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A low-temperature gas-phase kinetics study of the reactions and collisional relaxation processes involving
Co(X1Z4") and G(&%1,) in collision with O, and NO partners at temperatures from 300 to 24 K is reported.
The experiments employed a CRESU (Gigee de Raction en Ecoulement Supersonique Uniforme) apparatus

to attain low temperatures. The €pecies were created using pulsed laser photolysis at 193 nm of mixtures
containing GCl, diluted in N, Ar, or He carrier gas. £X'>4") molecules were detected via pulsed laser-
induced fluorescence in the f&," — X1X4t) system, and &&°[1,) molecules were detected via pulsed
laser-induced fluorescence in the¥{d, < a °I1,) system. Relaxation 6fC; by intersystem crossing induced

by oxygen was measured at temperatures below 200 K, and it was found that this process remains very
efficient in the temperature range 5200 K. Reactivity of G(X'Z4*) with oxygen became very inefficient

below room temperature. Using these two observations, it was found to be possible to obtai(Xty T

state alone at low temperatures by addition of a suitable concentrationasfddhen study its reactivity with

NO without any interference coming from the possible relaxation #&3C1,) to C,(X'=4") induced by this
reagent. The rate coefficient for reaction of{X'=,") with NO was found to be essentially constant over the
temperature range 3@00 K with an average value of (16 0.1) x 1071° cm?® molecule® s™1. Reactivity

of Cy(aI1,) with NO was found to possess a slight negative temperature dependence over the temperature
range 50-300 K, which is in very good agreement with data obtained at higher temperatures.

Introduction nigues for the production of Ogenerate both states together.
) o ) ] Although some methods based on the use of scavengers are
The G molecule is ubiquitous in the universe. It has been 5 ijaple to eliminate the singlet st&é* and then study the
observed in widely differing environments ranging from cold  ¢5te of the triplet state alone, to date it has not been possible to

regions such as interstellar cloudscircumstellar envelopes, jgo|ate the singlet state from the triplet state. In previous studies
and comets to hot media such as hydrocarbon flamfies, ¢ the reaction kinetics ofC, with various reagents, the

plasmas;”and stellar atmospher&8Although not yet detected  yaa5red rate coefficient was generally considered tasah

in outer planetary atmospheres, it is also |6mpI|cated in the remaal rate coefficientwhich included reactivity with the
photochemical models of these environmeéfits® Understand-  ye4gent on the one hand and possible relaxation to the singlet
ing its chemistry and more specifically the temperature depen- gate on the other hand. Therefore, in some cases, the presence
dence of rate coefficients for reactions with other reagents is ¢ 3C, could act as a source &€ resulting in underestimated
therefore of major interest. To date, most of the available yeagres for the reaction rate coefficients of the ground state
experimental data, however, have been obtained at roomyit, the reagent of consideration. A review of the available
temperature and essentially concern the reactivity oith literature clearly indicates that the reactivity of the triplet state

7-22 i i i . . .
hydrocarbons!~22 While studies have also been carried out at pag heen much more studied than that of the singlet state mainly
higher temperature®;?3-3! no measurements have been per- ¢, this reason.
formed below 300 K '_n_ the gas phase_. _ _ Very few studies are available concerning collisional relax-

One of the peculiarities of the Gpecies resides in the very  ation of3C,. The principal work relating to this topic was carried
low energy of its first excited electronic state3TR(v=0) out 25 years ago by Reisler et®8land Mangir et al33 who
(hggeaﬁeﬁcz), which is only separated lbyflo cin(i.e. ~880 measured the collision induced intersystem crossing rate coef-
K)®* from the electronic ground state'%,"(v=0) (hereafter ficient of thelC,/3C, system for a variety of partners including
!C,). In cold environments such as those mentioned above, theatoms (Ar, Kr, and Xe) and molecules {NCO,, CFs, and Q).

C, molecule exists mainly in its ground state'3(*, and  More recently, Huang et &f. published a study related to
therefore kinetic data are required for this level. From an molecular oxygen only. These studies, only performed at room
eXpe”mental pOIn'[ Of view, hOWeVer, present aVa||ab|e tech‘ temperature, Showed that molecular Oxygen was the most
efficient quencher, by far. The rate coefficient for 8@ + O,

T Par; of the Spehcial iSSUE"‘bendTroe Feﬁtsclgrifé"- » § | relaxation process was determined experimentally under condi-

* Authors to whom correspondence shou e addressed. E-mail: i inhl i h#g),.33.34
andre.canosa@univ-rennesl.fr (A.C.); ian.sims@univ-rennesl.fr (.LR.S.). 'ltlonhs in Whlc:. Co \;lvaj rem%ved much more rapédlyt ’

f Universitede Rennes 1. n these studies, hydrocarbons o0l were used as scavengers

8 University of Birmingham. of 1C,. Mangir et al33 found a rate coefficient of (2.% 0.3) x
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10~ ¢cm?® molecule! s, which was confirmed by Huang et 5
al.2*who obtained (1.58- 0.15) x 10 cm® molecules™%
Although the measured rate coefficient was interpreted as the R (0,0) band

total removal of3C, in the presence of £ it can be mostly Ap i Ji4 1z S0 8 U5 M 2 0 A
considered as being the contribution of collision induced

intersystem crossing. A large number of experiments, indeed,
have been carried out, in which the triplet and/or the singlet
state were probed in the presence gft(9:23.24.26,35.3fn these
studies, it was found that both states were removed at the sam
rate, leading to the conclusion that the measured rate coefficient@
corresponded to the reaction of an equilibra€g®*C, popula-
tion. At room temperature, the rate coefficient was found to be 1

rather low (3x 10712 cm® molecule® s71), which indicated u
that the true reaction rate coefficient &, and3C, with O, is

very small as this value has to be considered as an upper limit  ° 2310 o12 o1a o1t

for this process. Equilibration of the two states can be understood ’ ’ ’ ’

if the intersystem crossing induced by etween the two states laser wavelength / nm

is much faster than reaction with,OEvery loss oflC, by Figure 1. LIF spectrum of G(X!Z4") at 49 K in He, taken at a delay
reaction with Q is then immediately compensated by relaxation/ time_ be_tween photolysis and probe lasers of A80Line assignments
excitation in thelC,3C, system thus maintaining initial equi- &€ indicated above the spectrum.

librium. This assumption was experimentally verified since the ) ) )
quenching rate coefficient f8€, was found to be about 1 order C. radicals have been produced in the past by using

of magnitude higher than the reaction rate coefficient as Photodissociation techniques such as, .08 multiphoton
previogsly mentic?ned. dissociation of GH3CN 18:33.35.36,38C,H ,35.38 oy C,HCl3,18:33UV

: H 17,23,29,30 19,23
At room temperature and above, addition of oxygen can then EX¢IMer laser photolysis of sECCCH, #5222 CoHp, ™
be employed pto equilibrate théC, and 1C, po);/)%Iations CeHe, * CoCly,20:22:293%.35%and GO,/argon mixtures or ¢Fy/

i 1 i a4l
permitting the measurement of joint reaction rate coefficients argon mixture$; and laser ablation of .graphlfé. In the .
under well-defined conditions. At lower temperatures, where current work G molecules have been obtained by UV photolysis

the available thermal energy becomes much smaller than theOf CoCls using an ArF excimer laser (Lambda-Physik, LPX 210i)

energy gap between singlet and triplet states and provided thatworking at 193 nm with repetition frequency of 10 Hz and an

relaxation offC; is as efficient as at room temperature,duld exit gnergy~§00 mJ per pulse. TetrachloroethylenQCQ
be a good candidate to remove entirely #® thus enabling (A'dF'Ch’ 99.9% HPLC grade) was placed in a glass_vessel
the measurement of “puréC; rate coefficients. outside the CRESU chamber. TheQL, vapor was entrained

The objective of this paper is to study the removal of both into the buffer gas flow by bubbling a controlled flow of He
1C, and3C, by O, and NO in the temperature range-2300 K through liquid GCl4. The resultant mixture was passed through

using the CRESU technique that will be briefly described in Znséamfrfstr?itsees!r;uatl)le g:ggj?s\évra?;vv\\llevrvz;emﬁggﬁgz Ci(r)]?g(:uzd’
the next section. Results showed that the expected deCOUp"ngreservoir by means of a PTFE line. The typicaOG concentra-

of the 1C,°C, system occurs and that the triplet state is i . thy i f - h P B x 1012
efficiently removed by @in the temperature range 500 K. 1ons In the SUPETSonic Tlow WEre In e range - x

This efficient quenching was then employed to enable the study molecule cm. This concentration was high enough to produce
of the reactivity of “pure”C, and3C, with NO. a detectable quantity of ut low enough to avoid destruction

of the1C, state by reaction with £l,. This process, indeed, is
known to proceed 430 times faster (%6L0~1° cm? molecule’®
s 1)18 than the reaction of £l with the 3C, state.

The CRESU technique and its adaptation to the study of Both states'C, and3C, were produced at the same time in
neutral-neutral reactions via pulsed laser photolysis-laser the photolysis and have been observed directly via LIF using
induced fluorescence technique (PLP-LIF) has been describedthe Mulliken (D'=," < X1Z4") system and the Swani{dg <
in detail elsewheré’ Only a short description will be given  &I1,) system respectively using the strongest available rotational
here, drawing attention to those aspects of the experiments whichline at the temperature of the flow. TRE, population was
relate to measurements of the reaction involving B@hand probed by exciting the @I, <— a1,) (0,0) band at-516 nm
3C, with O, and NO. and detecting LIF on the (0,1) band at563 nm which was

In the CRESU technique, low temperatures are achieved viaisolated with an interference filter centered at 561.4 nm (band
the isentropic expansion of a buffer gas through a Laval nozzle. pass: 9 nm fwhm, Andover Corp.), whil€, was probed by
Each nozzle employed provides an axially and radially uniform exciting the (BX,* — X!X4*) (0,0) band at~231 nm and
supersonic flow at a particular temperature, density, and velocity collecting LIF on resonance using an interference filter centered
for a given buffer gas. The relatively high density of the at 228 nm (band pass: 11 nm fwhm, Corion). Typical spectra
supersonic flow (18—10” cm3) ensures frequent collisions, — at 49 K for the singlet state and at 36 K for the triplet state are
thus maintaining thermal equilibrium. All these properties are presented in Figures 1 and 2.
conserved in the core of the supersonic flow over a typical Probe laser radiation was provided by a dye laser (Laser
distance of a few tens of centimeters along the flow corre- Analytical Systems, LDL 20505) operating with Coumarin 460
sponding to a hydrodynamic time of several hundreds of (Exciton) or Coumarin 307 (Exciton) dye diluted in methanol
microseconds (typically 400s). The Laval nozzle is mounted  to study'C, and3C,, respectively. The dye was pumped by the
on a reservoir kept at room temperature into which the buffer third harmonic of a Nd:YAG laser (Spectra Physics, GCR 190,
gas, the @ precursor molecule, and the reagent gases were 10 Hz) at 355 nm working at an exit energy of about 30 mJ for
injected. 1C, and 50 mJ forC, studies. For the detection of the singlet

rary units)
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Figure 2. LIF spectrum of G(&I1,) at 36 K in He, taken at a delay
time between photolysis and probe lasers of A80Line assignments

delay time (ps)

Figure 3. Decay of G(&Ily) LIF signal at 83 K in the presence 0£O
([O2] = 1.7 x 10** molecule cm?®) and N, buffer ([N] = 4.88 x 10
molecule cm?d), fit to a single-exponential function.

are indicated above the spectrum.

state, the dye laser was frequency doubled using a BBO crystal 20000 -
to obtain the 231 nm wavelength (Laser Analytical Systems,

LDL frequency mixer option).
The probe and the photolysis beams were combined on a’»

dichroic mirror and were directed along the axis of the 2
supersonic flow, entering the CRESU apparatus through a
Brewster window, passing through another such window
mounted on the back of the Laval nozzle reservoir and set at 5000
symmetric angle with respect to the first one to compensate for
beam displacement. Then they copropagated out through the
throat of the Laval nozzle and along the axis of the flow, before 0 200 400 600 800 1000 1200 1400
leaving the vacuum chamber via a third Brewster window. Laser [0,]/ 10" molecules cm

induced fluorescence was collected at a known distance rigyre 4. Second-order plot for the removal of@TI1.) by O, at 49
downstream of the Laval nozzle (usually 10 to 30 cm) using a K in He, yielding a value for the second-order rate coefficienk ef
UV-enhanced, optically fast telescopmirror combination (9.8+ 1.1) x 1072 cm® molecule s™%.

mounted inside the main vacuum chamber, focused through a

15000 -

10000 -

slit and directed onto the photocathode of a UV-sensitive 12000
photomultiplier tube (Thorn EMI, 9813 QSB) after passing
through a narrow band filter (see above) to reduce the scattered %% ¢
light from the photolysis laser. The signals were accumulated,
8000 -

processed, and analyzed as described previously else#here. -
The delay time between the photolysis and the probe laser was<_
controlled by a digital delay generator (Stanford Research « 6000 -
Systems DG 535). A typical LIF decay for the triplet st&@

at 83 K is shown in Figure 3. As can be seen, a significant rise 4000 |
time was observed for th&C, LIF signal. This was taken as
resulting from collisional relaxation 8, formed in rotationally 2000 -

excited states. This was also observed for the singlet state LIF
decays. In order to avoid contamination of the data, all nonlinear
least-squares fits of the exponential decays of tf@, LIF 0 2000
signals were commenced after this rise was complete. For a
given temp_eratu_re, LIF scans were then taken at differing rgaggntFigure 5. Second-order plot for the removal Ob&5,") by O, at
concentrations in the usual way in order to construct a Kinetic 145 K in Ny, yielding a value for the second-order rate coefficient of
plot from which the second-order rate coefficient could be k= (0.6+ 0.1) x 10712 cn® molecule® s,

extracted. Figures 4 and 5 show second-order plot$Gort

0 at 49 K and'C, + O, at 145 K, respectively. Measurements allowed the @ and NO concentrations in the supersonic flow
at room temperature were performed in the CRESU apparatusto be calculated.

as previously described.

The flows of @ (from Air Liquide, 99.998%), NO (Air
Liquide 99%), and carrier gas ¢NHe, and Ar; Air Liquide, Impact of the Introduction of O ; on the !C; LIF Decays.
99.995%) were taken directly from cylinders and regulated by As usual in this kind of study, LIF decays of th&; state were
means of Tylan mass flow controllers. Knowledge of the total recorded for different @concentrations added to the flow. These
gas density along the flow, and of the individual gas flow rates, experiments showed that, as theg@ncentration was increased,

4000 6000
[O,]/ 10" molecule cm™

Results and Discussion
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Figure 6. Dependence of the time-resolved(X'=s") LIF intensity

upon Q concentration at 145 K in N(at a density of 9.23«< 10
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Figure 7. Dependence of the time-resolved(X'=4") LIF intensity
upon Q concentration at 36 K in He (at a density of 5.2810'
molecule cm?).

the LIF signal increased as well and the maximum of the signal
moved to a shorter delay time while the level of the signal at
long time delays was maintained almost unaffected, confirming
a slow reactivity (see Figure 6). It is worth noting that, when
the oxygen concentration is large enough, the maximum of the
LIF signal does not increase any more indicating complete
elimination of thelC, source. This change in the LIF signal
was interpreted as the existence of a source tol@hestate
which was thought to result from the relaxation of #@ state.

This experiment was repeated for each temperature showing

the same behavior for the, LIF decay signals when Qwvas
added except for the lowest temperatures, 36 and 24 K, in which
the addition of Q did not change the LIF trace profile (see
Figure 7).

This observation opened up the possibility of completely
removing3C, from the flow while maintainingC, (except at
the very lowest temperatures of 24 and 36 K whegeh@d no
effect) and therefore merited a detailed kinetic study of the
removal of both states in the presence efadd as a function
of temperature.

Removal of 1C, and 3C, by O,. Experiments have been
carried out in the temperature range-300 K. However, the
reactivity of1C, has been found to be too low to be measured

Paamo et al.

as an upper limit. A synthetic view of all second-order rate
coefficients measured fdC, and3C; is displayed in Table 1.
Only statistical errors are quoted. Some systematic errors due
to flow control inaccuracies or inaccuracies in the determination
of the buffer gas total density should also be taken into account.
Every effort was made however to minimize these additional
errors which, we estimate, do not exceed 15%. Figure 8 presents
these results along with previous experimental measurements
performed at higher temperatures. Most of the earlier kinetic
studies also probed the LIF decay of the triplet or/and singlet
states of G. Fontijn et al 2> however, probed the CO molecules
produced in the reaction &fC, with O, via chemiluminescence

in the VUV (fourth positive system (AI—X1X)) or in the
visible.

As it can be appreciated from Figure 8, at room temperature
our measured rate coefficients and almost all rate coefficients
from previous studies for the removal €, and 3C, are
identical. As explained before, this situation corresponds to the
removal of an equilibrated population of triplet and singlet states.
However, there are two previous experimental studies in which
the total removal of the triplet state has been meastir&d he
rate coefficients obtained for the total removal of 8@ are
much higher than those measured for the equilibrated states
revealing the predominance of the collisionally induced inter-
system crossing process.

At high temperaturesT(> 300 K), the rate coefficients for
the removal of'C, and 3C, are still found to be identical,
indicating that the rate coefficients measured also correspond
to the reaction of @with an equilibratedC,/°C, population.

In contrast, our work at low temperaturds€ 300 K) shows
a different behavior. As the temperature decreases, the rate
coefficients for the removal ofC, and3C, with oxygen start
to diverge from each other, leading to the conclusion that the
two states are now becoming decoupled. The rate coefficient
for the removal ofC, with O, becomes much higher than that
for the singlet state.

Connecting these results to the, LIF decay signal observa-
tions, it is now possible to conclude that @ an efficient
guencher of théC, state in the temperature range from 200 to
50 K whereas pure reactivity ofC, with O, becomes (or
remains) definitively negligible. It is worth mentioning that the
marked decay of the relaxation rate coefficientS@f below
50 K suggests the possible presence of an activation energy
barrier in the collisionally induced intersystem crossing process.
At 36 K and even more at 24 K, error bars are very large because
the hydrodynamic time of both nozzles is rather short to perform
slow rate coefficient measurements.

Finally it is also worth noting that, from a theoretical point
of view, nothing is presently available with respect to this
process. It is our hope that the present results will encourage
timely theoretical examinations of the relaxation3@% in the
presence of @

To conclude, oxygen addition provides an ideal situation to
study the reactivity ofC, with another partner without having
any interference frorfC,. This property was then used in further
experiments where vas systematically introduced in the flow
in addition to the reagent of interest. In this paper, we have
used this opportunity to study the reactivity of NO wit@,.
Results will also be presented in the next section for the total
removal of3C, by NO.

in the CRESU apparatus below 145 K, and therefore data were Reactivity of 1C, and 3C, with NO. The second-order rate

obtained at 145, 200, and 300 K only. Similarly, the measured
rate coefficient at 24 K for the triplet state has to be considered

coefficients measured for the total removal@f and3C, with
NO in the temperature range from 24 to 300 K are displayed in



Reactions of @X*=g%) and G(e81,) with O, and NO J. Phys. Chem. A, Vol. 110, No. 9, 2008125

TABLE 1: Rate Coefficients Measured at Different Temperatures for the Kinetic Study of1C, and 3C, with O,

O,
1C2 SCZ
[buffer] [0] kand [O] kand
buffer 10 1012 10712 1012 102
TIK gas molecule cm? molecule cm? cm®molecule st molecule cm? cm®molecule st

300 No 10.4-10.9 134-695 3.6+ 0.7 650-6100 3.1+ 0.2
200 N 4.8 516-3150 2.1+ 0.3 50-1600 4.8+ 0.5
145 N 9.2 206-6750 0.6+ 0.1 375-3250 11.1+0.4
83 Ny 4.9 90-850 13.3+1.3
49 He 10.4 156-1350 9.8+1.1
36 He 5.3 206-2300 1.6+1.2
24 He 18.3 22-300 1.1+ 5.4

aUncertainties aretto whereo is the standard error obtained from the fit of the second-order plot &rithe appropriate value of the Student’s
t distribution for the 95% confidence interval.
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Figure 8. Second-order rate coefficieritdor the reaction and/or relaxation o6& *=,*) and G(&°I1,) with O, measured at temperatures between
24 and 300 K, compared to the results of earlier studies at temperatures of 300 K and above.

Table 2, and Figure 9 presents these results along with previousAs the measured rate coefficient for removaPéf by NO at
experimental studies performed at higher temperatures. 24 K is about one-third the value of the observed valué®r

As can be seen in Figure 9, the rate coefficient for the reaction (see below), in the worst case where this corresponds to
of 1C, with NO in the temperature range from 200 to 36 K can relaxation of3C; to C, rather than reaction, we estimate that
be considered almost constant and close to>1.80719 cm?® the observed depression of the rate constant could be due to
molecule! s~ while at 24 K there is an apparent decrease in the effects of this cascading. Another explanation of the decrease
reactivity. A possible explanation may be that at this temperature of the 1C, + NO rate coefficient at 24 K could be that &t<
(where Q is ineffective as a relaxant and therefore not used) 36 K a small energy barrier to the reaction reduces reactivity,
the 1C, and®C; states are present together as noted above andbut as we cannot rule out the former explanation at the current
as suggested by Reisler et!&INO(X2I) may induce fast time, we prefer to quote the values determined for g+
intersystem crossing because this process is spin allowed for aNO rate coefficient at both 36 and 24 K in the absence of O
doublet state. The resultant cascading would result in measuringrelaxant as lower limits. However, we would point out that no
underestimated rate coefficients for thg, state that would apparent depression of tR€, rate constant occurred at 36 K
explain the observed decrease of its rate coefficient at 24 K. despite the same He buffer gas and absence,&l» at this



3126 J. Phys. Chem. A, Vol. 110, No. 9, 2006 Paamo et al.

TABLE 2: Rate Coefficients Measured at Different Temperatures for the Kinetic Study of 1C, and 3C, with NO in the Presence
of an Optimized Concentration of G,

NO
lc2 302
[buffer] [O4] [NO] Kana [NOJ Kand
buffer 106 106 10%? 101 10%2 101
TIK gas molecule cm® molecule cm® molecule cm® cm*moleculet s molecule cm® cmPmoleculets™
300 N 11.2-10.8 0.6 66-211 12.6+£ 2.12 60—250 6.2+ 0.5
200 N 4.8 0.3 16-52 18.8+ 3.5 1-455 7.9+ 0.7
145 [\ 9.2 0.4 26-170 16.2+ 1.8 90-1000 9.0+:0.5
83 No 49 0.1 16-55 17.6+ 3.2 40-425 11.0+ 0.7
53 Ar 20.2 30—300 11.6+£ 0.5
49 He 10.4 0.3 26160 17.2+ 2.8
36 He 5.3 12-125 18.7+ 3.0 65-650 7.0£0.7
24 He 18.3 26-380 10.6+ 0.5 45-400 3.6+ 0.6

a Uncertainties aretto whereo is the standard error obtained from the fit of the second-order plot &rithe appropriate value of the Student’s
t distribution for the 95% confidence interv@lThe values of the rate constant f@, + NO at 24 and 36 K must be considered as lower limits
owing to the possibility of cascading effects at these temperatures in this system, as explained in the text.

4x107 Although our experimental study does not provide any
3%100 | : :u_aTgera/}j; information about products, some data are available in the
O R literature. An extensive study of Reisler et3&lat room
2x10°° | } % % . :ruske efta'-j; temperature suggested the following products for@e+ NO
111 s oseee || reaction
‘72 - A thiswork °C,
3 1
§ 10n 5 oy & thiswork'c, C,(a°T1,) + NO(X?IT) — CN(AZT) + CO
8x10°M" A
£ oo I T AHE = ~501.0 kJ mof*
5 6x10" 4 ¥ 3
< 10 B — CN(B=") + €O
4x10" Y ¥ P s 1
axton | } # AH,~ = —303.2 kJ mol
2%10" — e Reisler et al studied the reactivity by following the formation
10 100 1000 of products by chemiluminescence of CN{& and CN(B=")
TIK and also performed a direct LIF measurement of the removal

Figure 9. Second-order rate coefficientsfor the reaction and/or
relaxation of G(X*=g") and G(a%[1,) with NO measured at temperatures
between 24 and 300 K, compared to the results of earlier studies at
temperatures of 300 K and above.

of 3C, obtaining the same rate coefficient: (&:30.3) x 10711,
(7.54+ 0.3) x 10711, and (7.34 0.9) x 10711 cm? molecule’?

s71, respectively). Later on they found that the removal rate of
1C, by NO was three times faster than the removal rafCpf®
Taking into account these observations they concluded that the
€N(A2IT) and CN(BE+) were predominantly formed by reac-
tion with the 3C, state. These results were in agreement with
the crossed molecular beams study performed by Kr&uwsko
measured the chemiluminescence of the CIX(B state and
based on an adiabatic correlation diagram approach claimed that

temperature. We thus conclude that any cascading effects ar
likely to be rather small.

The only previous experimental study é6, + NO was
performed by Reisler et af.at 300 K. They measured a rate
coefficient of (2.104 0.33) x 1071°cm?® molecule! s71, which

isina reasonab[e agreement with our value within theor this state could only be produced from reactiorf®$ + NO.

bars presented in Figure 9. o By contrast, Kruse et &8 studied the reaction in a shock tube
In the case of the triplet state, the rate coefficients measuredobtaining results for a high-temperature range (3156 K <

for the total removal by NO are significantly smaller that those 3950 K). The extrapolation of these results to room temperatures

for the reactivity of the singlet (typically a factor of 2 lower). gave a value 6 orders of magnitude lower than that of Reisler
At room temperature our value lies in between all previous et al.18 suggesting that a change in mechanism for the reaction

experimental data, and our results in the range of temperaturespccurs. This was confirmed by the results obtained in the O,

from 300 to 53 K follow the negative temperature dependence N, and CN product formation measurements, which led to the

trend displayed by previous experimental datd at 1000 K. conclusion that at these temperatures the main product channels
It can be noted also in Figure 9 that, at even higher temperaturesgre

the experiments performed by Kruse ef&bave a positive
temperature dependence which was explained by the openingcz+ NO—CN+O 70% ArHoe = —122.3 kI molt
of new exit channels, 8l + O, GO + N (see below).

To complete the discussion of our results, it can be seen that
at 36 and 24 K there is a significant decrease of the rate
coefficients. This may be due to the presence of a small energy The CN+ CO channel was found to be negligible, in contrast
barrier to the reactivity. More data at lower temperatures could to the results at room temperature.

—C,0+N 30% AH,”=-168.8kJmal*

help to explain and confirm this behavior. However, several
attempts to study the reactivity ob,@t 15 K were unsuccessful
as it proved impossible to detect th&C, molecule under these
conditions.

Ristanovic et af’ studied the reaction in the temperature
range 292 K< T < 968 K, and the results that they obtained
at the lowest temperatures were in excellent agreement with
the results of Reisler et &.Linear extrapolation of their results



Reactions of @X'=4%) and G(&%1,) with O, and NO

crosses the results of Kruse et #lwhich, however, show a
major positive activation barrier and a larger preexponential
factor. By comparing theik(T) expressions one can draw the

conclusion that there is a change in mechanism with temperature

and the total rate coefficient for tH€, + NO reaction must

J. Phys. Chem. A, Vol. 110, No. 9, 2008127

(3) Bakker, E. J.; van-Dishoeck, E. F.; Waters, L. B. F. M.; Schoen-
maker, T.Astron. Astrophys1997, 323 469.

(4) A’Hearn, M. F.; Millis, R. C.; Schleicher, D. O.; Osip, D. J.; Birch,
P. V.lcarus 1995 118 223.

(5) Baronavski, A. P.; McDonald, J. R. Chem. Physl977, 66, 3300.
(6) Rennick, C. J.; Smith, J. A.; Ashfold, M. N. R.; Orr-Ewing, A. J.

pass through a minimum between temperatures of 1000 andchem, phys. Lete004 383 518.

3100 K.
From a theoretical point of view very little information is

available; however, ab initio calculations have been performed

very recently by Wei et & confirming that CN+ CO is
expected to be the major channel at low temperatures aNd C

+ O the major channel at higher temperatures. No pathway was

found to the GO + N channel which disagrees with the
experimental results of Kruse et4l.

Conclusions
The present study demonstrates that relaxatiodQaf by

intersystem crossing induced by oxygen can be measured at44§l4) Romani, P.; Bishop,
temperatures below 200 K and that this process remains very

efficient in the temperature range-5200 K. On the other hand,
the reactivity of!C, with oxygen becomes very inefficient below

room temperature. This is therefore an ideal situation where it

is possible to produce thkC, state alone and then study its
reactivity with another reagent without any interference coming
from the possible relaxation oiC, to 1C, induced by this
reagent. Adding an optimized concentration ofi@the flow,

(7) Gordillo-Vazquez, F. J.; Albella, J. Ml. Appl. Phys2003 94,
6085.

(8) McKellar, A.J. R. Astron. Soc. Carl96Q 54, 97.

(9) Brault, J. W.; Delbouille, L.; Grevesse, N.; Roland, G.; Sauval, A.
J.; Testerman, LAstron. Astrophys1982 108 201.

(10) Gladstone, G. R.; Allen, M.; Yung, Y. llcarus 1996 119, 1.

(11) Moses, J. |.; Bezard, B.; Lellouch, E.; Gladstone, G. R;
Feuchtgruber, H.; Allen, Micarus 200Q 143 244.

(22) Ollivier, J. L.; Dobrijevic, M.; Parisot, J. PPlanet. Space Sc200Q
48, 699.

(13) Lebonnois, S.; Toublanc, D.; Hourdin, F.; RannoucBrus 2001,
152, 384.

J.; Bezard, B.; Atreya,l&rus 1993 106,

(15) Krasnopolsky, V.; Cruikshank, D. B. Geophys. Re4995 100,
21271.

(16) Lara, L. M.; Ip, W. H.; Rodrigo, Rlcarus 1997 130, 16.
(17) Pasternack, L.; McDonald, J. Rhem. Phys1979 43, 173.

(18) Reisler, H.; Mangir, M. S.; Wittig, CJ. Chem. Phys198Q 73,
2280.

(19) Donnelly, V. M.; Pasternack, IChem. Phys1979 39, 427.
(20) Huang, C. S.; Zhu, Z. Q.; Xin, Y.; Pei, L. S.; Chen, C. X.; Chen,

we were then able to study the reactivity of the singlet state of Y- J- Chem. Phys2004 120 2225.

C, with NO. The rate coefficient has been found to be essentially

constant in the temperature range-30 K with an average
value of (1.6+ 0.1) x 1071° cm?® molecule® s™1. The rate
coefficient for thelC, + NO reaction below 36 K shows an

(21) Becker, K. H.; Donner, B.; Dinis, C. M. F.; Geiger, H.; Schmidt,
F.; Wiesen, PZ. Phys. Chem200Q 214 (Part 4), 503.

(22) Huang, C. S.; Zhu, Z. Q.; Wang, H. L.; Pei, L. S.; Chen,JY.
Phys. Chem. 2005 109 3921.

(23) Pitts, W. M.; Pasternack, L.; McDonald, J. ®iem. Phys1982

apparent decrease which may be due either to a small activatiorss, 417.

barrier or to cascading effects. Measurements at lower temper-

atures would certainly be of great interest to confirm this
behavior, but present attempts failed in detecting theGlecule
at 15 K. Reactivity of the triplet has been found to follow a

different trend; a slight negative temperature dependence has,

been found in the temperature range-300 K, which is in

(24) Baughcum, S. L.; Oldenborg, R. BCS Symp. Sefl984 249,
257.
(25) Fontijn, A.; Fernandez, A.; Ristanovic, A.; Randall, M. Y.
Jankowiak, J. TJ. Phys. Chem. 2001, 105, 3182.
(26) Kruse, T.; Roth, P. High-Temperature Reactions ofvith Atomic
nd Molecular Oxygen. I27th Symp. (Int.) on Combustiofhe Combus-
tion Institute: Pittsburgh, 1998; p 193.

very good agreement with data obtained at higher temperatures. (27) Ristanovic, A.; Fernandez, A.; Fontijn, A. Phys. Chem. 2002
Below 50 K a stronger decrease has been observed probably106 8291.

revealing the presence of a small energy barrier.

The present work sheds more light on these two processes

for which experimental data are now available over a wide
temperature range (24000 K for both G + O, and G +

NO systems). This should encourage future theoretical studies

to improve our knowledge of the mechanisms involved in both
processes.
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