as described previdusly,
and was varied in the range (0-37.69) x 10! molecules cm?®.

The CO concentrations were sueh x 108 molecules cmd)

that more than 65% of the £8=5") molecules were lost via
deactivation by CO. The rest of the,@E4") reacted with @
((7—9) x 10" molecules cm?3). The rise in the GP) signal
due to the Q(=Z4") + Os reaction was completed>@9%)
within the first 300us and the CG{P) temporal profiles were fit

to a single-exponential decay for times800 us to determine
the signal associated with the [{{],. The maximum possible
O(P) concentration produced in the second run was determined
from twice the standard deviation of the background signal of
the second run multiplied by the ratio of the known P)o in

the first run. Dividing this maximum possible &) concentra-
tion by the Q(*=4+) concentration gives an upper limit for the
yield of OCP) production from reaction 8a. In two separate

using an unweighted linear least-squares method. The uncer-determinations, upper limits for this yield were determined to

tainty in the Arrhenius preexponential factor is definedoas
= Aon a. The obtained values are listed in Tables42

Upper Limit for O( 3P) Production from O5(*X4") + CO.
Using the RF detection of G®), we ran a pair of back-to-back
experiments to determine an upper limit for the yield off)(
from channel 8a. The first run involved the excitation of an
Ox(1Z4") = Ox(3Z4") transition in a flowing mixture of @ Os,

be 0.01 and 0.06; therefore, we report an upper limit for the
production of OfP) from reaction 8a of 0.06.

Upper Limit for CO , Production from O,(*X4") + CO.
For measuring the CQyield in reaction 8, we generated,O
(1=4™) in the presence of CO and measured any, @duced
via reaction 8a by FTIR spectroscopy. Owing to the significant
concentration of C@required for detection with the FTIR and

He, and CO. Then the same experiment was repeated in thethe small yield of CQ inferred from the low OP) yield

absence of @ In the first run, reaction 3 was responsible for
producing a known amount of €K) with the possible addition
of O(P) from reaction 8a. In the second run, only reaction 8a

(described in previous section), we produced a large concentra-
tion of O(*=g") in a static mixture to enhance detectable
production of CQ. Since CQ is stable and its reactivity with



3916 J. Phys. Chem. A, Vol. 109, No. 17, 2005

® O, - Choo and Leu, 1985
A O, - This Work
B H,0 - This Work

il it AP

L

.
=

HH

2] @-m-- ---s .
lo-ll_:
~ 9]
T n
12 3
=
3 M : . . |
[=]
E 3.0 35 40 45
g
g
g
b - I EL b I L}J}
2 x=
CHN L T I *T ...................

¢ N, - Kohse-Hoinghaus and Stuhl, 1980
O N, - This Work

3.0

T T
35 4.0 45

1000 / Temperature «
Figure 3. Measured rate coefficients for the overall removal of O
(*=4™) by O; and HO (top panel) and by N(bottom panel) displayed
vs 10007. Fits to the Arrhenius expression, eq VI, are shown: dashed
lines indicate fits in previous studies, solid lines indicate fits in present
study. The Arrhenius parameters determined from these fits are listed
in Tables 2-4.

O Signal with Oy
— Fit to signal with O, gives max =255 + 14

200 & ® Signal without O; average = 15 + 52

Signal (counts)

LXe]
%

-100 -

T
20

Time (ms)
Figure 4. Temporal profiles of Gf) signal recorded back-to-back
for the 762 nm excitation of a mixture of CO#Q, followed by a
mixture of CO/Q used to search for €R) production from g(*=4")

+ CO. No visible production of GP) was observed in the second run
(solid circles in figure) due to reaction 8a.

30

O,(*=4") or OCP) is very small, one would not expect any
removal of CQ in this system. We systematically tested this
by irradiating mixtures containing known amounts of i@
O, with the 762 nm laser tuned to am@g") — O:(3Z47)
transition to determine whether GQwas lost during the

Dunlea et al.

The same was true for both the gé@nd CO concentrations in
all CO,/CO/O, mixtures tested. Slight changes, if any, were
within the precision of our measurement. This sequence of
experiments showed that G@as not lost in the cell due to
either reaction with @*=4*) or with any species produced by
the quenching of g*=4*) by CO or Q.

For the final experiment, a CO/@nixture was irradiated with
> 5.5 x 10* pulses from the 762 nm laser to produce 5.6
106 molecules cm?® of Ox(*=4"). Figure 1b shows the small,
and unavoidable, CQabsorption feature present due to small
amounts of air within the FTIR both before and after the
photolysis. The residual between the two shows no structure
resembling CQ, confirming that reaction 8a did not produce
CO, within our detection limits. We determine an upper limit
for the yield of channel 8a from twice the standard deviation
of the residual spectrum over the 60 chrange in which the
feature was present and the total({24™) concentration. Our
upper limit is<1.2 x 1072 for the yield of CQ in the reaction
of Ox(*Z4™) with CO.

Discussion

In this section, our results for the individuab@®4*) reaction
rate coefficients are compared with those from previous studies.
The majority of these previous studies have monitored the time-
resolved fluorescence of the,") — O,(3%4") transition near
762 nm?’ The uncertainty in the rate coefficients reported from
these studies depended (to a great extent) on the method used
for generation of @Z4"). There have been three major sources
of Oy(*23"): discharge flow, which employed a microwave
discharge plasma containing,28-35 flash photolysis of @
or Oz to produce OYD), which was then quenched by, @
produce Q(=4+),12253645 and direct excitation of @'=4") —
O,(3%¢7) with a dye lasef&49

Many early discharge flow studiéé2® including those
employing shock tubes to reach higher temperateffes,
suffered from interferences due to secondary productionof O
(1Z4™) from OCP) atom recombination (reaction 9). Secondary
production of Q(*Z4") would have led to the measured decay
rates of Q(*=4") being slower than real and yielding smaller
values of rate coefficients. Flash photolysis studies were also
prone to interferences from secondary reactions, including
reactions 9 and 10. Therefore, flash photolysis studies, which
produced Q(*Ag) generally needed to maintain low radical
concentrations, often limiting signal levels. Direct excitation
studies require large laser fluences to produce detectable
amounts of Q*Z4") owing to the small line strengths of the
Ox(1=4") — O,(3%y") transitions. Our direct excitation experi-
ment here had the advantage of being able to monitor the
absorption of Q(*=5") < O,(3Z4") via photoacoustic spectros-
copy? simultaneously with the rate coefficient measurements
to ensure tuning to the peak of the transition.

Tables 2-7 show our results as well as those from previous
determinations of the rate coefficients for reactions83
Generally speaking, our results are in good agreement with
previous determinations. We note here again that, for most of
these reactions, ours was the first study to observe the rate of

photolysis process. Mixtures were prepared at total pressuresformation of a product to determine the overall rate coefficient

of approximately 700 Torr and expanded into an absorption cell
placed in the optical path of the FTIR spectrometer for analysis
before and after the photolysis. The €0, gas mixtures were
exposed to-2 x 10* laser pulses at 762 nm to produce as much
as 4.4x 10 molecules cm® of Oy(*=4™). The CQ concentra-
tions after photolysis in several of these £Q» mixtures were
unchanged €10% differences and limited by our precision).

for the removal of Q*=;"). The individual rate coefficients
are discussed below.

O3. Our room-temperature value dfs is in excellent
agreement with the previously recommended vafuehich is
based upon studies that employed both disciéarged flash
photolytict6:17:253%.44.535¢gurces for the production of,0%4")

(see Table 2). This rate coefficient is the easiest to measure
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TABLE 2: Rate Coefficient Measurements for the Reaction Q(*X3") + Os
room temp rate coeff ArrheniusA factor
temp range (K)  (107'*cm® molecule’l s7%) (10~ cm?® moleculet s™1) ArrheniusE4/R (K) reference
25+0.5 Gilpin et al., 197%
2.3+05 Gauthier and Snelling, 19%5
22+0.2 Slanger and Black, 19Y9
1.84+0.2 Amimoto and Weisenfeld, 1980
295-362 2.2+ 0.3 2.2+0.3 0+ 300 Choo and Leu, 1985
1.84+0.3 Ogren et al., 1982
1.96+ 0.03 Shi and Barker, 1999
2.06+0.34 Turnipseed et al., 1991
2.26+0.30 Green et al., 2000
295-362 2.2+ 0.8 22+ 04 0+ 200 JPL, 2000°
210-370 2.36+ 0.26 3.63+ 0.86 115+ 66 this work, 2005

TABLE 3: Rate Coefficient Measurements for the Reaction Q(*X4") + H,0

room temp rate coeff

temp range (K) (10-2cm?® moleculet s™)

Arrhenius A factor
(10-2cm?® moleculel s™)

ArrheniusE4/R (K) reference

3.3+ 0.8
4.0+0.6
55+28
4.67+0.3
51421
6.71+ 0.53
6.0+ 0.3
54432
250-370 5.41+ 0.78 452+ 2.14
using the previously employed techniques because it is suf-
ficiently rapid. The agreement of these methods with our direct
laser excitation method is, thus, not surprising. In addition to
the studies that detected the fluorescence freiXg"), Ogren
et al* measured the time-resolved concentration gfdllowing
the flash photolysis of ¢ and used a chemical model to
determineks. Green et af? followed the temporal evolution of
vibrationally excited @ following the pulsed laser photolysis
of Os/O, mixtures, and their value foks is in excellent
agreement with ours. We note that our result agrees well with
that from Turnipseed et & who used the same PIRF
detection method for GP), but used the photolysis of;Gt
193 nm in the presence of,@ produce Q(*=g").

Currently, ks is recommended to be independent of temper-
ature, withEy/R = 0 £ 20010 based upon a single temperature
dependent (295360 K) study by Choo and Leff. Our data
show a slight temperature dependerieg¢R = (115 + 70) K,
which is within the uncertainty of the recommendation, but
distinctly not zero. We believe that our value BfR is more

Filseth et al., 1970

O’'Brien and Myers, 1978
Stuhl and Niki, 1978
Derwent and Thrush, 1921
Gautheir and Snelling, 19%5
Aviles et al., 1988

Shi and Barker, 1999

JPL, 2000°

this work, 2005

—894 210
of Ox(*=4*) measured by exciting several different rotational
lines of the Q(1Z4") — O,(3%y") transition (R7R7, R11R11,
and R9Q10) were the same; this observation also confirms that
our measured rate coefficients were for rotationally thermalized
Ox(*=4™). (Note: a change in the first-order rate coefficient for
the loss of Q(*Z5") would have been seen only if the@,")
was not rotationally thermalized and if the different rotational
states of Q(*=4") reacted differently. Rotational thermalization
is expected because@y") was allowed 40 or more collisions
with the bath gas before being removed by the reactant under
our typical experimental conditions.)

As a further checkks was determined relative tk; via a
Stern—Volmer analysis from the measured height of th8R)(
signal levels at a series of,B concentrations in the presence
of a constant @concentration. Fitting a line to a scatter plot of
the inverse of the signal level vs the ratio of the concentrations
of H,O and Q gives a slope equal to the ratio kfto ks. The
relative value folk, from this method agreed within a factor of
2 with the directly determined value. Better agreement was not

precise than that of Choo and Leu because it is based on moreexpected because of the long-term instability ifF)detection

data and covers a wider range of temperatures. Additionally,
our O; concentrations cover a range 20 times larger than that

over the course of many €R) temporal profiles measurements.
Overall, our room-temperature value kf is in excellent

of Choo and Leu and thus enabled more precise determinationagreement with the current recommendafi®which is based

of ks.

H,0. One of the most likely sources of uncertainty in the
reported value oy is the uncertainty in the #D concentration.
We measured the 4 concentration using Lymaro absorp-
tion; this method had been inter-compared with three other
technique? therefore we are confident that the®concentra-

upon several previous stud?@g-38(see Table 3). Several other
studied®29.39483re also in good agreement with this recom-
mendation. Again, multiple sources ob@=;") were used in
these previous studies, and now with our results, multiple
methods for determining the rate coefficient. To our knowledge,
ours is the first determination of the temperature dependence

tion was accurately determined. Several checks were performedof Ka.

to ensure the accuracy of our measured valuek;00CP)
temporal profiles recorded with a constamO flow and the
Lyman— a lamp alternatively turned on and off were identical,
confirming that the Lymar radiation did not significantly
dissociate HO, nor create any products that reacted with either
O4(*=4") or OCP). Varying the 762 nm laser fluence by a factor
of 2 did not affect the observed &) profiles, suggesting that
secondary reactions of,3=4"), such as reactions 9 or 10, were
not significant. Last, the first-order rate coefficient for the loss

N2. Our room-temperature value & is in excellent agree-
ment with the current recommendatithyhich is the average
of several previous studigs>27.36,37.42.46.4%5ee Table 4). Several
other studies that used less direct methods for determining
ks1228:34are also consistent with the recommendation. Just as
for Oz and HO, there is agreement between studies employing
different techniques and using different(&4+) sources. We
found ks to show no significant temperature dependence, and
our value forEy/R of —37 + 40 K agrees well with the current
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TABLE 4: Rate Coefficient Measurements for the Reaction Q(*X5") + N,

room temp rate coeff

ArrheniusA factor

temp range (K) (10" cm® molecule! s™) (10" cm® molecule! s ArrheniusEy/R reference

2.3 Izod and Wayne, 1968
2.2 Stuhl and Weldge, 1989
1.8+ 0.45 Filseth et al., 1970
2.0+05 Noxon, 1978
3.0+1.0 OBrien and Myers, 1978
22401 Martin et al., 1976
1.7+ 0.08 Chatha et al., 1979

200-350 2.06+ 0.61 1.7 ¢-1.3/~0.8) —48+ 120 Kohse-Hoinghaus and Stuhl, 1980
1.7+0.1 Choo and Leu, 198%
2.24+0.2 Wwildt et al., 1988
2.32+0.14 Shi and Barker, 1990

200—-350 2.14+0.8 21+ 0.4 0+ 200 JPL, 2000°

210-370 2.28+0.25 2.03+ 0.30 —37+40 this work, 2005

TABLE 5: Rate Coefficient Measurements for the Reaction

O,(*Z4M) + CO,

TABLE 7: Rate Coefficient Measurements for the Reaction
Oy(1E4%) + CO

room temp rate coeff

room temp rate coeff

(10" cm® molecule* s™) reference (10715 cm?® molecule* s™1) reference
44411 Filseth et al., 1979 3.3 Stuhl and Weldge, 1989
42+0.3 Davidson et al., 1973 3+1 Noxon, 1976
4,53+ 0.29 Aviles et al., 1986 43+1.1 Filseth et al., 1970
5.0+ 0.3 Muller and Houston, 1981 <12 Gauthier and Snelling, 19%5
46+05 Choo and Leu, 198% 45+05 Choo and Leu, 198%
24+04 Wildt et al., 1988 3.744+0.87 this work, 2005
4.0+0.1 Shi and Barker, 1999
jgi g% Tgrrg%ggft al., 1992 tainties in their reported uncertainty. They admit these systematic
3.39+ 0.36 this Work, 2004 uncertainties are difficult to assess. We also note that their

TABLE 6: Rate Coefficient Measurements for the Reaction

0,(1Z4") + CHy

room temp rate coeff
(10-*cm® molecule*s™)

reference

11+£55
7.3+£0.3
9.2+ 6.6
9.62+0.91
8.1+10
10.8+1.1

Filseth et al., 1979

Davidson and Ogryzlo, 1974
Gauthier and Snelling, 19%5
Kohse-Hoinghaus and Stuhl, 1980
Wildt et al., 198&

this work, 2005

recommendation based on a previous determin&ifam this

value of —48 4+ 120 K.

CO,. The currently recommended valddor ks of (4.2 +
1.7) x 10713 cm® molecule® s! is based on several stud-
ies20.25.36,4849,5657The result of Hohmann et &t.is also in
agreement with this recommended value (See Table 5) Thements of the branChing ratios for this reaction with which to
range of values used in the current recommendation is<(2.4 compare. The implications of this branching ratio for the
5.0) x 10~ cm® molecule’ s~ and our value of (3.3% 0.36)

x 10713 cm?® molecule s~ falls within this range and agrees
with the recommendation given the large uncertainty. We note primary objective of this study, but rather a byproduct of other
however that it is approximately 25% lower than the recom- rate coefficient determinations. As a result, our upper limit for
mendation and that our error bars do not overlap with most of ki1 (<1.5 x 10715 cm® molecule! s72) is much higher than
the other previously reported values shown in Table 5. It appearsthe recommended valtfeof 3.9 x 10717 cm® molecule* s,
that there are a number of results that cluster around a value ofwhich is based upon several previous stutfigs3+40:41.46:4that
4.5 x 1073 cm® molecule! st and a number of studies that
are closer to 3.6c 1013 cm® molecule® s71, including several
not included in the current recommendati@ié3°There is no

clear delineation between these two groups of studies; further

studies may decipher the origin of these differences.
CHa. Our room-temperature value &f agrees with four of
the previous studi€$39424%isted in Table 6. Our error bars

do not overlap, however,

with those of Davidson and OgryZlo,

who determined their value fdx; relative to their value foks.
Although there is no obvious reason for this discrepancy, we exponentially on how closely the energy of the excited
note that they used a microwave discharge source for thevibrational products matches that of the energy difference

production of Q(*=4*) and did not include systematic uncer-

measured rate coefficient for the reaction of(*Qy") with
ethane is>15% lower than other previous determinations,
implying a possible systematic underestimation of their rate
coefficients for reactions of £'=4™) with aliphatic hydrocar-
bons.

CO. Our room-temperature value fég of (3.74 £ 0.87) x
1015 agrees with the three previous determinatiéd%%’and
one upper limit measureméftisted in Table 7. We note that
our value is the most precise determination to date. In addition,
we have determined an upper limit for the yield ofB) from
reaction 8a to be< 0.06. Independently, we measured an upper
limit for the yield of CQ also from reaction 8a to be 1.2 x
1073. We conclude that the upper limit for the branching ratio
of reaction 8a is< 1.2 x 103, meaning that CO quenches-O
(1=4™) on more than 99.8% of the collisions wherg(¥4") is
removed. To our knowledge, there are no previous measure-

atmosphere are discussed at the end of this article.
O,. Our determination of an upper limit fdge was not a

were aimed at this specific rate coefficient. Thus, our result
provides validation of, but does not improve upon, these
previous measurements.

Overall Trend in O,(*£4") Rate Coefficients. Here we
examine the trend in the magnitude of the rate coefficients
measured in this study. For reactions that quengfiXg"), the
assumption is that £'=;") is deactivated to @'Ag) via
electronic-to-vibrational energy transfer. For this spin-allowed
transition, the quenching efficiency would be expected to depend

between Q(=;") and GQ(*Ag) (15.0 kcal mot?).t It has been
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Figure 5. Plot of the Q(*=4") rate coefficient (on a log scale) vs the
highest vibrational frequency of the reactant molecule. The expected
log-linear trend is seen in general with the exception gf $2e text

for explanation.

OZ(IE;) Rate Coefficient (cm’ molecule™ s
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Altitude (km)

Loss Rate for 02(12;) (molecule em” s'l)

Figure 6. Atmospheric profiles for loss rates of (24" due to
removal by various gas-phase species as determined from a simple box
model employing the rate coefficients determined in this study. The

stated more simply that the magnitude of the highest frequency major losses for @'s,*) are due to removal by 40, N, and Q.

vibration within the quencher determines the quenching ef-
ficiency; see Schweitzer and Schndidind references therein.
We note that the review of Schweitzer and Schmidt includes a
method for estimating the rate coefficient for the reaction of
O,(=4+) with a polyatomic molecule by summing the contribu-
tions of individual bonds. For ¥D, this method yields a value
within 10% ofks as measured here, and for ¢ khis method
overestimateg; by a factor of more than 4, both of which are
adequate given that the only available numbers are for the liquid

phase and we are comparing to the gas phase. No informatiornth

was available for @as a reactant and this method does not
provide much insight into the overall trend of the(&4") rate
coefficients measured here, so we return to the vibrational
frequencies of the reactants.

We plot the Q(*Z4") rate coefficients vs the highest ground
state vibrational frequency in Figure 5. The expected log-linear
trend is generally observed with the exception of reaction 3,
that of Oy(*=4") with O3, which is 6 orders of magnitude larger
than the trend would predict. We propose two possible explana-
tions for why ks does not follow this trend and is the largest
rate coefficient measured in this study. First, we note that O
(*=4%) reaction with Q is the only reaction in this study that
involves the formation of chemically different products, i.e., 2
0O, + O(P), with a branching ratio between 0.75 and £.&.

For the first possible explanation, we note that 15.0 kcaf ol
(0.65 eV) potentially released from the deactivation ef&y")

to Ox(*Ag) is not sufficient energy to dissociate; @ OCP) +
Ox(32g7) (~1.1 eV)5859However, deactivation of £'=4") to
O,(3247) releases 37.5 kcal mdi (1.68 eV), which is more
than the energy required to raise fdom its ground {A;) state

to one of four low lying electronic states’A,, 3B,, 3B, or
1A,.59.80 Three of these electronically excited staté&,( 3B,,
and'A,) are adiabatically correlated to () and Q(3y"), and

the fourth £By) is correlated to GP) and Q(*Ag). The transition

of Ox(1=5") — Ox(3Zy") is spin forbidden, and therefore may
be expected to be inefficient, unless, however, complex forma-
tion enhances energy transfer. Thus, one explanation for why
ks is relatively larger than the other,(=4") rate coefficients
would be a relatively close match of the energy releasedin O
(1ZgT) — 0,(3%47) deactivation to that gained by ;A1)
excitation to one of the four possible low lying electronically
excited states, involving complex formation followed by dis-
sociation of the excited ©molecule to OP) and Q(*=g").

The other possible explanation for the large magnitudie; &

an insertion of Q(*=4™), into one of the bonds in Hfollowed

by dissociation to form 2 @+ OFP). Overall, it is clear that
this reaction is complicated given that it proceeds via both
qguenching and reaction channels. Future experiments using
isotopically labeled @*=4"), crossed molecular beam studies,
or high-pressure studies may be helpful in elucidating the exact
mechanism.

Atmospheric Implications. The atmospheric implications of
ese findings were explored using a simple box m#dkel
calculate the altitude dependent loss rates gfX3*). Atmo-
spheric profiles of temperature, pressure, and chemical species
were taken from the US Standard Atmosph@réhe G(*=g")
production rate was calculated using thactors from Mlync-
zak? and the tropospheric ultraviolevisible radiation model
developed at NCAR (summed from 200 to 400 nm for ;0
photolysis with 1 nm wide bins centered on the integer
wavelengths). The extraterrestrial flux from the Susium/Neckel
satellité® for northern hemisphere spring equinox was used. No
aerosols were incorporated, and the albedo was set at 5%) O(
guantum yields from @photolysis were from Talukdar et &l.

The temperature dependence for reaction 6 was taken from the
measurement of Borrell et 8.We solved for the steady-state
concentrations of g§'¥4™) and its loss rate as a function of
altitude.

Figure 6 shows the atmospheric loss rates gftE)*); the
lifetime of O,(*Z4™) in the troposphere is on the order of 20
s, while the lower stratospheric lifetime is longer, on the order
of 1073 s. We can compare this to the radiative lifetime of O
(1=4™) of 11.3 s. Thus, the majority of H=4T) is quenched in
the atmosphere. The major quenchers gftE)*") are HO and
N2 in the troposphere, and,NCO, and Q at altitudes above
that. It is interesting to note that at no altitude doesitelf
contribute significantly to the removal of BZ4*).

Additionally, we employed this box model to show the
relative effect of reaction 8a as a potential sink for CO. We
determined the loss rate of CO using our upper limit for reaction
8a and a standard profile of atmospheric CO. The CO loss rate
due to reaction with g{*=4™) contributes at most 0.02% to the
loss of CO, where the majority of CO is lost via the reaction
with OH.1964|n addition, we note that the G@roduction rate
from reaction 8a was less than 0.1 molecules tsr? at all
altitudes up to 50 km, which is negligible. In conclusion, reaction
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8a is a negligible process for both CO loss and,@@duction
in the atmosphere.
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