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Abstract. The absolute rate constant for the reaction thatl Introduction
is the major source of stratospheric NGD(*D)+N,0O —

products, has been determined in the temperature rang€he two most important reactions of electronically-excited
227K to 719K, and, in the temperature range 248K toatomic oxygen, D), in the Earth's atmosphere are that
600K, the fraction of the reaction that yields3®j. Both  With H20, which is the major source of OH radicals through-
the rate constants and product yields were determined usPut the troposphere, and that witho® in the strato-

ing a recently-developed chemiluminescence technique fopphere, producing directly NO and indirectly NQria
monitoring O¢D) that allows for higher precision determina- NO+O3—NO2+O,. This latter reaction is part of the well-
tions for both rate constants, and, particu|ar|y?|0(yie|dsl known chain mechanism that is crucial for determining
than do other methods. We found the rate constagt, stratospheric ozone concentrations (Crutzen etal., 1971), and
to be essentially independent of temperature between 400 Rf the HQ;, ClOx, and NG chain catalytic ozone destruc-
and 227K, having a value of (1.30.11)x10 °cmds1, tion routes it has been demonstrated by Crutzen and Bruhl
and for temperatures greater than 450K a marked decread@001) that the NQsequence is the main cause of the spring
in rate constant was observed, with a rate constant of only0 autumn stratospheric ozone decline in the Northern Hemi-
(0.94+0.11)x 10 19cm3s1 at 719 K. The rate constants de- Sphere.

termined over the 227 K—400 K range show very low scat- Besides in the atmosphere, reactions of@(have also

ter and are significantly greater, by 20% at room tempera{€eceived attention due to their occurrence in gas-phase plas-
ture and 15% at 227 K, than the current recommended valimas used in the oxidation of silicon surfaces (Kaspar et al.,
ues. The fraction of 3P) produced in this reaction was 2003) and in photochemical processes in other planetary at-
determined to be 0.082.002 at 250K rising steadily to Mospheres and around comets (Bhardwaj and Haider, 2002;
0.016+0.004 at 600K, thus the channel producing®®)(  Nair etal., 2005).

can be entirely neglected in atmospheric kinetic modeling I this work we focus on the reaction of &) with N0,
calculations. A further result of this study is an expres- Which has seven exothermic product channels

sion of the relative quantum yields as a function of tem-

A, H (298
perature for the chemiluminescence reactioks;{)CoH 1 ( K
+ O(D) — CH(A) + CO and kcr2)CoH + O@P) —  OCD) +N20—~ NGO +N -5 (Rly
CH(A) + CO, both followed by CH(A)> CH(X) + hv, as - N2+0CP)+0CP)  —23  (Rlb)
kcr1(T)lkcr2(T)=(32.8I —3050)/(6.29'+398). — OCP) + N,O —190 (Rlc)
— NO+ NO —341 (R1d)
— Op(b'=§) + N2 —-364 (Rle)
— Oz(alAg) + N2 —427  (R1f)
— 02(X32g) + N2 —521 (R1g)
Correspondence td5. A. Carl for which both direct and indirect quantification of the prod-
m (shaun.carl@chem.kuleuven.be) ucts, N, NO, and OFP) have been employed to determine
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product branching fractions. For the important NO chan-of (1.34:0.04)x10~19cm? s~1 predicted from an Arrhenius

nel, kridkr1 appears to be reasonably well established affit to all otherkr1(7T) determinations of that study (fifteen in

room temperature; a value of 060.06 (95% confidence) all). This, together with the most recent data of Takahashi et

was recommended by Cantrell et al. (1994) following their al. (2005) and Carl (2005), suggests that is significantly

own study and analysis of several studies by others up tgreater than the current NASA/JPL recommendation, though

1994. The current recommended value of the JPL/NASAstill within its broad uncertainty limits.

panel for stratospheric reactions (Sander et al., 2006) is in The aim of the present study is three-fold. Firstly, to

line with this atkr14/kr1=0.6. To the authors’ knowledge further reduce the uncertainty iy for this very impor-

no direct experimental evidence for channel (R1a) has beetant reaction by employing a recently-developed, highly-

reported. All OP) formed in the title reaction is assumed precise method (Carl, 2005) for the determination off)(

to be produced by channel (R1c), which is relatively minor rate constants; secondly, to clearly establish its tempera-

at room temperature. An early study by Wine and Ravis-ture dependence by extendikg; determinations to higher

hankara (1982) established an upper limitfiet/kr1<0.04,  temperatures; and thirdly, to determine the branching frac-

and a more recent determination by Nishida et al. (2004) gavéion kr1//kr1 Over a wide temperature range to establish its

kr1/kr1=0.04£0.02. The rest of the reaction flux (ca. 35% value at stratospheric temperatures. High-temperature rate

to 40%) passes through either of, or a combination of, theconstant determinations could also aid predictions of strato-

last three channels (R1e)-(R1g) yielding#Dly. The elec- spheric NO formation rates under conditions where the pop-

tronic state in which @is preferentially produced is not es- ulation of photolytically-produced ®D) is not entirely ther-

tablished. malized before reaction with 20 (Kharchenko and Dal-
As well as the branching ratios, the overall rate constantgarno, 2004).

kr1, has been determined in several studies, using a vari-

ety of methods (Carl, 2005, and references therein) for fol-

lowing the time profile of OYD). The current NASA/JJPL 2 Experimental section

panel recommendation (Sander et al., 2006)kfar(298 K)

is (1.17£0.40)x10-1cnP 51, with the uncertainty repre- We use a method to monitor &), described recently by

senting approximately 95% confidence. This value is based=arl (2005), based on the 431 nm CH¢AX) chemilumines-

on earlykr, determinations by Davidson et al. (1979), Ami- cence resulting from the reaction,

moto et al. (1979), Wine and Ravishankara (1981), and the

1 2
very recent studies of Blitz et al. (2004), and Dunlea and Rav-CZH +0('D) — CH(A®A) + CO (R2)

ishankara (2004). Since the reportiegh values of the lat- Pulsed laser (10ns) photolysis of the precursossi.Cand
ter two studies differ by some 18% ?‘t room temperature anq\lzo, at 193 nm, generates the reactants of the above chemi-
by almost 30% at lower stratospheric temperatures, no larg minescence reaction. Aside from production ofD),

improvement in the uncertainty of the recommended valueNZO photolysis at 193 nm results in a small fraction o8B
over the previous recommendation was forthcoming. In faCt(Cb(O(lD)):O 995,5(0(3P))=0.005)) (Nishida et al., 2004)
the latest four determinations k1 show a fair spread in  p y4itional O@P) ’can result from G) quenching ’by the
values at room temperature. For the two studies mentione%recursor molecules &, and NboO, and by the bath gas He.
above, Dunlea and Ravishankara (2004) determiado The presence of éP) in the reaction volume also leads to

10 —1 ;
be (%'2&0'04»( 10cnes, and Blll(}z et a_l.l (2004) de- CH(A—X) chemiluminescence by the analogous, but less
termined a value of (1.070.08)x10 °cm3s~1, whereas efficient. reaction:

the latest two room-temperature determinations by Taka-

hashi et al. (2005) and by Carl (2005) reported valuesc,H + O(®P) — CH(A%A) + CO (R3)

of (1.35£0.08)x10°10 and (1.43:0.08)x10 19cm?s1,

respectively, where all values are given with their re- Rather than being a hindrance to the study ot (reac-

ported 95% confidence limits. During the preparation of tions, the occurrence of reaction (R3) yields precise infor-

this manuscript a room temperature determinationkier mation on the fraction of 3D) quenched during its reactive

of (1.47+£0.2)x10 1%cm®s~1 was reported by Dillon et lifetime.

al. (2008) as part of their study on the atmospheric chemistry The radiative lifetime of CH(A) due to spontaneous emis-

of SOF. sion is sufficiently short at ca. 540 ns (Luque and Crosley,
The most extensive set of measurements to date are thod®996; Tamura et al., 1998) to ensure its concentration estab-

above by Dunlea and Ravishankara (2004) for which twentylishes a quasi-steady-state within a small time fraction of the

four determinations okr; were carried out over the tem- O('D) (or C;H) decay time, such that the temporal profile of

perature range 220 K-370 K. Actually, the high stated preci-the 431 nm emission is determined by the temporal profiles

sion of those determinations reveals a statistically significanbf [O(*D)], [C2H] and [O€P)]. Both [O{D)] and [G;H] de-

difference between the weighted average of all nine 295 Kcay exponentially in the presence of excess reactants, while

data, (1.240.04)x10 1%cm3 s, and thekg1(295K) value  [O(®P)] resulting from O¥D) will be essentially determined
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by the quenching kinetics owing to the negligible reactiv-

ity of O(®P) toward the molecular species present — in sharp 1,004 -

contrast to OYD) and GH. Thus, the widely differing reac- '

tivities of O(D) and O@P) result in a chemiluminescence

profile that can be, for the sake of demonstration, easily sep-

arated into two components: the first arising from reaction

(R2) and the second from reaction (R3). 2 0.10-
The chemiluminescence intensifyghemt), due to Reac-

tion (R2) is given by

IchemZ1) o< kralO(*D)1,[C2HI, (1a)

P, = 48.7 Torr

Abs

0.01-
180 185 190 195 200 205 210 215
here k’

04D) and k&ZH represent the total first-order decay Wavelength/nm
rates of [OtD)] and [GH], respectively, and )] refers to _ _ ) _ )
Fig. 1. Spectra of mixtures of 5% O in He taken in a single-pass

the concentration of X at=0. absorption cell of 1.2 m length at three different total pressures. The
Given the negligible removal of éIP) on the time scale fit to the data is based on the total cell pressure, the room tempera-

of interest, its temporal concentration obeys the simple IaWture absorption cross-section 0p® and the fractional concentra-

[O(P)lox £, [O(*D)] ol 1— EXp(—k/o(lD)f)]! where f; is the o of N,O, which is the variable in the fit.
fraction of O&D) that is quenched to &p), such that the

chemiluminescence intensity due to Reaction (R3bm3t)

is given by

o krolO(*D)1o[CoHlo X — (kpyapy + ke,)t] (1D)

room temperature (Blitz et al., 2004), resulting in quenching
Iehemd?) o kralOCGP)1,[CoH1, (2a)  ratesat10Torrof 1.010” s~1 and 2.6<10° s~1 respectively.
Thus, extrapolation of the emission intensitiesr#e0 and
o kR f4[O("D)lol1— exp(—kgap, DIIC2HIo exp(—k,u1) (2b)  taking the ratio in N (or Ar) over that in He givegralkrs,
) ) ) 3 provided that CH(A) is not significantly quenched by the
For larger reaction tlmesz>5/ko(lD), [OCP)] tends to  pyffer gas (Tamura et al., 1998).

l . .
fq [10('D)lo , independent of time, andemd(’)okrafy The concentration of each gas in the reaction chamber

1 /
[9( D)lo [C%H]Oexq_kCth)' Thus, the yglues of both 25 calculated from the measured gas flows using the gas
koapy @ndkc,y could be determined by fitting the decay |5y together with the known fractional composition in the
rates Oflchem(t)=Ichema?)+Ichemd) at short times and at  high-pressure cylinders. Though not a critical parameter we
|0ng times, respectively. This analysis is valid prOVided ini- used the value of the fractional Composition fq»]ﬁ in He
tial O(°P) formation is minor, such that the decay profile at a5 that stated by the manufacturers of 0.0096. High-purity

short times is representative of i) and GH decay only.  (99.9997%) helium was used as the bath gas for all kinetic
The full Ichemexpression is given below in Eq. (4). experiments.

The ratio of the chemiluminescence channel rate coeffi-
cientskr2 and krs in Egs. (1a, b) and (2a, b) is equal to
3.0+£0.2 at room temperature. Thig {dependent) value
was determined in this study by simply taking two chem

The concentration of pD is, of course, an important pa-
rameter. The suppliers specification is 5.09%CNin high-
i purity He. However, the fractional concentration of the cylin-
luminescence intensity profiles: one when photolysing ader was checked by single-pass uv optical absorption in a

mixture of NbO and GH, in helium buffer gas, for which 1:2M absorption cell using azamp as the light source.
O('D—3P) quenching is negligibly slow, and the second The r_esultlng spect_ra together with fits using the known ab-
when photolysing the same mixture in the presence ofSorptlon Cross secthns _(Sander et aI.,_ 2006; Selwyn et al.,
Ar or Ny, for which OED) is rapidly entirely quenched 1977) are dlsplayed in Fig. 1. Our fits give the.percentage of
to OCP). Indeed, the very low rate constant for1DJ N2O in the cylinder as (5.180.30)% (95% confidence).

quenching by He<1x10">cm®s~1 (Dunlea and Ravis- The possible impurities of thedD/He cylinder were also
hankara, 2004; Heidner et al.,, 1972) leads to a quenchehecked by electron-impact ionization mass-spectrometry, in
ing rate of less than 3008 at 10 Torr He at room tem- which several mass spectra were taken as a function of elec-
perature (1 Torr=133 Nif), which is negligible compared tron energy to eliminate ions resulting from® fragmenta-

to the overall experimental &D) decay rates in the range tion from the analysis. Here only trace amounts of NO and
50000 to 450000%. On the other hand, both nitro- N, were detected and their estimated mole fractions of less
gen and argon quench ) rapidly, with rate coefficients than 1x10~8 were too small to significantly influence the ki-

of (3.1+0.3)x10 1 cmPs™! and (8:3)x10 13cmist at  netic measurements.
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point was located about 12 cm downstream of the chemilu-
high T reactor minescence observation zone, using a second PFA Swage-

to pressure
gauge

P N

ﬂgas' lock “Tee” connector (not shown) placed between the two
ovn cooling ﬁg%i?g reactors. At the flow rates used in this experiment there was
\ fluid Ciut N negligible pressure drop between the observation point and

the pressure-measurement point. Upstream of the reactor,
the separate flows of He ,82/He, and NO/He, were com-
bined in a small volume to ensure complete mixing before
entering the reactor.
The reactor on the right is a larger heatable stainless steel
cell that has been used for many previous studies fot,C
oh 0133 R e in Chemiluminescence OH, and CF reactions (Elsamra et al., 2005; Khamaganov et
al., 2006; Dils et al., 2004). It can cover a temperature range
Fig. 2. Experimental apparatus showing the coupled low- and high-0f 290 K10 850 K. A glass window is used as exit window for
temperature reaction cells used for the determinatidz@f7) and  the chemiluminescence, detected perpendicular to the axis of
for the O@P) yieldkr1JkR1- the laser beam. The interference filter, collection lens and
PMT are mounted together on a translation stage such that
they are easily moved between the observation points of the
Typical 193 nm laser intensity for these experiments wastwo reaction cells, thus providing a very convenient way to
15mJcni2. This intensity results in a fraction of 82  directly compare rate constants at two different temperatures
dissociated as 0.0026 and a fraction gfONdissociated as if need be.
0.0014. On average cax10'? O(*D) cm~3 and ca. 410" The temperature of the gas mixture in the reaction cells
CzH cm~3 are produced per laser pulse. was measured using retractable calibrated thermocouples.
The experimental setup is illustrated in Fig. 2. To enablewe estimate the uncertainties in temperature te-b6 K at
a large range of temperatures to be covered, two reactiof19K decreasing ta-1 K at room temperature and then to
vessels of entirely different construction were connected inincrease again to 220K 5K, all at ca. 95% confidence.
series, such that the photolysis laser beam was able to pass
through both of them at the same time.
The reactor on the left in Fig. 2 is made of a single tube of 3 Results and discussion
chemically-inert PFA (perfluoroalkoxy) of internal diameter
10 mm and length 30 cm with a gas inlet and outlet. As con-3-1 Determination okr1(7')

nections to the single Spectrosil quartz window of the PFA

reactor and for the gas inlet and pressure meter, PFA Swagé.reliminary results revealed a very smalf@] yield for the
lock “Tee” connectors were used (not shown). This reactorlitle reaction, in qualitative agreement with the previous stud-

was designed to cover the ranges from ca. 500K to ca. 220 K!€S mentioned above. Thus, under the conditions used for
It is cooled or heated by fluid flowing in a closed circuit the rate constant determinations, the chemiluminescence de-

through a metallic jacket surrounding the PFA reactor tube £&Y profiles are effectively single exponential at short times

There is a quartz entrance window for the laser beam: the exit’ =10.5) and represent the sum of the decay rates 8DD(

window is placed after passage through the second reactgi"d GH only, with interference from any growth of &r)

volume. Interestingly, no window for detection of the chemi- therefore negligible. In fact, even for reactions with substan-

luminescence is required for the PFA reactor: the PFA tub-lial guenching to oP) the decay rate of éD)_ alone is in

ing is partially transparent to the 431 nm chemiluminescencdfinciple relatively easily extracted as described previously

and according to our test does not significantly fluoresce atcarl, 2005). Here though, the determinatiorkef is more

this wavelength on passage of the uv photolysis pulse. Thdransparent as it involves fitting to a single-exponential decay

chemiluminescence detection system comprises a lens, an if1Y- o _ . _

terference filter (43810 nm) and a photomultiplier tube that A typical chemiluminescence time profile generated using

are placed close to the PFA reactor, and arranged such th@Ur new method is displayed in the log-linear plot of Fig. 3.

the chemiluminescence is detected at right-angles to the pad-ne tail observed at long times results frorr?B_Xformanon

sage of the laser beam. For this, the metallic cooling jacke{See above), but does not affect the extraction of th® O

exposes the PFA tube on one side for 3 cm at about 3/4 along€cay rate. .

its length. The cooling fluid was maintained at the correct Here t?e total decay constant, neglecting the slow quench-

temperature by a commercial temperature controller. Presind of O(D) by He, is given by

sure in the reaction cell was determined using a calibrated ca-, , ,
: aﬁ Ky Ak = ©)

pacitance manometer that was cross-checked regularly witht©t — “o¢D) = "CzH

other calibrated pressure gauges. The pressure measureme{h@zmosz+ko(1D)+C2H2) [CoH2] + (kC2H+NZO+kR1) [N2Q]

metallic
cooling jacket
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N 4.0 g
>, o a5 Ps
z o 4,1 295 K SO
2100 5 N \ e
X [0) E N
g *@ 2.5 V,V,,gm' \
2 S 20 9 o 227K
% 10 m A
s 10 S 1.5 ng,.%m%\
o o [
5 10 g™ 422 K
1 2 054~
0 5 10 15 20 25 00 3
time / us 0 0.5 1 1.5 2 2.5

15 -3
Fig. 3. Atypical chemiluminescence decay profile observed follow- [N.O] /107 cm

ing 193 nm photolysis of €H>/N,O/He mixtures at 10 Torr total

pressure. The decay rate represents the sum of decay ratesiof C
and OéD). The small “tail” visible after ca. 1zs is indicative of ’ 4 5 43
O(@P) formation from channel (R1c) or directly fronp® photoly-  concentrations range from 2030 to 2.46<10%cm 3,

. = —10 —1 L
sis. The exponential fit was performed over the rangs 1o 20us result: le—(l.SS:I:0.0f)x 103 cmes - Conditions  for
in this case 295K: [CoH2]=1.5% 104 cem3, total pressure 10 Torr He and

[N2O] ranges from 3.2101%cm=3 to 1.82<10°cm=3, re-

The solid line i inal tial fit to the dat lectSult k1=(1.40£0.04)x10 19cm3s~1.  Conditions for 422K:
€ solid line IS a single-exponential Tt o the data, neglect- . 1-5 5. 1013cm3, total pressure 10Torr He and 8]

ing Fhe longer-time portio_n that includes chemiIuminescenc:er‘,jlm:‘]es from 1.1010%cm3 to 1.32<10%cm=3, result:
arising from a small fraction of GP) produced by quench- k1=(1.4Q£0.02)x 10~ 10 ¢cmd s 1.
ing of O(D).

Our recent detailed experimental and theoretical investi-
gation of the GH+N>O reaction (manuscript in preparation)  The results of allkg; rate constant determinations are
shows it to have a significant barrier and a low rate constangiven in Fig. 5, together with the results of the most recent
ranging from (an extrapolatedy10~®cm®*s~! at 300K to  studies by other groups (Blitz et al., 2004; Dunlea and
ca. 1x10713cm*s! at 750K. Thus, over the 300-750K Ravishankara, 2004; Takahashi 2005). TFhe values are
range, for the present experimentabfM of 1x10cm—3 also listed in Table 1 along with three columns of uncer-
to 2.5x 10 cm~3 the removal rate of 84 by N»O is less tainties. The first of these gives the 95% confidence limits
than 0.1% of the removal rate of &) by N,O. There- in the fitted slopes for plots such as those given in Fig. 4
fore, plots ofk,, versus [NO] at constant [gH>] should  that are derived statistically from the weighted least-squares
yield a gradient equal téry. Figure 4 shows examples of fitting procedure. For fitting a suitable function to the
suchkr1 determinations at 227 K, 298 K and 422 K. The or- data, the relative weights of the individual data points need
dinate intercepts correspond to the sums of the known reto be estimated. The random uncertainties on individual
moval rates of O(D) and GH by C;H», with rate constants  determinations just mentioned (column 3 of Table 1) should
at295K of 3.0810 %cm®s tand 1.3<10°cm®s 1, re-  not, in this case, be used as relative weighting factors, as
spectively (Carl, 2005; Van Look and Peeters, 1995; Vakhtin,this would imply, for example, that the confidence in the
2001). That, outkc,H4+N,0 Was found to be very small at value at 227K is a factor four greater than that at 447K,
room temperature provides additional support of the highwhereas it is noted that the scatter of the data is greater
purity of the NNO mixture used for the @D) experiments, than the random uncertainty associated with many of the
given the general high reactivity ofo8, especially toward individual determinations, including the one at 227 K. In fact
hydrocarbons. the scatter of the data around some mean value — given by

The high precision of the data in the plots of Fig. 4 is typ- the standard deviation — has two random error contributions.
ical of our chemiluminescence method, which allowd@)(  One of these is a pooled average of the individual uncer-
removal rates of up to 450000%5to be measured. Note tainties; the other represents the random error introduced
that the data presented in this study, including those taken dty repeating an experiment, which is likely due mainly to
room temperature, were determined on four separate occaincertainties in flow controller calibrations. To determine
sions over a period of several months and using two differ-the average scatter of the data points we consider the data
ent reactors and different sets of calibrated flow controllersin the range 227K to 447K and assumérl) it to be
Back-to-back runs of rate constant determinations confirmeatonstant (this will tend to overestimate the scatter). Thus,
this high precision, with only=3% variation in rate constants the standard deviation, SD, is 0.0450 1%cm®s™1. An
from the mean. estimate of the likely spread in the data at 95% confidence is

Fig. 4. The total decay rates as a function ob®l concen-
tration. Conditions for 227 K: [gH5]=1.0x10%cm™3, N,O

www.atmos-chem-phys.net/8/6261/2008/ Atmos. Chem. Phys., 8, 6282-2008
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Table 1. Summary of rate constant determinations fotD)+ N»O of this work.

TIK kr1/1070cmis—1 Uncertainty in Estimated statistical ~ Akry/10-10cm3s—12
the gradient uncertainty in
(10 0cmisHa  kge/10-10cm3s1a

227 1.35 +0.03 +0.09 +0.12
234 1.33 +0.02 +0.09 +0.12
235 1.35 +0.03 +0.09 +0.12
245 1.36 +0.04 +0.09 +0.12
250 1.34 +0.03 +0.09 +0.12
256 1.41 +0.04 +0.09 +0.13
258 1.30 +0.04 +0.09 +0.12
261 1.40 +0.03 +0.09 +0.12
293 1.35 +0.03

295 1.32 +0.09

295 1.38 +0.10

295 1.28 +0.02

295 1.40 +0.04

295 1.43 +0.04 +0.016 +0.08
295 1.41 +0.02

295 1.35 +0.04

295 1.41 +0.02

351 1.36 +0.03 +0.09 +0.12
392 1.44 +0.03 +0.09 +0.12
422 1.40 +0.02 +0.09 +0.12
446 1.30 +0.12 +0.15 +0.17
552 1.19 +0.02 +0.09 +0.11
614 1.24 +0.19 +0.21 +0.22
638 1.11 +0.05 +0.10 +0.12
719 0.94 +0.05 +0.10 +0.11

@ Column 3 gives the uncertainties at 95% confidence in the slope of the corresponding pI&D())fréJ(wovaI rate versus [pO] concen-
tration. Column 4 gives the expected total random errok af each temperature. Column 5 gives the estimated total uncertaikty in
which includes the systematic uncertainty on thgO\concentration (identical for all data). The values in italics in columns 3 and 4 for the
room-temperature data are the 95% confidence limits in the mean value.

+2xSD=+0.090x 10 °cm3s 1. The average contribution the absolute value of the whole set of rate constant data
to this value of the uncertainties of individual determinationsand not their temperature dependence. It is statistically
is (N/Z;(1/s?))%5=0.029<10-Pcm3st, wheres; are the  added to the overall errors at 95% confidence in the final
95% confidence on individual determinations axds the column. These overall uncertainties cannot be used in a
number of data points considered. Thus the contribution)east-squares fitting procedure of the data. We estimate our
at 95% confidence, of experiment repeatability toSD is confidence in temperature of the monitored reaction zone
(0.093—0.02%)%5x 10 1°cm3s71=0.085¢10 10 cmé s~ 1. (at ca. 95% limits) to bet10K at 719K,+4K at 446K,

This last value is now propagated with the uncertainty of decreasing ta-1 K at room temperature and then to increase
each data point (column 3 Table 1) to give an estimate of theagain to 220K tat5K. In the 446 K to 227 K temperature
relative weights of the data. These are given in column 4 ofrange consideration of the uncertainty in temperature leads
Table 1 and also plotted as error bars in Fig. 5. Using thes¢o an additional uncertainty in [fD] and therefore in the
values as error bars is somewhat artificial since they havaletermined rate constants. The greatest effect will be for
been derived partly from the data itself, however they dothe 227 K data point for which an additional uncertainty in
give a visual representation of the relative weights of the datar; of £0.03x10 %cm?s~1. If these temperature uncer-
points. Additional to those random errors, is the systematicainties are considered to be random and uncorrelated then
uncertainty of ca. 6% in the fractional concentration N  they can be propagated with the 0.68® °cm3s?1

of our cylinder that was based on analysis of the results95% confidence value given above. This leads to
of our absorption measurements. This uncertainty, which(0.085+0.03)%°x10 19cm?s1=0.090<10 1%cm?s1.
applies equally to all points with the same sign, affects onlyThere is however likely to be some correlation between
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Fig. 5. Summary of the results obtained fby plotted as a function of temperature together with the three most recent results of Blitz et

al. (2004), Dunlea and Ravishankara (2004) and Takahashi et al. (2005). The dotted line through the middle of the graph and the outer dottec
lines represent the current JPL/NASA recommendation and its ca. 95% uncertainty limits, respectively. The inner lines represent the best fit
to our data between 227 K and 446 K assumiifgimdependentr1 and 95% confidence limits that includes the 6% uncertainty in g@ N

fraction. The plot on the right better shows individual room-temperature determinations of this work and those from the most recent studies
by other groups.

the temperature uncertainties at various temperatures. Idiscussed in the Introduction) by Dunlea and Ravishankara
an extreme case all temperatures below room temperatur@004) of (1.34:0.04)x 10~ °cm3s~1. The results of recent
would be overestimated by the 95% confidence values andleterminations of rate constant for ‘@)+N,O by other
all above room temperature would be underestimated bygroups is also given in tabular form (Table 2).
their 95% confidence values. A best straight line fit to cor- The rate constants determined in this work decrease
rected rate constants in this case passes through:0.89 markedly beyond about 450 K. This effect is not unusual if
at 220K, through 1.3%0.01 at 300K to 1.3%0.03, where the so-called “bottle-neck structure” is located on a purely
the uncertainties indicate the extent of the 95% confidencettractive entrance part of the potential energy surface (see
bands. Forst, 2003). Conservation of the rotational quantum num-
All of our kg1 values below 450 K are significantly greater ber J during the reaction means that the amount of energy
than the current recommendation. Between 227 K and 446 kavailable for random distribution amongst all other modes
the determined values — twenty one in all — range fromchanges as the reactants approach one another. The bottle-
1.28x10°1%cmis ! to 1.43x101%cm3s! (standard de- neck structure is the structure (or point on the potential en-
viation of 0.05<101%cm®s~1) with a weighted mean of ergy hypersurface) that has a minimum number of states,
(1.37+0.02)x 10" 19cmis~1 at 95% confidence (excluding counted from the zero-point energy to total available random-
the uncertainty in [NO]). That the rate constant shows a izable energy for that structure. As the reactants approach
marked decrease beyond 450K strongly suggests that, iand the overall moment of inertia decreases, the energy as-
the range 227K to 446 K, it should either decrease slightlysociated with/, E;, increases leading to proportionally less
with increasing temperature or remain approximately con-energy available for randomization. The total available ran-
stant. Since our data indicates a slight increaserinover ~ domizable energy (and therefore the number of states) de-
this range and taking into account possible systematic, corpends therefore both on the shape of the potential energy
related errors in reactor temperature, we suggest a constastirface and on hovt; changes over the surface. The first
value of (1.320.11)x 10~ %cm3s1 at 95%, which also in-  is independent of temperature whereas the latter is temper-
cludes the 6% uncertainty in our.® fraction. These full ature dependent. At higher temperatures, the differences in
confidence limits are plotted as dashed lines around the meah; over the surface become more pronounced with the result
value in Fig. 5. that the bottle-neck structure — which will also change with
This value is in excellent agreement with the room temperature — has proportionally fewer available randomiz-
temperature study of Takahashi et al. (2005) of able states. This leads to a decrease in rate constant with
(1.35+0.06)x10"%cmPs™1 as well as the average of increasing temperature.
all determinations (beside those at room temperature, as
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Table 2. Summary of recent determinations of the rate constant determinationso) ®(N,O by others groups. The first three are plotted
in Fig. 5.

T/K Dunlea and Ravishankara (2004) Blitz etal. (2004) Takahashi et al. (2005) Amimoto et al. (1979)

195 1.13:0.08
220 1.240.11

220 1.49:0.08

235 1.35:0.08

250 1.410.15

250 1.43t0.13

265 1.310.14

265 1.36:0.09

280 1.46:0.10

280 1.45:0.10

295 1.2H-0.04 1.07+0.10° 1.35+0.08 1.2£0.1
320 1.46:0.11

320 1.36:£0.09

345 1.19:0.07

345 1.30.09

370 1.31%0.14

370 1.28:0.06

@ \Weighted average of fifteen determinations.
b Rate constant at 294 K.

A similar effect can be caused by partial re-dissociation The general equation for the chemiluminescence decay
of an initially-formed reaction complex. In this case there is profile is (Carl, 2005)
an increased propensity to re-dissociate to reactants over the [O(3P ]
entranpe-channel transition state rather than unQergo trang. — B[CoH], [[O(lD)] n ) z} (4)
formation via a second transition state (that can lie lower in ¢ kr2/kr3
energy than the reactants) leading to products.

1 _ 1 !
3.2 Determination of the GP) yield [O( D)]z N [O( D)]Oexp( koap)?) ®)

For the accurate interpretation of ¥ yields from Reac-

. o =k CoH k N-O
tion (R1), sources of potential interferences need to be con-0('D) 0cD)+CH, [C2H2l + ko) ;0 [N2C]

sidered. The first of these is direct production of)from +kopy+N, [N2] + koap)+He [HE] (6)
the 193 nm photo-dissociation of,®. The quantum yield ,
for this process had been recently determined by Nishida e{C2H]f = [C2H]o exp(—kc,11) )

al. (2004) asbp3p,=0.005:0.002. Thus, from this process
. . . . k =k CoHol + & N-O 8
alone, our uncertainty in the determined®g) yield from CoH = KeghaCaha [CoHz] + keghin;0 [N2O] ®

Reaction (R1) would be-0.002. . O(P) production via O(D) reaction with or quenching by
Note that Q@ or Ny impurities, e.g. from air leaks, CoHa, N2O, Ny, and He, together with instantaneou§’BX

could affect the results by chemiluminescence ViaformationviaNgOphotolysisIeadstotheexpression
CoH+0,—CH(A)+CO, (Elsamra et al.,, 2005) or by

O(*D—3P) quenching. It was duly ascertained in this  _ . 1 .

work that the @ and N> traces were so small as to have [O( P)]t = [0( D)]0 0.005+ [1 - eXp(_kO(lD)t)]
an entirely negligible effect. We must now conclude that oCD)

the anomalously high quenching fraction value of 0.056 ©)
reported in the earlier investigation of this laboratory by Carl

(2005) was most likely due to a very small air leak in the X, = kogp)+c,H, [C2H2] QcoH, + koipy+n,0 [N20] On,0
reactor, whose influence may have been amplified due to its  +kq 1, n, [N2] 4 koip) 4 He [HE] (10)
proximity to the chemiluminescence observation zone.

K

with Q. the fractional yield of O{P) from the reaction
O(D)+X; 0,=1 for X=N,, and He.
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Fig. 6. An example of the change in chemiluminescence decay pro- Temperature/K
file on addition of N to the reactor. The chemiluminescence sig- _. ) I . .
nal of profile(a) was taken following photo-dissociation of a small F_'g' 7. 'Il'he reflatlve hchemllu:nlnescence |r|1t.er|1.5|ty at
fraction of NbO and GHjin He. The decay rate is proportional to ’_20 (extrapo at(zc_i_ ro.m the tot_a decgl)Q ”]g tlp}ed by
the sum of decay rates of $&] and [O£D)] and the intensity is Conditions: [NOJ=7.44x 107" cm™ % T/298,

[CoH0]=1.49x10%cm~3x T/298, total pressure 2Torr He

roportional to [GH][O(}1D)]k(CoH+O(D)—>CH(A)+CO). Pro-
prop [GHIO(" D)IK(CaH+O('D)= CH(A)+CO) (D), 2 Torr N, for CoH+ORP), T varies from 298 K to

file (b) was recorded under exactly the same conditions as for profilefor CoH+O
(a) except that a small fraction of the He flow was replaced by N
flow. In this case, (D) is rapidly quenched by @JO(:”P). Here,

except at short times, the decay rate is that @Honly and the in- .

. . temperaturekrs(7T) and kk2(T) were determined separately
tensity proportional to O(3P)k(CoH+OEBP)— CH(A)+CO). .

Y prop [GHIOCPIK(C (P~ CHA) ) and thenkrs/kr2 Was accurately determined at 295K. An

The dotted lines are expected time profiles of the chemilumines- ’ . . )
cence signals in each case. For profile (b),<t02 11s, a deviation example of temporal chemiluminescence profiles with He
from the expected profile is seen due to the time constant of the colbuffer gas and with N buffer gas is given in Fig. 6. Pro-
lection electronics. The ratio of the extrapolated intensities of thefile (a) with He has a time dependence governed by both
two exponential profiles to=0 gives the ratio of the rate constants [CoH] and [O¢D] and an intensity essentially proportional
for the two chemiluminescence reactions considered in the paper. to k3(CoH+O(*D)— CH(A)+CO) whereas profile (b) has a
time profile governed by [gH] only and an intensity pro-
portional tokr2(CoH+OEP)—CH(A)+CO) except at short

) : times where O(D) quenching occurs. Plots @§ner{He or
using our new_det_ectlon method formy) and O?'_D)- An ab- N2);_.ox T2 versusT, are given in Fig. 7. The ratio of the
solute determination of eithég, or krz as a function of tem-  fiyteqd Ichemt—0 Of each set of experiments gives then the ratio

perature was not possible here because the absorption crosst the two rate coefficients as a function of temperature.
section of the oxygen atom precursopQ is not accurately

known as a function of the temperature. However, it was pos*r2(T) _ 32.87 — 3050
sible to determine their ratio, as described in the experimentakra(7)  6.29T 4 398

section. Thus, the ratio of initial chemiluminescence intensi-m fact the temperature dependence given by the denomina-
ties, one taken with buffer gas He that does not contribute '9or which is the sum of the" dependence of3 and theT

any OD —3P) quenching, and the other with buffer gas N de ) PN
: 2 BN e o pendence af (N2O) at 193 nm (assuming(O-D)=1) is
that rapidly quenches all initial ) to OCP), is given by quite similar to that found by Devriendt et al. (1996) for the

dependence dfs alone. This indicates that(N>O) changes
by a factor 1.5 at most between 300 K and 800 K.

For the OfP) yield determinations, a typical decay pro-
file is given in Fig. 8. One can immediately see that the
N2O photolysis (Nishida et al., 2004). chemiluminescence signal due to’0j is at least a factor

Since all experiments to determike(T)/kr3(T) were 100 greater than that of the due to®®). This immediately
performed with identical total- and partial flow rates, at the suggests an GP) yield of 0.03 at most, bearing in mind the
same pressure, and using the same photolysis energy, thbatkrs/kr2=3.0 at room temperature and that reaction with
concentrations of gH, and NO scale each as I/ Thus N0 is the dominant Q) removal process. Also shown is
the chemiluminescence signal would scale a2 f kgo or the best fit to the data as well as three simulations. The flex-
kr3 were independent of temperature. For increased accuible parameters in the fit equations are the total first-order
racy, rather than the ratitrs/kro being determined at each removal rate of [OYD)], ki1 p» the total first-order removal

The ratiokr2(T)/kr3(T), was experimentally determined

(12)

Ichen(He)t—>0 . IE

- (11)

IchemN2)t—0

neglecting the small fraction of @®) produced directly by
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Fig. 8. OCP) yield investigations. CH(AX) emission profile

for the following from CH(A) formed through £4+O(*D) Fig. 9. Summary of the results of the determinationscgfJkr1.

and GH+OEP).  Conditions: [NOJ=3.21x10"cm™3,  Allerror bars indicate 95% confidence.

[CoH5]=6.96x1013cm™3, total pressure 10Torr He, 247K.

The bold dashed line is the best fit of the function of

Eq. (7) to the decay. In this case the adjustable parametep 002 could be established. These values rely partly of course
ON,0(=kr1dkr1)=0.02£0.02. Also plotted are simulated curves o the single GP) quantum yield determination Nishida et
for On,0=0.01, 0.02, and 0.04. Note thahy,0=0.04 was found -, 5004y in that we observe in this study the sum of both

%n'\é'j:g??:\t/izha(ﬁgg (?ggzv)vas suggested as an upper fimit byquenching to OfP) and direct photolytic production. If one

considers the GP) quantum yield for NO photolysis at
193 nm is to be zero, then all of the above values for the
O(*D) quenching fraction would be increased by approxi-

rate for GH, k¢ ,,, the scaling factoB, and the fractional
ield of OCP) frzom Reaction (R1)Q i e. the value to mately 0.005. In any case, channel (1c) need not be taken
yie . N20, *-=- : into consideration in stratospheric chemistry models.
be determined. The other parameters are fixed to their mea- .
The overall impact of the study related here has been

sured values, all of which are given above. firstly to provide a set okr1(T) data that taken with that of

o 1 /
Importantly, the rem_O\_/aI rateBog, of (D) ar_1d .kCzH Dunlea and Ravishakara (excepting their anomalously low
of C;H found through fitting the decays are to within a few 95K data) and of Takahishi et al. (2005) — all performed

percentte(i.ual to tr:jekvalues cialculatferdjreﬁtlg t?e el)(pe;'r?q?mau%sing different methods for @) detection — is to sub-
concentrations and known rate coettici ote aiso, tha stantially reduce the uncertainty in the overall rate constant

under the cond|t|ons O.f these sets of 'expenments tﬁé)p( for this reaction, and to significantly increase its best es-
removal rate is determined almost uniquely by the title reac-

. ) . . [ i heric chemi Is. Th
tion, such that the determined ) yield from the fit to the timate, to be used in atmospheric chemistry models ©

chemiluminescence decay profile is quasi-insensitive to th Impact of our recommended values on modeling calcula-
y p q ions naturally depends on values currently adopted for a
values of the other parameters.

N B0 vi particular model. At one extreme, models that rely on the
hTh? results of all dhetem;]lnatlons_ of the B} geld from 35| /NASA recommendations prior to 2006 with an overall
the title reaction, such as the one given in Fig. 8, are Summa’T—independent rate constah;=1.16x10-10cm3sL, that

rized in Fig. 9 together with the results of earlier studies Ofinter :
) ) = P pret the branching of 0.60 &R1d/(kr1etkR1i+AR1G),
Wine and Ravishankara (1982) gnd Nishida et al. (2004). and notkrigdkry, and then consider an additional r%)duc-
The results clearly show the yield of &) to be less than tion of kiq by 4% due to channel (1c), as discussed by

0.01 over the temperature range 550K to 250K, slightly de-njishida et al. (2004), effectively use a value for the NO chan-
creasing with decreasing temperature. At the lowest temy,g krig Of 1.16x0.60 (1-0.04)=6.%10"tcms L. On
perature of ca. 250K an upper limit for the ®{ yield of  he other hand the 2006 recommendation (Sander et al.,
T o & ven | i 2006) ofkr14=6.7x 10~ 11 exp(20/ T) gives a rate constant of

The rate constant for GD)+Np was taken from Blitz et = 2 3, 15-11¢y3 51 5t 220K. The IUPAC recommendation
al. (2004), that for O{D)+N,O was taken from this work, and (Atkinson et al., 2004) fokgagis 7.2x10-* cm3s~L, inde-

that for O£D)+C,H, was taken from Carl (2005) and assumed to . .
be independent of temperature. The rate constant §6t+Sl,0 pendent of temperature. If we also adopt a branching ratio

is taken from recent, unpublished, experiment determinations ofR1d/kr1=0.60, the present study _reSU|t5 ina Vah{ekf'ﬁ_fd
this laboratory that shows it to be less than @ 14cm2s~1  0f 8.3x10 1 cm®s™ at 220 K, which represents significant

below 600K. The rate constant for,B+CyH, was taken to be increases of ca. 15% over the last two values and of 24% over
1.3x10710cm3s~1, independent of temperature. the first.
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4 Conclusions Devriendt, K., Van Look, H., Ceursters, B., and Peeters, J.: Kinetics
of formation of chemiluminescent CHE&) by the elementary
We have determined the rate coefficiépt of the reaction reactions of GH(X?>T ") with OGP) and @(X3z;): A pulse

O(lD)+N20 over the wide temperature range 227 K-719K laser photolysis study, Chem. Phys. Lett., 261, 450-456, 1996.
using a new and highly sensitive technique for monitoring Dillon, T. J., Horowitz, A., and Crowley, J. N.: The atmospheric
O(lD), that provides a higlir1(7) measurement precision. chemistry of sulphuryl fluoride, Sfp», Atmos. Chem. Phys., 8,
We have firmly established that the rate constant has negli- 154_7‘1557* 2008,

gible temperature dependence over atmospheric temperatubehhttp'/ fwww.atmos-chem-phys.net/é/1547/2008/

ranges. but shows a pronounced neaative temperature de en-s’ B., Kulkarni, R. M., Peeters, J., and Carl S. A.: Absolute rate
ges, P 9 P PEN" oefficients of the reactions of Q(%.B%) with C3Hg, C3Hg, iso-

dence forT >450 K. Ourkr1(T) data are significantly higher C4Hg andGsH, between 295 and 550 K, Phys. Chem. Chem.

than the current JPL/NASA recommendations. At strato- Phys., 6, 22112215 , 2004.

spheric temperatures, at which the title reaction is most im-punlea, E. J. and Ravishankara, A. R.: Kinetic studies of the reac-

portant, our rate constant is about 15% above the current rec- tions of O(1D) with several atmospheric molecules, Phys. Chem.

ommendation. We have also determined that the minor chan- Chem. Phys. 6, 2152-2161, 2004.

nel leading to OYD—3P) quenching is entirely negligible at Elsamra, R. M. ., Vranckx, S., and Carl, S. A.: CH(A) forma-

all atmospheric temperatures. tion in hydrocarbon combustion: The temperature dependence of
the rate constant of the reactiOQl€+02—>CH(A2A)+C02, J.
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