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Abstract

The reactions of HCO and DCO with NO have been measured by the laser photolysis/continuous-wave (CW) laser-induced flu-
orescence (LIF) method from 296 to 623K, probing tH##4’ < X2A’) HCO (DCO) system. The HCO+NO rate coefficient is
(1.8140.10)x 10~* cm® molecule* s and the DCO + NO rate coefficient is (1.810.12)x 10~** cm® molecule* s at 296 K. Both
rate coefficients decrease with increasing temperature between 296 and 623 K. The kinetic isotopekaffect is.12+ 0.09 at 296 K
and increases to 1.250.15 at 623 K. The normal kinetic isotope effect supports abstraction as the principal mechanism for the reaction, in
agreement with recent computational results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction perature dependence between 298 and 503K, with a rate
coefficient of (1.23£0.12)x 10~ cm® molecule 1 s~ at
Reactions of the formyl radical (HCO) are key pro- 298K. However, Veyret and Lesclauf9] suggested
cesses in atmospheric chemistry and combustion. The reacthat the reliability of their HCO+NO rate coeffi-
tion of HCO with nitric oxide (NO) is important in sys- cients could be poorer than indicated by the estimated
tems such as the combustion of chemical explosjiégs error, and criticized the methodology of several ear-
and solid propellant§2,3], and for formaldehyde produc- lier measurements. Cavity ring-down measurements by
tion in lean-burn natural gas engingy. The kinetics of Ninomiya et al.[10] in 2000 vyielded a rate coefficient
this reaction have been studied near room temperature byof (1.940.2)x 10~ 1cm®molecules™! at 295K, and
several groups, but only one temperature-dependent measurea<€lative-rate measurements reported in the same work yielded
ment of the rate coefficient has been performed. The room-arate coefficient of (2.2 0.5) x 1012 cm® molecule 1 s1.
temperature measurements before 2000 are in relatively goodrhe similar reaction of HCO +©showed a comparable
agreemenf5-9], with rate coefficients between 1-210-11 discrepancyl0], and more recent measurements using laser-
and 1.45< 10~ cm® molecule's~1. The measurements induced fluorescendé1,12]and diode laser absorpti§h3]
of Veyret and Lesclau}9] showed a slight negative tem- have tended to corroborate the results of Ninomiya et al. for
HCO + O,. A reinvestigation of the temperature-dependent
kinetics of the HCO + NO reaction therefore appears war-

- ranted.
* Corresponding author. Tel.: +1 925 294 2764. . + .
E-mail address. cataatj@sandia.gov (C.A. Taatjes). Furthermore, the mechanism of the HCO + NO reaction
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products (HNO and CO) or by direct hydrogen abstraction: the progress of the reaction for either isotopomer indepen-
dently. Because of the relatively small concentration of HCO,

HCO+ NO<LL, HCONO*& HNO + CO, and hence photolytic precursor, needed for LIF detection, the
kln—?c%) ’[l'\g] contributions of side reactions such as HCO self-reaction or

reactions with the photolysis precursor are limited. The ClI

HCO+ NOX*HNO + CO 1) abstraction from formaldehyde is chosen for reaction ini-

tiation because it reduces the possibility of side reaction

Historically, the experimental evidence has appeared to favorwith counter species such as H, gHand CHCO pro-
the participation of the bound intermediate in the reac- duced from acetaldehyde or formaldehyde photolysis. The
tion. Observation of stabilized HCONO formed from the rate coefficient measured at room temperature (296 K) is
HCO+NO reaction in the gas phase has been reported(1.81+0.12)x 10t cm® molecule 1s1, in good agree-
by Napier and NorrisH14]. Langford and Moore mea- ment with the recent results of Ninomiya et fl0]. The
sured kinetic isotope effecf8] and removal of vibrationally  rate coefficients decrease with increasing temperature as pre-
excited HCO by NQO[15] and concluded that complex for-  viously observed by Veyret and Lescla[®]. A small but
mation followed by elimination k5 and k1p) dominated significant normal kinetic isotope effect is observed, con-
the reaction. Butkovskaya et dll6,17] observed popula- trary to the previous kinetic isotope effect measurements of
tion in the excited states aof; and v, of HNO from the Langford and Moor¢8g].
HCO + NO reaction at 298 K, and described their results as
consistent with formation via a long lived complex rather
than by direct hydrogen abstraction. Ab initio statistical pre- 2. Experiment
dictions by Kulkarni and KogfL8] suggest that the hydrogen
abstraction channel for HCO + NO is too slow to contribute  The reaction of HCO (DCO)+ NO is investigated by
significantly to the total reaction rate at 298 K (with an esti- using the laser photolysis/CW laser-induced fluorescence
mated rate coefficient of1 x 107 cm3s1). (LP/cwLIF) method, similar to that employed in previous

However, Xu et al[19] have very recently carried out experimentg11,23] The experiments are performed in a
a detailed high-level characterization of stationary points on slow-flow reactor, where the gas flow (about 30 cth)sis
the HCO + NO potential energy surfaces and have determinedslow compared to the reaction time scale, but fast enough
that the direct abstraction has no barriers above the energyto fully replenish the approximately 0.5cm high reaction
of the entrance channel. In addition, master equation calcu-zone between photolysis pulses (at repetition rates between
lations using the ab initio stationary points showed excellent 2 and 10 Hz). The reaction is initiated by Cl abstraction from
agreement with literature rate coefficients and predicted aformaldehyde (HCO). The Cl is generated by photolysis of

dominant direct abstraction mechanifis). CCl3F at 193 nm, and the HCO or DCO radical is produced by
The only previous measurement of the kinetic isotope subsequent Cl reaction with,80 or D,CO. In some cases
effect for HCO + NO is that of Langford and Mooi8g]. the reaction is initiated by direct photolysis of formaldehyde.

They observed that deuterium substitution increases the rateThe HCO (DCO) then reacts with NO:

coefficient, with gn/kp =0.81+0.14) for HCO+NO and v (193nm)

(kn/kp =0.91+£0.17) for HCO + Q. The inverse kineticiso- CCRF  — "CI* + CChLF (2)
tope effect in both reactions was taken as evidence for the

participation of a long-lived complex. However, subsequent ClI* +HCO — HCO® + HCl 3)
experiments on the HCO +Gystem[11] observed no sig-  ycoe +NO — HNO + CO (4)

nificant kinetic isotope effect for deuteration of the HCO

(kn/kp =1.00+ 0.07). An abstraction reaction, as predicted The progress of the HCO (DCO)+NO reaction is moni-
by the most recent theoretical investigation of the HCO + NO tored by LIF in the 24" <— X2A’) system using the out-
reaction[19], is usually associated with normal kinetic iso- put of a continuous-wave ring dye laser operating near
tope effects. The uncertainty estimates of the Langford and516 nm [11,24] The ring laser output is doubled in an
Moore [8] HCO + NO measurements do not encompass the external buildup cavity that uses a BBO crystal as the sec-
possibility of a normal isotope effect, and appear difficult to ond harmonic generation medium. The doubled probe beam
reconcile with a direct abstraction mechanism. The present(<50 mW cn12) at 38692.6 cm* (38631.6 crt for DCO
work re-examines this kinetic isotope effect. experiments) enters the flow reactor through a LCain-

This study measures the HCO+NO and DCO+NO dow. The unfocused photolysis beam (3 mJ/pulse) first passes
reaction rate coefficients as a function of temperature through an aperture and then enters the reactor through a
(296—623K). The time behavior of the HCO radical is different window at a right angle to the probe beam. The flu-
observed directly by using a laser photolysis/CW laser- orescence is detected perpendicular to both laser beams with
induced fluorescence (cwLIF) method. TH#A' « X2A’) a photomultiplier tube operating in single photon counting
system of both isotopomers has been previously characterinode. A filter is placed between the photomultiplier tube
ized[20-22] and provides an excellent means of observing and the reactor to remove stray 193 nm light. The photomul-
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. . ) . centration at 296K and 10Torr for HCO+NO (solid circles) and
Fig. 1. The time profile of the cwLIF signal for HCO taken at 296 K and DCO+NO (open squares). The linear fits yield a second order rate
10.07Torr with 6.49< 10**cm of NO. The HCO signal (open circles) is coefficientsky = (1.814 0.10)x 10~ cm® molecule* s~ (solid line) and
fit by an exponential, with the residuals shown above. The signal is also ko = (1.614 0.12)x 101 e molecule? s (dotted line).
shown as a solid line on a logarithmic scale given on the right, demonstrating
single-exponential decay. The time constant of the decay corresponds to a
pseudo-first order rate coefficient of 14,208 s Table 1

Measured second order rate coefficients for HCO (DCO) + NO at different

tiplier output is transferred to a multichannel scaler, where temperatures

typically 2048 channels with a width of 1.2& are accu-
mulated. To remove the influences of stray photolysis light a

Reaction ~ HCO source Temperature (K (cm® molecule 1 s~1)

chopper wheel is used to allow subtraction of the signal with :gg:mg g: :gzgggggz ggg éi-%géggi 18:11
thg probe.bearT.\ bloc_ked. To achieve a good S|gn.al—to-n0|seHco+NO Cl abstraction 373 (1.550.00)x 1011
ratio the signal is typically added over 12,000 excimer laser yco+NO Cl abstraction 423 (1.310.08)x 10-11
shots. HCO+NO Cl abstraction 473 (1.190.09)x 10712

The stainless steel flow reactor is resistively heated. The HCO+NO Cl abstraction 523 (1.120.11)x 10711
temperature of the cell is monitored by a retractable ther- HCO+NO  Clabstraction 573 (1.080.08)x 10:11
mocouple placed inside the cell directly over the reac- ggg:mg g: :Ezgzg:gz ggg gi:gg:gg;i 18,11
tion zone. The gas flows are controlled by calibrated pco+NO Clabstraction 473 (0.960.08)x 10-11
mass flow meters, and the pressure in the reactor is mon-DCo+NO Clabstraction 573 (0.870.09)x 10~ 11
itored with a capacitance manometer. Typical gas con- DCO+NO D,CO photolysis 296 (1.6€0.10)x 10~
centrations are [NO]=0.2 105cm23 to 1.5x 105cm3, HCO+NO HCO photolysis 296 (1.820.11)x 107

[CCI3F] =6 x 105, and [H,CO] =3 x 105 cm3. Helium is
added to a total density of 3.2510'" cm~3. The initial HCO NO at 296K and 10 Torr of total pressure. The residuals
concentrations are estimated to-b&0'3 cm~3. Both initia- show that the decay of the HCO is described well by a
tion reactions could produce vibrationally excited HCO. The single exponential. A plot of the inverse of the exponen-
relaxation into the probed state will contribute to the observed tial time constantr (i.e., the pseudo-first order rate coef-
rise of the signal, and the timescale of this vibrational energy ficient) against [NO] is shown iifrig. 2 for HCO + NO at
transfer is empirically determined from LIF measurementsin 296 K and 10 Torr total pressure. The linear fit Fig. 2
the absence of NQL1]. Under the present conditions vibra- yields a second order rate coefficient of (1480.10)
tional relaxation of both isotopomers is complete before the (20) x 10~ cm® moleculels~1. The rate coefficient at
kinetics of the reaction of interest are measured. The reactions296 K obtained by using photolysis of formaldehyde as the
are monitored under pseudo-first order conditions, where HCO source is (1.820.12)x 1011 cm® molecule s,
[NO] > [HCO]. The HCO time profile can then be fitted by as listed inTable 1 No difference is observed when using
a single exponential, and the second order rate coefficient iseither Cl abstraction or formaldehyde photolysis to generate
obtained from the slope of a plot of the pseudo-first order rate HCO or DCO.
coefficient versus [NO]. The second order rate coefficients for both HCO + NO and
DCO +NO obtained at different temperatures are listed in
Table 1 All the experiments are carried out at a total density
3. Results and discussion of 3.25x 10" cm~3. The second order rate coefficient ver-
sus temperature is shownhig. 3for temperatures between
Fig. 1 shows the time-resolved HCO LIF signal cre- 296 K and 623 K. The temperature dependence of the second
ated by Cl+HCO in the presence of 6.4910"cm 3 of order rate coefficient for HCO + NO is well-represented by
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so_ ® HCO+NO m DCO+NO ] evidence that this harmony may be misleading. These pre-

& HCO + NO (ref. 9) == (ref. 19) vious six experiments all also observed the rate coefficient
336.5/T)

20~ — k=6.04x10"2**em’ molecule™' s - of the reaction of HCO+@ The results of Veyret and
Lesclaux[9] and Ninomiya et al[10] for HCO + G, agree

with most recent measuremeifitd—13,25]Jof the HCO + Q

rate coefficient. There is a general agreement among these
recent experiments for a higher HCO + @ate coefficient
than observed in the other four experiments liste@iahle 2
(~5.6x 10 2cmis? rather than~4.2x 102 cmés1).

The Ninomiya et al[10] study also found that the HCO + NO
rate coefficient was significantly larger than the other five pre-
vious measurements listed Tlable 2 They suggest that not

I I I I I I I only was the HCO + @ rate coefficient underestimated in
800 350 400 450 500 550 600 previous studies but that the HCO + NO rate coefficient may

Temperature (K) also have been underestimated.

) . The rate coefficient at room temperature obtained in
Fig. 3. The temperature dependence of the second order rate co‘efflmentthiS work is in good agreement with the measurement of
for HCO+NO @) and DCO + NO M) measured at a constant density of . : . :
3.25x 1017 cm~3. Error bars represeit2o precision. The solid line shows ~ Ninomiya etal[10]. This resultis~40% larger than the other
the fit of the second order rate coefficient to a simple Arrhenius expression, experiments listed iffable 2 The Langford and Moor8]
ki =6.04x 10-123365" en® molecule* s™1. The temperature dependent  results should not suffer from the reactant depletion effects of
second order rate cqefficients for HCO+NO from Veyret and Lesd@bix the IDLS measurements, discussed by Veyret and Lesclaux
g%%apr;?g;i.calculanons of Xu et dl19] (dotted line) are also shown for [9]. Nevertheless the Langford and Moore HCOz (te

coefficient and HCO + NO rate coefficient are lower than the

Ninomiya et al.[10] measurements and the current results.
k1=6.04x 10712e3365T cd molecule 1 s~1. Fig. 3shows ~ The two experiments also used different experimental tech-
that the DCO + NO rate coefficient decreases with increasedniques (CRDS in the Ninomiya et al. measurements, LRA
temperature between 296 K and 573K as well. Veyret and in the Langford and Moore work), but it is unclear why
Lesclaux9] also measured a decrease of the rate coefficientthe results differ. The Ninomiya et gl10] and the Lang-
with increasing temperature, but the current rate coefficient ford and Moore[8] experiments monitored the HCO radi-
measurements show a slightly steeper decline of the ratecals using the same transitiotfA” (09 0) < X2A4’ (000),
coefficient with increasing temperature. The current mea- although Ninomiya et al. used the R branch whereas Lang-
surements also give a somewhat larger rate coefficient at eacliord and Moore used the Q branch. The CRDS measure-
temperature than those measured by Veyret and Lesclaux oments were able to work with smaller HCO concentrations.
the calculations of Xu et aJ19]. The CRDS determinations of Ninomiya et al. are in agree-

The six previous measuremeifiis-10] of the HCO + NO ment with the relative rate study in the same paper that

rate coefficient at room temperature are listedlable 2 measured the HCO + NO, HCO Gnd HCO +NQ rate
Many technigues have been used to measure this reaccoefficients relative to the HCO + £lreaction rate coef-
tion, including intra-cavity dye laser spectroscopy (IDLS) ficient [10]. Furthermore, the derived rate coefficient for
[5,6], laser resonance absorption (LR8)9], photoioniza- ~ HCO+NQ, (6.3 1.5)x 10~ cm® moleculets™2, is in
tion mass spectrometry (PIM$J], and cavity ring-down  agreement with a recent measurement of Guo ef2&l
spectroscopy (CRDS)O0]. Five of the measurements yield ((5.7+0.9)x 10~ cm® moleculets™1), performed with
fairly consistent values for the HCO + NO rate coefficient the same technique as the Langford and Moore experiments
despite differences in the method used. However, there is[8]. While the source of the discrepancy in rate coefficient

3 -1 -1
lecule” s)

cm mo

Kk, (10"

Table 2

Observed rate coefficients for HCO + NO and HCOzdDroom temperature

knco+no (10~ cm? molecule 1 s71) kncoto,(10712cm® molecule s71) Method Reference
1.2+0.4 3.86+1.0 Flash photolysis/intracavity laser spectroscopy [5]
1.44+0.2 4.0+0.7 Flash photolysis/intracavity laser spectroscopy [6]
1.3+0.2 4.0+0.6 Discharge flow/photoionization mass spectrometry [7]
1.3+0.2 4.6+0.6 Laser photolysis/laser absorption [8]
1.24+0.2 5.6+0.6 Laser photolysis/laser absorption [9]
1.94+0.2 5.9+0.5 Laser photolysis/cavity ring-down spectroscopy [10]

- 5.6+0.3 Laser photolysis/laser-induced fluorescence [11]

1.8+0.1 - Laser photolysis/laser-induced fluorescence This work
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measurements remains uncertain, as discussed by Ninomiyd.21 at 800 K. The room temperature kinetic isotope effect
et al.[10], the present results support the higher value for the of 1.12+ 0.09 measured in this work is significantly smaller
rate coefficient. that the calculated effect of 1.3R7], but the measure-
The kinetic isotope effect is represented by the ratio of the ments at 473 and 573K are in excellent agreement with
second order rate coefficientgi(kp). The HCO+NO reac-  the calculated values of 1.29 (473 K) and 1.26 (573X).
tion displays a normal isotope effect, with the HCO+NO Hydrogen atom abstraction reactions typically display nor-
reaction~12% faster than the reaction of DCO+NO at mal deuterium kinetic isotope effects, reflecting in part the
room temperature. At higher temperature the isotope effectdifference in zero-point energies between reactants and the
appears to increase, withy/kp=1.12+0.09 at 296K, transition state. The rate coefficient for the abstraction chan-
knlkp =1.25+0.14 at 473K andkn/kp =1.25+£0.15 at nel in the HCO + NO reaction is affected by the presence of a
573K. This result is in qualitative disagreement with hydrogen-bonded complex inthe entrance channel. The tran-
the determination oky/kp =0.81+0.14 by Langford and  sition state to abstraction via the hydrogen-bonded well lies
Moore [8]. Interestingly, the Langford and Moore mea- approximately 1 kcal molt below the reactants, but reflec-
surement of the DCO +NO rate coefficient at room tem- tion from this transition state changes the calculated rate

perature ((1.560.2)x 10~ cm® moleculels™1) is in coefficient by a factor of 2.57 at room temperat(it®].
good agreement with the present results. The previously The kinetic isotope effect may be modified by the effects
reported DCO + Qrate coefficient from this laboratofg1] of the hydrogen-bonded complex. For comparison, the cal-

((5.61+£0.23)x 10 12cm® molecule 1 s 1)isencompassed  culated kinetic isotope effect for the HCO + @eaction,
within the DCO + Q rate coefficient error estimates of Lang- which is mediated by the covalently bonded HC(Qyall, is

ford and Moore (5.1 0.7) x 10-12cm® molecule 1 s~1[8]. ~1.15-1.2(28]. The present results appear consistent with
It is unclear why the absorption experiments of Lang- the newest calculations, suggesting that abstraction, medi-
ford and Moore should underestimate the rate coeffi- ated by a weakly bound complex, is the principal mechanism
cients for the HCO+ @ and HCO + NO reactions. How- for the HCO + NO reaction.

ever if the HCO+Q and NO rate coefficients (but not

the DCO+Q and NO rate coefficients) were underesti-

mated in the Langford and Moore experiment it would 4. Conclusions

explain the different kinetic isotope effect from the present

experiments. The HCO+NO and DCO+NO reactions have

The kinetic isotope effect in a complex-mediated reac- been investigated as a function of pressure and tem-
tion can reflect a balance among the isotope effects for perature. The room temperature rate coefficients are
stabilization, redissociation to reactants and formation of kpco+no=(1.8140.10)x 10-1*cm®molecule*s™t and
products. The inverse kinetic isotope effects observed by kpco+no=1.61+£0.12x 10~ cm® molecules™1.  The
Langford and Moore were explained by a model for the rate coefficients decrease when the temperature is increased
HCO +NO and HCO + @ reactions that included signifi-  from 296 K to 623 K. A small normal kinetic isotope effect is
cant redissociation of the complex to reactants. Given the observed kn/kp =1.12+ 0.09 at 296 K). The observed rate
normal kinetic isotope effect measured in the present study, coefficient at 296 K is larger than most previous determina-
the returning flux from the HC(O)NO complex need not tions, but in agreement with the most recent measurement,
be large. This interpretation is supported by the rate coef- suggesting an upward revision of the rate coefficient. The
ficients for the complex at 298 K predicted by Kulkarni and kinetic isotope effect is in disagreement with the previous
Koga[18] using RRKM (Rice—Ramsperger—Kassel-Marcus) observation, but appears consistent with the highest-level
theory. The redissociation of HC(O)NO to the reactants is calculations of the HCO + NO reaction that suggest a direct
predicted to be 4.6 10-*s1 at 298 K. However, Kulkarni  abstraction mechanism.
and Koga were unable to find a product pathway with a lower
energy barrier than the reactant channel, and concluded that
another reaction pathway must exist that was not found in Acknowledgements
their ab initio calculation§l8].
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