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The temperature dependence of the rate constant of the chemiluminescence reattio®C— CH(A) +

CO,, ki has been experimentally determined over the temperature range8316K using pulsed laser
photolysis techniques. The rate constant was found to have a pronounced positive temperature dependence
given byk;(T) = AT*4 exp(1150+ 150/T), whereA =1 x 1072’ cm® s~ L. The preexponential factor fdde,

A, which is known only to within an order of magnitude, is based on a revised expression for the rate constant
for the GH + O(P)— CH(A) + CO reactionkap,, of (1.0£ 0.5) x 10 exp(—230 K/T) cm? s™* [Devriendt,

K.; Van Look, H.; Ceursters, B.; PeetersChem. Phys. Lettl996 261, 450] and &,y/k;. determination of

this work of 12004+ 500 at 295 K. Using the temperature dependence of the rate coka{@ki(300 K),

which is much more accurately and precisely determined thanvege predict an increase i of a factor

60 + 16 between 300 and 1500 K. The ratio of rate constkf,. is predicted to change from 1200500

at 295 K to 40+ 25 at 1500 K. These results suggest that the reactibh1cO, — CH(A) + CO, contributes
significantly to CH(A—X) chemiluminescence in hot flames and especially under fuel-lean conditions where

it probably dominates the reactionk + OCP) — CH(A) + CO.

Introduction In this paper we focus on the chemical reactions responsible
. . ) for the production of CH(2AA) and, by extension, CH@X").

In the absence of heated soot particles, having a continuumThg former gives rise to the relatively intense blue emission at

emission perceived as orange-yellow, hydrocarbon flames would .4 430 nm, and the latter to a less intense emission, just beyond

be invisible were it not for the handful of electronically excited he visible range, at ca. 390 nm. The transition at 430 nm can

species with electronic transitions in the 5800 kJ mot* be readily observed in natural gas flames by the unaided eye.
range and superthermal populations. Most of these species have Only a few reactions stand out as being plausible sources of

e : e _ _ _ _
long been identified spectroscopically, CH@® B?Z), Cr electronically exited CH in flame environments. Of these, only
(cI1y), CN(B2=*), HCO(A?A", B?A), CO(8%Z, oA, %), and
COx(A'By),*" and from their non-BoItzmann conc_entration_s AHaser/kd mot-2
one must gonclude thel_r source to be e[ther chemical reaction  c,H+0, —CH(B,A)+CO, —56,—85 (R1c,e)
or rovibronic-to-rovibronic (Ep, j — E', v', j') energy transfef. CH+ 0O —CH(B,A)+CO —22,-51 (R2a,b)
However, finding the reactions responsible for their production C+H+M —CH(B, A)+M —24,-53 (R3a,b)
and determining the associated rate constants have proven to C2+OH —CH(C,B,A)+CO ~-1.5-74,-103  (R4a,b,c)
be difficult challenges Ce+HO, —OHA+CO 36 (R5a)
At challenges. o — CH(C, B, A)+ CO, —262,—335,—364 (R5h,c,d)

Quantitative interpretation of flame chemiluminescence data,  C,+ NH, — CH(B, A)+HCN +19,-10 (R6a,b)
in terms of the concentration of one of the precursor species or C;+ CH:O — CH(A) + H,CCO  —21 (R7)
the precursor concentration product, requires some knowledgeg: i :8“8 _’g:% 'i) :NHC'\(‘)CO —%5'—44 (Fzg%b))

. — - a

of the magnitude of the rate constant. Unfortunately though, HOCC+O —CH(B. A)+CO»  —29,~58 (R10a.b)

despite several attempts at their determination, accurate absolute

rate constants have not been forthcoming for the gas-phasestudies of R1, R2, and R4 have so far appeared in the
chemiluminescence reactions. This is due simply to the com- jiterature: for the other reactions, the overall rate constants and
bined uncertainties associated with the determination of absoluteyield of electronically excited CH is unknown. However, it has
concentrations of both (mainly radical) precursors and the pecome clear over recent years that most, if not all, CH(A)
electronically excited product. Thus, absolute rate constantsformed in hydrocarbon flames is associated with the simulta-
determined so far for these reactions are probably known only neous presence of .8, and O (and therefore usually ;0
within about an order of magnitude. Nevertheless, attempts to Reaction R2b was proposed many years ago by Glassl&t al.
interpret flame chemiluminescence go back many years, with as peing the main source of CH(A) in ethyne and methane
much recent work focusing on qualitatively linking OH{AX) flames. The other main contenders for CH(A) formation have
and CH(A—X) emission intensiti€sto flame equivalence  peen the @+ OH reaction (R4c) proposed by Gaydémand
ratiog+13 heat release raté$>and the final stages of the by Porter et af° and reaction R1e proposed by Matsuda étal.

Cy-hydrocarbon and Cireaction chain®1? and by Renlund et &P
For R1 and R2, the combination of the high-8 bond
* Corresponding author. E-mail: shaun.carl@chem.kuleuven.be. strength of GH and a very stable coproduct leads to sufficient
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excess energy available for electronic excitation of CH and, for Devriendt et a8 who determinedy/k;e at 290 K to be 506
R1, also of HCO. Further support for the plausibility of these 70 (not including the systematic uncertainty) by comparing the
initial emission intensities at 430 nm following the photolysis

AHossdk] mol-2 of C;H,/Ox/He and GH2/N,O/He mixtures of known composi-

C,H + 0,— HOCC+ O —26 (1a) tion at 193 nm. Smith et & recently attempted to determine
H+C+CO, -32 (1b) the rate constant for the formation reactions for CH(A) in low-
CH(B?Z") + CO, —56 (1c) pressure methane/air flames by measuring absolute CH(A)
ES(C:;II) E co, :;g g‘g concentrations and fitting these to a kinetic model. These authors
HCCO+ O —140 1 were not able t_hough to clearly dis_tinguish betvyeen Rle and
Czo()~(327,§A, 512+) + OH —145,-73,—40 (19) R2b as the main source of CH(A) in their eXperImentS.
CH(@=") + CO, —291 (1h) Without then any clear data on the temperature dependence
CH+CO, —362 (1i) of the GH + O, — CH(A) + CO;, reaction, its role in flames
H+CO+CO —568 ) is not certain. Shoulkeincrease sharply with temperature, R1e

HCOGCA', AA"(IT), B?A) + CO  ~634,-523,-173 (1K) could contribute significantly to the observed CH#X)

chemiluminescence. Thus, the aim of the present investigation

AHagsi/kd molt is to better assess the contribution of reaction Rle to flame

CH + O@EP)— CH(B%") + CO 22 (2a) chemiluminescence by direct determination of its temperature

CH(A%A) + CO —51 (2b) dependence. Further, such experimental data on chemilumines-

25&;‘;+C0 :227 ((;Z)) cence reactions can aid refinement of theoretical reaction

H+ CO(CE 3A, BIS)  —309,-142,-109  (2d) dynamical model_s for_ elementary processes, especially with

CH+ CO _328 () respect to nonadiabatic procesdes.

HoCC —524 (29)

HCCO —638 (2h) Experimental Section

The experimental methodology for these measurements is
quite straightforward. If @H is generated in the presence of
excess @ CH(A) is formed, which rapidly reaches a quasi-
%teady-state concentration such that a chemiluminescence decay
dprofile is observed having an intensity proportional to the
I]oroduct [Q][C.H] and therefore a decay rate equal to the decay
rate of [GH]. At time = 0 the emission intensity is well defined

two reactions is provided by the work of Peeters and co-
workers?3-26 who showed @H radicals to be efficiently
generated, even at low temperatures, after several fast reaction
following the oxidation of GH, by O. This low-temperature
mechanism also probably explains the blue emission observe
when ethyne is released in the upper atmosphere, given tha

the multireaction sequence involves oniyHs and O as co- because [gH] has not been diminished by reaction. If the

reactants. For this reason, CH(A) emission might also be ; . . o
. . ,_ temperature of the reaction vessel is changed, the intensities of
observed in regions of planetary atmospheres, such as Saturn’s S : - .
) S . & the chemiluminescence profiles at tinrre0 reflect changes in
having significant mole fractions 8, and O atomg

. . . the initial densities of @and GH with temperature (which are
By demonstrating the proportionality of the CH(A) . . .
emission intensity to the product 48][O], Devriendt and easily defined) as well as changes with temperature of the rate

. ! constant for the process,@ + O, — CH(A) + CO,: the
Peeter§7 showed reaction Rzp to be a major source of CH(A) parameter required. Four further considerations for precise
in low-pressure gH,/O/H atomic flames. In the same study the

determination ok;«(T)/kiTrer), Which are explained in detalil
absolute rate constant for R2b over the temperature range 290 . . - . )
925 K was determined dep = 2.46 x 1011 exp(—230 KIT). below are (i) quenching of CH(A) by N(ii) the time required

However, in consideration of a single-temperature determination by CH(A) to reach quasi steady state, (iil) chemical generation
’ 9 p . of O-atoms, and (iv) changes in the fraction of photons passing
by the same group and more recent quantum yield data for the

. though the interference filter.
CH, + hw(193 nm) — C,H + H, we consider the best . . . .
Arthenius expression for this reaction to kg = (1.0 + 0.5) The experimental setup used here is almost identical to that

. T g
x 1071 exp(—=230 K/T) cm® s71.28 This represents an overall _?_Ezc;k;?: fzzn?:ra:gcgr?éﬂsmrgyeo;tgéarﬁ ;; NO; reaction?
branching of R2 to R2b of about 10%. P yrep )

. . . C,H radicals were produced in a small tubular region along

Recently, Chikan et & reported a much higher branching the center of a heatable stainless steel reaction cell by pulsed
to channel R2b of 60%, based on measurement of nascent(8 Hz, 10 ns) 193 nm photolysis of ca. (6:2.4) x 10 cm-3
excited vibrational distributions of CO and reliance on linear CoH, 'derived from a (F:)ertifiei/j acetone-free. mixture oG
surprisal extrapolation to _obtam C@@) populatlons. How- in high-purity He, in the presence of excess concentrations (ca.
ever, these authors were in fact reporting the fraction [CH(A)]/ 0.2-5.6 x 101 cm-3) of O, and 9-10 Torr nitrogen (99.995%
([CH(X)] + [CH(A)]) and assumed that CH is produced in all Ljrit ) ’
reaction channels. However, a major fraction of the initial punty).
chemically activated HCCO is expected to dissociate te-H .
C,0 (triplet or singlet). The work of Devriendt et #.and CoHz + hw (193 nm)— CH + H (R11)
Chikan et ak® are in accord if the @ + H channel(s) account

for ca. 80+ 15% of the reaction. Following its production, gH is removed, with a half-life of

The GH + O, reaction, proposed by Matsuda et?lis also tens of microseconds, by reaction with constant concentrations

known to yield CH(A)?? Indeed, this reaction is routinely of CHz and Q

employed for the time-resolved monitoring ofkCradicals in .

kingticyexperimen%HZ whereas, more recently, reaction R2b CzH + C,H, — products (R12)
has also been employed for this purpds€omparison of these
two techniques using the same experimental setup clearly show
the rate constarky, to be orders of magnitude greater tHan

at room temperature. This observation was quantified by

gnd therefore has a simple time dependence, given by

[CoH], = [CoH] o exp{ —(Ky[Og] + ki [CHADT ()
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The concentration of CH(A), produced via channel (R1le),
effectively reaches quasi steady state within abows2i.e.,
about four CH(A—X) lifetimes. At any given temperature

dICH(A)ss
o adCHIO2] — ke CH(A) & —

K [N2I[CH(A)] 5s= 0 (ii)

such that, after this time, [CH(AY O [C;H]:. The collision-
free radiative lifetime, X, of CH(A) is 540 ns®® Under our
experimental conditions, nonradiative removal by collisions with
C,H, and Q is insignificant. Quenching by Nthough needs
to be taken into account. Although the rate constant for
quenching by M, kgn,, is relatively small at room temperature,
the process has an activation enéfgand thus may be

significant at higher temperatures. For this reason a direct

determination of the CH(A) lifetime in the presence of 10 Torr
N2 as a function of temperature was carried ouytwés chosen

as the buffer gas in these experiments over He (which has akle(Tref) Iemt:G(Tref)\TYEf

negligible CH(A) collisional quenching rate at 10 Torr) to ensure
a very rapid removal of any nonthermal electronic and/or
vibrational energy of the nascenti photoproducts.

As a function of time, and for a given temperature, the
resulting CH(A—X) emission intensity from the center of the
reactor, which is imaged onto an optically filtered (43010
nm, Oriel 59295) photomultiplier tube (R928, Hamamatsu), is
given by

)] O,][C,H],
lem, = @k, [CH(A)] ss= Emkf[qu][[Nz] ] (iii)
and, at time= 0,
o PhenkidOAICHI, o _
eMm—o = (iv)

Kem + Ko, [N2]

where @ represents the overall emitted-photons-to-voltage
conversion efficiency of the detection system. Under our
experimental conditions (10 TorrN® is a weak function of

temperature because the fraction of photons passing through
the relatively narrow interference filter changes as the thermal-

ized population of CH(A) rotational levels become broader with

increasing temperature. This effect is taken into account by

simulating the CH(A>X) emission envelope as a function of

temperature and then calculating the change with temperature
in the fraction of photons passing through the interference filter,

relative to that at 320 K.

As mentioned earlier, to determine the temperature depen-

dence ofk;e, ONe needs to determine the= 0 intercept values
of lem (eq iv) as a function of temperature under conditions in

which other parameters of eq iv remain either constant with

temperature or have a well-characteriZedependence. A least-

squares fit to the decay profile is used to precisely determine

the t = O intensity value, rather than relying on a single
measured point close to= 0 (bearing in mind the ca. 2s
approach to quasi steady state and removal over g¢e df
any excess vibrational and rotational energy of nasceh).C
Strictly, the emission intensity lem profile always lags behind
[CoH]: by the average lifetime of CH(A), given bykdn +
kano(TIN2J(T)] L. This would result int = 0 intercept values
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of CH(A) at a given temperature, was fitted to each decay. This
gives then lem rather than lemo. Using the latter would
result in a ca. 7% relative error between the low- and high-
temperature intercept determinations.

In the present experiments, the flows of, G;H,, and carrier
gas, as well as total pressure, were maintained constant as the
temperature of the reaction zone was varied, so that the
concentration product [£1,][O] at any temperature is easily
related to the same product at a reference temperafrehy

[CHA(T) [01(T) = [CoHI(Tred) [OM(Tre) { Tred T} (V)

In this case, the overall temperature dependence of the intercept
lem—y, which is derived from least-squares fitting of the
chemiluminescence decay profiles tor 5 us, is given by

2

kil temey(M [ 1 Y@(T)
D(T)
{ Kem *+ Ko (MIN,I(T)

kem+ quz(Tref)[NZ](Tref)} (VI)

where the last quotient, representing the effects of CH(A)
quenching by M from hereon designate@(T), was determined
in a separate experiment and compared to literature data.
lem=y values were determined over a temperature range
316—837 K for a range of conditions that differed in either flow
rates (those of & CyH,, or total flow) or photolysis pulse
intensity or both. The temperature of the gas in the reaction
region was measured using a cromalumel thermocouple
situated 1 cm away from the path of the photolysis beam. We
expect the uncertainty in temperature measurements tb3be
K at 320 K and+20 K at 830 K.

Each chemiluminescence intensity profile was constructed
from two separate time profiles: the signal plus background
and the background. The first was taken under normal conditions
of CoH», Oy, and N, and the second under identical conditions
to the first but with N substituted for @ The second profile,
which is each time subtracted from the first, takes into account
short-lived background emissions due to CH(A) produced by
two-photon absorption of £1, at 193 nm, and any laser-induced
silica-window fluorescence. Between 30 and 50 individual
decays were averaged for each fitted emission profile.

Under certain conditions the dependence of the integrated
emission intensity, rather than the initial intensity, of the
chemiluminescence profiles may be employed to extracfthe
dependence df;e. This requires that reaction of;8 with O,
(having aT-dependent rate constant) is only a small fraction of
that due to reaction with £, (having aT-independent rate
constant) because then theHCremoval rate may also be
precisely defined as a function of temperature. For one set of
experiments these conditions were met, wkit}C,H,] a factor
of 13 greater thaky[O,]. Under these conditions thietegrated
emission intensity may be approximated by

ﬂ:o'em ki(T) [0y

k() Q(T)
which is independent of [§,] because a change in {8;]

ki(T) ®(T)

4 k(D) TQ

(vii)

being overestimated more for the faster decays observed at lowresults then in an equal change in theHCproduction and
temperatures than for the slower decays at high temperaturesremoval rates. Thusy(T) Q(T) T)/®(T), whereG from hereon
To ensure that all decays were treated equally in this respect,represents the integrated emission intensity, should be propor-

the functionA exp(—=Kk (t — 0)), wheref represents the lifetime

tional toki(T), given thatki»(T) is known to be independent of
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temperature over the temperature range covered in these 1000 4
experimentsg8.39 1 837K
Based on recent potential-energy surface calculations of 1004 %

Sumathi et af? and of Bai et al'! for R1, the predicted major N

product channels are R1k(HCO + CO) and R1f{- HCCO

+ 0). This requires that GP) production and its possible

interference be considered in our measurements because any ; Moy

O-atoms produced will react with,8 to yield again CH(A), ] L™

via R2b, having a much larger rate constant than Rle. For this 14 i “WWM' ‘m
‘ :
40 60

relative intensity
~
e
- /

reason, all of our experiments were performed using a 193 nm !
laser fluence of less than 10 mJ&wer pulse. Under typical 0 20
conditions of 7x 10" cm~3 CyH, and 9x 10 cm™3 O,, our
maximum laser fluence generated ca. %6102 cm—3 CyH,
and over the lifetime of @1 the concentration of O atoms will ~ Figure 1. 431 nm CH(A~X) emission profiles arising from CH(A)
ncrease to 2¢ 10° o at most. A simple smlaton of e PKkeed (1 0 esctn oo 123 m phcteprgictor
emission intensities with and without O-a’gom produ_ctlon from 104(326/T), [07] = 5.6 x 10(326/T), and total pressure of 10 Torr
R1 shows a difference of less than 2% in the derived 0 N,. Dashed lines are least-squares fits used to obtain relative intensities
intensity values whekyy/kie = 1000 is adopted. This is about  at zero time for the variou$. The change in decay constants with
the maximum deviation expected under all of our experimental temperature reflects the slower removal ofHCdue mainly to the
conditions. O-atom production from the photolysis ofd193 changes in density of {and GH,.
nm is entirely negligible? 6004
At room temperature the spectra of the CH(A;B) emis-
sions resulting from both the & + O, and the GH + O(P)
reactions, were also recorded in the presence of 10 Torr He.
For the latter reaction, SQvas used as a photolytic precursor
for O(P) atoms. The spectra were constructed by replacing the
430 nm interference filter with a high-throughput monochro-
mator (Minichrom PCM-01, Optimetrics) operated with a
spectral resolution of 1 nm. Following CH(A,B) production, a
portion of the observed time-resolved emission signal, from 10
to 50 us, was integrated using a boxcar integrator (SR250, T ' ' '
Stanfo/:d Research Systems). The resulting integrated voltage 300 400 500 600 700 800
was passed to a 16-bit analogue-to-digital converter and stored temperature/K
as a single spectral data point on computer. Again, data pointsFigure 2. Results of CH(&A) lifetime measurements following
were collected at a frequency of 8 Hertz. Several wavelength production of CH(A) by two-photon dissociation obi; at 193 nm.

scans of the monochromator were made and averaged toCircles: (1/e) lifetime of CH(A) in the presence of 10 Torx. NIriangles:
construct the final emission spectra CH(A) lifetime in the presence of 10 Torr He. The concentration of

L . C:H; in each case was Xk 10 x (295M) cm?. The dotted line
_To observe at least some of the initial CH(A,B) rotational represents the predicted lifetime of CH(A) in the presence on 10 Torr
distributions for these reactions, particularly to establish whether N, based on the Nquenching cross-section data given by Tamura et

reactions R1 and R2 differ markedly in this respect, Wwas al®”

replaced by He as the buffer gas, for the spectral scans. It was o ) . )
not attempted to record nascent CH(A,B) rotational distributions Ny change significantly with temperature if the absorption
as the very low pressures required would allow potential originated, wholly or partially, from an excited vibrational level

interference from nonthermalizeci€ in the yields of excited ~ ©f C2Ha. However, a detailed study of the temperature depen-
CH from the reactions with ©and O. dence of the absolute absorption cross-sectionb, Ghowed

the absorption region below 197 nm to be due solely to a “cold”
band and to be independent of temperatf@r@e therefore
expect any changes in absorption cross-sectionblh @t 193
Figure 1 shows examples of a series of emission decay nm and quantum yield for £ production to be negligible in
profiles, lem, at various temperatures, but collected under our experiments. This is in contrast to species often used as
conditions of identical flow rates of QCyH,, and N, and at photolytic sources of O-atoms, such as,S8,0, and NQ,
the same total pressure of 10 Torr, such that botHpCand which have temperature-dependent absorption cross-sections.
[O2] scale simply a3 2. Least-squares fitting to these averaged For this reason it is difficult to derive the temperature
emission profiles yields relative values of legiand an absolute  dependence of the rate constant feHCG- O(P) — CH(A) +
decay constantk’ (K = ki[O + kiJCzHz]). The decay CO by the same method as used here for R1e.
constants for these profiles are all in close agreement with those  To calculate the effects of quenching of CH(A) by, Mdind

time/ps

—p—

500 1

400 1

CH(AZ2A) lifetime/ns

“+
o N, ¢
A He

300

Results and Discussion

expected on the basis of the literatug€T) expressiof? of 3.15 thus determine the parame@{T) of egs vi and vii, we directly
x 10714(T/298) %16 cm? s~ and a temperature-independent rate  measured the lifetime of CH(A) under typical experimental
constant fork;, of 1.5 x 10710 cm? 5713839 conditions at several elevated temperatures. For these measure-

One must consider the possibility of the relativgHCyield ments CH(A) was produced by two-photon photolysis at 193
from photodissociation of §, at 193 nm changing with  nm of 2.6 x 10295 K/T) cm~3 C,H; in the presence of 10
temperature. Contrary to earlier suggestions, it has recently beerirorr N, and the resulting CH(A) emission followed as a function
established that the 193 nm#d; photolysis occurs solely by a  of time using a fast digital oscilloscope. The highest-temperature
direct process, with an H- C;H quantum vyield of 1.64 The lifetime measurements and those at 295 K were also performed
absorption cross-section of,E,, o(CzH,), at 193 nm would in the presence of 10 Torr He. These results are plotted in Figure
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TABLE 1: Results of Determinations of Intercepts att = 0 of Time-Resolved [CH(A)Ls Emission Profiles Arising from the C;H
+ O, — CH(A) + CO, Reaction under Three Sets of Reaction Conditions

data setd data set 2 data set 3
T Id ke T Id ke T Id ke GxT QM) D(Tre)/D(T)"
326 1.000 1.00 320 1.000 1.00 316 1.000 1.00 1.00 1.00 1.000
395 0.817 1.19 387 0.831 1.22 357 0.919 1.19 1.18 1.01 1.010
475 0.754 1.60 466 0.823 1.75 466 0.750 1.66 1.62 1.05 1.031
555 0.714 2.06 547 0.805 2.35 547 0.739 2.24 2.19 1.09 1.053
641 0.707 2.74 635 0.824 3.25 635 0.692 2.88 2.75 1.14 1.059
725 0.728 3.60 715 0.845 4.23 715 0.705 3.66 3.55 1.19 1.075
784 0.767 4.44 787 0.884 5.35 787 0.738 4.65 4.49 1.24 1.087
837 0.828 5.46 837 0.945 6.47 839 0.783 5.59 5.42 1.27 1.099

aData set 1: [GH>] = 3.9 x 10 (326 K/T) cm?, [O,] = 5.6 x 105 (326 K/T). P Data set 2: [GH,] = 6.9 x 10" (320 K/T) cm?, [O5] = 1.9
x 10 (320 K/T) cn®. ¢Data set 3: [GH2 ] = 1.4 x 10% (316 KIT) cn?, [O;] = 5.5 x 10" (316 K/T) cm®. ¢ Relative CH(A—~X) emission
intensity att = 0, lem-o(T)/lem=(Tref) WhereT,es is 326, 320, and 316 K for data sets 1, 2, and 3, respectiv&ly= |(T/T.ef)? Where T, is 326,
320, and 316 K for data sets 1, 2, and 3, respectivehtegrated detected emission intensi®;, multiplied by temperature, relative to 316 K
values.? Values ofQ(T) are relative to that at the reference temperature of 320 K and apply to all data®€Ts)/P(T): the optical transmission
of the interference filter for CH(A) having rotational temperatUireelative to that at 320 K. The various temperatures at wHi€F) is calculated
are 320, 370, 470, 550, 638, 720, 785, and 837 K.

2. As can be seen, there is a clear effect of temperature on the /K

lifetime of CH(A) in the presence of 10 TorrNwhereas for 1000 600 400 300
He hardly any change is noticeable between 295 and 830 K. - 20 \

Our measurements fordgree closely with that predicted using » 10 - \

the quenching cross-section data given by Tamura €t\&le = %&

therefore chose to use directly the data from this reference to ~ 5 S

calculateQ(T) for our lem=y determinations. Note that the value ~§' 3 ®

of 6 changes from 520 ns at 320 K to 400 ns at 830 K. s %

In total, three separate sets of experiments were carried out = -
covering [GH2]/[O] ratios from 0.07 to 2.54. For the last data =1 e
set, with [GH)/[O,] = 2.54, an integrated intensity analysis 05 1 15 2 25 3 35
was also done. 771000 K-

Table 1summar|_zes, for each set of data, the three determlned,:igure 3. Relative increase in rate constakit as a function of
components of eq iv used to derike(T)/ki(Trer). These ardq temperature. The data points represent 6 values of emission
{=lem—y(T)/lem—4(Trer) x (T/Tre)?} derived from the intercepts  intensities at 431 nm such as those given in Figure 1. Each emission
of the [CH(A)]s profiles, the first correction termQ(T), intensity is corrected for the change in gas density (hencé 46d

describing the effects of quenching of CH(A) by,Nand the ~ [C2H-]) as a function of temperature (eq v) and quenching byThe

second correction tern®(T,e)/®(T), describing the effective ]Csz:j‘gd Qf&ﬂgggﬁ‘gs "r;’greigs] fo"og"’gz Sqluggf;z%’aéﬁetﬁic
. . - .. = 3.9 x cnme, | = 0.0 X cnme;
total change in transmission of the CH(X) Av = 0 transition diamonds (data set 2) 8] = 6.9 x 104320 K/T) ¢, [O5] = 1.9

through the interference filter at various temperatures. For data » 1015320 K/T) cm?; triangles (data set 3) [€, ] = 1.4 x 105(316
set 3, the integrated intensity values (denote@hynultiplied KIT) cm?, [0,] = 5.5 x 10316 K/T) cm®. The pressure was 10 Torr

by T are also given. (N2) for all experiments. For comparison, the small filled circles
Values ofk Q(TH{ ®(T;e)/P(T)} (=kad T)/k1e(Trer)) from Table represent the integrated intensity of each decay for data set 3, corrected
1, together with values o®(T) G(T)T { @ (Tie)/P(T)} (=kie- for the change in density with temperature of,JQeqn. vi) and

quenching by M The line represents a least-squahds exp®/T) fit
(M/kaaAT) x ki Trei)/Ki(Tre)) from data set 3 of Table 1 are 4o combined data sets, (i.e. excluding the integrated intensity values).
plotted in Figure 3 after all being scaled by a factor 1.1 so that e pest fit gives8 = 1150+ 150 andn = 4.4,

the fitted function (given below) equals 1.0 at 300 K. The
expected relative systematic uncertainty between the 316 Ktemperature dependence of CH(A) emission signals in shock
determinations and the 837 K determinationsk@{T)/kix(T) tubes over the rangé = 1100-2400 K. When this activation
using the integrated intensities, with the approximation kiat energy was used by Hwang et“élin a modeling study, the
[CoH3] > ko[O4], is about 5% under conditions of data set 3. model agreed qualitatively with the available (shock-tube)
Values ofQ(T) G(T)T{ ®(T.e)/P(T)} are plotted as small filled  experimental data of CH#X) emission intensities, though
circles in Figure 3. The other sets of data are grouped for these authors did not consider reactigpin the kinetic model
analysis and a function of the ford@aT" exp®B/T) is fitted to and, at that time, knowledge of formation routes feHGvere
them using the weighted least-squares procedure. The fit yieldssketchy. Over this same temperature range our results would
a temperature dependence laf over the temperature range reproduce an apparent activation energy of only 50 kJ-fnol
316—-837 K of kye(T)/ki(Tref) = AT** exp[(1150+ 150 K)/T], To put these findings fdke in context for hydrocarbon flames
where A is a constant and the 2 uncertainty over the requires a comparison with the competitive chemiluminescence
experimental temperature range is best expressed by thereactionkyn. For this reason, as described in the Experimental
uncertainty in the argument of the exponential function. If we Section, spectral scans of the time-resolved emissions for
extrapolate this expression to higher temperatures, we predictreactions R1e and R2b were performed to ascertain if there were
a factor 15+ 4, 60+ 16, and 190+ 45 increase irkie from any obvious differences in the CH(A,B) nascent vibrational,
300 to 1000, 1500, and 2000 K, respectively. rotational, and A/B electronic populations. Figure 4 shows the
There is some earlier indirect evidence thaf increases CH(A—X) spectra arising from reaction R1e and reaction R2b
strongly with temperature: Matsuda et?alestimated an  together with a simulation (dotted lin&). The CH(A—X)
activation energy for this reaction of 105 kJ mblfrom the spectrum arising from reaction R1e, shifted above the baseline
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Figure 4. CH(A—X) emission spectra at 1 nm resolution arising from
CH(A) formed in reaction R1e (upper line, baseline-shifted for clarity)
and R2b (bottom solid line) at 295 K. The dotted line is a simulated
spectra with CH(A) possessing a statistical rotation distribution of 600
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Figure 5. Best fit lines representing the rate constaat$T) (lower
solid line) andkx,(T) (upper solid line) relative td; (300 K). TheT
dependence fdke is derived from the present study, and thakafis
from ref 28. The dashed lines represent 95% confidence limits for
random uncertainites. The ratio of the rate constka(S800 K)k;{(300

K) is derived from the present study: our estimated systematic
uncertainty in this value i£500.

At 295 K we also determined the ratios of rate constagt

K. The difference in shape between the simulation and the experimentalk,. via two different methods. The first was similar to that

spectra is indicative of partial rotational relaxation by 10 Torr He from
a higher-temperature rotational distribution.

for clarity, follows very closely that arising from reaction R2b.

employed earlier by Devriendt et @by comparing the legy
signals when @is replaced by an O-atom photolytic precursor.
Here we used PO and a 193 nm absorption cross-section of

The shape of the simulation spectra in this spectral region and1.0 x 1072 cn? and a quantum yield of unity for €R)

at 1 nm resolution is not very sensitive to the vibrational
population distribution, which could therefore not be ascertained.
The best fit simulation for CH(A) from both R1e and R2b is
that for a rotational temperature of 600 K. However, there are

production following rapid quenching of &) by N,.5%-51Under
these conditions we derived a ratig,(295 K)k;295 K) of
1400 with an estimated systematic error4e500. Our second
determination of the same ratio was done by comparing the

distinct differences in the shape of the R- and P-branchenvelopegntensities of the spectra in Figure 3. Here,S@s used as the
between the simulation and the experimental spectra. Similar O-atom precursor having an absorption cross-section gf 6

differences are also present in the CH¢{X) spectra observed
in low-pressure ¢H,/O/H atomic flamedg® These differences
might be attributed to partial quenching by He of the CH(A)
rotational levels during its average radiative lifetime of 540 ns.
For the rotational levels significantly populated here, the rate
constant for rotational quenching\ll = —1) by He* ranges
from ca. 3x 107 cmPs 1 for N=11toca. 1.4x 10°°cm?
s 1for N = 4 such that for 10 Torr He partial quenching occurs
with (AN = —1) quenching from leveldl = 4 toN = 9, being
more rapid than for levels > 9. This would result in an initial
statistical rotational distribution (above room temperature)
having rotational populations shifted from the midrotational
levels N = 4-9) to the lower onesN > 4) with less
depopulation observed for levels witN > 9. Taking a
guenching rate constant of ¥ 1071° cm?® s71, the rate of
qguenching of rotational levels in 10 Torr He would be of the
order of 3x 1 s this, when compared to the removal rate
by spontaneous emission of ca.»2 10° s™1, supports our
interpretation of partial rotational quenching. We therefore
expect an initial rotational distribution, if statistical, to be above
600 K for this reaction occurring at room temperature.
CH(A—X) and CH(B—X) transitions were observed for both
reaction R1le and R2b. The ratio CH(A)/CH(B) was estimated
to be about 20 at 295 K for R2b after corrections applied on
the basis of supplied wavelength responsivity data for the
monochromator and for our PMT. In fact, the relative A-to-B
populations for the two reactions studied are quite similar at
room temperature, with

R2K([CH(A)VICH(B)]}

RI4[CHACHE)) o 2

Note that this value is independent of the wavelength respon-

sivity of our system.

10718 cn? at 193 nnB2 When corrections are made for
differences in removal rates over the signal integration time 10
50 us, we arrive atk;p(295 K)k;(295 K) = 1000, with an
estimated systematic error similar to the first determination using
N>O. By combining ouikyy/kse ratio at room temperature with
the activation energy of R2b derived by Devriendt e2alye

are able to compark;e andky, as a function of temperature.
This is shown in Figure 5. As can be sdaaincreases much
more rapidly with temperature than doks, with the result
that the ratio is predicted to change from ca. 1200 at room
temperature to ca. 40 at 1500 K. Using this last result, the full
expression for the absolute rate constankigis best given as
kiT) = 1 x 10°2"T** exp[(11504 150) K/T]. Though theT
dependence for reaction R1e is well characterized in the present
study, the absolute rate constant at any given temperature
between 300 K and ca. 1000 K is expected to be known to
only within an order of magnitude.

Conclusions

We have determined the temperature dependence of the rate
constantk;e, for the GH + O, — CH(A) + CO, reaction over
the temperature range 31837 K. The results show an increase
in ki Of a factor ca. 8t 1 over this temperature range, and we
predict an increase of a factor 8016 between 300 and 1500
K. This large increase in rate constant compared to the less
pronounced increase in the rate constant of the competitive
chemiluminescence reactiompi + OCP) — CH(A) + CO
implies that the former reaction will have a much greater
contribution to CH(A) formation in hydrocarbon flames than
is presently assumed. Reaction R1le may dominate CH(A)
production in flames with equivalence ratios less than unity, in
which the [Q])/[O] ratio is more than about 50+ 30.
Spectroscopic measurements in flames might be able to discern
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a difference between CH(AX) to CH(B—X) intensity ratios
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(25) Boullart, W.; Devriendt, K.; Borms, R.; PeetersJJPhys. Chem.

under fuel-rich and fuel-lean conditions. A difference should 1996 100 998.

be indicative of the dominance of reaction R2b under fuel-rich 5

conditions and R1e under fuel-lean conditions.
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