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Temperature dependence and deuterium kinetic isotope effects
in the HCO + NO reaction
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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 623 K, probing the (B̃2A′ ← X̃2A′) HCO (DCO) system. The HCO + NO rate coefficient is
(1.81±0.10)×10−11 cm3 molecule−1 s−1 and the DCO + NO rate coefficient is (1.61±0.12)×10−11 cm3 molecule−1 s−1 at 296 K. Both
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rate coefficients decrease with increasing temperature between 296 and 623 K. The kinetic isotope effect iskH/kD = 1.12±0.09 at 296 K
and increases to 1.25±0.15 at 623 K. The normal kinetic isotope effect supports abstraction as the principal mechanism for the re
agreement with recent computational results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Reactions of the formyl radical (HCO) are key pro-
cesses in atmospheric chemistry and combustion. The reac-
tion of HCO with nitric oxide (NO) is important in sys-
tems such as the combustion of chemical explosives[1]
and solid propellants[2,3], and for formaldehyde produc-
tion in lean-burn natural gas engines[4]. The kinetics of
this reaction have been studied near room temperature by
several groups, but only one temperature-dependent measure-
ment of the rate coefficient has been performed. The room-
temperature measurements before 2000 are in relatively good
agreement[5–9], with rate coefficients between 1.2×10−11

and 1.45×10−11 cm3 molecule−1 s−1. The measurements
of Veyret and Lesclaux[9] showed a slight negative tem-
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perature dependence between 298 and 503 K, with a
coefficient of (1.23±0.12)×10−11 cm3 molecule−1 s−1 at
298 K. However, Veyret and Lesclaux[9] suggeste
that the reliability of their HCO + NO rate coef
cients could be poorer than indicated by the estim
error, and criticized the methodology of several
lier measurements. Cavity ring-down measurement
Ninomiya et al. [10] in 2000 yielded a rate coefficie
of (1.9±0.2)×10−11 cm3 molecule−1 s−1 at 295 K, and
relative-rate measurements reported in the same work yi
a rate coefficient of (2.1±0.5)×10−11 cm3 molecule−1 s−1.
The similar reaction of HCO + O2 showed a comparab
discrepancy[10], and more recent measurements using la
induced fluorescence[11,12]and diode laser absorption[13]
have tended to corroborate the results of Ninomiya et a
HCO + O2. A reinvestigation of the temperature-depend
kinetics of the HCO + NO reaction therefore appears
ranted.

Furthermore, the mechanism of the HCO + NO reac
has been open to question. It can proceed via a cova
bound complex (HC(O)NO) with subsequent formation
1010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2005.07.023
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products (HNO and CO) or by direct hydrogen abstraction:

HCO+ NO
k1a←→HCONO∗

k1c ↓ [M]
HCONO

k1b−→HNO+ CO,

HCO+ NO
kabs−→HNO+ CO (1)

Historically, the experimental evidence has appeared to favor
the participation of the bound intermediate in the reac-
tion. Observation of stabilized HCONO formed from the
HCO + NO reaction in the gas phase has been reported
by Napier and Norrish[14]. Langford and Moore mea-
sured kinetic isotope effects[8] and removal of vibrationally
excited HCO by NO[15] and concluded that complex for-
mation followed by elimination (k1a and k1b) dominated
the reaction. Butkovskaya et al.[16,17] observed popula-
tion in the excited states ofν1 and ν2 of HNO from the
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-
dictions by Kulkarni and Koga[18] suggest that the hydrogen
abstraction channel for HCO + NO is too slow to contribute
significantly to the total reaction rate at 298 K (with an esti-
mated rate coefficient of∼1×10−17 cm3 s−1).

However, Xu et al.[19] have very recently carried out
a detailed high-level characterization of stationary points on
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the progress of the reaction for either isotopomer indepen-
dently. Because of the relatively small concentration of HCO,
and hence photolytic precursor, needed for LIF detection, the
contributions of side reactions such as HCO self-reaction or
reactions with the photolysis precursor are limited. The Cl
abstraction from formaldehyde is chosen for reaction ini-
tiation because it reduces the possibility of side reaction
with counter species such as H, CH3, and CH3CO pro-
duced from acetaldehyde or formaldehyde photolysis. The
rate coefficient measured at room temperature (296 K) is
(1.81±0.12)×10−11 cm3 molecule−1 s−1, in good agree-
ment with the recent results of Ninomiya et al.[10]. The
rate coefficients decrease with increasing temperature as pre-
viously observed by Veyret and Lesclaux[9]. A small but
significant normal kinetic isotope effect is observed, con-
trary to the previous kinetic isotope effect measurements of
Langford and Moore[8].

2. Experiment

The reaction of HCO (DCO) + NO is investigated by
using the laser photolysis/CW laser-induced fluorescence
(LP/cwLIF) method, similar to that employed in previous
experiments[11,23]. The experiments are performed in a
slow-flow reactor, where the gas flow (about 30 cm s−1) is
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he HCO + NO potential energy surfaces and have determ
hat the direct abstraction has no barriers above the e
f the entrance channel. In addition, master equation c

ations using the ab initio stationary points showed exce
greement with literature rate coefficients and predict
ominant direct abstraction mechanism[19].

The only previous measurement of the kinetic isot
ffect for HCO + NO is that of Langford and Moore[8].
hey observed that deuterium substitution increases th
oefficient, with (kH/kD = 0.81±0.14) for HCO + NO an
kH/kD = 0.91±0.17) for HCO + O2. The inverse kinetic iso
ope effect in both reactions was taken as evidence fo
articipation of a long-lived complex. However, subseq
xperiments on the HCO + O2 system[11] observed no sig
ificant kinetic isotope effect for deuteration of the H
kH/kD = 1.00±0.07). An abstraction reaction, as predic
y the most recent theoretical investigation of the HCO +
eaction[19], is usually associated with normal kinetic i
ope effects. The uncertainty estimates of the Langford
oore [8] HCO + NO measurements do not encompass
ossibility of a normal isotope effect, and appear difficu
econcile with a direct abstraction mechanism. The pre
ork re-examines this kinetic isotope effect.
This study measures the HCO + NO and DCO +

eaction rate coefficients as a function of tempera
296–623 K). The time behavior of the HCO radica
bserved directly by using a laser photolysis/CW la

nduced fluorescence (cwLIF) method. The (B̃2A′ ← X̃2A′)
ystem of both isotopomers has been previously chara
zed [20–22]and provides an excellent means of obser
low compared to the reaction time scale, but fast en
o fully replenish the approximately 0.5 cm high reac
one between photolysis pulses (at repetition rates bet
and 10 Hz). The reaction is initiated by Cl abstraction f

ormaldehyde (H2CO). The Cl is generated by photolysis
Cl3F at 193 nm, and the HCO or DCO radical is produce
ubsequent Cl reaction with H2CO or D2CO. In some case
he reaction is initiated by direct photolysis of formaldehy
he HCO (DCO) then reacts with NO:

Cl3F
hν (193 nm)−→ Cl• + CCl2F (2)

l• + H2CO→ HCO• + HCl (3)

CO• + NO→ HNO+ CO (4)

he progress of the HCO (DCO) + NO reaction is mo
ored by LIF in the (̃B2A′ ← X̃2A′) system using the ou
ut of a continuous-wave ring dye laser operating
16 nm [11,24]. The ring laser output is doubled in
xternal buildup cavity that uses a BBO crystal as the
nd harmonic generation medium. The doubled probe b
≤50 mW cm−2) at 38692.6 cm−1 (38631.6 cm−1 for DCO
xperiments) enters the flow reactor through a CaF2 win-
ow. The unfocused photolysis beam (3 mJ/pulse) first p

hrough an aperture and then enters the reactor thro
ifferent window at a right angle to the probe beam. The
rescence is detected perpendicular to both laser beam
photomultiplier tube operating in single photon coun
ode. A filter is placed between the photomultiplier t
nd the reactor to remove stray 193 nm light. The photo
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Fig. 1. The time profile of the cwLIF signal for HCO taken at 296 K and
10.0 Torr with 6.49×1014 cm−3 of NO. The HCO signal (open circles) is
fit by an exponential, with the residuals shown above. The signal is also
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 14,200 s−1.

tiplier output is transferred to a multichannel scaler, where
typically 2048 channels with a width of 1.28�s are accu-
mulated. To remove the influences of stray photolysis light a
chopper wheel is used to allow subtraction of the signal with
the probe beam blocked. To achieve a good signal-to-noise
ratio the signal is typically added over 12,000 excimer laser
shots.

The stainless steel flow reactor is resistively heated. The
temperature of the cell is monitored by a retractable ther-
mocouple placed inside the cell directly over the reac-
tion zone. The gas flows are controlled by calibrated
mass flow meters, and the pressure in the reactor is mon-
itored with a capacitance manometer. Typical gas con-
centrations are [NO] = 0.2×1015 cm−3 to 1.5×1015 cm−3,
[CCl3F] = 6×1015, and [H2CO] = 3×1015 cm−3. Helium is
added to a total density of 3.25×1017 cm−3. The initial HCO
concentrations are estimated to be∼1013 cm−3. Both initia-
tion reactions could produce vibrationally excited HCO. The
relaxation into the probed state will contribute to the observed
rise of the signal, and the timescale of this vibrational energy
transfer is empirically determined from LIF measurements in
the absence of NO[11]. Under the present conditions vibra-
tional relaxation of both isotopomers is complete before the
kinetics of the reaction of interest are measured. The reactions
are monitored under pseudo-first order conditions, where
[NO]� [HCO]. The HCO time profile can then be fitted by
a ent is
o rate
c

3

re-
a

Fig. 2. Pseudo-first order rate coefficient as a function of NO con-
centration at 296 K and 10 Torr for HCO + NO (solid circles) and
DCO + NO (open squares). The linear fits yield a second order rate
coefficientskH = (1.81±0.10)×10−11 cm3 molecule−1 s−1 (solid line) and
kD = (1.61±0.12)×10−11 cm3 molecule−1 s−1 (dotted line).

Table 1
Measured second order rate coefficients for HCO (DCO) + NO at different
temperatures

Reaction HCO source Temperature (K)k (cm3 molecule−1 s−1)

HCO + NO Cl abstraction 296 (1.81±0.10)×10−11

HCO + NO Cl abstraction 323 (1.79±0.08)×10−11

HCO + NO Cl abstraction 373 (1.55±0.09)×10−11

HCO + NO Cl abstraction 423 (1.31±0.08)×10−11

HCO + NO Cl abstraction 473 (1.19±0.09)×10−11

HCO + NO Cl abstraction 523 (1.12±0.11)×10−11

HCO + NO Cl abstraction 573 (1.09±0.08)×10−11

HCO + NO Cl abstraction 623 (1.07±0.08)×10−11

DCO + NO Cl abstraction 296 (1.61±0.12)×10−11

DCO + NO Cl abstraction 473 (0.96±0.08)×10−11

DCO + NO Cl abstraction 573 (0.87±0.09)×10−11

DCO + NO D2CO photolysis 296 (1.60±0.10)×10−11

HCO + NO H2CO photolysis 296 (1.82±0.11)×10−11

NO at 296 K and 10 Torr of total pressure. The residuals
show that the decay of the HCO is described well by a
single exponential. A plot of the inverse of the exponen-
tial time constantτ (i.e., the pseudo-first order rate coef-
ficient) against [NO] is shown inFig. 2 for HCO + NO at
296 K and 10 Torr total pressure. The linear fit inFig. 2
yields a second order rate coefficient of (1.81±0.10)
(2σ)×10−11 cm3 molecule−1 s−1. The rate coefficient at
296 K obtained by using photolysis of formaldehyde as the
HCO source is (1.82±0.12)×10−11 cm3 molecule−1 s−1,
as listed inTable 1. No difference is observed when using
either Cl abstraction or formaldehyde photolysis to generate
HCO or DCO.

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
of 3.25×1017 cm−3. The second order rate coefficient ver-
sus temperature is shown inFig. 3for temperatures between
296 K and 623 K. The temperature dependence of the second
order rate coefficient for HCO + NO is well-represented by
single exponential, and the second order rate coeffici
btained from the slope of a plot of the pseudo-first order
oefficient versus [NO].

. Results and discussion

Fig. 1 shows the time-resolved HCO LIF signal c
ted by Cl + H2CO in the presence of 6.49×1014 cm−3 of
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Fig. 3. The temperature dependence of the second order rate coefficient
for HCO + NO (�) and DCO + NO (�) measured at a constant density of
3.25×1017 cm−3. Error bars represent±2σ precision. The solid line shows
the fit of the second order rate coefficient to a simple Arrhenius expression,
k1 = 6.04×10−12 e336.5/T cm3 molecule−1 s−1. The temperature dependent
second order rate coefficients for HCO + NO from Veyret and Lesclaux[9]
(♦) and the calculations of Xu et al.[19] (dotted line) are also shown for
comparison.

k1 = 6.04×10−12 e336.5/T cm3 molecule−1 s−1. Fig. 3 shows
that the DCO + NO rate coefficient decreases with increased
temperature between 296 K and 573 K as well. Veyret and
Lesclaux[9] also measured a decrease of the rate coefficient
with increasing temperature, but the current rate coefficient
measurements show a slightly steeper decline of the rate
coefficient with increasing temperature. The current mea-
surements also give a somewhat larger rate coefficient at each
temperature than those measured by Veyret and Lesclaux or
the calculations of Xu et al.[19].

The six previous measurements[5–10]of the HCO + NO
rate coefficient at room temperature are listed inTable 2.
Many techniques have been used to measure this reac-
tion, including intra-cavity dye laser spectroscopy (IDLS)
[5,6], laser resonance absorption (LRA)[8,9], photoioniza-
tion mass spectrometry (PIMS)[7], and cavity ring-down
spectroscopy (CRDS)[10]. Five of the measurements yield
fairly consistent values for the HCO + NO rate coefficient
despite differences in the method used. However, there is

evidence that this harmony may be misleading. These pre-
vious six experiments all also observed the rate coefficient
of the reaction of HCO + O2. The results of Veyret and
Lesclaux[9] and Ninomiya et al.[10] for HCO + O2 agree
with most recent measurements[11–13,25]of the HCO + O2
rate coefficient. There is a general agreement among these
recent experiments for a higher HCO + O2 rate coefficient
than observed in the other four experiments listed inTable 2
(∼5.6×10−12 cm3 s−1 rather than∼4.2×10−12 cm3 s−1).
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 inTable 2. They suggest that not
only was the HCO + O2 rate coefficient underestimated in
previous studies but that the HCO + NO rate coefficient may
also have been underestimated.

The rate coefficient at room temperature obtained in
this work is in good agreement with the measurement of
Ninomiya et al.[10]. This result is∼40% larger than the other
experiments listed inTable 2. The Langford and Moore[8]
results should not suffer from the reactant depletion effects of
the IDLS measurements, discussed by Veyret and Lesclaux
[9]. Nevertheless the Langford and Moore HCO + O2 rate
coefficient and HCO + NO rate coefficient are lower than the
Ninomiya et al.[10] measurements and the current results.
The two experiments also used different experimental tech-
niques (CRDS in the Ninomiya et al. measurements, LRA
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Table 2
Observed rate coefficients for HCO + NO and HCO + O2 at room temperature

kHCO+NO (10−11 cm3 molecule−1 s−1) kHCO+O2(10−12 cm3 molecule−1 s−1) e

1.2±0.4 3.8±1.0
1
1
1
1
1
–
1 work
.4±0.2 4.0±0.7

.3±0.2 4.0±0.6

.3±0.2 4.6±0.6

.2±0.2 5.6±0.6

.9±0.2 5.9±0.5
5.6±0.3

.8±0.1 –
n the Langford and Moore work), but it is unclear w
he results differ. The Ninomiya et al.[10] and the Lang
ord and Moore[8] experiments monitored the HCO ra
als using the same transitionÃ2A′′ (0 9 0)← X̃2A′ (0 0 0),
lthough Ninomiya et al. used the R branch whereas L

ord and Moore used the Q branch. The CRDS mea
ents were able to work with smaller HCO concentrati
he CRDS determinations of Ninomiya et al. are in ag
ent with the relative rate study in the same paper
easured the HCO + NO, HCO + O2 and HCO + NO2 rate

oefficients relative to the HCO + Cl2 reaction rate coe
cient [10]. Furthermore, the derived rate coefficient
CO + NO2 (6.3±1.5)×10−11 cm3 molecule−1 s−1, is in
greement with a recent measurement of Guo et al.[26]
(5.7±0.9)×10−11 cm3 molecule−1 s−1), performed with
he same technique as the Langford and Moore experim
8]. While the source of the discrepancy in rate coeffic

Method Referenc

Flash photolysis/intracavity laser spectroscopy [5]
Flash photolysis/intracavity laser spectroscopy [6]
Discharge flow/photoionization mass spectrometry [7]
Laser photolysis/laser absorption [8]
Laser photolysis/laser absorption [9]
Laser photolysis/cavity ring-down spectroscopy [10]
Laser photolysis/laser-induced fluorescence [11]
Laser photolysis/laser-induced fluorescence This
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measurements remains uncertain, as discussed by Ninomiya
et al.[10], the present results support the higher value for the
rate coefficient.

The kinetic isotope effect is represented by the ratio of the
second order rate coefficients (kH/kD). The HCO + NO reac-
tion displays a normal isotope effect, with the HCO + NO
reaction∼12% faster than the reaction of DCO + NO at
room temperature. At higher temperature the isotope effect
appears to increase, withkH/kD = 1.12±0.09 at 296 K,
kH/kD = 1.25±0.14 at 473 K andkH/kD = 1.25±0.15 at
573 K. This result is in qualitative disagreement with
the determination ofkH/kD = 0.81±0.14 by Langford and
Moore [8]. Interestingly, the Langford and Moore mea-
surement of the DCO + NO rate coefficient at room tem-
perature ((1.56±0.2)×10−11 cm3 molecule−1 s−1) is in
good agreement with the present results. The previously
reported DCO + O2 rate coefficient from this laboratory[11]
((5.61±0.23)×10−12 cm3 molecule−1 s−1) is encompassed
within the DCO + O2 rate coefficient error estimates of Lang-
ford and Moore (5.1±0.7)×10−12 cm3 molecule−1 s−1 [8].
It is unclear why the absorption experiments of Lang-
ford and Moore should underestimate the rate coeffi-
cients for the HCO + O2 and HCO + NO reactions. How-
ever if the HCO + O2 and NO rate coefficients (but not
the DCO + O2 and NO rate coefficients) were underesti-
mated in the Langford and Moore experiment it would
e ent
e
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1.21 at 800 K. The room temperature kinetic isotope effect
of 1.12±0.09 measured in this work is significantly smaller
that the calculated effect of 1.34[27], but the measure-
ments at 473 and 573 K are in excellent agreement with
the calculated values of 1.29 (473 K) and 1.26 (573 K)[27].
Hydrogen atom abstraction reactions typically display nor-
mal deuterium kinetic isotope effects, reflecting in part the
difference in zero-point energies between reactants and the
transition state. The rate coefficient for the abstraction chan-
nel in the HCO + NO reaction is affected by the presence of a
hydrogen-bonded complex in the entrance channel. The tran-
sition state to abstraction via the hydrogen-bonded well lies
approximately 1 kcal mol−1 below the reactants, but reflec-
tion from this transition state changes the calculated rate
coefficient by a factor of 2.57 at room temperature[19].
The kinetic isotope effect may be modified by the effects
of the hydrogen-bonded complex. For comparison, the cal-
culated kinetic isotope effect for the HCO + O2 reaction,
which is mediated by the covalently bonded HC(O)O2 well, is
∼1.15–1.20[28]. The present results appear consistent with
the newest calculations, suggesting that abstraction, medi-
ated by a weakly bound complex, is the principal mechanism
for the HCO + NO reaction.

4. Conclusions

ve
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xplain the different kinetic isotope effect from the pres
xperiments.

The kinetic isotope effect in a complex-mediated re
ion can reflect a balance among the isotope effect
tabilization, redissociation to reactants and formatio
roducts. The inverse kinetic isotope effects observe
angford and Moore were explained by a model for
CO + NO and HCO + O2 reactions that included signi
ant redissociation of the complex to reactants. Given
ormal kinetic isotope effect measured in the present s

he returning flux from the HC(O)NO complex need
e large. This interpretation is supported by the rate c
cients for the complex at 298 K predicted by Kulkarni a
oga[18] using RRKM (Rice–Ramsperger–Kassel–Marc

heory. The redissociation of HC(O)NO to the reactan
redicted to be 4.0×10−4 s−1 at 298 K. However, Kulkarn
nd Koga were unable to find a product pathway with a lo
nergy barrier than the reactant channel, and conclude
nother reaction pathway must exist that was not foun

heir ab initio calculations[18].
Recently, Xu et al.[19] addressed the mechanism of

CO + NO reaction using master equation calculations
ariational transition-state theory, based on new high-
alculations of stationary points on both the triplet and
let surfaces. They established that the abstraction pat
as no barriers above reactants and should dominat
eaction. In subsequent unpublished work, Xu and Lin[27]
ave calculated the DCO + NO rate coefficient (and h

he kinetic isotope effect) by the same method. The ca
ated kinetic isotope effect decreases from 1.36 at 200
The HCO + NO and DCO + NO reactions ha
een investigated as a function of pressure and
erature. The room temperature rate coefficients
HCO+NO= (1.81±0.10)×10−11 cm3 molecule−1 s−1 and
DCO+NO= 1.61±0.12×10−11 cm3 molecule−1 s−1. The
ate coefficients decrease when the temperature is incr
rom 296 K to 623 K. A small normal kinetic isotope effec
bserved (kH/kD = 1.12±0.09 at 296 K). The observed ra
oefficient at 296 K is larger than most previous determ
ions, but in agreement with the most recent measurem
uggesting an upward revision of the rate coefficient.
inetic isotope effect is in disagreement with the prev
bservation, but appears consistent with the highest-
alculations of the HCO + NO reaction that suggest a d
bstraction mechanism.
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[22] J. Gripp, A. Kuczmann, C. Stöck, F. Temps, A. Tr̈ollsch, Phys.

Chem. Chem. Phys. 2 (2000) 1653.
[23] H. Thiesemann, E.P. Clifford, C.A. Taatjes, S.J. Klippenstein, J.

Phys. Chem. A 105 (2001) 5393.
[24] L.E. Jusinski, C.A. Taatjes, Rev. Sci. Instrum. 72 (2001) 2837.
[25] R.S. Timonen, E. Ratajczak, D. Gutman, J. Phys. Chem. 92 (1988)

651.
[26] Y. Guo, S.C. Smith, C.B. Moore, C.F. Melius, J. Phys. Chem. 99

(1995) 7473.
[27] Z.F. Xu, M.C. Lin, Personal Communication, 2005.
[28] C.C. Hsu, A.M. Mebel, M.C. Lin, J. Chem. Phys. 105 (1996)

2346.


	Temperature dependence and deuterium kinetic isotope effects in the HCO+NO reaction
	Introduction
	Experiment
	Results and discussion
	Conclusions
	Acknowledgements
	References


