J. Phys. Chem. R005,109,2197-2206 2197

248-nm Laser Photolysis of CHBg/O-Atom Mixtures: Kinetic Evidence for UV CO(A)
Chemiluminescence in the Reaction of Methylidyne Radicals with Atomic Oxygen
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The 4th positive and Cameron band emissions from electronically excited CO have been observed for the
first time in 248-nm pulsed laser photolysis of a trace amount of GHBpor in an excess of O atoms. O

atoms were produced by dissociation ofN(or G,) in a cw-microwave discharge cavity in 2.0 Torr of He

at 298 K. The CO emission intensity in these bands showed a quadratic dependence on the laser fluence
employed. Temporal profiles of the CO(A) and other excited-state products that formed in the photoproduced
precursort O-atom reactions were measured by recording their time-resolved chemiluminescence in discrete
vibronic bands. The CO 4th positive transition'[& »' = 0 — XX+, /' = 2) near 165.7 nm was monitored

in this work to deduce the pseudo-first-order decay kinetics of the CO(A) chemiluminescence in the presence
of various added substrates (MO, NO, H,, and Q). From this, the second-order rate coefficient values
were determined for reactions of these substrates with the photoproduced precursors. The measured reactivity
trends suggest that the prominent precursors responsible for the CO(A) chemiluminescence are the methylidyne
radicals, CH(XIT) and CH(&="), whose production requires the absorption of at least 2 laser photons by the
photolysis mixture. The O-atom reactions with brominated precursors (CBr, CHBr, andl, @Bich also

form in the photolysis, are shown to play a minor role in the production of the CO(A or a) chemiluminescence.
However, the CBr + O-atom reaction was identified as a significant source for the 289.9-nyn Br
chemiluminescence that was also observed in this work. The 282.2-nm OH and the 336.2-nm NH
chemiluminescences were also monitored to deduce the kinetics ofTHi@hd CH(&=") reactions when

excess @and NO were present.

1. Introduction formation in hydrocarbon flames, and the formyl ion is believed

Methylidyne (CH) is the simplest hydrocarbon radical pos- to be involved in soot productiohA branching fraction of

sible. Its reactions are of interest for understanding chemistry 0.0003 at 295 K for Ch"?‘””e' 4is dgd_uced from \l/‘:nckler’s
in a wide variety of gas-phase environments, such as those foun(fne""S“reT‘inlteof its reaction rate coefficient of 2.40°4 cm®

in interstellar clouds, Jovian atmospheres, hydrocarbon combus Molecule™ s.° Using the 2200 K data of Peeters and VincKier,
tion chambers, and high altitude Space Shuttle plumes. Its@n activation energy of-1.6 kcal mof* can be derived for
reactivity with numerous molecular species is well documented ¢hannel 4. Production of carbon-atoms via channel 3 has
in the literature: However, studies of its reactions with atomic ~ theoretically been predicted to be negligible at room temperature
species are less common. Reactions with O atoms are ofbecause of the significant reaction barfifiherefore, channels

particular interest here. 1 and 2 are expected to be the principal transformation routes.
Lin was able to identify the formation of carbon monoxide in
AH0298K channel 1 through its strong/&m ir-emissions. However, no
1 absolute product yields have been reported for these two
(kcal mol™) channels. Also, thermodynamically it should be possible to form
CH(X?ID) + O(P)— H(®]S) + CO(X'=")  (—=175.9) (1) the electronically excited products, CO{B a3+, d®A) and
<2 r, HCO(A2A", B2A", C2A"), in channels 1 and 2, respectively.
— HCO(X°A) (—191.6) (2) There are no previous reports of electronic chemiluminescence
— C(CP)+ OH(X?I) (—-21.4) (3) measurements for channels 1 and 2. It might be that formation
of such excited products is facilitated when vibrationally or
—HCO'(X'=Y+e  (-4.6) (4) electronically excited methylidyne is used, as was recently

o ) ) reported in the related (methylidyrie O,) reaction systeri?
The enthalpies in reactions-# were derived from the heats Similarly, CH(&=")11 and CH(&A, BZ=)!2 reactions with O

of formation of the neutrals from the JPL evaluafiand of atoms have been shown to enhance chemi-ion formation.

the ion from the NIST chemistry webbodkThe overall . .
bimolecular reaction rate coefficient has been determined to be Observations of th? CO%AX.) anq CO(a-X) chem_lluml-
(9.5+ 1.4) x 10-1 cm? molecule™ s~ at 298 K# Channel 4 nescence when CHBIs photodissociated at 248 nm in excess
N ' S . e O atoms are reported in this paper. Trends in the decay kinetics
is thought to be the principal route for primary chemi-ion o . .
g P P P y of the CO(A) chemiluminescence in various added substrates

*To whom correspondence should be addressed. Tel: 661 275 5657, Show that the principal source strength for the radiation is due

Fax: 661 275 6245. E-mail: ghanshyam.vaghjiani@edwards.af.mil. to the O-atom reactions with the methylidyne radicals in two
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Figure 1. Portion of the CO chemiluminescence spectrum obtainedsZéhmediately after 248-nm laser photolysis of CkiBrthe presence of
an excess of O atoms at 298 K and in 2.0 Torr of He pressure. The O atoms were produced by dissociatim @ &v-microwave discharge
cavity. The background level (in the absence of photolysis) is also shown and on the average is determir€dd®3eounts for each wavelength
data point. The observed vibronic emissions can be assigned to the 4th positive bands;>XJQdAd the Cameron bands, Co¢X). The vertical
bars illustrate the R(0) and,f®) positions of the'-v") transitions, respectively for the two systefhdhe data have not been normalized for any
variation in the photon detection efficiency of our photomultiplier over this wavelength region.

different electronic states, CH@) and CH(XII). Use of onto the entrance slits of two different scanning spectrometers
excess Chjas a selective scavenger for the CR[H radicals, positioned opposite to each other. The band-pass of the
but not the CH(&") radicals, is made in this work to separately instruments was 2.0 nm, full-width at half-maximum. The
study the CO(A) chemiluminescence contribution in the pho- photomultipliers used to detect the radiation were configured
tolysis from the CH(&~) + O reaction. The reactions of for single-photon counting detection, the outputs of which were
brominated radical species such as CBr, CHBr, and,Cird sent to suitable pulse counting units controlled by microcomput-
C atoms with O atoms, in principle, can also produce CO ers. Spectral scans of the chemiluminescence were obtained by
chemiluminescence but, in the present studies, are of negligiblerecording the data starting at 28 after the laser flash and
importance. This laboratory work provides evidence for the first integrating the signal over the next 1@8. Typically signals
time that supports the idea that the interaction of thermosphericfor 20 photolysis flashes were co-added while the spectrometer
O atoms with carbonaceous species such as CH that are presentas continuously scanned very slowly (0.025 nn)sTime-

in Space Shuttle plumes could be responsible for part of the resolved temporal profiles of the chemiluminescence at selected

far-field ultraviolet emissions observed théfe. vibronic band positions in CO(#X), Bro(D—A), and NH(A—X)
when NO was present, and OH{AX) when G, was present,
2. Experimental Technique were recorded using dwell-time resolutions in the range-<f@

us. A total of 10000 chemiluminescent traces were typically

The pulsed-photolysis/discharge flow-tube apparatus used inco-added at the computer to improve the signal-to-noise ratio
this work and the experimental procedures used to record theof each of the data sets. The decay kinetics of the chemilumi-
chemiluminescence data has previously been described in detaihescence with various added substrates was studied to deduce
elsewheré?!*15A 1% N,O or 1% Q in He mixture was  the corresponding second-order rate coefficient for reaction of
subjected to a cw-microwave discharge in a sidearm cavity to the substrate with the precursor radical responsible for generating
produce O atoms, which were injected upstream into a flow- the excited molecules. The® (99.995%) from Alphagaz was
tube and carried by excess He into the reaction zone to obtainused as received. All other material purities were the same as
an O-atom concentration ef1 x 10" molecule cm?3in 2.0 those stated in previous wotR.
Torr of the buffer gas. Typically 210) x 102 molecule cm?
of CHBr; was also passed into the reaction zone and subjecteds Rresults and Discussion
to a weakly focusing 248-nm laser beam-@ mJ/pulse of
energy, operating at 10 Hz) to produce low methylidyne  3.1. CO(A, a) Chemiluminescence SpectrumFigure 1
concentrations in the detection volume. Ultraviolet chemilumi- shows a portion of the chemiluminescence spectrum obtained
nescence that ensued from the detection zone was monitore®0 us after the laser photolysis of CHBvapor in excess O
perpendicular to the photolyzing beam by imaging the radiation atoms produced by the microwave discharge g®NThe data
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are well represented by emissions in the 4th positive and AH g5
Cameron bands of CO. In this wavelength range, it was (kcal morl)
confirmed that there was no background chemiluminescence
signal from the photolyte/O atom mixture before the laser flash. CP) + O(P)— CO(A'I) (=71.8) (7)
It was verified that the laser flash did not induce any coincidental CHBr + OCP)— HBr(X'Z") + CO(AMT) (+1.3) (8)
long-lived fluorescence in the detection zone of our quartz
reactor by recording a background scan in the absence of CHBr CH + O(3P)—> H(ZS) + CO(A™M) (+9.2) 9)
Scans were also recorded when the microwave discharge powe 3D\, Rr(2 1

was turned off and the XD (or the Q) allowed to flow into Car+ O(P)— Br(Py,) + COATI) (+3.8) (10)
the CHBg photolysis zone. In this case, the 4th positive CO CBr, + O(P)— Br (‘=" ) + CO(A'II) (+29.1) (11)
emission intensity was reduced by35 and ~20 times,

respectively® This suggests that the O-atom reaction with  Some measurements of the relative vibrational state distribution
CHBr3 photolysis product(s) represents the principal source of within the ground-state for CHEXI) formation in CHBE
the observed CO(A) chemiluminescence. The laser fluence photolysis are availabl®;?’however, no such studies have been
dependence of the 165.7-nm CO(A) chemiluminescence wasdone for the low-lying first excited-state CHEr) which is
determined to be (1.7% 0.20) in the O-atom experiments, also known to form in CHBy photolysist®28 The yield of the
which suggests that the relevant photolysis species are formeddoublet state relative to the quartet state in CH formation is
via 2_phot0n absorption processes in our experimentsl also not known. State (electronic and/or vibrational) distribution
information for bromomethylidyne (CBr), bromomethylene

In the ultraviolet, unit photodissociation of bromoform is (CHBr), and dibromomethylene (CBris also not known.

thought to proceed principally via Br-atom and:Bfimination Previouslyl” Xu and co-workers were unable to confirm GBr
channels. formation in the multiphoton dissociation of CHBat 234 and

267 nm. This would be consistent with Zou and co-workérs’

CHBr,+ hy — CHBr, + Br (5) recent findings at 248 nm, th also claimed that the primary
photolysis channel 12 is negligible.
— CHBr + Br, (6)
CHBr;+ hv — HBr + CBr, (12)

Bayes and co-worket$ reported Br-atom primary quantum To elucidate which of the five carbonaceous species, C atoms,

yields of unity for wavelengths greater than 300 nm and of (0.76 CH*, CBr*, CHBr*, or CBr,* (Wwhere * denotes excited species)
+ 0.03) at 266 nm. Xu and co-workéfseported the branching s the principal precursor for CO(A) formation, the decay
ratio of channels 5 and 6 to be respectively 0.84 and 0.16 atkinetics of the 165.7-nm CO(A) chemiluminescence was studied
267 nm and respectively 0.74 and 0.26 at 234 nm. Recently, in various substrates as described below.
Zou and co-workef$ have claimed channel 6 to be negligible 3.2. CO(A) Chemiluminescence Decay KineticsThe
for photolysis at 248 nm. The energetics of 1-photon photolysis precursor, i.e., the photoradical, will react under pseudo-first-
of bromoform at 248 nm is such that it precludes internally order conditions for the case when [precurssr][O atom].
excited CHBg and any CHBr that may form from further ~ Since the CO(A) product of the reaction has a very short
spontaneously dissociating into smaller fragments. However, radiative lifetime (-10 ns), it can be shown that the observed
both the CHBr and the CHBrcould subsequently absorb a time profile of the assoqlated chemllur_mnes_cence in this reaction
second 248-nm photon within the same initial laser pulse and will f°"°V.V an expongntlal dquy relaponshlp under.our experi-
dissociate to yield C atoms, CBr, and CH radicals, whereas the mental tlme.r.esolutlon conditiort8 with a pseudo-first-order

) 7 . 11819 decay coefficient ofk = kg + ko[O] + kcher,[CHBr3] +
CHBr; in addition could also yield CHBr and CBradicals!®: s (k Isubstrate]).k is the first-order rate coefficient for
There are no reports in the literature on #iesoluteyields of substrat :

. . diffusion of the precursor out of the detection zone, &sd
the C atoms, CH{ CBr, CHBr, and CBradicals |.n 2-photon Kcher, andksupstratedre the second-order rate coefficient values
248-nm photolysis of CHBr or how the relative product

TOT R PR for the reaction of the precursor respectively with the O atoms,
distribution is affected by the laser fluence level. However, CHBr3, and the substrates (GHNO, N,O, Hp, and Q) present
evidence that the CHBr yield might be much smaller than CH i, the detection zone. Th@ trace of Figure 2 shows a typical
yield has been discussed by Zou and co-woReasd Chang  165.7-nm CO(A) chemiluminescence profile observed im-
and co-worker8? The O-atom reactions with any of these five mediately after CHByis photodissociated in excess O atoms.
species could generate the CO(A and/or a) chemiluminescenceThe trace deviates from the anticipated single exponential form,
with the observed quadratic laser fluence dependence asand there are apparently fast and somewhat slower decay
explained below. components to it. This behavior has been explained previously
to result from multiple and independent precursor reactions that
produce the CO(A}? Suitable scavenger substrate(s) can be

) ; added to the photolysis mixture to rapidly remove one or more
CO(A)#2!In reactions 811, the carbonaceous radicals need ¢ ¢ precursor radicals so as to diminish the production of
to be internally (vibrationally or electronically) excited with 4 CO(A and/or a) chemiluminescence. As in previous work,
energy at least as much as the enthalpies shown below. Thec, was again chosen as the scavenger substrate. An excess of
experimental heats of formation for CHB¥CBr.2 and CBp?® CHa (5 x 10 molecule cm3) was added to the photolysis
and those in the JPL evaluatfomere used in the computations.  reactor and the CO(A) chemiluminescence recorded in otherwise
However, recent ab initio values for the heat of formation of similar experimental conditions. THe trace shows these data
ground-state CHBf25 suggest that reaction 8 may well be where there is an initial rapid drop in the CO(A) chemilumi-
exothermic by~0.1 to ~0.4 kcal mof™. nescent signal followed by what appears to be a single-

Reaction 7, with ground-state reactants, has more than
sufficient reaction enthalpy available for the production of
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Figure 2. Time-resolved 165.7-nm CO(A) chemiluminescence traces Figure 3. Portion of the chemiluminescence spectrum obtaineds20
observed immediately after 248-nm photolysis of CHE.0 x 10 immediately after 248-nm laser photolysis of GBr the presence of
molecule cm?) in the presence of 1.1 x 10" molecule cm?) and an excess of O atoms produced by the microwave discharge®f N
O atoms (2.0x 10" molecule cm?) at 298 K and in 2.0 Torr of He (@ trace). The lower (solid-grey line) trace is the background spectrum

pressure. The O atoms are generated by the microwave discharge obbtained in the absence of photolysis with the microwave discharge
the G. The® trace was obtained in the absence of methane an@the  power on.

trace was obtained in the presence of methane ¥511'> molecule
cm3). The time resolutic_m for recording the signal was;EOAt_otaI CHBr(A(Ur v,v9) With O atoms cannot be responsible for the
of 10 000 temporal profiles were co-added to improve the signal-to- O(A) Cﬁérhiluminescence decays of Figure 2. Also, any

noise ratio of the chemiluminescence traces. The pre-laser background™, : ~ -
was measured to be 0.16 counts and has been removed in the decay$Prationally hot CHBr(X,1,2,-3) and triplet-bromomethylene,

shown. The line is an exponential fit (afte0.1 ms) to the data points ~ CHBI(&.1,12,,3) that are formed will thermalize within5 us
of the O trace. The magnitude of the slope yields a valuekfor to the ground stat&:3233Therefore, the O-atom reactions of
these species cannot explain the traces of Figure 2. Previously,
exponential decay (for > ~0.1 ms). This remaining CO(A) the ground-state (CHBt O,) reaction rate coefficient has been
chemiluminescence cannot be due to the O-atom reaction withestimated to be<2 x 10714 cm® molecule* s71.36 Hence, the
the doublet state of methylidyne radicals since the addegl CH (CHBr + O) reaction 8 cannot be the principal source term for
would rapidly (in less than 18s) consume only the CHEXI) the (open circle) trace and is here considered to be negligible.
but not the [CH(4=7)].28 Since the Cldcannot perturb the [O  The remaining curvature (in the range 0.01 ms and < 0.1
atom] and does not significantly alter the CO(A) fluorescence ms) may be an indication that the fast reactions of other
yield in the experiment, direct comparison of the areas under brominated excited species, such as £Band CBr*, are
the two traces indicates that tli& trace represents a source partially responsible for the CO(A) signal in this trace.
strength of~25% of the total (in the® trace). The signal To ascertain the importance of (CBr+ O) and (CBr*+
strength of theO trace was also shown to have a quadratic O) reactions for the production of CO(A and/or a) chemilumi-
dependence on the photolysis fluence employed. As discussechescence in CHBphotolysis, the photolysis of CBwas also
latter, the other 75% of the signal strength in ®drace can studied’ and is briefly reported here. Figure 3 shows part of
be explained by the reaction of O atoms with vibrationally the chemiluminescence spectrum upp®y {race recorded 20
excited, CH(®II, v = 2), radicals. us after the laser photolysis of CBvapor in excess O atoms
The decay kinetics of th® trace ¢ > ~0.1 ms) was then produced by the microwave discharge ofN The lower (solid-
studied in various added substrates. The 298 K values of thegrey line) trace is the background spectrum obtained in the
second-order rate coefficients, in 2.0 Torr He, were determined absence of photolysis when the microwave discharge power is

to bekn,o <7 x 1071 kyo = (3.44 0.5) x 1071, ky, < 2 x on. This feature disappeared when the microwave power was
10713, andko, = (2.2 £ 0.3) x 10! cm® molecule? s71, turned off. A similar result was obtained when, Qvas
respectively, for the substrates®| NO, H,, and Q. On further dissociated in the microwave cavity. This lower trace shows
increasing the [CH] in the system, an estimate fkgy, < 7 x that there is only a strong feature-a290 nm (which we have

10 cm® molecule! s~ was also made. All rate coefficient identified to be from By* emissions in the (B-A) band, see
uncertainties in this work are reported asvhlues that include later discussion) due to the O-atom reaction with a product
both precision and estimated systematic errors in the rateradical, Y, formed in CBy oxidation by O-atom abstraction
determinations. From the measured valu&gé, the (C+ O) reactions®” Y can only be CBj since the (CBy + O) reaction

source reaction 7 is ruled out for this trace as the{®;0) will be endothermic for By formation. This 290-nm signal
reaction rate coefficient is reported to be in the range-{0.8 was stronger during photolysis, and its (background subtracted)
1.3) x 10711 cm® molecule® s71.29-31 (Note that the initial [C] intensity in the upper trace was shown to have a linear
and initial [CH(&=")] will remain essentially unperturbed by  dependence on the laser fluence, whereas the 215-nm Cameron-
the 5x 10 molecule cm® of CH,.19282 Any CHBr* formed band feature (and the 165.7-nm 4th positive feature in Figure

in the photolysis will rapidly relax in the 2 Torr of He to the 4) showed quadratic dependenéé¥his suggests that CBis
ground-staté832-35> The vibronic lifetimes of electronically ~ predominantly produced in CBphotolysis through 1-photon
excited singlet bromomethylene will be less thamsaunder absorption and the (CBY + O) reaction isnot the principal

our experimental conditior®:3® Therefore, the reactions of  source for the CO(A or a) chemiluminescerié@herefore, the
vibrationally and electronically excited singlet bromomethylene, major source of CO chemiluminescence could be due to the
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Figure 4. Comparison of the CO(A, a) chemiluminescence observed
20us immediately after the photolysis of 41102 molecule cm? of
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Figure 5. Time-resolved 165.7-nm CO(A) chemiluminescence decays
observed in the presence of>6 10*> molecule cm?® of CHj, in the
photolysis of 4.2x 10'? of CBr, (a trace) and of 1.0< 103 of CHBIr3

(O trace) in 2.0 Torr of He. @was dissociated in the microwave
discharge cavity to produce an O-atom concentration of>3.70'3
molecule cm? in the detection zone.

(CBr* 4+ O) reaction, where the excited bromomethylidyne
radical, (CBr*= CBr(X4I, ') or = CBr(a*=",2")) is produced

via 2-photon absorption in CBphotolysis. Figure 4 compares
the data of CBrphotolysis with that of CHByphotolysis under
similar conditions of O atoms and suggests that, in the latter
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Figure 6. Plot of (k' — ko,[O2]ier) @s a function of [O] for experiments

in which CHB#; (7.0 x 102 molecule cm®) was photodissociated in
the presence of CH(5.0 x 10 molecule cm?®) in 2.0 Torr of He
buffer gas at 298 K with a known excess of O atoms and The
magnitude of the slope yields a value for the second-order rate
coefficient for the (CH(&") + O) reaction.

abovekg, value in CBp photolysis is most likely that for the
(CBr(@=") + 0Oy reaction (it is assumed here that £H
efficiently relaxes any CBr(X1, »'") to the ground-state). No
previous measurements are available for comparison, however,
its magnitude is similar to that of the ground-state (GBO,)
reaction38-3°

The presenky,o, kno, Ku,, Ker,, @ndko, values obtained in
the CHBE work are in good agreement with previous (CfH3a)
+ N20), (CH(#=") + NO), (CH(&=") + Hy), (CH(#=") +
CH,), and (CH(4X") + O,) reaction rate coefficient measure-
ments, respectivelif,28 and therefore suggest that the CO(A)
chemiluminescence source for thetrace of Figure 2 is most
likely the (CH(&=") + O(P) — H(3S) + CO(AMI)) channel,
which has a standard reaction enthalpy-of-8.3 kcal mot1.2
The energetics of 2-photon production of CE¥a) is such that
formation of CO(A) will not be possible for its reaction with
the NO but, in principle, should be with the;®. No overall
enhancement in the CO(A) signal was discernible for the range
of [N2O]/[O] employed; therefore, the (CH* O) source term
is much stronger than the (CHt N,O) term in these sets of
experiments.

The overall second-order rate coefficient for the (CE(3
+ O(P)) reaction was also determined in this work by varying
the [O] by altering the @ flow going into the microwave
discharge cavity. The absolute O-atom density at the detection
zone in the experiment was directly determined before hand in
a NOy-titration run (O+ NO, — NO + O,), whose end-point
was photometrically monitore®?.Figure 6 shows a plot of the
pseudo-first-order decay coefficient of the (CO(®)trace in
Figure 2 that has been corrected for the contribution from the

case, the O-atom reaction with a hydrogenated species is moreeaction of undissociated,@i.e., K — ko [O2]ietr)) as a function

important than that with CBr*. The time-resolved 165.7-nm
CO(A) chemiluminescence trace in GByhotolysis in excess

of [O], where [Q]iert = ([O2]o — [0]/2) and [Q)], is the number
density of molecular oxygen in the detection zone that would

O atoms also showed nonexponential decay behavior. Figure 5be available in the absence of the microwave discharge. The

compares the data when excess;@Hresent in both CBrla
trace) and CHBy (O trace) for similar O atom/@conditions in

2.0 Torr He. The @dependence of tha trace for { > ~0.1
ms) gave &o, value of (2.5+ 0.4) x 10712 cm?® molecule™?

s™1, which is close to an order-of-magnitude smaller than the
value of (2.24 0.3) x 1071 cm?® molecule'? s~ obtained for
the O trace. This demonstrates that tbetrace of Figures 2
and 5 cannot come from the O-atom reaction with CBr*. The

data of Figure 6 is given in Table 1 which also includes the
experimentally determined values for @ [O2]eft, andk'. A
linear least-squares fit to the data points of the plot yields a
value ofko = (1.35+ 0.47) x 1071° cm® molecule! st at
298 K in 2 Torr He. The relatively large error iko results
from the large uncertainty associated in computikg €
ko,[O2]ierr) €even though the precision Efdetermination is very
high in the experiment. There is no previous O-atom rate
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TABLE 1: Experimental Values for [O ;]o, [O], and [O2]er, the Fitted Value of k' from the O trace in Figure 2, and Its

Corrected Value, K' — ko,[O2]ier) Used in Figure 6

[O2]o [O] [O2)ert k K — ko, [O2]jett
(10 molecule cm?) (10 molecule cm®) (10 molecule cm®) (s (s
8.55+ 0.8%3 1.044+0.10 8.03+ 0.86 33 768+ 338 16 907+ 3488
1.67+0.17 0.22+ 0.02 1.55+ 0.17 900&+ 90 5753+ 676
4.02+ 0.40 0.64+ 0.06 3.70+ 0.40 18 881+ 188 11103t 1613

a All uncertainties are & values.

coefficient measurement for reaction with CH{a), but the
present value is consistent with that for the reaction with
CH(XA3I1) previously reported by Messing and co-workeaad
also by us in this study (see below).

3.3. OH Chemiluminescence Decay Kinetics[o confirm
the formation of CH(XIT) and CH(4X") in CHBr3 photolysis,
the OH chemiluminescence was also studied whew&s added

traces of Figure 7 were determined at various differept O
concentrations in the range {20) x 10" molecule cnms.
Exponential fits were performed in the initial fast decaying part
and in the slow decaying part at very long times to extract the
values for the pseudo-first-order decay coefficients. Second-
order plots of these gave, = (3.44 0.6) x 10 1and< 1 x
10723 cm® molecule’® s71 for the G, reactions with CH(XIT)

to the system. Figure 7 shows typical chemiluminescence decaysand Y, respectively. Then by varying the O-atom concentration
observed at 282.2 nm in the absence of O atoms (i.e., microwaveby known amounts, an analysis similar to that of Figure 6 was

discharge power off); the trace and thex trace is for [CH]

= 0 and 5.0x 10 molecule cm?3, respectively. When O atoms
are present (i.e., microwave discharge power on) Bheace
and thed trace were obtained, respectively for [g}H= 0, and
5.0 x 10' molecule cm®. The x trace represents the time
profile of the strong OH(A) (3-0) chemiluminescence pre-
dominantly due to the occurrence of the @action with
CH(X2IT) and to a small extent with CH{&™).2° Upon adding

performed for both regions of the trace. This g&ge= (1.1+
0.4) x 101%and (5.9+ 2.1) x 107 cm® molecule! s for
the O-atom reactions with CHEKI) and Y, respectively. Our
(CH(X2IT) + O) reaction rate coefficient value is in good
agreement with the one previous determindtiand similar to
that for the (CH(&") + O) reaction discussed earlier. The £H
=+ Y reaction rate coefficient was also estimated to<h& x
10~ cm? molecule! s71. Since (HCBg + O)? and (HCBr+

excess methane, a fast drop in the OH(A) chemiluminescenceQ)?22 reactions are both endothermic for the production of

is observed which would be consistent with the fast removal of
any CH(XII) present in the photolyzed mixtutg2® The
resultinga trace then represents the time profile of the OH(A)
chemiluminescence due to only the (CHa) + O,) reaction.

By adding various amounts ofJ® to the experiments for these
two conditions, the rate coefficient values kf,o = (5.1 +
0.9) x 10—11 and<1 x 10713 cm?® molecule! s71 for N,O
reactions with CH(XII) and CH(4=") were obtained, respec-

electronically excited OH! the slowly decaying chemilumi-
nescence signal in Figure 7 cannot be due to OH(A) emissions.
A spectral scan in this wavelength vicinity was therefore
recorded as described below in order to determine the identity
of the emitter Z*.

3.4. Bry(D) Chemiluminescence Spectrum and Decay
Kinetics. The spectral scan was recorded in excess methane
conditions with sulfficiently high [@] and at a long delay time

tively. Note that these values are similar to those obtained whenafter the initial laser flash. The erved to increase the rate

monitoring the 165.7-nm CO(A) chemiluminescence.
In principle, Cameron band chemiluminescence produced in

these Q reactions would also be detected at this spectrometer

setting, e.g., in the weak CG@, v = 2 — X1+, " = 8)
band; however, its contribution to the observed signal irzthe

trace would be severely suppressed due to efficient CO(a) &

fluorescence quenching by the excess,CHhel trace shows
that the initial time profile is not affected much when O atoms
are formed from the @(x trace); however, the occurrence of

10° T

additional chemiluminescence in the system is clearly discernible 3
at long reaction times. Its yield and decay rate are much smaller.+

This chemiluminescence is neither quenched nor its decay £ il e U

kinetics affected significantly when excess £id added [ § . 'L';"f-'a"fz'}-!. g
trace). Therefore, an O-atom reaction with a precursor, Y, which W % fx "x'L_ :':11’ Ao JE;I
predominantly yields an electronically excited species, Z*, other W% ia ax T i
than CO(a) must be responsible for the signal in this time region. ] G i vl
However, in the early part (time ~200us), thel trace does 0 200 400 600 800 1000
get affected by the addition of GHThe initial portion of this ——

signal is predominantly from OH(A) chemiluminescence which
can only come from the methylidyne reactions with the The
fast drop (within 20us) in the open square trace is therefore
due to the removal of CH(I) from the system, whereas the
phenomenological curved decay in the-2M0 us range
represents comparable chemiluminescence signals from{EHi(a
+ O) and (Y + O) reactions.

A kinetics study of the precursor, Y, was carried out in order
to elucidate its identity and that of the electronically excited
product, Z*, formed in its reaction with atomic oxygen. For a
fixed amount of [O atom] present in the experiments, Bhe

Figure 7. Time-resolved 282.2-nm chemiluminescence traces observed
immediately after 248-nm photolysis of CHB({6.0 x 10> molecule
cm3) at 298 K in He (2.0 Torr). Thex trace is obtained with £X(8.8

x 10 molecule cm?) present but in the absence of methane, whereas
the A trace is obtained for the same amount oft@t with methane
(5.0 x 10**molecule cm?) also present. Th& trace is obtained when

O atoms (5.0x 10" molecule cm?®) are present in the apparatus with
both G, and methane also present, andBhiace is obtained with the
same amounts of O atoms and@esent but in the absence of methane.
The time resolution for recording the signal wasE) A total of 10 000
temporal profiles were co-added to improve the signal-to-noise ratio
of the chemiluminescence traces.
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Figure 8. Background-corrected ultraviolet chemiluminescence spec- 0 200 400 600 800 1000
trum (@ trace) obtained 300s after 248-nm laser photolysis of CHBr
in excess O atoms produced in aONmicrowave discharge, with O _ _ time (is) o
(1.0 x 10" molecule cm?) and CH; (5.0 x 10 molecule cm?) present Figure 9. Time-resolved 289.9-nm B(D) chemiluminescence traces
in 2.0 Torr He at 298 K. Thex trace spectrum is obtained when the ~ 0btained in the photolysis of CHB(7.0 x 10" molecule cm) at
laser is off. The strong B{D—A) electronic emission at289.9 nm four different 248-nm laser fluences. The O atoms (9.00" molecule

is clearly identified. Continuous emissions at shorter wavelengths with cm™3) were generated by discharging®(2.2 x 10** molecule cm®)
possibly weaker diffuse band(s) can also be discerned. The data havel @ microwave cavity. The data were recorded in the presence of excess

not been normalized for any variation in the photon detection efficiency CHa (5.0 x 10" molecule cm®) in 2.0 Torr He at 298 K. The CH
of our photomultiplier over this wavelength region. helps to minimize the detection of any OH(A) emissions in the red

wing of its (1—0) band and any CO(a) emissions such as in thel®)
of consumption of the CH(&Z ™), whereas the methane served band at this wavelength, since it (1) rapidly scavenges ar{p)O(
to rapidly remove the CH(XI) through its fast reaction with ~ formation from NO photolysis and thus minimizes,@rmation, (2)
t and reduce the Cameron band fluorescence quantum yield BREH TEroet (08 CITR It 18 200 PAOENET A are
by que_nchlng the CO(a) produced in these reaf:tlons. The longexponen);ia(ll fits to the data set. The inset shog\JNs the plot of the
delay time further served to redu9e the detection y'eld, of the logarithmic of the integrated intensity (i.e., the area) of these curves as
CO(a) and OH(A) products relative to Z* produced in the gz function of the logarithmic of the laser fluence used.

photolysis. Since the signal level for the slowly decaying Z in the detection zone through a 1-photon absorption process.

chemiluminescence is less thapb% of the fast decaying Figure 9 shows the fluence dependence of the 289.9-nm signal.

components (see Figure 7), the spectral data this time was, study of the decay kinetics of the 289.9-nm chemilumines-
recorded in steps of 1 nm, and at each spectrometer setting, the )

; . ) tence in excess CHn varying amounts of molecular oxygen
signal between 300 and 1‘?@@ was mteg_rated and co ado!ed and O atom was performed to yield second-order reaction rate
for 10 000 laser flashes to improve the signal-to-noise ratio of

el 14 11
the data. Figure 8 shows the result. Tketrace is the pre- coefficient values of<9 x 10" and (5.4+ 1.0) x 10~ cn™

trigger background spectrum obtained before the laser fires Themoleculel s*in 2.0 Torr He and at 298 K for the reaction of
99 9 P : the precursor Y with @and O atoms, respectively. The ¥

@ trace is the background subtracted spectrum obtained in theCH reaction rate coefficient was again estimated to<fex
photolysis run. The apparent noise in the data set between eacrlcr“14 enm? moleculel s-L It is to be noted that these values
spectrometer setting is probably statistical in nature as a resultalre similar to the ones ob.tained when the slowly decaying 282.2-
.Of integrating t_he weakly decaying chemiluminescence signal nm chemiluminescence of Figure 7 was analyzed. Since the
in the photolysis. N_eve_rtheless, a pronounced featureQ_SQ.Q production of Bg(D) in the fast O-atom reaction requires the
nm for the Z* species is seen. Weaker continuous emissions atprecursor Y to have at least 2 bromine atoms in its molecular

Zg(lréfgiglveav‘iﬁggégsecggg EI% Sasrll?/l);h?\tfvgsia?awjhsena;e S‘;l:g_ formula, we in_terpret our above kinetics data as that_for Y being
trometer sétting of 282.2 nm is chosen to stl’de the OH(A) the CB.& species. Npte that the O-gtom reactions W't.h CHBr
chemiluminescence as i.n Figure 7, there will be a phenomeno-arIOI with CBg* (!f directly formed n CHBr, photolysis) are
logical curvature in the trace belcause of the simultaneous t_)oth endothermlc_for the productl_on of £D). There are no
literature data available for comparison; however, our measured

) . o .
?heetebce?(?kn ;)c]:ut 23 (Znoralflllftlg?ns.is,\)l(Zatr(?dﬂiﬂlrfl :hsémlrll%rtcgless?g rE)rrlsb\?v?re rate coefficients for CBrare consistent with the trends exhibited
9 P Y P Y by its homologous counterpafs.

g:‘sgl-?g?elrj\r/ﬁjireggzrs? glgl{'(:;gc(\;\’nh dﬁgoﬁ?&_ﬁ];fgﬁ mztsetgctlhat 3.5. Reaction Mechanisms3.5.1. Production of CBrand
3 ) 99 Bry(D). The Br(D—A) emissions seen in our “cold” CHBr

in both cases the photolysis in excess O atoms yields the SaM&, “iom flame in the absence of any photolysistiace of Figure

piecursor, Y, which reacts furtr_ler with the O atoms to yield 8) can be rationalized by the following sequence of reactions
Z*. Furthermore, the species Y, is also generated in the absenceIn excess O atoma?®

of any photolysis when CB¥ or CHBI; is oxidized in excess
O atoms. We identify the observed strong feature-a89.9 AHC0¢
nm to be the Br (D—A) electronic transition in the (60) (keal morl)
band! with the weaker, short-wavelength diffuse features
associated with emissions possibly (from other nearby states)CHBrz + O — OH+ CBr, (—8.3) (13)
to the ground-electronic state. The intensity of this chemilumi- CBr, + O — CBr, + BrO (—0.2) (14)
nescence signal had a (1.300.26) dependence on the laser

fluence employed. This suggests that the Y precursor is formed CBr,+ O—CO+Br, (=156.0) (15)



2204 J. Phys. Chem. A, Vol. 109, No. 10, 2005 Vaghijiani

The bromoform undergoes slow oxidation principally via the inthe CO(A) signal by~4 times; however, the chemilumines-
H-abstraction reaction 13.The triboromomethyl radical product ~ cence decay is no longer exponential. This is because the doublet
undergoes facile oxidation by the O atoms, which in its Br- methylidyne radical also formed in the photolysis: ChIBr
abstraction reaction channel 14 yields the dibromomethylene 2hv(248 nm)— CH(X2II) + Br + Br, (or Br + Br); AH%ggk
radical. This then rapidly reacts with the O atoms, and in the = ~ —60.5 (or ~ —14.5) kcal mof! is now available to
very exothermic reaction channel 15, molecular elimination participate in the O-atom reaction. In this case, the production
takes place to give (CG- Bryp). There is sufficient reaction  of CO(A) can only be possible if the doublet methylidyne radical
enthalpy available in this process to electronically excite the processes at least 9.2 kcal mbbf internal energy. Since any
bromine molecule up to the D state. The@®) has a reported  rotationally excited doublet methylidyne will rapidly thermalize
radiative lifetime of~10 ng? and is known to relax principally  in the 2 Torr He buffer gas, the presence of vibrationally excited
via the (D—A) electronic emission near 289.9 nm. Electronically species such as CHEKI, »"' = 2) is necessary to explain the
excited carbon monoxide up to the a-state can also form in thistop trace in Figure 2. Previoudhit has been shown that both
reaction. Evidence for this is provided elsewh&rashere we the v = 1 andv" = 2 vibrational states are not efficiently
report very weak CO(a) chemiluminescence spectra in the 180 quenched by helium. It can be shown that in the present
260 nm range for CHBfO atom and CByO atom cold flames. experiments the reactions of O atoms and that of any added
It is argued that in these cold flames CBr production will be substrate will compete with the slow quenching by the He in
negligible (relative to CBj), and therefore, the (CB+ O — the removal of these species. The areas of the traces in Figure
Br + CO(a)) reaction does not play a major role in the 2 only provide values for the phenomenological source strengths
production of the observed CO(a) chemiluminescence. Also, for CO(A) chemiluminescence, since information on the inte-
since CH formation should not be possible in the CHiBratom grated yield of CH(& ", ' = 0) relative to CH(XII, '’ = 2)
flame, the (CH+ O — H + CO(a)) reaction cannot be used is not available in the 2-photon, 248-nm dissociation of C{IBr
here to explain these emissions. nor is there data available on the state-specific branching
The fast rise in the B(A) signal in Figure 9 suggests that fractions for the production of CO(A) in their reactions with
when a CHBgO-atom mixture is photolyzed, there is photolytic the O atoms. The (CH(ay O) and (CH(X)+ O) source
production of CBs. However, previous wof18had failed to  strengths are deduced to b5% and~75%, respectively. As
detect any dibromomethylene formation in CHBhotodisso- there is pronounced phenomenological curvature in the top trace
ciation. Therefore, Figure 9 provides first evidence that perhaps of Figure 2, we did not attempt to measure the second-order
a very small fraction of the photolysis may indeed be proceeding rate coefficients for the initial decay of the chemiluminescence
via the (CHBg + hv — CBr, + HBr) channel 12 to directly in the added substrates NO angl€ihce such an analysis would
yield CBr.. Furthermore, the data of Figure 9 also reveals that under estimate the true value of their reaction rate coefficients
the rate of decay of the chemiluminescence is not quite with CH(XII, »"" = 2). For the NO, H,, and CH substrates,
exponential; that is, the initial decay rate is somewhat sup- the initial decay rate depended linearly on the substrate
pressed. Therefore, a second photochemical source fof CBr concentrate and gave second-order rate coefficients values that
formation may also be operative. A possible route for this would were consistent with previous measureméfs.
be the (CHBs + O — CBr, + OH) reaction, where the The overall bimolecular rate coefficients of O-atom reactions
dibromomethyl radical is produced in the initial photolysis of with CH(X2IT) and CH(4=") are very large and similar in value.
the CHBg. Furthermore, since the CBradical, formed in Formation of ground-state (CO{X*) + H(2S)) products (or
reaction 13, will also be present in the detection zone, its (CO(AMI) + H(2S)) in the system is spin allowed and expected
photolysis (CBg + hv — CBr; + Br) may generate more CBr to proceed via an addition/elimination reaction mechanism on
The relative importance for these three processes has not beea doublet potential energy surface. Formation of the (CID(a
ascertained in this work; however, from the huge signal in the + H(?S)) products could proceed via a doublet and/or a quartet
upper trace of Figure 8 relative to that of the lower trace, it can potential energy surface. The lifetime of the energized inter-
be shown that the first two sources discussed above shouldmediate(s),{HCO}*, will be very short of the order of a
dominate. In any case, the observed linear dependence of thejibrational period. If dissociation directly produces CO in any
289.9-nm chemiluminescence intensity on the fluence of the of the energetically allowed states, the corresponding ultraviolet
photolysis laser is consistent with the production of £#a chemiluminescence signals in the reaction will have growth
any combination of the above three photolytic mechanisms. It maxima that will be determined by the experimental lifetime,
also implies that 2-photon absorption processes to generate CBr ¢, of the emitting products. The distinct rise in the (t@pjrace
via CHBrz + hv — CHBr, + Br (reaction 5), followed by  of Figure 2 for the 165.7-nm chemiluminescence signal associ-
CHBr; + v — CBr; + H; or CHBrz + v — CBr3z + H, ated with the CO(AI1, +/ = 0) emitter, whose radiative lifetime
followed by CBg + hv — CBr; + Br are relatively unimportant  js known to ~10 ns, suggests that this product does not
compared to the above mechanisms. This further suggests thaexclusively form directly from the energizedHCO}* inter-
the primary quantum yields for CBrand CBp production, mediate. This was confirmed by recording the 165.7-nm CO(A)

respectively, in 1-photon photolysis of CHBt and CHBp'® chemiluminescence trace with a higher time resolution of 2

are very small, and therefore H-atom production must also be where a large instantaneous signal followed by a small rise that

negligible. typically maximized at-10 us was observed. This implies that,
3.5.2. Production of CO(A and a) and CH(X and &ur in addition, there are a set of other CO states that are the initial

measured CO(A) chemiluminescence decay trends with variousproducts from{ HCO} * dissociation which then undergo very
added substrates indicate that the prominent source for CO(A)fast intersystem crossing to yield CO@). Most likely these

is the CH(&=") + O reaction when excess Glb present in are the (&IT) meta-stable states nedr= 11 that cross over to
the photolysis mixture. The 2-photon generation of the quartet the (A'IT) vibrational manifold through collisions with excess
methylidyne radical can be summarized as the process: €HBr O atoms/Q (and buffer ga®) via near-resonant energy transfer
+ 2hv(248 nm)— CH(&'=") + Br, + Br; AH%ggx = ~ —43.0 processes, see Figure 10. The nearby vibrational manifold of
kcal mol1. On removing the methane, there is an enhancementthe (83=") and (FA) states could also populate the'H)
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intermediate(s)

reactants products
CH(X,a) + O {HCO}* HCO( *HCO(X) OH(X)+C CO(X,a,a',d,A) +H
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Figure 10. Schematic energy diagram for the (GHO) reaction system. The labels refer to the electronic and the vibrational levels of the radical
species. Only those levels relevant to the present discussion are shown. The energy range of the intermediate is indicated by the min/max limits
possible as a result of 2-photon 248-nm dissociation of GHBr

system through spinorbit and rotation-electronic interactions.  efficiently to yield any significant amounts of electronically
However, these states have high Einstein transition probabilitiesexcited formyl radicals.

for spontaneous decay to the lower vibrational levels of the  3.5.3. Check for CH(E™) — CH(X?II) Collisional Pro-
(2%11) state and therefore should principally decay via visible- cessesln the above discussions, the phenomenological curva-
ir emissions, with radiative lifetimes in the few microsecond tures in the® trace of Figure 2 and in the trace of Figure 7
range. Future high-level ab initio theoretical calculations on the were explained by suggesting that reactions of both CH(X
(CH + O— CO+ H) system should offer further insight about ~and CH(&>") independently contribute to the production of the
the potential energy surface(s), the transition state(s), the reactiorexcited products, CO(A) and OH(A), respectively. However,
intermediate(s), and the reaction dynamics involved. It is to be an alternate mechanism needs to be considered in which the
noted that in the related (CH O, — CO + OH) reaction, the CH(af‘Z*) does not directly produce any excited prodlucts in its
initial energized reaction adductOOCH*, undergoes fast ~ reactions, but rather slowly generates more CH{Xin the
rearrangement/dissociation via a four-center intermediate to SyStem after the photolytic pulse. Through collisions with excess

directly yield the OH(A) product since no rise in the 282.2-nm ﬁ::gf;y%?;:;i‘:éi‘s"iﬁg tt)c? tgg[(jtl:]sec CI IHIK@, V= S) ;)nﬂﬁr?ﬁiis
ignal i in the t f Figure 7. ; b=
signalis seen in the frace ot Figure case, the [CH(X)] temporal profile would be of the form:

Hydrocarbon flame emissions due to electronically excited [CH(X)]oe ™ CHOt + Ky [He][CH(a)lo(e kCH@!t — ekCH1y/
formyl rgdicals could not be positivgly identified in the (Kerpo — Ker), where [CH(X)h and [CH(a)p respectively are
photolysis. The (0,0,6~ 0,0,0) band origins for the (8X) the initial photolytic yields of the doublet and quartet methyli-
and (C—»X)_ tran_S|t_|ons are near 258.2 and 241.3 nm, and dyne radicals, withkcixy and ker as their corresponding
therefore lie within the strong COfaX) Cameron band  pseudo-first-order decay coefficients, akgt as the second-
emissions. Our 226280 nm spectral scans of the chemilumi- order rate coefficient for He collisions with CH(a) that lead to
nescence in CHB(O atom photolysis were very similar to those  CH(X) production. This type of a [CH(X)] temporal profile will
obtained in CBfO atom photolysis in which HCO(Br C) also lead to nonexponential chemiluminescence decay signals
cannot form. In both cases, all the observed vibronic peaks couldfor the excited-state species formed in CH(X) reactions, and in
be assigned to COfaX) transitions?” Therefore, in the present  excess [CH] conditions, the decay rate of the remaining
experiments, th§ HCO}* intermediate cannot be stabilized chemiluminescence signal will provide a measure of the
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reactivity of CH(a) with any added substrate. If this alternate

scheme predominates in our photolysis, both the chemilumi-
nescence yield and its decay rate will be dependent on the He

pressure. To test for this, the related reaction of NO with
methylidyne radicals was studied in>5 10 molecule cm?

of CH, at two different He pressures of 2.0 and 22.0 Torr. The
336.2-nm emission from the NHEN) product® was monitored

at constant [NO], [CHB4], and laser fluence conditions. The

higher pressure experiment produced no enhancement in the

chemiluminescence signal. An upper limitlgfe < 1 x 10"
cm® molecule® s™! was estimated for the reaction rate coef-
ficient for removal of CH(a) by He. These results imply that
the imidogen radical can also directly form in the (CHfg)
NO) reaction through a short-lived four-center reaction inter-
mediate and that the conversion of CH(a) to CH(X) in the

present work plays a minor role in producing the observed

nonexponential chemiluminescence decay traces kibeate
coefficients for (CH(X)+ NO) and (CH(a)+ NO) reactions

were also determined from the decays of the 336.2-nm traces.

At 298 K, thekyo values were respectively (180.3) x 10710
and (4.2 0.7) x 10 cm?® molecule® s1, and were shown
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