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A Diode Laser Study of the Product Branching Ratios of the CH+ NO, Reaction
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The reaction of CH radicals with NQwas studied at 296 K using multiphoton photolysis of Ckl&r248

nm, followed by time-resolved infrared diode laser detection of reaction products. CaBdDNO were
detected in significant yield, while DCN (from CDByN,O, HCNO, and HNCO were formed in undetectably

low yields. On the basis of consideration of product yields and secondary chemistry, we find that the major
product channel is H- CO + NO or HNO + CO, which together account for 92 4% of the total rate
constant. HCOt+ NO is a minor product channel, accounting for84%. Upper limits are estimated for
several other product channels.

Introduction CH+ NO,— NH + CO, AH®,q= —644.2 kJ/r&noI)
la

— HNO + CO AH®,9s = —638.2 kJ/mol

Reactions of hydrocarbon fragments are of great interest in (1b)
the kinetic modelmg of flames. The methy!ldyne rgdlcal —~HCO+ NO AH® 55 = —493.4 kJ/mol
(CH), for example, is believed to play a crucial role in the (1c)

prompt-NO formation mechanisras well as the NO-reburning

process in which N@containing exhaust gases produced in —HCN+O, AH®pgg = —492.1 k‘]/r(q(()jl)
fossil fuel combustion are recycled into a hydrocarbon-rich

zone23 Previous kinetic investigations of CH radical reactions —H+NO+CO AH%,4=—429.5kJ/mol

have concentrated primarily on total rate constant measure- (1e)
ments, with comparatively few product studies. The €MNO — NCO+ OH AH?®,5e = —456.86 kJ/mol
reaction has been the subject of several kinetic stédiéas (1f)

well as recent ab initio calculatiod. This reaction is very — HCNO+ 0O AH®,4 = —203.7 kd/mol

fast with a virtually temperature-independent rate constant of (19)
(1.6-2.5) x 10719 cm?® molecule’® s™1. A previous study of . o _ _

the deuterated CB- NO reaction in our laboratory indicated HNCO+O A0 = —479.7 kJ/r(rl%l)

that the DCN+ O channel accounts for the largest fraction of

48% of the total rate, and that minor product channels include — CN+ HO, AH®50s= —190.0 kJ/mi’.'

NCO + H, CO + NH, and possibly HCO+ N.22 The (10)
observation of DCNt- O as the major channel is in qualitative  \yhare JANAF values for heats of formation were ubexcept
agreement with other studié4? Reactions with other nitrogen  or NCO, for whichAH; = 131.38 kJ/mol was uséd. To our
oxides include CHt- N2O and CH+ NO,. The CH+ N.O knowledge, no direct measurements of the products of this

has a rate constant of (6:8.5) x 10711 cm?® molecule’* s™1 at reaction have been reported.

298 K, with a small negative activation energy# 16 and In this study, we use infrared diode laser detection of NO,
produces primarily HCNt+ NO as well as smaller amounts of CO, CQ, HCNO, HNCO, DCN, and BD (produced by

H + N, + COY7 secondary chemistry) product molecules. CkBrCDBr; were

. . used as CH radical precursors via multiphoton absorption of
In this study we report measurements of the product branching o4y light:

ratios (defined ag14 = kidkiotal, €tc.) of the CHt+ NO, reaction.

Only one previous study of this reaction has been reported. CHBr, + hv (248 nm)— CH + Br + Br, or CH + 3Br
Wagal et al. measured the total rate constant of this reaction,

obtainingk = 1.67 x 10719 cm® molecule® s™1 at 298 K> No CDBr;, + hv (248 nm)— CD + Br + Br, or CH+ 3Br
temperature-dependent kinetic studies have been reported, but
if this reaction behaves similarly to the CH NO and CH+ Deuterated precursor molecules were used in some of the

NO reactions, a zero or small negative activation energy is experiments because one of the possible products, HCN, lies
expected. Numerous possible product channels are thermody-outside the range of our laser diodes. CkiBas been used as
namically accessible: a CH radical precursor in numerous previous stufligg526-22
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Excited-state CH(&) radicals may also be produced in this
system, although previous studies have shown that they are
relatively unreactive toward NO and®.23 In this study, we

use xenon buffer gas to relax electronically excited states of
CH to the?IT ground state. Although no direct measurements
of the rate of this relaxation process have been reported, xenon
is known to efficiently relax NH(A) to ground-state NHE),2425

and our previous studies of the CHNO reaction suggested
that similar processes are active for excited states of CH as
well .12

Signal (arbitrary units)

Experimental Section

The experimental methods have been described in previous
publicationst?26-27 Briefly, ultraviolet light from an excimer
laser (Lambda Physik Compex 200) operating on the KrF line
at 248 nm was weakly focused by a 1-m focal length Qafs
into the center of a 1.46-m Pyrex reaction cell. Infrared probe Figure 1. Transient absorption signals from the GHNO, reaction.
light from a lead-salt diode laser (Laser Photonics) was -inesprobed: CO (8-1), P(5) at 2123.699 cm, CO; (00°0 — 00°1),

) : : P(16) at 2335.920 cm, NO (0 — 1), R(8.5) at 1906.141 cri.
collimated and made collinear with the UV beam by means of .. ion conditionsPener, = 0.1 Torr, Pao, = 0.5 TOIT, Pe = 1.0

a dichroic beam splitter. Both beams were copropagated Tqrr, Pcr, = 1.0 Torr (CO transient only), anBisy, = 1.0 Torr (NO

through the cell, after which the UV beam was removed by a and CQ transients).

second beam splitter. The infrared light then passed through a

*/,-m monochromator and was focused onto an InSh detectorstates on the time scale of these experiments. Previous work

(1 us response time). Transient absorption signals were has shown that this is the case for most molecules provided

collected on a LeCroy 9310A digital oscilloscope and stored SF; buffer gas is included in the reaction mixti#f&’ The one

on a personal computer. exception is CO, which is not vibrationally relaxed bysSEF,
Typical reaction conditions were 0.1 Torr CHB0.1-0.5 buffer gas, which is more efficient at relaxing vibrationally

Torr NO,, 1.0 Torr Xe, and 1.0 Torr SFor CF, buffer gas. excited CO, was therefore used whenever CO products were

CHBr; and CDBg (Aldrich) were purified by repeated freeze probed. Total pressures were low enough so that pressure

pump-thaw cycles to remove dissolved air. Other reagents broadening effects were negligible. Furthermore, we probed

(Matheson) were purified by vacuum distillation, primarily to  only low rotational levels near the maximum in the rotational

-200 0 200 400 600 800
Time (us)

remove traces of CO and NO from g&nd NQ, respectively. Boltzmann distribution, so effects from transient heating of the
The NO impurity levels in the N@samples were estimated at reaction mixture are minimized.
~0.1% by infrared diode laser absorption. Several control experiments were performed in order to verify

The HITRAN databasé was used as an aid in the identifica-  the origin of the observed signals. Transient signals were
tion of spectral lines for CO, CO N2O, and NO. Other  collected upon photolysis of N#Xe/SFs and NQ/Xe/CF,
literature data were used to locate HNCO and HCNO line mixtures, i.e., with the bromoform precursor omitted. No CO
positions near 2270 and 2200 chirespectively?>*° For DCN, or CO; transients were observed, but a significant NO transient
a 0.25 cn* resolution FTIR scan was used to identify with  was observed under these conditions, presumably due to direct
sufficient accuracy the line positions of the {09 — (00°1) photolysis of NQ. The number density of NO produced in
band near 2600 cmi. Calibration of infrared absorption  this manner was subtracted from the number density of NO
coefficients of DCN was performed by measuring the fractional optained with the full reaction mixture. The magnitude of this
absorption of the diode laser radiation as a function of DCN correction depends on the NPressure used but is abou25%
pressure, as reported earfiér. at 0.3 Torr NQG.

The measured product yields of CO, g@nd NO from the
CH + NO; reaction are shown as a function of reagent,NO

Typical time-resolved absorption signals are shown in Figure pressure in Figure 2. As shown, only a very small yield of
1. To obtain these signals, transient signals were obtained withCO; was observed, but the large infrared absorption coefficient
the diode laser tuned on resonance with a desired spectral lineof COz permitted a reasonably accurate measurement of][CO
as well as detuned~0.02 cnt! off resonance. The off- nevertheless. In general, CO and £froduct yields were
resonance signals are due to thermal deflection of the infraredobserved to increase slightly with increasing [jl@nd level
beam upon transient heating of the reagent gas by the photolysi®ff at about 0.3 Torr of N@ This effect is probably caused
laser. Because of the focused photolysis beam required, theséy the competition of reaction 1 with other CH removal routes
artifacts are quite large in these experiments and are highly at low [NO;]. These routes may include self-reaction, reaction
sensitive to beam alignment. By fine adjustment of the infrared with Br, Brz, or CHBJ3, and diffusion out of the probed region.
beam alignment the long-time component of the off-resonant The observed NO yield is somewhat more dependent on]]NO
sighal was adjustable to acceptable levels, although a large shortrobably due to some additional secondary chemistry resulting
time component 30 us) remained. The absorption signals in NO formation, as is discussed below. The measured ratio
shown were obtained by subtraction of the off-resonant signal of [COJ/[CO;] did not depend significantly on [N£} indicating

Results

from the on-resonant signal. that CH removal by processes other than reaction 1 are
Absorption signals were converted to absolute number sufficiently suppressed at these N@ressures so as to not
densities using equations described in earlier publica®?s2” significantly affect the measured branching ratios.

We assume that the probed molecules are relaxed to a room- In addition to CO, C@, and NO, attempts were made to detect
temperature Boltzmann distribution of rotational and vibrational the following molecules: BD, DCN (using CDBj precursor
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& 160.00 T T T T TABLE 1: Branching Ratios of the CH + NO, Reaction
ﬁ L |+ NOYIELD 4 product channel branching ratio
a @ CO YIELD
3 12000 | A CO5 YIELD B NH + CG, <0.02
8 ’ + + HNO + CO and H+ NO + CO 0.92+ 0.04
3 L + J HCO+ NO 0.08+ 0.04
Z HCN + O, <0.1%
= 80.00F + - NCO+ OH <0.0®
= CN+HO, <0.0%
E + aBased on upper limit of pD yield from expected secondary
g 40.00 - — chemistry. See text for detail3Based on upper limit of DCN yield
o from CD + NO; reaction.
2 T e ® ® & & 1
f’-é ook a4 a4 a4 a a4 recent estimate of a very small value of 35107 cm?®
5 | | molecule’! s71 at 298 K has been suggestéd.
“ ! ! ! Upon consideration of the above secondary reactions, the lack
0.00 0.20 0.40 0.60

NO, Pressure (Torr) of NZ_O_ production in_ these experiments is extremely signifiqant,
providing strong evidence that channels (1a), (1f), and (1i) do
Eigurergs-ssrfgdégaﬁgsC%fntgﬁiocng NO, reoaiti%rfspa func(t)ioln of  not represent significant contributions to the title reaction, as
0.52Tporr, Pcg, = 1.0 Torr (CO detecct?oBﬁ), anBsg =’l.303rorr (NO any NH or NCO radicals p_roduce(_j would be expe_cted to
and CQ detection). produce large amounts obl via reactions 3and 5 Similarly,
any CN produced in channel (1i) would react via (6) to form
molecules), HNCO, and HCNO. No transient signals due to NCO, which would then react further, producing® As a
any of these species were observed. FgdMnd DCN, line result, we can state that little or no €@ formed by reactions
strength data are available, and we estimate the following upperla or 5a and that the only significant source of Q@ this
limits: [COJ]/[N2O] > 120; [COJ/[DCN] > 7. In the case of system is reaction 4b. Using our estimate¢af = 0.37 +
HCNO and HNCO, infrared line strengths are unknown, 0.053 and assuming that all the HCO molecules produced in
preventing an absolute calibration. It is apparent, however, thatchannel (1c) react with N©via reaction 4, we can write:
reaction channels (1g) and (1h) represent very minor or
negligible contributions to the title reaction. [CO,] = 0.37[1c] (1)

Discussion where [1c] represent the concentration of HCO produced in
reaction 1c. Several sources of CO are present: the primary

Numerous secondary reactions are possible in this system,Channels (1b) and (1e) and the secondary reaction 4a:

as almost any radical formed by the title reaction also reacts
with NO,: [CO] = [1b] + [1e] + 0.63[1c] ®)

H+ NO,— NO + OH (2) Sources of NO include primary channels (1c) and (1le),
secondary reaction 4, and the secondary reaction 2 due to H
atoms produced in channels (1e) and (4b). Summing these
together gives

NH + NO, — N,O + OH (3a)

— NO + HNO (3b)

2.37[1c]+ 2[Le] (9)

H+NO+CO, (4b) Equation 7 and the experimentally measured €@lds were
_ used to calculate [1c], the product yield of channel (1c).
NCO+NO, = N0+ €O, (°a) Equation 8, along with the measured CO yield, was then used
—~2NO+ CO (5b) to calculate [1bH [1e]. Since (1b), (1c), a}nd (1e_) are the only_
observed product channels, we can then immediately determine
CN+ NO,— NCO+ NO (6) branching ratiog;c = [1c]/([1c] + [1b] + [1e]) and¢ip+1e =
[1b] + [1e]/([1c] + [1b] + [1e]). These results are shown in
At 298 K, the following rate constants (in émolecule s™1) Table 1, along with upper limits on other product channels.
and branching ratios are applicablei = 1.4 x 1071031 k3 = Note that the above branching ratio determination was made
(3.8-5.8) x 1071132734 with ¢35 = 0.41 andgps, = 0.5935 k4 without use of the measured product yields for NO. The
= (5.1-5.7) x 107113637 wjith ¢psq = 0.63 andpa, = 0.3738 ks experimental NO yields, however, were found to be inconsistent
= (1.8-2.8) x 107113940 with ¢s4 = 0.92 andgs, = 0.083° with the prediction of eq 9. Even if we assumed [£D and
andks = (7.4-9.3) x 107114142 that therefore [le}= [1e] + [1b], values of [NO] calculated

On the basis of the above data, any H, NH, HCO, or NCO from eq 9 are only approximately half of the observed NO yield.
radicals produced in the title reaction are expected to quickly If one assumes that [1b} 0, the discrepancy becomes even
react with NQ in the limit of high [NG], although, at very larger. We therefore believe that there are additional secondary
low NO, concentrations, other removal routes for these radicals reactions that form NO in this system. Some possibilities
may compete with reactions-&. Two radicals which do not  include reactions of photolysis byproducts with NO
react quickly with NQ are OH and HNO. The OH- NO,
reaction is termolecular and is therefore expected to be slow at Br + NO, + M —BrNO, + M —BrO+ NO+ M (10)
the pressures used in this stuidy? No direct measurements
of the HNO + NO, rate constant have been reported, but a CHBr+ NO, —~ CHOBr+ NO 11)
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The bimolecular rate constant of reaction 10 is pressure  (2) Lanier, W. S.; Mulholland, J. A.; Beard, J. $ymp. (Int.) Combust.
dependert and is probably quite slow at the experimental [Proc.] 1988 21, 1171.

PP (3) Chen, S. L.; McCarthy, J. M.; Clark, W. D.; Heap, M. P.; Seeker,
pressures used. Nevertheless, if this is the only removal route,,, R Pershing, D. WSymp. (Int.) Combust. [Proc1988 21, 1159.

for bromine atoms in Fhis system, it_ may represent a significant (4) Becker, K. H.; Engelhardt, B.; Geiger, H.; Kurtenbach, R.; Wiesen,
source of NO, especially considering the fact that up to three P. Chem. Phys. Lettl993 210, 135.

Br atoms are formed per CH radical in the photolysis of C&Br (5) Wagal, S. S.; Carrington, T.; Filseth, S. V.; Sadowski, COflem.
No literature data are available on the rate of reaction 11, and Phys-1982 69, 61.

we do not know how much CHBr is formed in the photolysis 108\(?)8_L'Ch“”’ D. A.; Berman, M. R.; Lin, M. CChem. Phys. Let1.984

of CHBr3, although [CHBrj is prQbabW less than [CH] Itis (7) Dean, A. J.; Hanson, R. K.; Bowman, C.J.Phys. Chem1991,
therefore unfortunately not feasible to quantify all the sources 95, 3180.

of nitric oxide products in this experiment. As a result, we are (8) Okada, S.; Yamasaki, K.; Matsui, H.; Saito, K.; Okada,Bll.
unable to distinguish between product channels (1b) and (1e)Chem. Soc. Jpri993 66, 1004.

in the title reaction, because both produce one CO molecule 198(19)568%%?‘ J. B; Fleming, J. W.; Goss, L. P.; Lin, M. Chem. Phys

for every CH radical consumed. (10) Bocherel, P.; Herbert, L. B.; Rowe, B. R.; Sims, I. R.; Smith, I.
No ab initio calculations have been reported for the €H W. M.; Travers, D.J. Phys. Cheml996 100, 3063.

NO; reaction, but we can make qualitative suggestions about (11) Marchand, N.; Jimeno, P.; Rayez, J. C; LiotardJ[Phys. Chem.

possible reaction mechanisms on the basis of our results. InA 1997 101 6077.

principle, CH can bind to N@via either the nitrogen atom or (12) Lambrecht, R.; Hershberger, J..F.Phys. Cheml994 98, 8406.
. (13) Takezaki, M.; Ohoyama, H.; Kasai, T.; Kuwata, lkaser Chem

an oxygen atom, forming an HCNGr HCONO complex, 1995 15, 113,

respectively. The HCONO complex can dissociate to HEO (14) Becker, K. H.; Engelhardt, B.; Wiesen, P.; Bayes, K.dhem.

NO products or it can rearrange to a four-center transition state Phys. Lett1989 154, 342.

via hydrogen atom migration to the nitrogen atom. This 21(%%)52abamick, S.; Fleming, J. W.; Lin, M. @t. J. Chem. Kinet1989

structure can then d|_SSOC|ate to HNOCO by breaking &H _ '(16) Anderson, S. M.: Freedman, A.: Kolb, C..E.Phys. Chemr989

and N-O bonds. Either of these product channels contains g1 272

enough energy to further dissociate to H CO + NO. (17) Hovda, N.; Hershberger, J. Ehem. Phys. Letf1997, 280, 145.

Formation of NCO+ OH or HCN + O,, however, would (18) Chase, M. S., Jr.; et all. Phys. Chem. Ref. Dath985 14,

require unlikely three-center cyclic intermediates or transition Supplement 1.

states. Our failure to observe these product channels suggests (19) East A. L. L; Allen, W. D.J. Chem. Phys1993 99, 4638.

that these routes are not significant in the €HNO, reaction. (20) Mcllroy, A.; Tully, F. P.J. Chem. Phys1993 99, 3597.

. LY . . (21) Taatjes, C. AJ. Chem. Physl1997 106, 1786.

What is somewhat surprising is that dissociation of the HQNO (22) Taatjes, C. AJ. Phys. Chem1996 100, 17840.

complex to form O+ HCNO is not observed. One possible (23) Hou, Z.; Bayes, K. DJ. Phys. Cheml993 97, 1896.

explanation is that this HCNZromplex might rearrange to the (24) Hack, W.; Wilms, A.J. Phys. Chem1989 93, 3540.

HCONO complex via CH migration from the nitrogen to a (25) Nelson, H. H.; McDonald, J. R.; Alexander, M. H.Phys. Chem

terminal oxygen atom. Transition states in which the CH group 1990 94, 3291.

bridges the N-O bond have been shown to be important in the 97%2)8??0098“ W. F.; Park, J.; Hershberger, JJFPhys. Chemi993

CH + NO reactiod! and are likely to be present in the CH ' i

. L . (27) Quandt, R. W.; Hershberger, J.J-Phys. Cheni996 100, 9407.
NO, system as well. Clearly, detailed ab initio calculations are  (2g) Rothman, L. S.; et all. Quant. Spectrosc. Radiat. Transt992

needed to better characterize these reaction pathways. 48, 469.
(29) Steiner, D. A.; Polo, S. R.; McCubbin, T. K., Jr.; Wishah, KJA.
Conc|usi0ns Mol. SpectrosleSS 98, 453.

(30) Ferretti, E. L.; Rao, K. NJ. Mol. Spectrosc1974 51, 97.

The CH+ NO, reaction was studied at room temperature  (31) Tsang, W.; Herron, J. T. Phys. Chem. Ref. Dat091, 20, 609.
by infrared diode laser spectroscopic detection of products. CO, (32) Cox, J. W.; Nelson, H. H.; McDonald, J. Rhem. Phys1985
NO, and CQ product yields were measured. After consider- 96 175. -
ation of likely secondary reactions, the CO and.@i@Ids were 195(3%3)12'3615"'1%(_’”' J. A Whyte, A. R.; Phillips, L. Rchem. Phys. Lett
found to be consistent Wlth the formation of+|CO_+ NO or (34) H’ack’ W.; Wagner, H. Gg.; Zasypkin, Ber. Bunsen-Ges. Phys.
HNO + CO as the major product channel. A minor channel chem 1994 98, 156.
into HCO + NO is also present. The observed NO yield in (35) Quandt, R. W.; Hershberger, J.JFPhys. Chenrl995 99, 16939.
these experiments was higher than can be accounted for by the (36) Timonen, R. S.; Ratajczak, E.; Gutman,DPhys. Chem198§

; i i ; . 92, 651
title reaction, suggesting the existence of additional secondary (37) GUo, Y. Smith, S. C.. Moore, C. B. Phys. Cher1995 99, 7473,
chemistry for NO formation.
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