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Wxth Atomlc Oxygen at 298 K
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Abstract

the gas-phase pulsed laser photblysis of 4 trace amount of CI-IBrj vapor in ~ar':1 excess bf O-étorijls.

" O-atoms were produced by;dissOciation of 02 or N2O in a cw-microwave disbhargg cavityin 2.0

ton?-b_f' Hedt298 K."’Temp'orai‘*pfﬁfﬂjés‘_Gf‘tﬁe;’j"‘_e'x_ci‘t’éjd state ‘p‘rb‘dﬁCté‘_’cﬁai"fo*‘r"fx_ré‘cf"i’r’i"th‘éfph‘tﬁb‘-z ;

produced precursor + O-atom (or O7) reaction were measured by recording their tjrne-resolve;d

cherhiluminescence in discrete vibronic bands. ‘. The CO 4% Positive transition (ALTI, v’'=0

- XI5, v'=2) near 165.7“nm, 'th'e cO‘ Cameron band transitin (2311, v’=0‘ - X154, v=1) |

- near 215. 8 nrn and the OH band transmon (A2Zl+ v —1 —>X2H v”-O) near 2822 nm were

monitored in this work to deduce the decay kmencs of the chemﬂummescence in the presence of

various' added substrates. From this the second—order rate coeff1c1en‘t values were determined for
reactions of these substrates with the photo-produced precur'sofs. Measur¢d’ reactivity trends

suggest that the prominent precursors responsible for the chemiluminescence are the

! ' Approved for Public Release, Distribution is Unlimited

Ultravmlet CO Chexmlummescence in CH(XZH) and CH(a4Z ) Reactlons

Production of ultraviolet CO chemiluminescence has been observed for the first time in

methylidyne radicats, CH(X2IT) and CH(a4=-), whose production 'requires the absorption of at .




»least 2 laser photons by the photoly31s mixture. The' O-atom ‘reactions with brominated
' precursors Wthh also form in the photolysrs are shown to play a minor role in the productlon of

the CO. chenulurmnescence However the CBr2 + O-atom reactron was 1dent1f1ed as a

significatnt source for the ultr'aviolet Br2 chemiluminescence that was also observed in this work.

1. Introduction

Methylidyne (CH) is the ‘simplest hydrocarbon radical poss1ble Its~react1;ons'are of
.mterest for understanding chemlstry in a wide vanety of gas- phase envrronments such as those
found in 1nterstellar clouds Jovian atmospheres hydrocarbon combustlon chambers, and high
altitude Space Shuttle plumes Its reactl.vrty ~with numerous molecular species is well
documented in the literature [1]. 'However, studies of its reactions with atomic species are less

common. Reactions with O-atoms are of particular interest here.

B LR S OE AT T SRR XL R R At

AH 298K(kcal mol 1)

CH(in)fo@'P)_—}H(ZS)+c0(X,1,z+.) ‘ 4 (:175.9) W
—>Hco'()~<2A’) . - (-191.6) 2) -
— C(3p)+oH(X2nj | | - _(-21;4) (3)
N Hco+(xlz+)+e- | o (39) (4),

The overall bimolecular reaction rate coefficient has been determined to be (9.5 + 1.4) x 10-11
cm3 molec-l s-1 at 298 K [2]. - Channel (4) is thought to be the principal route for primary

chemi-ion formation in hydrocarbon flames, and the formyl ion is believed to be involved in soot

Tt e D s e e n1




prodiction'[3]. A branching fraction of 0.0003 at 295 K for channiel (4) is dediced from

Vin'ckier’s .measurernent of its reaction rate coefficient of 24 xv‘10-14 cm3- molec-1 s-1 [4]

Usmg the 2200 K data of Peeters and Vinckier [5] an activation energy of ~ 1.6kcal mol-1 can

be derived for channel (4) Production of carbon atoms via channel 3) has theoretically been

predicted to be neghgible at room temperatures because of the s1gn1ﬁcant reaction barner [6]

Therefore channels (1) and (2) are expected to be the principal transformation routes Lin was

able to 1dent1fy the formation of carbon monoxxde in channel (1) through its strong 5-p.m ir-

 emissions [7]. However no absolute product yields have been reported for these two channels

~Also, thermodynamrcally it should be possible to form the electronically excited products, .

CO(a311, a"32+, 434) and Hco'(.le’-’, B2A’, C2A”), in channels (1) and (2), _respecti_vely.

There are no previous reports of electronic chemiluminescence measurements for channels (1).

and (2). It -might be that formation of such eXCited products is facilitated when vibrationally or

' electronically excrted methyhdyne is used as was recently reported in the related (rnethyhdyne + _—

02) reaction system [8] Sirmlarly, CH(a4Z) 91 and CH(AZA BZZ) [10] reactions w1th O-

‘atoms have been shown to enhance chemx-ion formation ,

Observations of the CO(A—X) and CO(a—X) chemiluminescence when CHBr3 is
photodissociated at 248 nm in excess O-atoms are reported in this paper. Trends in the decay
kinetics of the CO chemiluminescence in various added substrates show that the principal source

strength for the radiation is due to the O-atom reactions with the methylidyne radicals in two
different electronic states, CH(a#Z-) and CH(X2IT). The reactions of hrominated radical species

such as CBr, CHBr and CBrp, and C-atoms with O-atoms, _i‘n principle, can also produce CO




chemiluminescence, 'buf_in the present studies, are of negligible importance. This laboratory
~ work provides evidence for the first time that supports the .idea that the interaction of
‘thermospheric O-atoms with carbonac_eoué species that are present in Space Shuttle plumes could -

be responsible for pért of tﬁe far-field ultréviolét’ ernissions observed there [11].
" 2. Experimental technique

‘The pulsed-photolysis/dis’charge‘ 'ﬂo‘w-tube app,arétus uscd in this* work aﬁd the
‘experivmental 'brécedurés used to rec.brd‘ Fhe d chefnilurhinesccmce ,data__'has pre»viouslyv been
dcs»c;ibedvin detail elseWheré t8,i2,13]. "Al% O) or.1% NzO in ,He‘r_nixlture was subje_c‘ted toa
cw-microﬂvay-e discharge in a s.ide;arm‘cavityv to Apr_Qducvé O-atoﬁs, which were injectéd ppsfrearn
into a flow-tube and carﬁed by eXc_esé He ‘into. ;ﬁe réaction zoné to obtain an O-atom
o ;c;oncentration of ~1x 1014'moléc cm-3 in 2.0 Ftorr 'bf the buffer gas. Typically (2-10) x_1.0’12'v :
* molec cm3 of CEIBr3 was also passed nto the reacion zone and subjected o 8 weakly focusing
24_8-nm laser beam (5-40 AmJ/pul'se' of ehgfgy, operating at 10 Hz) to préduée low methylidyne
concentrations in' the detecti_on volume‘.' Lﬂtraviqiet ‘chémilur.ninescez‘lce that ensued from the
detection zone was monifored perpendicular to the'photolyzing bea:@' by imaging the radiation
onto the entrance slits of two diffefcnt scanning 'spectfdmeters posiﬁohed Qpposife to each other.
The bandpass of the instruments was 2.0 nm, full-width at half-rﬁaximum. ;l“ﬁe photomultipliers
. used td detect the radiation were copfiguréd for‘ éinglg-photon counting détec.tion, the outpufs of
which were sent to suitable pulse'couhting units controlled by microcoﬁpu'tt_ars. Spectral scans
of the chemiluminescence were obtained By recording the data starting at 20 ps after-the l;:-tser
flash and inte_gr;ating. the signal over the next 100 us. Typibai_ly signals for 20 photolysis flashes

\




" 3.1 CO-chemiluminescence spectrum - -

. ‘Were co- added whrle the spectrometer was contmuously scanned very slowly (O 025 nm s- 1)

_ Tlme-resolved temporal proflles of the chermlummescence at selected v1bron1c band positionsin .

CO(A—)X) or. CO(a—>X) and s1multaneously in OH(A—)X) ‘when Oz was also present were

recorded usmg dwell time resolutlons in the range of 2 to 10 us. 10000 chermlummescent traces

were typrcally co- added at the computer to 1mprove the s1gnal to-noise ratio of each of the data

i

sets. The decay kinetics of the chem1lum1nescence w1th vanous added substrates was studied to

~ deduce the correspondmg second order rate coeff1c1ent for reaction of the substrate with the

precursor radrcal respons1ble for generatmg the excited CO molecules The . N20 (99 995%) 3

' from Alphagaz was used as recerved All other matenal pur1t1es were the same as those stated in

previous work {8].

3. Results"and dis}cussionv'

Figure 1 shows a portion of the chemiluminescence spectrum obtained 20 us after the
laser photolysis of CHBr3 vapor in excess O-atomns. The data is well represented by emissions

in the 4™ Positive and Cameron bands of CO. In this wavelength range, it was confirmed that

- there was no background chemiluminescence signal from the photolyte/O-atom mixture before

the laser ﬂash. It was verified that the laser flash did not induce any coincidental long-lived
fluorescence in the detection zone of our quartz reactor by recording a background scan in the

absence of CI—IBr3 Scans were also recorded when only the 02 ﬂowed into’ the CHBr3

photolysis zone (i.e., microwave d15charge was turned off). In this case, the CO emission




. intensity was” reduced by ~ 20_ times [8], ”w'hi.ch‘tranSIates in‘tov~ 80 fold'reduction 1n the source
strength when normaliaed for the."reaction" rates' and the relative- eOncentrations of Q-atom and 02 E
’present in: _the experiment Thrsv suggests that the O- atorn breactron w1th CHBr3 photoly51s :
product(s) represents the prmc1pa1 source of the observed CO(A) .chermlummescence The laser o
~ fluence dependence of the 165 7-nm CO- chermiumrnesence was determmed to be (1.79 = 0.20) |
in the O atom expenments whrch suggests that the relevant photolysrs spe01es are formed via 2-
“photon absorptron processes in our expenments..‘ In thls wavelength range, the CH_.Br3 1s_thought ._ :
_ to photbdiSsociate pnncipallp into _(CHBr + Bré) and (CHBrj + Br), ‘with reported 'eh.annel yields.
of ~ 025 and ~ 0.75, res'peetivel'y' [14?15]. Bbth the CHBr and the CHBry fragnegts could
further absorb a sec‘ond '2487nm photon within the same initial laser puise [16] 'to' yreld C-atoms" -

CBr and CH radicals, while the CHBr2 in addition could also yield CHBr and CBry radicals.

A Only the ground state react1on (C + O) has suff1c1ent reactlon enthalpy avarlable for production

_ of CO(A) ‘The other specres need to be 1nterna11y (Vlbratronally or electromcally) excited by atf » |

Ieast about 3 8 9 2 1 3 and 29 l kcal mol-1 respectrvely Smce the yreld of CHBr in the 1n1t1a1 ’4

1-photon dissociation of the CHBr3 w111 far exceed that from -the subsequent 'photolysis of
CHBrz, our measured quadratic Iaser ﬂu’ence dependence of the 165.’17-nm’COv signal rules out
(CHB# + O) reaction as the main source for the chemiluminescence (where # denotes excited
specres). Preurously [15], Xu and co‘-Workers were unable to c‘onﬁrrn CBnp formation in the -
_multi-photon drssociation ot' CHBr3.A Therefore the (C»sz# + O)' reaction is expected to.be a2
minor souree for the CO(A) in our syste_m. There vare no reports in the literature on the relative

yields of the C-atoms, CBr and CH radicals in CHBr3 photolysis. Some measurements of the

vibrational state distribution within the ground state CH(XZI'I) are available [17,18) ; however, no




such y-studies have been done for the loW-lyin'g first excited state CH(24%-) which is also known

to form in CHBr3 photolysis [19]. The pro'pensity of the doUblet state relative to the quartet state'

in CH formation is also not knoWn 'Similar state dlstnbutron 1nformatron for the

bromomethyhdyne is also not known To eluc1date wh1ch of the three carbonaceous specres C- .

atoms, CBr# or CH# is the pnncrpal precursor for CO(A) format1on the decay kinetics of the

165. 7-nm CO chermlummescence was studied in vanous substrates as descnbed below.
3.2 Chemiluminescence de'cay kinetics

. The i)recursor will react under pseudo-first-order conditions for the case when [precursor]

<< [O-atom]. Since the CO(A) product of the reaction has'a very short radiative lifetime (~ 10

ns), it can be shown that the observed time profile' of the associated chemiluminescence in this

»reaction will follow an exponential decay relationship under our experimental time resolution

) _V_condrtrons [8], with a pseudo first-order decay coeff1c1ent of k.= kd + ko[O] + kCHBr3[CHZBr3]

+. Z(ksubstratetsubstrate]) kq is the frrst-order rate coefficient for dlfoSlOD of the precursor out of
. the _detection zone,"and ko, kC}Iﬁrg and ksubstrate arethe’ second-Order rate coefficient values for
the reaction of the precursor respectively with the O-atom.s,’CHbBr3 and the substrates present in
the 'd.etection zone. The' solid circle trace of Fi‘g.ure 2 shows a typical 1.65.7-nrn CO
ch‘emilumines‘cence profile observed immediately after CHBr3 is photodissociated in excess O-

atoms. The trace deviates from the antlcrpated sm gle exponentlal form, and there are apparently

fast and somewhat slower decay components to it. This behavror has been explmned prev1ously

to result from multrple and independent reactrons that produce the CO(A) [8]. This was again

confirmed here by adding excess CH4 (5 x 1015 molec cm-3) to the photolysis reactor and




' recordmg the CO(A) chemilumlnescence in otherw:se sunilar expenmental conditions The
: open c1rcle trace shows this data where there is an. Initial rapid drop in the chemiluminescent

51gnal followed by what “appears to be a 51n01e exponential decay ThlS remaimng
chermlunnnescence must be die to O—atom react1on with elther C-atoms or CH(a4Z-) since the

CHy will rap1dly (1n less than 10 ps) remove only the doublet state of the rnethyhdyne radicals '

from the photolyzed mixture while the [CH(a4Z )] and the [C] W1ll remam essentially
unperturbed [8,19,20]. It_1s also assumed here that the CH4 is able to efficiently relax any CBI#
to the ground state or rapidly remove it by a chemical reaction. Since the CHy cannot perturb B
the [O atorn] and does not s1gn1f1cantly alter the CO(A) ﬂuorescencc yield in the expenment
direct comparison of the areas under the two traces 1ndicates that the open cucle trace represents
a source strength of ~ 25% of the total. The S1gnal strength of this source was also shown to _

‘have a quadratic dependence on the photolysis fluence employed.

The decaykinetics of thlS tracewas thenstudied in vario'us added_’sub';strates.“ A .value of
the second-order rate coefficient for reaction with N2O 'was determined to be less than 7 x 10-14
cm3 rnolec-l 's-l at298 K in 2.0 torr He. .There'fore the (C+0) source is ruled out for this;trace
as the (C'-t N20) reaction rate coefficient is reported to be in the .range (0.8-1.3) x 10-11 ¢m3
molele s-1 [2_0-22]. The other precursor reaction rate coefficients determined under excess
CHy conditions were kno = (3.4 £ 0.5) x 10-11 and ko, = (2.2+03) x 10-11 crn3 molec:r1 s-ll' =
for the added substrates NO and Qz , respectively. All rate coefficient uncertainties,in this yvork
are reported as 10-values that include both precision and estimated systematic errors in the rate

determinations. These values are in good agreement with previous.(CH(a4Z-) + NO) and




o s s e ming.

(CH(a4E) + 02) react1on rate coeff1c1ent measurements [19] and therefore suggest that the

chemﬂummescence source for the open circle trace of Fxgure 2 is most hkely the (CH(a4Z ) +

v O(3P) - H("S) + CO(AII'I)) channel Wthh has a standard reactron enthaIpy of ~- 83 kcal

mol -1, The energetlcs of 2-photon productlon of CH(a4Z ) is such that formatton of CO(A) will

not be possrble for its reaction w1th the NO but, in pnnmple should be w1th the N20 No overall

‘enhancement in the CO(A) 51gnal ‘Wwas d1scernab1e for the range of [NzO]/[O] ernployed

therefore the (CH# + O) source term is much stronger than the (CH# + NzO) term in these set of

expenments

The overall second order rate ooefﬁc1ent for the (CH(a43-) + O(3P)) reaction was also

determlned in thrs work by varying the [O] by altering the 02 flow going 1nto the microwave

discharge cavity. “The absolute O- atom density at the detectlon zone in the _experiment was

. “dxrectly determmed before hand in a N 02- t1trat1on run (O + NOzﬁ NO 4+ 02), whose end—pomt .

was photometncally momtored [23] Flgure 3 shows a plot of the pseudo-fxrst-order decay

coefﬁc1ent of the open circle trace in Fxgure 2 that has been corrected for the contribution from

the reaction of undrssoc1ated 02 (1 e., (k’ k0y[O2]1ett)) as a lel’lCthl’l of [O] Where [OZ]]cft

“([02]6- [01/2) and [02], is the number density of molecular oxygen in the detecnon zone that

~ would be available in the absence of the microwave dlscharce A linear Ieast -squares fit to the

slope of the plot yrelds a value of ko = (1 3+0.2) x 10-10 cm3 molec-1 s- 1 at 298 K in 2 torr
He. There is no previous O-atom rate coefficient measurement for reaction with CH(a4Z-), but

the present value is con31stent with that for the reaction with CH(X2IT) prev1ous1y reported by

Messing and co- workers [2] and also by us in this study (see below).




If the CHy4 does not rapidly remove the CBr#, and if the CH(a%z-) does not pr'oduce‘ any
'electronically excited Cco ’in”its.reacti'on v/ith O4atoms, then . the open circle trace wo:uld be
attributable 'to the (CBr#l-+ O(3P) — Br(2P3/7) + CO(AIH))' reaction channel. 'The"above :
| rneasured rate coefficients would then' 'represent values for absolute b‘second-order ‘Tate B
| coefficients for reactions,‘resp'ec'tively,' of N20, NO, Oz" and O-atoms with the excited
,bromomethyhdyne radrcal No compansons of these values can be made as prevmusly, only the

-

reaction rate coefficients for the ground state CBr(XZII) w1th selected ‘substrates have been
reported [24,25]. If the (CBr# +0) reaction is 2 significant contributor to the 165.7-nm CO(A)
1°nal as would be suogested from the open circle trace of Fioure 2, we might antic1pate the
same 51tuation for the production of CO(a), in ‘which case the enthalpy requirernent would be
~ satisfied by the presence of ground state . bromomethyhdyne whose photolytlc yield would surely '

exceed that of its excited counterparts [17 18] To resolve these Issues, tlme-resolved CO(a) -

cherniluniinescence decays were studied at 215.8 nm, the wavelength of the Cameron band
transition, CO(a3_H, v'=0 — X12;+~,-v”=1). Figure 4 shows a typical result in excess CH4. Here,
the Iower open square trace exhibits curvature. (Note that the grouncl state yield of CBr‘sh-ould
not be affected by the addition' of CHy since both its H-abstraction and Br-substitution reaction
are endothermic.) From initial exponential fits to the decay for the ot)en sQuare trace, a value of
ko, = .(2.1 ;_Lo.,g,) x 10-11 ¢cm3 molec-l s-1 was ’dete.rmined. Th:is suggests that the (CBt(X?Il) +.
O) reactioncannot be a dominant source for the observed CO(a) chernilurninescence since

previous reports for the (CBr(X’II) + 02) reaction rate coeffrcrent lie in the range ( 1.5-2.2) x 10~

12 cm3 molec-1 s-1 ~[24,25]. The above measured O3 rate coefficient and the ground state

10

gt




(CHBr + 02) rate coeff1c1ent previously estnnated to be 1.7 x 10 14 em3. molec-1 s-1 [26] also

| rules out (CHBr + O) as berng the main source for CO(a) Because we have been able to show in

CBr4/O -atom photolysrs [27] that CBr can react with O atoms to produce exmted CO it is
concluded that in CHBr3 photolysrs the relatrve yield of the bromomethyhdyne radicals must be
very small compared to that of CH(a43-) or CH(XZI'I) Therefore the lower traces of Figures 2

and 4 are pnncrpally due to the (CH(a4Z-) + O(3P)) source reaction.

The small curvature in the lower trace of Figure 4 can elther be explarned by assummg

that there are minute CO(a) contr1but10ns from O atom reactrons with CBr, CBrz and CHBr or .

' that there is weak emission from another speaes that happens to radiate in the same observatron

wrndow as that used to follow the 215. 8~nm CO(a) chermlummescence In elther case, the
responsible precursor has a lower reactrvrty with Oz than does the CH(a4Z ) radrca] _ Similar

observatlons were seen when the spectrometer bandpass was set to observe the strong

‘OH(A——>X) emission in the (1——>O) band near 282 2 nm when CHBr3/O atom/Oz mrxtures were

'photolyzed Frgure 5 shows typrcal chermlurmnescence decays observed in the absence of O-

~atoms (i.e., microwave disCharge off); the x trace and the open tn'ancrle .trace is for [CHy] =

and 5.0 x 1015 molec cm-3, respectively. When O -atoms are 1n1ected G.e., Imcrowave discharge -

on), the solid square and the open square traces were obtamed Tespectively for [CH4] = 0, and

5.0 x 1015 molec cm-3, -

The x trace represents the time proﬁle of the strong OH(A) chemﬂummescence

predomrnantly due to the occurrerice of the o)) reactron with CH(XZII) and to a small extent

11




-with CH(a4Z ) [8]. Upon addmg excess methane a fast drop in the OH(A) chemﬂummescence is

_ observed whrch would be consrstent wrth the fast removal of .any CH(XZH) present in the

photolyzed mixture [8 19] The resultrng open trrangle trace then represents the time proﬁle of

the OH(A) chemrlummescence due to onIy the (CH(a"rZ ) + 02) reactron By addmg various

' amounts of N20 to the expenments for these two condrtrons the rate coeffrcrent values of szo

= (5 1+09) x 10-11 and < 1 x 10 -13 cm3 molec- 161 for N20 reactions wrth CH(XZI'I) and

: CH(a4Z -) were obtamed respectlvely In pnncrple Cameron band chemﬂummescence produced ‘

in.these 02 reactions would aIso be detected at this spectrometer settmg, €.g., in the- weak

CO(a3H V=2 X12+ v”—8) band however its contnbutxon to the observed srgnal in the open

tnangle trace wouId be severely suppressed due to efficient CO(a) ﬂuorescence quenchrng by the

~

excess CH4 The solid square trace’ shows that the 1mt1a1 time proflle 1s not affected much when
O-atoms are added to the O2 flow (x trace) however the occurrence of additional

chemrlunnnescence m the system is c]early d1scemable at. lon-g-reactlon times. -~ Tts-yield- and

decay rate are much smaller Thrs chemtlummescence 1s nerther quenched nor its decay kinetics

" affected sromfrcantly when excess CH4 is added (open square trace) Therefore an O- atom

reaction with a precursor, Y, which predommantly y1e1ds an eIectromcally excited species other

than CO(a) must be responsrble for the signal in this time region. -However, in the early part

(tlme < 200 us), the solid square trace does get affected by the addrtron of CH4 The 1n1t1a1

_ portion of this srvnal is predormnantly from OH(A) chemrlummescence which can only come

from the methylidyne reactions with the O2. The fast drop (w1th1n 70 Hs) in the open square

: trace 1s therefore due to the removal of CH(X21T) frorn the system, while the' phenomenological




curved decay in the 20- 100 ps range represents comparable chemilurnmescence sronals from

(CH(a4E )+ 0) and (Y +0) reactions

' A kinetics study of the pr'ecurs-or. Y, was carried out in order to elucidate its identity and

that of the electronically excrted product Z#, fonned vm its reaction .w1th atomic oxvgen For a
: fixed amount of [O- atom] present in the expenments the solid square traces of Frgure 5 were
' determined at vanous different O2 concentrations in the range (2-10) x 1014 ‘molec cm3. '.
Exponential fits vvere performed in the initiai-fast decaying part, and infthesilow decaying part at
very long times to extract the values for the oseudo-first-order ‘decay coefﬁcients. Seoond-'order
| plots of these'gave k62 _-_-.(3.4_ + 0.6) x 10-1'1 and < 1 x 10-13 om3 molec-1 5-1 for the Op
reactions with tJH(XZH) and': Y, respectively. Then by varying the O-atom concentration by
known amounts, an analysis’ similar to that A‘o.f ,Fivure 3 vvas performed for both regions of the
B trace Thrs gave ko = (L 1 * 0. 2) x 10- 10 and (5 9+ 0. 9) x 10- 11 cm3 molec*1 S'l for the O— .
atom reactions with CH(XZH) and Y, respectrvely Our (CH(XZH) + O) reaction rate coefﬁcrent
value is in good agreement w1th the one previous determination [2] and similar to that for the

.(CH(a4Z-) + O) reaction. The CH4 + Y reaction rate coefficient was also estimated to be < 7 x

10-14 cm3 molec-1 s-1. Since (HCBrp + O) and (HCBr + O) reactions are both endothermrc for :

the production of eIectronically exc1ted OH the slowly decaymg chemilurmnescence 31gna1 in

Figure S 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 yi
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3.3 Bra-chemiluminescence spectrum and decay kinetics

The spectral scan was recorded in excess meth_ane conditions With sufficiently high [02] B

and at a long delay time after the mitia] Iaser fiash The Oz served to increase the rate of

consumption of the CH(a4Z ) while the methane served to rapidly remove the CH(XZI'I) throuvh o

1ts fast reaction with it and reduce the Cameron band ﬂuorescence quantum yield by quenchinc :
| the CO(a) produced in these reactions. The long delay time further served to reduce the
detection yield of the CO(a) and OH(A) products relative to Z# produced in the photolysm
Since the si gnal level for the slowly decaym<7 z# chemiluminescence 1s less than ~ 5% of the fast
decaying components (see Ficrure 5), the spectral data this time was recorded in steps of 1 nm,
and at each spectrometer setting, the signal between 300 and 1000 ps was integrated and co¥

added for 10000 laser ﬂashes to 1mprove the signal-to-noise ratio of the data Fi gure 6 shows the

result. The X trace is the pre- tngger background spectrum obta1ned before the laser fires. The :

”\sohd c1rc1e trace is the background subtracted spectrum obtained in the photolys1s run. The
apparent noise in the data set between each spectrometer setting is probab]y statistical in nature
as a result of mtegratinc the weakly decaying chermlummescence s1gnal in the photol}"srs
Nevertheless, a pronounced feature at ~ 290 nm for the Z# species is seen. Weaker continuous
emissions at shorter Wavelengths with possibly diffuse bands are also discernable. This spectrum
clearly shows that when a spectrometer setting of 282.2 nm is chosen to study the OH(A)
chemiluminescence as in Figure 5, there will be a phenomenological curvature in the trace
because of the simultaneous detection of the fo radiation.  Similar spectra for both the

background (no photolysis) and in the photolysis runs were also observed when CBr4 [27] was

used irfstead of CHBr3 under excess O-atom conditions. This suggests that in both cases the
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-photoly31s m excess O-atoms yrelds the samé precursor Y, whrch reacts further with the O- o

atoms to yreld Z# Furthermore the spec1es Y 1s also generated in the absence of any photolysm

when CBr4 [27] or CHBr3 is ox1drzed in excess 0- atoms We 1dent1fy the observed strona o

feature at ~ 290 nm to be the Br2 (D—)A) electronrc trans1t10n in’ the (O——)O) band [28] w1th the

weaker, short-wavelength drffuse features assoc1ated with ermssmns possrbly (from other nearby |

states) to the ground electromc state. The 1ntens1ty of th1s chem11um1nescence signal had a (1 30

+0. 26) dependence on the laser ﬂuence employed This suggests that the Y precursor is formed o

in the detection zone through a l-photon absorpuon process. Frgure 7 shows the ﬂuence |
dependence of -the 289 9-nm sronal A study of the decay k1net1cs of the 289 9 -nm
. chemllurmnescence in excess CH4 in varymo amounts of molecular oxygen and O-atom was
performed to yreld second order reactlon rate coefftcrent values of < 9 X 10 -14 angd (5 4+1. O) X
10-11 cm3 molec-1 s-1 in 2, 0 torr He and at 298 K for the reaction of the precursor Y with 02
and O-atoms, respectrvely The Y+ CH4 reactlon Tate coefficient was again estlmated to be < 7
- X 10-14 cm3 molec-1 -1 lt 1s‘ to be noted ..that thesevvaluesmare ‘srmrlar“to the ones obtamed”.

~ when the slowly decaymg 282. 2-nm chemrlummescence of F1gure 5 was analyzed Srnce the

productron of Brz(D) in the fast O- atom reaction requ1res the precursor Y to have at least 2
bromine atoms in rts molecular formula, we mterpret our above kmetlcs data as that for Y bemo
.the CBrp specres Note that the O- atom reactions with CHBrz# and with CBr3# (1f directly

formed in CHBr3 photolysm) are both endothermic for the productlon of Brz(D) There are no [

literature data avarlable for comparison; however our measured rate coefficients for CBry are

_ consistent with the trends exhibited by its homolooous counter parts [79]
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3.4 Reaction mechanisms

34.1 Productzon of CBrz and Brz(D) The Brz(D—aA) emxssmns seen in our CHBr3/0O-atom

| _ cold ﬂame in the absence of any photolys1s can be ratronahzed by the followmcr sequence of

' reactions in excess O-atoms:

,AH_OZQ g (keal mpl’l)

CHBr3 + 0 — OH+CBr3 V (83) )
CBr3+0-5CBry+Br0 02 ()
CBrz+0 — CO + Bry - S0 gy

The bromoform undergoes slow ox1dat10n pnncrpally v1a the H-abstractlon reactlon (5) [27]

The tnbromomethyl radical product undergoes facﬂe oxxdauon by the O atoms Wthh in its Br- e

~abstraction reaction channel (6) ylelds the drbromomethylene radlca] Tl'llS then rapldly reacts |

with the O-atoms, and in the very exothermic reaction channel (7) molecular ellrmnauon takes
place to give (CO + Brz) There is suff1c1ent reaction enthalpy available in thls process to
electromcally excite the bromine molecule up to the D-state The Brz(D) has a reported radiative
lifetime of ~ 10 ng [30], and 1s known to relax pnn01pally via the (D—->A) electromc em1ssron
near 289.9 nm. Electronically excrted ca1bon monox1de up to the a-state can also form in this
reaction. Evidence for th1s is prov1ded elsewhere [27], where ‘we Ieport very weak CO(a)'

chemiluminescence spectra in the 180-260 nm range for CHBr3/O- atom and CBr4/0-atom cold

- flames. It is aroued that in these cold flames, CBr production will be negligible (relative to
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CBr?_), and thverefore‘the (CBr + O = Br + CO(a)) reaction does not play a maj_or roIe. in ihe_ o
production of the obéerved CO(a) ChémilumiriesCence. Also, since CH formation should not be

possib1§ in the CHBr3/O-ath_n flame, the"('C‘H +0>5H+ CO(a)) reaction cannot be used here

to explain these emissions,

exponeritial, Le., the initial decay rate is somewhat suppressed. Therefore, a second

7

photochemical source for CBr2 formation may also be operative, A possible route for this

- dominate. In any case, the observed linear dependence of the 289.9-nm chemiluminescénce

intensity on the fluence of the photolysis laser is consistent with the. production of CBr2 via any

combination of the above three photolytic mechanisms. It also implies that 2-photon absorption
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- processes to generate CBrz via CHBr3 + hv - CHBrz + Br, followed by CH_Brz + hv - CBrp |

+ H, or CH.Br3 + hv - CBr3 + H followed by CBr3 + hv —» CBrz + Br are relatively

ummportant compared to the above mechamsms This further suggests that the pnmary quantum :

yields for CBr3 and CBry productmn respectively, in 1-photon photolysrs of CHBr3 [31] and

CHBrz are very small, and therefore H-atom production must also be negligible |

342 Productlon of C’O(A and a) and CH(X and a): Our measured CO(A) chemiluminescence o

decay trends W1th various added substrates indlcate that the prominent source for CO(4) is the -

CH(a"rZ ) + O’ reaction when excess CH4 is present in the photolys1s mixture The 2-photon -

generation of the quartet rnethyhdyne radical can _be summarized as the process: CI-IBr3 +

2hv(248 nm) — CH(a4Z‘) + Br2 + Br; AH0298K =~ -430 kcal mol-1. On rernovmg the

methane there is an enhancement in the CO(A) srgna] by ~ 4 times, however the

chemiluminescence decay is no loncer exponential Th1s 1s because the doublet methylidyne

rad1cal also formed in the photoly51s CHBr3 + 2hv(248 nm) - CH(X2IT) + Br + Br? (or Br +

Br) AHO298K = ~ - 60.5 (or ~ -14.5) keal mol-1 is now available to participate in the O-atom
reaction. In this case, the production of CO(A) can only be possible if the doublet methylidyne
rad1cal processes at least 9.2 kcal mol-1 of internal energy. Since any rotationally excited
doublet methylidyne will rapidly thermalize in the 2 torr He buffer gas, the presence of
vibrationally excited speci.es. such as CH(lel v”$2) is necessary to explain the top trace in
Floure 2. Prev1ously [32] it has been shown that both the v’=1 and v’=2 vibrational states are

not eff1c1ent1y quenched by hehum. It can be shown that in the present experiments, the

reactions of O-atoms and that of any added substrate will compete with the slow quenching by
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the He in the removal of theee species. The areas of the traces in Figure 2 only provrde values
for the phenornenologrcal source strengths for CO(A) chermlummescence smce mforrnatron on
the mtegrated yreld of CH(a4Z", ' >O) relatrve to CH(XZI'I V’>2) is not avarlable in the 2-
 photon dzssocratron of CHBr3, nor is there data avarlable on the state specrﬁc branchmg
‘ fractions for the productron of CO(A) in their reactrons wrth the O-atoms. ~ As there is
‘ pronounced phenomenologrcal curvature in the top trace of Figure 2, we d1d not attempt to
measure the second-order rate coefficients for the initial decay of the chemrlummescence n the

4 added substrates NO, O and N20, since such 4n analys1s would under estimate the true value of

therr reaction rate coefﬁcrents with CH(X2IT, v'22).

The overall brmolecular rate coefﬁcrents of O atom reactions with CH(XZH) and

'CH(a%Z-) are very large and similar in value. Formation of ground state (CO(XIZ‘*') + HCZS))

- products (or (CO(AIII) + H(ZS)) in the system is spm allowed and expected to proceed via an

- addition/elimination réaction mechamsm on a doublet potentral energy surface Formatron of the
(CO(a31I +H(28)) products -could proceed via a doublet and/or a quartet potentral energy
surface. The lifetime of the enercrlzed mtermedrate(s) {HCO}*, will be very short of the order
of a vrbratronal period. If dissociation directly produces CO in-any of the energetrcally allowed
states, the corresponding ultraviolet chemiluminescence signals in the reactron will have growth
maxima that will be determined by the experrmental lifetime, 7, of the emitting produt:ts. The
distinct rise in the top trace of Frgure 2 for the 165 7-nm chemiluminescence srvnal associated
with the CO(A1IT, v’ =0) emitter, whose radiative lifetime is known to ~ 10 ns, suggests that this
product does not exclusively form directly from the energized {HCO}* intermediate. This was

confirmed by recording the CO(A) chemiluminescence trace with a higher time resolution of 2
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N

us where a large 1nstantaneous signal followed by a small rise that typ1cally max1mlzed at ~ 10
us was observed ‘This 1mphes that in addltlon there are a set of other CO states’ that are the

initial products from { HCO}* chssoczatxon which then undergo very fast i mtersystem crossmcr to

: y1e]d CO(AIH) Most hkely these are the (a3H) meta stable states near v —11 that cross over to

| the (AIH) v1brat1onal mamfold through collisions with excess O atoms/O;)_ (and buffer gas [33])

(a'32+) and (d3A) states could also popuIate the A(IH) System through spin- orb1t and rotation-

electronic 1nteract1ons However, these states have th’h Emstem transition probab1ht1es for

spontaneous decay to the lower wbrahonal Ievels of the (a3H) state and therefore should

: pnnc1pa1]y decay via V151b1e-1r emissions, with radiative lifetimes in the few microsecond range. -

Sumlarly, the position of the maxxmum in the sohd square trace of Flgure 4 is consistent with

the direct formation (and/or through the - above cascadmg mechamsm) of the meta-stable

CO(a3H v -O) state (radlatlve hfetlme Tr = ~ 7 ms) that is underoomg rapld quenchmg by the .

- excess O: atoms and Oy [34] Future h1gh-1eve1 ab -initio theoretlcal calcu]anons on the (CH+ 0O

—=CO + H) System shouId offer further insight about the potennal energy surface(s) the
transition state(s), the reaction 1ntermed1ate(s) and the reaction dynamics involved. It is to be

noted that in the related CH+02— CO + OH) react1on the initial energized reaction adduct

{OOCH}* undergoes fast rearrangement/dissociation via a four-center mtermedi_ate to directly
yield the OH(A) product since no rise in the 282.2-nm's1'gna'1 is seen in the solid Square trace of

Figure 5.
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‘ Hydrocarbon flame ermssrons due to electronrcally excited formyl radicals could not be

posmvely 1dent1f1ed in the photolysrs The (0 0, 0 - O O O) band ongms for the (B—eX) and

. ~ ~

' (C—>X) transmons are near 258.2 and 241 3 nm and therefore lie within the strong CO Cameron

band emissions. Qur 220-280 nm Spectral scans of the chermlummescence in CHBr3/O-atom

photolys1s were very 51m11ar to those obtamed in CBr4/O atom photolys1s in wh1ch HCO(B or C)- '

cannot forrn In both cases, all the observed V1bromc peaks couId be a531gned to CO(a—éX)
transmons [27] Therefore in the present expenments the {HCO}* mtermedrate cannot be

stabrhzed eff1crently to y1e1d any mgmﬂcant amounts of electromcally CXClth fonny] rad1cals .

3.4.3 Check for CH(a423' ) ﬁCH(XZID collzszonal processes In the above drscussrons the

phenomenoloarcal curvatures in the solid circle trace of Flgure 2 and in the x trace of Flgure 5

were explamed by suggestmg that reactions of both CH(X2IT) and CH(a4Z) mdependent]y

- contnbute to the productron of. the exc1ted products However -an altemate mechamsm needs to

be con51dered in whxch the CH(a4Z) does not drrectly produce any ex01ted products in its

reactlons but rather slowly generates more CH(XZH) in the system after the photolytrc pulse.

Through colhsrons with excess buffer gas it could well be that the CH(a4E- v’=0) undergoes
mtersystems crossmg. to produce CH(X211, v'< 2). In this case the [CH(X)] temporal profile
would be of the form: {CH(X)]oe-kCH(X)t + kHe[He] [CH(a)]o(e-kCH(a) t. e'kCH(X)‘t)/(kCH(x)f
kCH(a)) Where [CHX)]o and [CH(a)]o, respecuvely, are the initial phOtoiytic yields of the
doublet and quartet methyhdyne radicals, with kcH(x) and KCH(q) 2s their correspondmo pseudo-

ﬁrst—order decay coefficients, and kHe as the second-order rate coeffrcrent for He collisions with
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CH(a) that lead to CH(X) productron ThlS type of a [CH(X)] temporal profile will also lead to

non-exponential chermlummescence decay s1gnals for the excxted state species formed in CH(X)

- Teactions, and in excess [CHy] condrtrons the decay rate of the remammg chemllurmnescence

srgnal will provide a measure of the react1v1ty of CH(a) w1th any added substrate If thls

altemate scheme predommates in our photolysrs both the chermlummescence yleld and its decay

_rate will be dependent on the He pressure. To test for this, the related reaction of NO with

methylidyne radicals was studr’ed in 5 x 1015 molec cmj3 of CHy at two different He pressures

- of 2.0 and 22.0 torr. The 336, 2~nm emission frorn the NH(A3H) product [35] was momtored at

constant [N 01, [CHBr3] and laser fluence condmons The hi gher pressure expenment produced

no enhancément in' the chemiluminescence sional An upper hmrt of kge < 1 x 10-14 cm3

molec Is-1 was estimated for the reactzon rate coeffrcrent for removal of CH(a) by He. “These

results imply that the imidogen radical can also dlrectly form in the (CH(a) -F NO) reaction

 through a short lived four-center reaction mterrnedlate and that the conversion of CH(a) to

CH(X) in the present work plays @ minor role.in producmg the observed non- exponenual

'chemllurmnescence decay traces The kNO rate coeff1c1ents for (CH(X) + NO) and (CH(a) + J

NO) reactions were also determmed from the decays of the 336. 2—nm traces At 298 K, the kno

values were, respectively, (1.8 + 0.3) x 10~ 10 and (4.2 £0.7) x 10- -11 cm3 molec-1 s-1, and were

shown to be independent of the He pressure employed These values are consistent with

,prewous hterature numbers [19,35,36].
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- 4. Conclusions -

Strong ultravrolet chemrlurnmescence was observed in the Iaser photolysrs of CHBr3/O-
atom/02 mrxtures in 2 torr of He. Spectral scans in the 120-300 nm wavelength range showed
COo(A), CO(a) Brz(D) and OH(A) to be the prormnent emltters The photo- products of CI—IBr3
photolysrs react w1th O- atoms to generate CO(A) CO(a) and Brz(D) and react wrth 02 to

generate OH(A). The 1dent1t1es of these photo-products were estabhshed by studymg the laser

ﬂuence dependence of the chemllumrnescent 1ntensrt1es and by carrying out kmetrc trend

analysis on how the chemrlumrnescent decay behaved in vanous added substrates and by

making compansons of the observed second-order rate coefficient data to hterature values. The

: methyhdyne radrcals (CH(XZII) and CH(a4Z-) were thereby 1dent1f1ed to be 1nvolved in the

productron of CO(A), CO(a) and OH(A) ‘and the- dlbromomethylene radrcal (CBrz) in the

| production of Brz(D) The present work provides evidence for the first time that supports the ~

plumes could be responsrble for part of the far-freld uItrav1oIet em1ss1ons observed there[l 11.
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Figure captions

Figure 1 A portion of the' CO-chemiluminescence spectrum obtamed 20 ps 1mmed1ately
after 248-nm laser photolysis of CHBr3 in the presence of an excess of O-atoms at 298 K and in

2.0 torr of He pressure The O -atoms were produced by dlssomanon of NzO ina cw-m1crowave :
dlscharge cavity. The observed v1bron1c em1ssmns can be a331gned to the 4" Pos1t1ve bands,
. COA-X) and the Cameron bands, CO(a—)X) The data has not been normalized for any

variation in the photon detection efficiency of our photomultlpher over this wavelen gth region.

Figurez Tlme-resolved 165.7-nm CO-chermlummescence traces observed immediately
after 248-nm photolysis of CH;Br3 (5.0 x 1012 molec cm-3) in the presence of 02 (1.1 x 1014

molec cm-3) and O-atoms (2 0 x 1013 molec cm-3) at 298 K and in 2.0 torr of He pressure. The -

solid circle.trace was obtained in the absence of methane and the open circle trace was obtained

in the presence of methane (5.0 x-1015 molec cm-3). The time resolution for recording the
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© signal was 10 Usec. lOOOO temporal profrles were co- added to 1mprove the srgnal -to-noise ratio

of the chermlurmnescence traces. The hne is an exponennal fit (after 30 ps) to the data pomts of

- the open c1rcle trace. The magmtude of the slope yrelds a Value for k’.

- Figure 3 A plot of (k k02[02]15ﬁ) as a functron of [O] for experiments in which CI-IBr3' :

(7 0 x 1012 molec cm'3) was photodlssocrated in the presence of CH4 (5 0 x 1015 molec crn'3)

in2. O torr of He buffer gas at 298 K wrtha known excess of O-atoms and 02 The magmtude of

| the slope y1elds a value for the (CH(a4E ) + O) reaction rate coeffrcrent

Figure 4 Tinae-resolued 215.8-nm 'chetnilumineseence traces observed immediately after
248-nm photolysis of CHBr3 (1.0 x -1013 molec cm-3) in the presence of O7 (3.7 x '1‘“01.4 molec

cm-3) and O-atoms (7.0 x 1013 molec cm-3) at-298 K and in 2.0 torr of He pressure The sohd '

Square trace was obtained in the absence of methane and the open square trace was obtamed in =

. the presence of methane (5 0 x 1015 molec crn-3) The tlme resolutlon for recordlng the srgnal

was 10 usec. 10000 temporal proﬁles were co-added to improve the signal-to—noise ratio of the

chermlummescence traces.

Figure 5 _ Time-resolved 282.2-nm chemrlumrnescence traces observed 1mmed1ately after
248-nm photolysrs of CI-IBr3 6.0 x 1012 molec cm-3) at 298 X in He (2.0 tom). The X trace is

obtairied with Oo (8.8x 1014 molec ¢m-3) present but in the absence methane while the open

 trangle trace is obtamed for the same amount of 02 but with methane (5 0 x 1015 molec cm-3)

also present. The open squares trace is obtarned when O-atoms (5.0 x 1013 molec cm-3) are
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mjected into the apparatus with both Op and methane aIso present, and the sohd square trace is
obtained with the same amounts of O atoms and 02 present but in the absence of methane The

time resolunon for recordmg the s1gna1 was 10 usec. 10000 temporal profiles were co-added to

unprove the s1gnal to-n01se ratlo of the chermlummescence traces.

Figure 6 ' The ultraviolet chemﬂummescence spectrum (sohd circle) obtained 300 b after_.
A 248-nm laser photolys1s of CHBr3 1n excess O- atoms produced in a N20 microwave dlscharge
with 02 (1. O X 1015 molec cm-3) and CH4 (5 0x 1015 molec cm*3) present in 2. 0 torr He at 208
K. The x trace spectrum is obtained when the laser is off The strong Brz (D——>A) electronic

emission at ~ 289.9 nm is clearly 1dent1f1ed Continuous emissions at shorter wavelengths with
poss1b1y weaker diffuse band(s) can also be discerned. The data has not been normalized for any

variation in the photon detection eff1c1ency of our photomultlpher over this wavelength region.

_ Fioure 7 ~ -289.9-nm t1me—resolved chemllummescence traces obtained i in the photolysxs of
CHBr3 (7.0 x 1012 molec cm-3) at four dxfferent 248-nm laser ﬂuences. The O_-atoms (9.0 x
1013 molec cm-3) were generated by discharging N20 (2.2 x 1014 molec cm-3) in a microwave
cavity. The data were recorded in the presence of excess CH4 (5.0 x 1015 molec cm-3) in 2.0
| torr He at 298 XK. The CH4 helps to minimize the detection of any OH(A) emissions in the redv
wing of its (1—0) band and any CO(a) emissions such as in the (6—912) band at this wavelength,
since it (1) rapidly scavenges any O(lD) formation from N20 photolysis and thusminimizes 0))
' formauon (2) rapidly removes the CH(X2IT) formed in 1 CHBr3 photo]y51s and (3) efficiently

quenches the CO(a) fluorescence signal. The lines are exponential fits to the data set. The inset
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shows the plot of the loganthmlc of the 1ntegrated intensity (i. e, the area) of these curves as a

funcuon of the Iooanthmlc of the laser ﬂuence used.

Figure8 = A schemauc energy diagram for the (CH + O) reaction system The labels refer to

* the electromc and the V1brat10nal IeveIs of the rad1ca1 spec:1es Only those levels relevant to thc

present discussion are shown The energy range of the mtermedlate is 1ndlcated by the min/max ,

-

hnuts poss1b1e asa result of 2-photon dlssomatlon of CHBr3
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Figure 1
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Figure 2
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Figure 3
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Figure 5
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Figure 8
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