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The rate constant for the reaction of the cyanato radical, NCO(X2Π), with the methyl radical, CH3(X2A2′′),
has been measured to be (2.1( 1.3(-0.80)) × 10-10 cm3 molecule-1 s-1, where the uncertainty includes
both random and systematic errors at the 68% confidence level. The measurements were conducted over a
pressure range of 2.8-4.3 Torr of CH4 and at a temperature of 293( 2 K. The radicals were generated by
the 248-nm photolysis of ClNCO in a large excess of CH4. The subsequent rapid reaction, Cl+ CH4, generated
the CH3 radical. The rate constant for the Cl+ CH4 reaction was measured to be (9.2( 0.2) × 10-14 cm3

molecule-1 s-1, where the uncertainty is the scatter of one standard deviation in the data. The progress of the
reaction was followed by time-resolved infrared absorption spectroscopy on single rovibrational transitions
from the ground vibrational level. Multiple species were detected in these experiments, including NCO, CH3,
HCl, C2H6, HCN, HNC, NH, and HNCO. Temporal concentration profiles of the observed species were
simulated using a kinetic model, and rate constants were determined by minimizing the sum of the squares
of the residuals between experimental observations and model calculations. Both HCN and HNC seem to be
minor products (<0.3% each) of the NCO+ CH3 reaction. The peak concentrations of NH and HNCO were
small, accounting for<1% of the initial NCO concentration; however, their temporal profiles could not be
fit by the model kinetics. The observed C2H6 temporal profile always peaked at significantly higher
concentrations than the model predictions, and several reaction models were constructed to help explain these
observations. The most likely product channel seems to be the recombination channels, producing CH3NCO
and CH3OCN.

I. Introduction

Radical-radical interactions are a unique class of chemical
reactions that have important roles in many practical chemical
problems such as combustion and atmospheric chemistry. The
interaction of two species with unpaired electron spins leads to
multiple spin manifolds and, if at least one of the species
possesses electronic angular momentum, multiple electronic
manifolds as well. The anti-pairing of electron spin can lead to
bond formation without an activation barrier, so that recombina-
tion into a bound potential energy well corresponding to a
chemical bond between the two radical fragments is at least
one possible product channel. Another possibility is dispropor-
tionation of the two radicals, forming bimolecular products.
Initially, the system possesses the energy of the newly forming
bond and can have sufficient energy to be above potential energy
barriers on the global potential energy surface (PES) that can
lead to channels forming multiple products. Thus, radical-
radical reactions can have the unique feature of multiple product
channels. It is a significant theoretical challenge to predict the
radical-radical rate constants for the recombination process
accurately, because there is no obvious transition state along
the reaction coordinate.1

The influence of multiple PESs on radical-radical reactions
has always been an important issue in the description of radical-
radical reactions.2 Generally, only simple electronic degeneracy

factors have been used; however, with the use of sophisticated
theoretical techniques, the direct participation of excited PESs
can be examined.3 Twenty years ago, Smith4 compared experi-
mental recombination rate constant measurements to theoretical
predictions for several simple radical-radical reactions and
concluded that excited PESs made a significant contribution to
the recombination process in many cases. In a recent work from
this laboratory5 on the NCO(X2Π) + Cl(2Pu) reaction, it was
suggested that intersystem crossing (ISC) was the reaction
mechanism, producing triplet NCl(X3Σ-) + CO(X1Σ) products,
rather than recombination, forming singlet ClNCO(X1A′).

The NCO(X2Π) radical is an important combustion interme-
diate.6 It is a major species that is involved in the production
of NOX compounds from two distinct combustion sources: the
prompt or Fenimore mechanism and fuel-fixed nitrogen com-
pounds.

The NCO radical also has an important role in the RaReNOx

and NOxOUT processes to remove NOx pollutants from flue
gases. These treatments rely on the addition of cyanic acid
((HONC)3) or urea ((NH2)2CO), respectively,7 to the gas stream
and the subsequent generation of NCO to remove NO. Despite
these important roles that NCO has in combustion, there is
sparse information available about its chemistry, especially its
chemistry and kinetics with other transient species.

Another important radical in combustion chemistry is the
CH3(X2A2′′) radical.8 The combustion chemistry of hydrocar-
bon fuels ultimately degrades to the chemistry of C1 carbon
compounds, where the CH3 radical is a major component. In
addition, in the combustion of simple hydrocarbons, the CH3
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radical forms a building block leading to higher Cx compounds
through self-recombination, forming C2H6 and subsequent
radical addition reactions.

Radical-radical reactions pose an experimental challenge,9

because, generally, the temporal dependence of the concentra-
tions of two transient species must be followed. At the same
time, the determination of product channel branching ratios
requires that the concentrations of the products be measured.

In the current work, all these features of radical-radical
reactions were applied to a study of the reaction

The rate constant for reaction 1 (k1) was measured, and possible
products of the reaction were explored. The 248-nm photolysis
of ClNCO and the rapid reaction of Cl atoms with a large excess
of CH4 created the initial NCO and CH3 radical concentrations.
Time-resolved infrared absorption spectroscopy was used to
monitor the temporal concentration profiles of both NCO and
CH3, as well as six other species. As in previous work,5,10,11

rate constants were determined by constructing a chemical model
describing the system and varying the appropriate rate constants
until the sum of squares of the residuals between the calculated
and experimental temporal concentration profiles was mini-
mized.

The formation of C2H6 was monitored in the experiment, so
that the loss of CH3 radicals from self-reaction could be directly
taken into account in the model simulations. The reaction
mechanism used to determinek1 from analyzing the NCO
temporal concentration profiles was not sufficient to explain
all the experimental observations. As a result, the complete data
set was analyzed using four other reaction models with slightly
alternate reaction sequences. The influence of these altered
reaction models on the determination ofk1 will be discussed.

Two isomers, CH3NCO and CH3OCN, can be formed in
reaction 1 by direct recombination into bound adducts on a
(X1A′) electronic PESs. These molecules are also found as
potential minima on the global C2-H3-N-O PES, for which
C2H3(X2A′′) + NO(X2Π) and CH3 + NCO are energetic
asymptotes. There has been considerable interest12-14 in the
C2H3 + NO system, because of its importance in reburn chem-
istry. The connections of the NCO+ CH3 energetic asymptote
to the global C2-H3-N-O PES will be discussed.

A comparison ofk1 with theoretical predictions for the
magnitude of the recombination rate constants forming
CH3NCO and CH3OCN will be made. The theoretical rate con-
stants were based on Troe’s approximate statistical treatment15

to estimate radical-radical high-pressure rate constants (krec,∞).
The direct recombination into the bound adducts on the singlet
ground-state cannot explain the observed data, and the participa-
tion of excited electronic states seems necessary.

II. Experimental Section

The experimental apparatus has been described recently,16

so only a brief description is given here. The stainless steel
reaction chamber contained an inner Teflon box with dimensions
of 100 cm× 100 cm× 5 cm. Two side chambers housed White
cell optics, so that the infrared probe laser radiation could be
multipassed through the volume of gas irradiated by the
photolysis laser. The 248-nm photolysis and the probe laser
beams were overlapped using an ultraviolet-infrared (UV-IR)
dichroic mirror that was placed at Brewster’s angle on the optical
axis of the White cell. A ZnS plate, also at Brewster’s angle,
was placed in front of the opposite White cell mirror to absorb

the transmitted UV radiation. This optic also deflected a small
fraction of the photolysis laser beam out of the reaction chamber
and onto a power meter, allowing the attenuation of the
photolysis laser to be measured. The distance between these
two optical elements defined the base optical path length of
139 cm. The optical path length was varied but was usually
16.2 m. The reaction chamber could be pumped out by a
diffusion pump to a pressure of 5× 10-6 Torr and had a leak
rate of∼5 × 10-4 Torr/min.

The method of generating a constant flow of ClNCO and
determining the concentration of ClNCO has been described.5

The Ar and CH4 gases were supplied by AGA and were
99.9995% and 99.99% pure, respectively. The gas flows were
monitored by calibrated mass flowmeters. The flow rate of CH4

varied between 300 sccm and 500 sccm, depending on the total
pressure in the reaction chamber. The repetition rate of the
photolysis laser was varied between 1 Hz and 3 Hz and was
chosen so that a fresh sample of gas was irradiated on each
laser pulse. The fluence of the photolysis laser at the input
window of the reaction chamber was in the range of 5-25
mJ/cm2. The attenuation of the photolysis laser through the
apparatus was always<15% and generally<10%.

Continuous-wave infrared laser radiation was generated by
a single-mode Burleigh model 20 color-center laser. This laser
provides narrow line width (∼1 MHz) radiation and is com-
pletely tunable from 2.65µm to 3.38 µm, allowing for the
detection of a variety of species. Each species except C2H6 was
detected by isolated rovibrational transitions from the ground
vibrational level. The largest source of noise in the experiments
was amplitude fluctuations of the infrared laser, and various
strategies for reducing these fluctuations have been described.5

Temporal absorption profiles of a probed species were
recorded and signal-averaged, using a LeCroy Model 9410
digital oscilloscope. The initial probe laser intensity (I0) was
recorded using a boxcar that was triggered prior to the photolysis
laser. Thermal lensing and refractive index changes in the optical
elements exposed to the excimer laser resulted in oscillations
superimposed on the absorption signal. These unwanted oscil-
lations were removed by recording a background profile with
the probe laser tuned to a region of zero absorption and
subtracting the two traces. Data collection was controlled by a
laboratory computer.

III. Results

A. Concentration Determination: NCO, CH3, HCl, HCN,
HNC, NH, and HNCO. Except for C2H6, all the species
detected in the present work were monitored on single or near-
degenerate transitions (NCO) involving isolated rovibrational
transitions originating from the ground vibrational level. At
thermal equilibrium, if the frequency (ν) is tuned to the
maximum of an isolated absorption feature for species X, the
absorbance (AX(ν)) is related to the concentration of X, [X], by

whereI0(ν) and I(ν) are the initial and transmitted probe laser
intensity atν, respectively,l is the optical path length, and
σpk

X (ν) is the peak absorption coefficient for the absorption
feature.17 The peak absorption coefficient is related to the length
strength of the probed transition,j r i, Sij, by

NCO(X2Π) + CH3(X
2A2′′) 98

k1
products (1)

AX(ν) ) ln(I0(ν)

I(ν) ) ) lσpk
X (ν)[X] (E1)

σpk
X (ν) ) Sijg0(ν) (E2)
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whereg0(ν) is the peak of the normalized line shape function.
At low pressures,g0(ν) is related to the inverse of the Doppler
width.

Except for a short induction period, for NCO,5 CH3,18 HCl,19

HCN,20 HNC,21,22 NH,23,24 and HNCO,25 equations E1 and E2
apply and known line strengths or measured peak absorption
coefficients can be used to calculate the concentrations of these
species, independent of pressure. Table 1 gives the most
commonly used transitions andσpk(ν) for the species detected
in the present experiments.

B. Concentration Determination: C2H6. The C2H6 mol-
ecule was detected using several spectral features of theν7 C-H
stretching fundamental vibrational band at∼2990 cm-1. A
unique feature of theν7 transition is the presence of extremely
sharp Q sub-branches that result from the overlap of all the J
transitions in each of therQ4 to pQ4 sub-bands. The formation
of these large absorption features provides a sensitive means
for detecting a relatively large polyatomic molecule by infrared
absorption spectroscopy. These spectral features are further
complicated by torsional tunneling and A1-A2 splittings, making
a simple spectral simulation difficult.26 Thus, it was decided to
determine the maximum absorption coefficient for several of
these Q sub-bands features experimentally, under the conditions
of the experiment.

The measurements were performed in the reaction chamber
with the White cell optics removed and a single pass of the
infrared laser radiation. TherQ0 and pQ3 sub-branches were
selected for investigation, because their detailed structure has
been analyzed.26 The measurements were performed at C2H6

pressures (PC2H6) in the range of 0.006-0.051 Torr, with the
remaining gas being CH4, as in the rate constant determination
experiments. Thus, any gas-specific pressure broadening effects
were directly included in the measurements. Under these
conditions, the absorbance varied from∼0.3 to 2.5.

The gas mixtures were either composed in large storage bulbs
and allowed to mix for several days before use or prepared
directly in a flow cell arrangement. Within the scatter of the
data, the determination ofσpk

C2H6 was independent of the method
of sample preparation.

A typical scan over the C2H6 ν7
rQ0 sub-branch is shown in

Figure 1a. The results of the measurements for theσpk(ν) for
the most prominent absorption feature in Figure 1a are shown
in Figure 1b, as a function of CH4 pressure. Figure 2 shows
similar results for thepQ3 sub-branch. For both transitions, the

decrease inσpk(ν) with increasing pressure seems to be real and
indicates the subtle effects pressure broadening can have on
these transitions. The square points in Figures 1b and 2b are
calculated absorption coefficients, using data from several
figures from the work of Pine and Stone.26 The value ofσpk(ν)
for both transitions at a pressure of 4.0 Torr is given in
Table 1.

C. Reaction Mechanism.The detail reaction mechanism
describing the reactions considered in the NCO-CH3 reaction
scheme27-35 is given in Table 2, and the enthalpies36-43 of
formation (∆H f,0

0 ) for the species in the reaction mechanism
are summarized in Table 3. The five most important chemical
reactions in the system are reactions 1, 2, 3, 7, and 11.

The kinetic equations describing the reaction mechanism were
integrated using a fourth-order Runge-Kutta procedure44 to give
temporal concentration profiles of each species. The least-
squares minimization procedure for the determination of opti-
mized rate constants has been described.5 Also included in the
optimization procedure was an estimate of the 68% confidence
limits on the determined rate constant.

To visualize how well a particular computer-generated
concentration profile fit the experiment, aø2 related function,

øN
2(X), was defined as

wherei is the data point number for timet, Npts the total num-
ber of data points, [X]i

Mod is the calculated concentration and

TABLE 1: Spectroscopic Transitions andσpk for the Species
Detected in This Work

molecule
upper level

r (0...)
wavelength

(µm)
σpk

(cm2 molecule-1) reference

NCO (1011) Pe/f(12.5) 3.165073 (3.22( 0.26)× 10-19 5
NCO (1011) Pe/f(12.5) 3.165073 (3.13( 0.12)× 10-19 this work
CH3 ν3

pP(3,3) 3.196369 (3.57( 0.46)× 10-18 18
HCl V)1 R37(4) 3.357090 (2.02( 0.02)× 10-17 19
C2H6 ν7

rQ0 3.348160 (9.23( 0.41)× 10-18a this work
C2H6 ν7

pQ3 3.359333 (6.71( 0.37)× 10-18a this work
HCN (001) P(8) 3.042058 (3.90( 0.15)× 10-17 20
HNC (100) R(10) 2.714005 (1.10( 0.05)× 10-16b 21, 22
NH V)1 R3(3) 3.1098216 (3.89( 0.38) x 10-17c 23, 24
HNCO ν1 R0(16) 2.816516 (5.2( 0.05)× 10-18 25

a Error estimate from the average scatter of all the measurements
(see section III.B). Calculated atP ) 4.0 Torr. b Calculated using a
theoretical estimate of the HNC (100) transition dipole moment. The
error estimate comes from experimental measurements (see ref 22).
c Error estimate of 10% from difference in theoretically calculated
transition moment (ref 24), and the experimental determination (ref
23). The experimental error estimate would be 26%; however, there is
good agreement between theory and experiment.

Figure 1. (a) Typical absorption scan over the C2H6 ν7
rQ0 sub-branch

spectral region; the experimental conditions werePCH4 ) 3.219 Torr
andPC2H6 ) 0.0509 Torr at a temperature ofT ) 293 K. (b). Summary
of the experimental measurements for the maximum absorption
coefficient as a function ofPCH4. (In panel b, the numbers given in
parentheses are the number of determinations at thatPCH4 value. The
error bars are one standard deviation ((1σ) in the scatter in the
measurements. The solid square (9) symbol is an estimate of the
maximum absorption coefficient from Figure 1 of ref 26 at a total
pressure ofPC2H6 ) 0.190 Torr andT ) 296 K.)

øN
2(X) ) ∑

i)1

(1 - [X] i
Mod/[X] i

Exp)2

Npts

(E3)
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[X] i
Exp is the observed concentration, respectively, of X at

point i. The square root oføN
2(X) was used to calculate the

average fraction between the calculated and experimental

profiles, [X] Mod/[X] Exp. If the average fraction is zero the
overlap is perfect, and if the average fraction is 1 or 0.25, the
calculated profile is, on average, a factor of 2 greater or smaller

than the experimental profile. The appropriate situation can be
determined from the average deviation for the profile.

In the present experiment, the only source of HCl was reaction
2 and the only significant loss of Cl atoms was reaction 3. Thus,
the HCl concentration profile can be used to determine the initial
radical concentration and provide a new measurement ofσpk

NCO.
The initial NCO, equal to the Cl concentration, was varied until
the maximum in the calculated HCl concentration agreed with
the observed value to within(0.5%. This provided the initial
radicals concentrations for subsequent rate constant optimization.
The initial absorbance of NCO was determined by extrapolating
the first 50µs of the NCO absorbance profile back tot ) 0.
Polyatomic collision partners such as CH4 are more efficient at
vibrationally relaxing NCO than inert gases such as argon,45,46

so that any induction period due to vibrational relaxation will
be shorter in CH4 than in argon. Equation E1 can be used to
calculateσpk

NCO, using the known path length. The new mea-
surement ofσpk

NCO was determined to be (3.13( 0.12)× 10-19

cm2/molecule and is included in Table 1.
The only rate constant in the basic reaction mechanism

outlined in Table 2 that has not been previously measured is
reaction 1. In preliminary investigations of the appropriate
reactions to include in the basic reaction mechanism, reaction
12 (CH3 + ClNCO) was considered; however, no evidence was
observed to indicate that this reaction was important. It was
included in the final mechanism, for completeness.

D. Diffusional Loss. Diffusion is an important loss process
in the reaction scheme, particularly for NCO and CH3 at long
times. The first-order rate constant for diffusional loss for species
X, kDiff

X , diffusing in species B is the product of a binary
diffusion constant,DXB, and a geometrical factor describing the
boundary conditions of the experiment. TheDXB were calculated
using the method developed by Fuller et al.47,48 based on
specially derived atomic diffusion volumes,Vk (given in units
of cm3) and is given by

whereT is the temperature (in Kelvin),P the pressure (in Torr),

Figure 2. (a) Typical absorption scan over the C2H6 ν7
pQ3 sub-branch

spectral region; the experimental conditions werePCH4 ) 6.159 Torr
andPC2H6 ) 0.0478 Torr. (b) Summary of the experimental measure-
ments for the maximum absorption coefficient as a function ofPCH4.
(In panel b, the numbers given in parentheses are the number of
determinations at thatPCH4 value. The error bars are one standard
deviation ((1σ) in the scatter in the measurements. The solid square
(9) symbol is an estimate of the maximum absorption coefficient from
Figure 2 of ref 26 at a total pressure ofPC2H6 ) 0.210 Torr and a
temperature of 296 K.)

TABLE 2: Summary of the Reactions and Rate Constants Used To Model the NCO+ CH3 System for 293 Ka

number reactants products k (cm3 molecule-1 s-1)b reference(s)

1a NCO+CH3 f CH3NCO optimized see text
1b f HCN + H2CO optimized
1c f HNC + H2CO optimized
1d f CH3N(X3A2”) + CO fixed see text
2 Cl + CH4 f CH3 + HCl (9.7( 0.1)× 10-14 27, 28
3 Cl + NCO f NCl(X3Σ-) + CO (6.9( 3.8)× 10-11 5
4 Cl + ClNCO f NCO + Cl2 (2.4( 1.6)× 10-13 5
5 Cl + CH3 f CH3Cl 2.0× 10-11 29
6 Cl + C2H6 f C2H5 + HCl (5.5( 0.2)× 10-11 30
7 NCO+ NCO f N2+ 2CO (5.0( 2.0)× 10-12 31
8 NCO+ CH4 f CH3 + HNCO 2.0× 10-16 32
9 NCO+ C2H6 f C2H5 + HNCO (2.0( 0.4)× 10-14 33
10 NCO+ CH3NCO f CH3 + N2 + 2CO fixed see text
11 CH3 + CH3 [CH4] C2H6 (5.0( 0.2)× 10-11 34
11 CH3 + CH3 f C2H6 optimized see text
12 CH3+ ClNCO f CH3Cl + NCO 1.0× 10-16 fixed
13 CH3 + CH3NCO f C2H6+ NCO optimized see text
14 NCl + NCl f Cl2 + N2 (8.1( 1.8)× 10-12 35
15 CH3N + CH3N f C2H6 + N2 optimized see text
16 X kdiff

X X Eq. E5 see text
f

a Reactions in italics were included in separate model scenarios, to probe the observation that reaction 11 alone could not explain the excess
[C2H6] observed.b All rate constants are given as effective second-order rate constants.

DXB(cm2/s) )
0.760T1.75

Pxµ[(∑
X

Vk
1/3) + (∑

B

Vk
1/3)]2

(E4)
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and µ the molar reduced mass between X and B. ThekDiff
X

values were determined by normalizing calculatedDXB values
to the experimentally measured value forkDiff

HCl. ThekDiff
X values

for HCl, C2H6, HCN, and HNC were determined experimentally,
and the agreement between the calculated and experimental
values ofkDiff

X for C2H6, HCN, and HNC was∼10%, similar to
the scatter in the measurements.

E. Using the Basic Reaction Mechanism To Determine
k1. Figures 3-5 show the species concentration temporal profiles
for an experiment conducted at a partial pressure of CH4 (PCH4)
of 3.78 Torr. In each figure, the points are the experimental
determination of the indicated species concentration, and the
lines, straight and dashed, are simulations, using the basic kinetic
mechanism presented in Table 2. The reactions in the basic
mechanism are listed in normal type in Table 2 and are identified
as reactions 1a, 1b, 1c, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, and 14, plus
the diffusion of each species. The reactions given in italics were
added to the basic mechanism in several different scenarios that
will be discussed in section III.F.

Figure 3 shows the agreement between the model predictions
and the experimental NCO and CH3 concentration profiles. As
is evident from the figure, for the NCO species, the agreement
between the model calculations and experiment is excellent. A
summary of the experimental conditions and results for the
determination ofk1 is given in Table 4. Using the basic
mechanism, the average value ofk1 was determined to be (2.1
( 0.4) × 10-10 cm3 molecule-1 s-1, where the scatter is one
standard deviation from the mean ((1σ). The measurements
were performed at a temperature of 293( 2 K. The determi-
nation of k1 using the basic mechanism is also shown as a
function of the initial NCO concentration ([NCO]0) in Figure
6a. The error bars in the figure are the 68% confidence level in
the goodness of fit.

The long dashed line in Figure 3 gives the model prediction
for the CH3 profile. The agreement between the model predic-
tions and experiment is not as good for CH3 as for NCO.
Although both the model and experimental CH3 profiles reach
their maximum at similar times, the model predicts a maximum
CH3 concentration that is 25% greater than the experiment.
Similar behavior was observed for all the experimental runs.
For all the experiments, the average value of the peak [CH3]exp/
[CH3]modelwas 0.87( 0.07, where the uncertainty is(1σ. Part

of the discrepancy between the model predictions and experi-
ment for the CH3 profiles could be resolved using a correspond-
ingly smaller σpk

CH3. As indicated in Table 1,σpk
CH3 is the

absorption coefficient with the largest uncertainty; however,
scaling the experimental profile to match the model predictions
generally resulted in poorer agreement in the decaying portions
of the CH3 profiles.

Figure 4a shows the production of HCl from reaction 2. The
model prediction for the HCl profile, using the average of two
recent literature recommendations27,28 for k2s(9.7 ( 0.1) ×
10-14 cm3 molecule-1 s-1 at 293 Ksis shown by the long
dashed line. The solid line in the figure is the determination of
an optimized value fork2. The results of these measurements
are summarized in Table 4. The value ofk2 was determined to
be (9.2 ( 0.2) × 10-14 cm3 molecule-1 s-1, where the
uncertainty is(1σ. There is good agreement between the
measured and accepted value ofk2, indicating there was no other
significant secondary source of HCl.

Figure 4b shows the production of C2H6 in the same
experiment. The only source of C2H6 is the recombination of
CH3 radicals (reaction 11). The negative population excursion
over the first 100µs indicates that a significant population
inversion occurred between the ground state andν7 ) 1. Another
feature of Figure 4b is the underprediction for the formation of
C2H6 using the established rate constant fork11.34 Similar
behavior was observed for all the experimental runs. The average
value for the ratio of the maximum values for [C2H6]exp/
[C2H6]mod was 1.38( 0.14.

There are several possibilities that could explain this dis-
crepancy. The first is the uncertainty in the absorption coefficient
measurements for C2H6. The results for this measurement are
summarized in Figures 1b and 2b. The mean experimental

TABLE 3: Summary of the ∆Hf,0
0 (X) of the Species in the

NCO + CH3 Reaction Models

species ∆Hf,0
0 (X) (kJ/mol) reference

NCO(X2Π) 128( 0.8 36
Cl(2Pu) 119.62( 0.008 37
CH3(X2A2′′) 150.0( 0.3 37
NH(X3Σ-) 359.5( 0.3 38
NCl(X3Σ-) 325( 5 39
C2H5(X2A′′) 132( 2.4 40
CH4 -66.63( 0.3 37
ClNCO 53a ( 30b this work
HCl -91.992( 0.006 41
C2H6 -68.4( 0.3 42
HCN 132( 4 42
HNC 193( 4 42
HNCO -115.5( 0.8 36
CH3NCO -78a ( 30b this work
CO -113.81( 0.17 37
H2CO -104.9( 0.5 37
CH3Cl -73.9( 0.7 42
CH3N(X3A2′′) 368 43

a This work. DFT-B3LYP/6-311++G** calculations with ZPE
corrections using an empirical factor of 0.92 for the vibrational
frequencies.b Estimate of uncertainty.

Figure 3. Typical experimental temporal concentration profiles for
(O) NCO and (0) CH3 are compared to the predictions of the basic
reaction model summarized in Table 2. The optimum value ofk1 was
determined using the NCO profile, and was determined to be (1.7(
0.4) × 10-10 cm3 molecule-1 s-1. For clarity, the experimental data
points are shown for every 10th data point. Calculated concentra-
tion profiles are also plotted: (;) NCO, (- - -) CH3, (‚ ‚ ‚) Cl, and
(- ‚ -) NCl. The conditions of the experiment werePAr ) 0.26,PCH4

) 3.77, andPClNCO ) 0.011 Torr at 293( 1 K.
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scatter in the C2H6 absorption coefficient measurements was
approximately(4%; thus, experimental uncertainty cannot
explain the underprediction of the C2H6 concentration. A second
possibility is an underlying absorption signal from a product of
reaction 1, either CH3NCO and/or CH3OCN, or an unknown
stable species produced in the system. Indeed, both CH3NCO49

and CH3OCN50 have known C-H stretching absorptions in the
υ7 C-H stretching spectral region of C2H6. There are no high-
resolution spectra available for vibrational transitions of these
CH3NCO isomers; however, at low resolution, there are
prominent Q branch features centered at 3.391 and 3.369µm,
respectively. No attempts were made to detect these Q branch
features. The Q branch feature of the C-H asymmetric
CH3NCO vibration is just beyond the practical operating range
of the color center laser, and the possibility of the CH3OCN
product channel was not appreciated until the experiments were
completed. However, the possibility of interfering absorptions
in the C2H6 spectral region was considered. This was the
motivation for monitoring C2H6 on two separate transitions,rQ0

andpQ3. These are shifted 20 and 10 cm-1 to the high-frequency
side of the CH3OCN Q branch feature, respectively. It is unlikely
that unknown absorptions interfered with the monitoring of the
C2H6 concentration. No detectable difference, within experi-
mental scatter, was observed in monitoring C2H6 using either
transition. The Q-branch region of the weaker C-H symmetric
vibration is reported49 to be∼3.300 cm-1. The probe laser was

also manually scanned throughout the 3.30-3.36 µm region.
No transitions could be observed that were not due to either
ground or excited vibrations of CH4. The third and most likely
possibility is that C2H6 was being produced in a reaction that
was not taken into account in the basic mechanism. This
prompted an investigation into the possibility that other reactions
should be added to the basic reaction mechanism, and this will
be discussed in section III.F.

Figure 5a shows the experimental temporal concentration
profiles for HCN, HNC, and NH. Although the signal-to-noise
ratio for all three species is good after signal averaging, there
is some uncertainty in tuning the probe laser to the peak of
these transitions, because of small single-shot absorption signals.
As is evident from Figure 5a, the experimental appearances of
HCN and HNC are faster than the model predictions for the
optimum values ofk1b andk1c. This was characteristic for all
the HCN and HNC profiles recorded. There is no clear
explanation of the apparent rapid appearance of HCN or HNC.
Depending on the extent of vibrational excitation in reactions
1b and 1c and the rate of vibrational relaxation into the ground
state, the apparent appearance rate of the HCN or HNC could
be greater than the reaction rate. CH4 has been observed to relax
excited stretch and bend stretch vibrational levels of HCN
efficiently;51,52 however, there is no information about the
relaxation of the less-energetic pure bending levels. In any case,
if HCN and HNC are indeed products of reaction 1, channels
1b and 1c account for<0.6% of the products. The results of
these measurements are summarized in the fifth and sixth

Figure 4. (a) HCl experimental concentration profile obtained in the
same experiment as that shown in Figure 3; the experimental points
(O) are shown every 10th data point; the solid line (s) is the calculated
HCl concentration profile using an optimized determination ofk2, and
it was determined to be (9.1( 1.6) × 10-14 cm3 molecule-1 s-1; the
dashed line (- - -) slightly above the solid line is the HCl concentra-
tion profile using the evaluatedk2 in Table 2. (b) C2H6 experimental
concentration profile; the experimental data points (∆) are shown every
10th data point, and the solid line (s) is the prediction of the C2H6

concentration profile using the recombination rate constant recom-
mended by Slagle et al.34 for k11. At the pressure of the experiment,
the value ofk11, as a second-order rate constant, was 4.9× 10-11 cm3

molecule-1 s-1. Note the population inversion indicated by the negative
population transient at the beginning of the C2H6 profile.

Figure 5. (a) The experimental profiles for (∇) NH, (O) HCN, and
(0) HNC, obtained in the same experimental run as Figure 3. As
discussed in the text, NH is believed to be from N(2D) + CH4. The
solid line (s) is the optimum value ofk1b ) (8.6 ( 1.4) × 10-13 cm3

molecule-1 s-1, and the dashed line (- - -) is the optimum value ofk1c

) (5.0 ( 0.5) × 10-13 cm3 molecule-1 s-1, both obtained using the
basic reaction mechanism in Table 2. The data points are shown every
10th point. (b) Experimental profile for (∆) HNCO; the solid line (s)
is the calculation of the HNCO concentration profile fork8 adjusted to
be 2.0× 10-16 cm3 molecule-1 s-1. Again, the data points are shown
every 10th point.

982 J. Phys. Chem. A, Vol. 110, No. 3, 2006 Gao and Macdonald



columns in Table 4, withk1b ) (8.1 ( 3.6) × 10-13 andk1c )
(4.7( 1.0)× 10-13 cm3 molecule-1 s-1, where the uncertainties
are (1σ. Reaction 1b accounts for (0.39( 0.24)% of the
products from reaction 1 and reaction 1c accounts for (0.22(
0.09)% of the products.

Also included in Figure 5b is an experimental profile for the
NH radical. No reaction sequence could be devised that
explained the time characteristics of the NH radical if it were a
product of reaction 1. However, Bell and Coombe53 reported
the production of electronically excited N(2D) atoms from
multiple photon absorption in ClNCO at 248 nm, so that a likely
source of NH is the reaction of N(2D) + CH4. Theoretical
calculations54 indicate the two main product channels for the
reaction of N(2D) with CH4 are CH3N + H and NH + CH3;
however, the actual branching fraction is dependent sensitively
on the PES that describes the reaction.

The appearance rate of NH was measured in six experiments,
in which PCH4 varied over a range of 2.87-4.35 Torr. Treating
the appearance rate of NH as due to the N(2D) + CH4 f CH3

+ NH reaction, an estimate of the rate constant for this reaction
was (9.7( 1.4) × 10-13 cm3 molecule-1 s-1. The total loss
rate for the N(2D) + CH4 reaction has been reported55 to be
5.6 × 10-12 cm3 molecule-1 s-1. Assuming that electronic
quenching is small, these measurements can be used to provide
an estimate for the branching ratio into the NH+ CH3 channel
to be 0.18. As shown in Figure 5a, the observed concentration
of NH was small (<1.0 × 1011 molecules/cm3). The average
yield of N(2D) from the sequential photolysis of ClNCO,
compared to the NCO radical, was (0.36( 0.3)%; thus, the
generation of NH was small enough to be safely ignored in the
data analysis.

Figure 5b shows the temporal profile for HNCO. The figure
clearly shows that the signal-to-noise ratio is not as good for
HNCO as it is for the other species. This is characteristic of
operating the color-center laser in the 2.85-µm wavelength
range. The solid curve is the model calculation withk8 ) 2.0
× 10-16 cm3 molecule-1 s-1. A previous study32 had set an
upper limit of 1.0× 10-14 cm3 molecule-1 s-1 for k8 at 295 K.
Although the signal-to-noise ratio is poor, the rise in the HNCO
profile seems to be faster than if reaction 8 were the generating
reaction. Only a few profiles of HNCO were collected, because
of the time needed to align the probe laser cavity to operate in
the HNCO wavelength region and the low yield of HNCO. In
any case, it is likelyk8 cannot be larger than 2.0× 10-16 cm3

molecule-1 s-1, which is a substantially lower estimate than
the previously available value near 295 K.

F. Modified Reaction Mechanisms. The basic reaction
mechanism (Table 2) was modified by adding different reaction
scenarios. These modified mechanisms explored the types of
reactions that could bring about better agreement between model
and experimental predictions for the C2H6 and CH3 concentra-
tion profiles, and they explored the influence that different reac-
tion models could have on the determination ofk1. Four different
mechanisms were investigated, and they will be discussed in
terms of the experimental data in Figures 3-5. All the experi-
mental runs were analyzed using each reaction mechanism.

F(i). Variable Rate Constants k1 and k11. The most
noticeable disagreement between the model predictions and
experiment involved the C2H6 concentration profiles. The value
of k11 used in the basic model was taken as the value ofk11

with argon as a bath gas. At a pressure of 4.0 Torr Ar,k11 is
within 75% of its high-pressure limit,krec∞, which was deter-
mined to be 6.3× 10-11 cm3 molecule-1 s-1 in a recent
theoretical calculation.3 If CH4 is a significantly more-efficient
energy transfer partner than argon, the system could be closer
to the high-pressure limit. To investigate this possibility,k11

was treated as a variable rate constant in model F(i). However,
because the variation ink11 changed the CH3 concentration,k1

was also optimized. The results are shown in Figure 7a for the
NCO concentration profile and in Figure 7b for the C2H6 profile.
As is evident from comparing Figures 4b and 7b, there is a
modest improvement in the model predictions for the C2H6

profile, the average fraction[C2H6]mod/[C2H6]exp changes from
0.75 in Figure 4b to 1.19 in 7b. For this experiment, the
optimized value ofk11 was determined to be (9.0( 2.0)× 10-11

cm3 molecule-1 s,-1 almost 43% larger than the accepted high-
pressure limit rate constant for reaction 11, andk1 increased to
(2.1 ( 0.25)× 10-10 cm3 molecule-1 s-1.

A summary of the complete analysis of the data using this
model (referenced hereafter as F(i)) is provided in Figure 6b
with the optimized rate constantsk1 andk11 plotted as a function
of the initial NCO radical concentration. The general trends that
appeared in the analysis of the single experiment shown in
Figures 3-5 applied to the complete data set. Using reaction
mechanism F(i), the average value ofk1 increased to (2.7(
0.7) × 10-10 cm3 molecule-1 s-1 and the average value ofk11

was (1.0( 0.3) × 10-10 cm3 molecule-1 s-1. For model F(i)
to account for the observed concentration of C2H6, the high-

TABLE 4: Summary of the Rate Constant Measurements Determined Using the Basic Reaction Mechanism

Partial Pressure (Torr) Rate Constants (cm3 molecule-1 s-1)

PCH4 PClNCO

[NCO]0
(× 1013 molecule/cm3) k1

b (× 10-10) k1b (× 10-13) k1c (× 10-13) k2 (× 10-14)

4.33 0.011 2.49 1.7( 0.3a 6.7( 1.8 3.2( 0.4 9.2( 0.4
4.33 0.0073 1.71 2.4( 0.4 15( 4.0 5.8( 0.6 9.2( 0.3
4.33 0.0076 1.69 2.3( 0.3
4.39 0.032 3.09 2.3( 0.2 4.6( 0.0.7 3.9( 0.4 8.7( 1.7
3.78 0.0074 0.818 1.4( 0.3 9.0( 1.0
3.78 0.012 2.02 1.7( 0.3 8.6( 1.4 5.0( 0.5 9.1( 1.6
3.17 0.0040 0.830 2.3( 0.8 9.3( 0.2
3.17 0.0055 0.734 2.0( 0.2 9.2( 0.4
3.18 0.013 2.33 2.1( 0.4 8.8( 1.2 5.5( 0.6 9.6( 1.6
2.85 0.015 2.49 2.2( 0.8 5.0( 0.5 4.1( 0.2 9.1( 0.6
2.83 0.016 1.46 1.6( 0.2 7.4( 1.5 6.1( 0.6 9.1( 0.4
4.48 0.028 3.14 2.3( 0.8 9.3( 0.1
4.48 0.025 2.88 2.0( 0.7 9.3( 0.2
3.20 0.0083 2.40 2.6( 0.7 9.0( 2.0 9.2( 0.8
3.20 0.0083 1.55 2.71( 0.7 9.5( 0.6

summary 2.1( 0.4b 8.1( 3.6 4.7( 1.0 9.2( 0.2

a The uncertainties represent the 68% confidence limit in the optimized rate constant.b The uncertainties in the average rate constants are(1σ.
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pressure limit ofk11 would have to be almost 1.0× 10-10 cm3

molecule-1 s-1. This is 1.6 times larger than the currently
accepted value at 300 K, which is too large a deviation from
the accepted value. Some other chemistry must contribute to
C2H6 production.

F(ii). Variable Rate Constants k1 and k13. Although
vibrational relaxation of C2H6 complicates the interpretation of
the initial portion of the C2H6 concentration profiles, the C2H6

concentration profiles calculated using model F(i) clearly rose
too quickly and peaked earlier than the experimental profile.
The requirement to fit both the NCO and C2H6 concentration
profiles severely restricts the range of acceptable rate constants
for k1 andk11. The model described in this subsection (hereafter
referenced as F(ii)) consisted of the reactions in the basic
mechanism with the addition of reaction 13. Reaction 13 was
added to the basic mechanism because it removes CH3 and
produces C2H6. Using the ∆Hf,0

0 values listed in Table 3,
reaction 13 is predicted to be-12 kJ/mol exothermic and might
be expected to be slow. A more likely candidate might be the
more-exothermic reaction CH3 + CH3OCN; however, because
of the considerable uncertainty in the∆Hf,0

0 and the unknown
branching ratio between these two channels, only reaction 13

was considered. In any case, it is perhaps better to view reaction
13 as a reaction of CH3 with a product of reaction 1 leading to
C2H6 in order to better determine the parametrization of the
rate constants needed to fit the NCO, CH3, and C2H6 profiles.

Both k1 andk13 were iteratively optimized to obtain the best
agreement between the model predictions and the experimental
concentration profiles for NCO and C2H6, respectively. The
results are shown in Figure 8 for the experimental run illustrated
in Figures 3 and 4. For this experiment, the optimized values
of k1 andk13 were determined to be (2.3( 0.3) × 10-10 and
(3.5 ( 0.5) × 10-11 cm3 molecule-1 s-1, respectively. As is
evident from comparing figures 4b and 8b, the model F(ii)
prediction of the C2H6 profile is in much better agreement with
the experiment than the basic mechanism. The average fraction

[C2H6]mod/[C2H6]exp has increased to 0.95. Comparing Figures
8a and 3, the model F(ii) predictions for the NCO and CH3

profiles are similar for NCO but actually slightly worse for CH3.
A summary of the determination ofk1 andk13 obtained using

model F(ii) is shown in Figure 6c, again by plottingk1 andk13

as a function of the initial NCO concentration. Although there
is some scatter in the results, the fact that there is no apparent
dependence ofk1 or k13 on radical concentration is an indication
that the F(ii) model is a plausible mechanism for a description
of the data. The average values ofk1 andk13 were found to be
(2.6 ( 0.5) × 10-10 and (3.3( 1.4) × 10-11 cm3 molecule-1

s-1, respectively, where the uncertainties are(1σ.

Figure 6. Summary of the data analysis using different kinetic models
to determinek1 as a function of [NCO]0. Panel a showsk1 values
determined using the basic mechanism given in Table 2 ((9) k1 values
determined using the basic mechanism, and (- - -) averagek1 value,k1

) (2.1 ( 0.4)× 10-10 cm3 molecule-1 s-1). Panel b shows the results
for (9) k1 and (O) k11, using mechanism F(i). Bothk1 and k11 were
optimized. The dashed lines are the average values,k1 ) (2.7 ( 0.7)
× 10-10 cm3 molecule-1 s-1 and k11 ) (1.0 ( 0.3) × 10-10 cm3

molecule-1 s-1. Panel c shows the results for (9) k1 and (2) k13, using
mechanism F(ii) as discussed in the text. The dashed lines are the
average values, (k1 ) 2.6 ( 0.5) × 10-10 and k13 ) (3.3 ( 1.4) ×
10-11 cm3 molecule-1 s-1. Panel d shows the results for (1) k15, using
mechanism F(iv) as discussed in the text. The best fits were obtained
with k1d ) 0.25k1. The large variation with [NCO]0 indicates that this
model is not acceptable.

Figure 7. (a). Model F(i) to fit the C2H6 concentration profile by
varyingk11. Bothk1 andk11 were iteratively optimized. The experimental
curves for (O) NCO and (0) CH3 are the same as in Figure 3a. The
solid line (s) is the modified model calculation for NCO optimizing
k1 to fit the NCO profile. The value ofk1 was determined to be (2.1(
0.25) × 10-10 cm3 molecule-1 s-1 for the optimum value ofk11 (see
Figure 7b). (b) Same experimental C2H6 profile (data points represented
by open triangles (∆)) as in Figure 4b, and the model predictions for
the C2H6 profile using optimum values of bothk1 andk11. The optimized
value ofk11, expressed as a second-order rate constant, was determined
to be (9.0( 2.0) × 10-11 cm3 molecule-1 s-1, almost a factor of 2
greater than the accepted value ofk11 at this pressure.
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F(iii). Variable Rate Constantsk1 and k13 for Fixed Values
of k10. Although the F(ii) model provided a better statistical
agreement between model predictions and experiment for the
CH3 concentration profiles (i.e., the basic mechanism gave an

average mean fraction for the complete data set,[CH3]mod/

[CH3]exp, of 1.32( 0.06, whereas the F(ii) model reduced this
to 1.07( 0.53), there was a substantial increase in the scatter
for the F(ii) model. The increased scatter was attributed to the
loss of CH3 at long times, as evidenced in Figure 8a, and could
be remedied by introducing some chemistry to generate CH3.
There seems to be few possibilities of generating CH3 outside
of the reaction of NCO with a product of reaction 1. The lack
of HNCO production placed an upper limit ofk8 of ∼2 × 10-16

cm3 molecule-1 s-1. Indeed, at long times, there is a slight
overprediction of the NCO concentration in model F(ii),
compared to the basic model (compare Figures 3 and 8a). To
explore the possibility that CH3 was generated in the system,
reaction 10 was added to the reaction mechanism for model
F(ii). Preliminary calculations indicated thatk10 needed to be
∼1 × 10-11 cm3 molecule-1 s-1. To determine the best values
of k10, k1, andk13, the value ofk10 was initially set at 2.5×
10-12, and incremented in 2.5× 10-12 cm3 molecule-1 s-1 steps
while bothk1 andk13 were iteratively optimized. The best overall
agreement between the model predictions for the [NCO], [C2H6],
and [CH3] temporal concentration profiles was obtained fork10

) 5.0× 10-12 cm3 molecule-1 s-1. The corresponding average
optimized values ofk1 andk13 were (2.3( 0.5) × 10-10 and
(2.5 ( 1.3) × 10-11 cm3 molecule-1 s-1, respectively. The
results of the F(iii) model fit to the experimental data given in

Figures 3 and 4b are shown in Figure 9. As can be seen in this
figure, the agreement between the model predictions and the
experimental measurements for the three species NCO, CH3 and
C2H6 has improved over the other model treatments. Indeed,
this was the case for the complete data set, the F(iii) model
provided the best overall agreement. Although the mean of the

average fraction,[CH3]mod/[CH3]exp, was 1.36( 0.08, almost
the same as found in the basic model, the C2H6 profiles were

fit almost perfectly with a mean average fraction[C2H6]mod/

[C2H6]exp, of 1.09( 0.09. The dependence ofk1 andk13 on the
initial [NCO]0 was very similar to that for model F(ii) and is
not shown.

F(iv). Additional Product Channel (k1d) and Recombina-
tion Reaction (k15). Models F(ii) and F(iii) explored the
influence of the chemistry between the initially created radicals
and possible products of the NCO+ CH3 reaction. There is
also the possibility that a reaction or series of reactions of a
product from reaction 1 generated C2H6 but did not necessarily
react with NCO or CH3. To investigate this scenario, the basic
reaction mechanism was modified by the addition of a fourth
product channel for reaction 1, giving CH3N(X3A2′′) + CO and
reaction 15, the recombination of CH3N to form C2H6 and N2.
Using the∆Hf,0 values in Table 3, the reaction enthalpy for
channel 1d is predicted to be-32 kJ/mol. Although there is
some uncertainty in the heat of formation43 of CH3N(X3A2′′),
the reaction exothermicity is small enough that the energy
available to the products is well below the excited singlet
CH3N(a1A1) state and an isomerization barrier on the triplet
surface.43,56 The addition of channel 1d and reaction 15 to the
basic reaction mechanism does not perturb the NCO or

Figure 8. (a) Model F(ii) to fit the C2H6 concentration profile by
varyingk11. Both k1 andk13 were optimized. The experimental data is
the same as that given in Figure 3. The optimum value ofk1 was
determined to be (2.3( 0.3) × 10-10 cm3 molecule-1 s-1. (b) Same
experimental C2H6 profile as that depicted in Figure 7b (data points
represented by open triangles (∆)). The optimum value ofk13 was (3.5
( 0.5)× 10-11 cm3 molecule-1 s-1. There is a significant improvement
in the agreement between the model predictions and the experimental
C2H6 profile.

Figure 9. (a) Model F(iii) to fit the C2H6 concentration profile by
varyingk11 (see text). For fixed values ofk10, k1 andk13 were optimized
to fit the NCO and C2H6 concentration profiles, respectively. The results
shown in Figures 9a and 9b were obtained fork10 ) 5.0 × 10-12 cm3

molecule-1 s-1. The optimized value ofk1 was (2.3( 0.3) × 10-10

cm3 molecule-1 s-1. (b) Same experimental C2H6 profile as that depicted
in Figure 7b, but withk10 ) 5.0 × 10-12 cm3 molecule-1 s-1, the
optimum value ofk13 was (2.0( 0.3) × 10-11 cm3 molecule-1 s-1.
There again is an improvement, compared to Figure 8b, in the model
predictions and the experimental C2H6 profile.
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CH3 concentration profiles, so thatk1 was the same as that
observed in the basic mechanism. The branching fraction into
channel 1d was varied from 25% to 100% in steps of 25%. At
each step, the optimized value ofk15 was determined by fitting
the C2H6 temporal concentration profile. The best agreement
between the model predictions and experiment was observed
for k1d to be 25% ofk1. The results for the experiment shown
in Figures 3 and 4b, analyzed using the F(iv) model, are
presented in Figure 10. As can be seen from Figure 10b, the
F(iv) model provided a reasonable fit to the C2H6 concentration
profile. For this case, the value ofk1d was 4.3× 10-11 cm3

molecule-1 s-1, and the optimized value ofk15 was found to be
(2.0 ( 0.8) × 10-10 cm3 molecule-1 s-1. The results from the
analysis of all the experimental runs are shown in Figure 6d
plotted as a function of the initial NCO concentration. As is
evident from Figure 6d, there is a strong dependence ofk15 on
the initial NCO concentration, indicating that model F(iv) does
not provide an appropriate description of the complete data set.

G. Reaction Contribution Factor Analysis. In the deter-
mination of kinetic rate constants from chemical model simula-
tions, it is helpful to have a measure of the contribution each
reaction makes to the overall removal or production of species
in the model. A reaction contribution factor analysis is
particularly useful in this regard,57 especially under the current
conditions, where both concentration and rate constants mea-
surements are important. The reaction contribution factor at time
t, for speciesi removed by reaction with speciesj (RCFj

i(t)),
which is given by RCFj

i(t) ) -kij[I][J], or produced in reaction
between speciesl andm, RCFlm

i , which is given by RCFlm
i )

klm[L][M]. The corresponding integrated reaction contribu-
tion factor (IRCFj/lm

i ) from time t ) 0 to time t is the total
flux of speciesi that is removed in reaction with speciesj or
produced in reaction between speciesl andm, respectively, up
to time t.

An example of the IRCF treatment for the basic mechanism
analysis of the experimental data in Figure 3 is presented in
Figure 11. Similar analyses were performed for each reaction
model and experimental run. In Figure 11, the IRCFX values
for t ) 5 ms, where X is NCO, CH3, and Cl, are plotted as
fractions of the total flux for removal or production of each
species. Only IRCFX fractions, with values>0.01, are plotted
in the figures. Note that for the species, NCO, CH3, and Cl, the
most important reaction for removal is the one of most interest
according to the model; thus, determination ofk1 andk2 should
not depend strongly on other rate processes. For NCO, loss by
diffusion is the second most important loss mechanism, Figure
11a, and for Cl,k3 accounted for 10% of the total removal of
Cl atoms, Figure 11b. Even for CH3, reaction 1 accounted for
69% of the total removal of CH3, while reaction 11 accounted
for just over 20%.

The IRCF analysis shown in Figure 11 was representative of
the complete data set. For the reaction models F(i), F(ii), and
F(iii), the increased production of C2H6 was from reactions
removing CH3. However, the introduction of these new losses
of CH3 accounted for only a relatively small fraction of the
total CH3 radical-flux loss of 5%-10%; nevertheless, this caused
a much larger fractional increase in the optimizedk1 values of
20%-30%, as shown in Figure 6.

H. Theoretical Estimate of Bond Dissociation Energies.
No experimental information on the bond dissociation energy
of CH3NCO and its isomers could be found, so theoretical
calculations were performed to evaluate these quantities and
their equilibrium rotational and vibrational properties. This
information was used in a theoretical estimate of the recombina-
tion rate constant into the CH3NCO and CH3OCN products and
will be discussed in the next section. The electronic structure
calculations were performed on a Dell Xeon PC using a
commercial program (HyperChem58). The calculations were

Figure 10. (a) Model F(iv) to fit the C2H6 concentration profile by
varyingk11 (see text). Same fits as those given in Figure 3. (b). Same
experimental C2H6 profile as that depicted in Figure 7b, except with
k1d ) 4.3× 10-11 cm3 molecule-1 s-1 andk15 was optimized to fit the
C2H6 experimental profile. For this case, the optimum value ofk15 was
(2.1 ( 0.8) × 10-10 cm3 molecule-1 s-1.

Figure 11. Integrated reaction contribution factors (IRCFs), expressed
as a fraction for the removal of NCO, CH3, and Cl for the experiment
illustrated in Figure 3. The IRCFs were calculated using the basic
reaction mechanism in Table 2 with the optimum value ofk1 equal to
1.7× 10-10 cm3 molecule-1 s-1. Note that reaction 1 accounts for the
removal of∼70% of the NCO and CH3 radical pools, and reaction 2
accounts for the removal of∼90% of the Cl atoms.
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performed at the DFT-B3LYP/6-311G**, 6-311++G** or aug-
vpdz/ccvpdz level of theory. All three basis sets gave similar
results, with the reported dissociation energies calculated using
the 6-311++G** basis set. Comparison of calculated bond
energies at the same level of theory to known values for related
compounds (NCO and HNCO)36 suggested that the accuracy
of the calculations was probably(30 kJ/mol. Of the six isomers
of CH3NCO that involve rearrangement of the atoms in the NCO
moiety, those that involve the cyanato (NCO) and fulminato
(CNO) structures have potential energy minima below the NCO
+ CH3 asymptote. The two methylcyante isomers (CH3NCO
and CH3OCN) can form from NCO+ CH3 reactants without
any energy barrier along the reaction coordinate. The formation
of the other isomers requires significant activation energies,
because of the necessity of breaking and reforming the various
bonds in the NCO moiety. There is also the possibility of
formation of some of these isomers on the excited singlet or
triplet PESs. The theoretical calculations could only be per-
formed on the lowest energetic PES in the singlet and triplet
manifolds, (X1A′) and (a3A′′), respectively.

The results for the theoretical calculations for the bond
energies of the energetic possible CH3-NCO recombination
products are summarized in Table 5. The calculations ofkrec∞,
to be discussed in the section IV.B, required a Morse potential
energy description of the newly formed bond. The Morse

parameter,â ) x2π2µ/Dh2 νD (whereD is the bond dissocia-
tion energy andνD is the vibrational frequency in wavenumbers
of the new bond), is also reported in Table 5.

IV. Discussion

A. Products of NCO + CH3. HCN or HNC were the only
detected species attributed to be products of reaction 1. It was
assumed that the co-product of both channels was H2CO.
However, as discussed in section III.E, there was only modest
agreement between the model calculations and the experimental
observations for these species. In any case, these two channels
accounted for only 0.6% of the total products.

Attempts were made to detect the species NH2, H2CO, and
CH3N, but these attempts were unsuccessful. The exploration
for H2CO and CH3N lines encompassed the spectral region from
∼3.30 µm to 3.36µm. In the case of H2CO and CH3N, this
failure could be attributed to spectral congestion due to CH4

and C2H6 absorptions, particularly if these species were produced
as minor products, which likely seems to be the case. The small
concentration of detected secondary species suggests that the
recombination products CH3NCO and CH3OCN are dominant.

Both NCO+ CH3 and C2H3 + NO are energy asymptotes
on the global C2-H3-N-O PES and may be referenced to the
energy landscape of Figure 1 of Zou et al.,14 using Tables 2

and 5 to calculate the∆Hf,0 value for the CH3 + NCO and
CH3NCO asymptotes to be at 278 kJ/mol and-78 kJ/mol,
respectively. These features are 116.6 kJ/mol below the
C2H3 + NO asymptote and 102 kJ/mol below the H2CO +
HCN asymptote, respectively. Sumathi et al.12 calculated that
CH3NCO was 130 kJ/mol less energetic than H2CO + HCN.
This is consistent with the difference in the theoretical calcula-
tions. At the MP2/6-311++G(p,d) level of theory, Sumanthi
et al.12 provided a global view of the energy landscape on the
C2-H3-N-O PES. These workers found that the only bimo-
lecular product channels for the C2H3 + NO reaction were
CH2NH + CO, CH2O + HCN, and CH2O + HNC. These
products emanated from the bound C2H3NO adduct through
reaction paths that had higher barriers than the CH3 + NCO
energy asymptote. At higher levels of theory, Striebel et al.13

found lower energetic pathways from the CH3NO adduct
through an 1,2-oxazete intermediate leading to the HCN+
H2CO product channel. Zou et al.14 extended these calculations
to include another low-energy pathway from the C2H3NO adduct
to the CH2NH + CO product channel. However, even these
new low-energy pathways have energy maxima lying substan-
tially above the CH3 + NCO asymptote; hence, the known
features of the global C2-H3-N-O PES cannot describe
bimolecular product formation in the NCO+ CH3 reaction.

B. High-Pressure Recombination Rate Constants.The
dominant reaction channel for reaction 1 seems to be recom-
bination; however, the measured value ofk1 is larger than most
molecular radical recombination reactions. A theoretical descrip-
tion of the recombination reactions would help in under-
standing the reaction dynamics of the NCO+ CH3 system.
Troe’s formulation15 for krec,∞ is a useful approximate method
for estimating unimolecular and recombination rate constants.
Furthermore, this formulation has been useful in characterizing
the pressure dependence of unimolecular reaction rate con-
stants59 and has been successful in predicting the values of
recombination rate constants under both high-pressure60 and low-
pressure61 conditions. The only information necessary to imple-
ment the calculation ofkrec,∞ is the equilibrium structure and
vibrational frequencies of the dissociating molecule AB, the
bond energy of A-B, a Morse potential energy description of
the A-B bond, and a value for the interpolation parameterR,
which describes how the transitional modes evolve into the
rotational motion of the radical fragments. The high-pressure
recombination rate constant for A+ B f A is given by

wherek, h, andT have their usual meaning,µ is the reduced
mass, Qel(X) is the electronic partition function of X, Qcent

/ is a
centrifugal pseudo-partition function,FAMe

/ is a factor that
corrects for the rotation character of the disappearing oscillators,
σ* is the effective symmetry number at the transition state,
Qvr(X) is the rovibrational partition function of X, Qj

/ is the
vibrational partition function for the conserved modes of AB,
Qm

/ is the vibrational partition function for the transitional
modes, and∆E0z is the lowest threshold energy for recombina-
tion.

Four isomers of CH3NCO have potential minima below the
NCO + CH3 asymptote on the global C2-H3-N-O PES.12

TABLE 5: Theoretical Estimates of the Bond Energies and
Morse Parameters (â) for the Dissociating Bond, H3C-NCO
and H3C-OCN, of the Energetically Accessible Isomers of
CH3NCO

isomer

dissociation
energy,a
(X1A′)

(kJ/mol)
â1

(Å-1)b
ν1

D
(cm-1)c

dissociation
energy,a
(a3A′′)

(kJ/mol)
â3

(Å-1)b
ν3

D
(cm-1)c

CH3NCO 356 1.826 747 58 5.439 885
CH3OCN 226 2.521 907 (188)d

a Defined for X f CH3 + NCO. Calculated at the DFT-B3LYP/
6-311++G** level of theory and corrected for zero-point energy.
b Vibrational frequencies were calculated at a lower level of theory,
MP2/6-311G**. c Calculated vibrational frequencies corrected by a
factor 0.92.d Above the CH3 + NCO energy asymptote.

krec,∞ )
kT

h ( h2

2πkT)3/2

Qel(AB)

Qel(A)Qel(B)

Q*centF*AMe(1/σ*)

Qvr(A)Qvr(B)
∏

r

Q*j ∏
b

Q*m exp(-
∆E0z

kT )
(E5)
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Only CH3NCO and CH3OCN can form in simple recombination
reactions from NCO+ CH3 reactants. The CH3NCO(a3A′′) was
determined to be weakly bound, as reported in Table 5.
However, the CH3NCO(a3A′′) PES likely has similar topology
as the HNCO(a3A′′) PES, where there is a substantial barrier
for bound HNCO(a3A′′) to dissociation to H+ NCO prod-
ucts.62,63 Thus, direct recombination into CH3NCO(a3A′′) is
unlikely at low temperatures.

The comparison of calculatedkrec∞ values to experimental
values requires a determination ofR. This is usually done by
comparison with other systems. In a systematic study, Cobos
and Troe60 determined that values ofR/â equal to 0.46( 0.09
correlated the calculated and experimental values ofkrec∞ for
over 26 systems. The calculated values ofkrec∞ for each
methylcyanate isomer are reported in Table 6, using this range
of R.

Using the basic mechanism (section III.E), the value ofk1

was determined to be 2.1× 10-10 cm3 molecule-1 s-1. This is
a factor of 4 larger than the combined theoretical estimate in
Table 6 for recombination into the methylcyante products for
R/â ) 0.55 and is∼15 times larger ifR/â ) 0.46. Neither
methylcyante isomer is unusual, compared to the systems studied
by Cobos and Troe, so this range ofR/â should provide a
reasonable estimate of the theoretical value ofkrec∞ and cannot
account for the experimental value ofk1. There seems to be
another pathway that is responsible for the reaction between
NCO + CH3. As discussed in section IV.A, the known reaction
pathways on the C2-H3-N-O PES cannot contribute to
product formation starting from the NCO+ CH3 asymptote. A
possible explanation for the observed value ofk1 is the
participation of the excited singlet electronic states of the
methylcyanate isomers. Using similar calculations, Smith4

showed that excited electronic states could participate in
recombination processes. Further exploration of the C2-H3-
N-O PES and more-accurate calculations ofkrec∞ will be needed
to verify this speculation.

C. Estimated Uncertainties ink1. The determination ofk1

requires that the concentrations of both NCO and CH3 be
determined. Although both species were monitored, the deter-
mination of k1 used only the NCO profile and the radical
concentration determined by the maximum in the HCl concen-
tration profile, as discussed in section III.E. The uncertainty in
the determination ofσpk

NCO was(4% (Table 1) and produced a
corresponding uncertainty ink1. The large uncertainty inσpk

CH3

(Table 1), and the apparent missing chemistry involving the CH3

radical (section III.F), precluded the use of this radical in the
direct determination ofk1. The random scatter in the measure-
ments ofk1 contributed(19% to the uncertainty ofk1 (see
section III.E).

The main reason to explore the different reaction mechanisms
outlined in section III.F was to determine the influence an
unknown chemistry could have on the evaluation ofk1. As
summarized in Figure 6,k1 varied from 2.1× 10-10 cm3

molecule-1 s-1 using the basic reaction mechanism (Table 2)
to 2.7 × 10-10 cm3 molecule-1 s-1 for model F(i). The other
applicable models gavek1 values closer to the basic mechanism
value, and an estimate of the influence of the missing chemistry

on k1 was taken to be+20%. Thek1 value that was determined
using the basic mechanism was considered a lower limit.

As in previous work,5,10,11the fractional IRCF for a particular
reaction multiplied by the uncertainty in the rate constant for
that process was considered to be representative of the uncer-
tainty that reaction had on the determination ofk1. For both
NCO and CH3, diffusion was a significant removal process, and
the uncertainty inkdiff

NCO/CH3 was estimated to be(20%, which
is approximately twice the experimental scatter in the determi-
nation of the diffusion rate constants for the stable species. The
uncertainties in the various rate constants are listed in Table 2.
For NCO, the accumulated uncertainty from the errors in the
rate constants input into the basic mechanism was(12%, with
half of this uncertainty coming from reaction 3 for which the
uncertainty included both absolute and random errors. For CH3,
the accumulated uncertainty was(4%, with diffusion account-
ing for half of the uncertainty. Thus, the total uncertainty
introduced by an estimate of the errors to the rate constants in
the basic model was estimated to be(16%.

Overall, the total uncertainty in the determination ofk1 was
the sum of the four sources of error and was determined to be
+60% and-40%, including systematic and random error.

V. Summary

The rate constant for the NCO+ CH3 reaction was measured
to be (2.1( 0.8(1.3))× 10-10 cm3 molecule-1 s-1 at 293( 2
K, where the error bars are an estimate of the absolute and
random experimental errors at the 68% confidence level. The
measurements were performed in an excess of CH4 over the
pressure range of 2.8-4.5 Torr. The rate constant for the reaction
Cl + CH4 was also measured to be (9.2( 0.2) × 10-14 cm3

molecule-1 s-1 at 293( 2 K, where the error is(1σ. The only
species that could be attributed to be products of the NCO+
CH3 reaction were HNC and HCN: the co-product of both
channels was assumed to be H2CO. The appearance rate of both
channels was faster than model predictions. The branching
fraction, as a percentage, into these channels was 0.22%(
0.09% and 0.39%( 0.24%, for HNC+ H2CO and HCN+
H2CO, respectively, where the uncertainty is the accumulative
random error only ((1σ).

The NH radical was also observed in these experiments;
however, the source of this species was not reaction 1. NH was
speculated to be produced from the reaction of electronically
excited N(2D) atoms with CH4 (see section III.E). If this is the
case, the rate constant for the reaction N(2D) + CH4 f CH3 +
NH was measured to be (9.7( 1.4) × 10-13 cm3 molecule-1

s-1, where the uncertainty is(1σ.
The complete data set was analyzed using five different

reaction mechanisms, which are summarized in Table 2 and
sections III.E and III.F. The temporal concentration profiles of
C2H6 were recorded in these experiments, so that its production
in the CH3 + CH3 recombination reaction was monitored. The
basic reaction mechanism was not successful at completely
reproducing the CH3 and C2H6 profiles. The calculated CH3
profiles consistently overestimated the peak CH3 concentration
and the calculated C2H6 profiles consistently underestimated the
experimental C2H6 concentration. These discrepancies were
greater than the uncertainties in the species absorption coef-
ficients and suggested that there was some chemistry missing
from the basic mechanism. Four different reaction sequences
were considered and explored the effects different reactions
exerted on the determination ofk1. Much improved agreement
between calculated and experimental CH3 and C2H6 profiles

TABLE 6: Estimates for krec,∞ Producing CH3NCO/
CH3NCO (X1A′) Isomers at 300 K

krec,∞ (cm3 molecule-1 s-1)isomeric
product R/â ) 0.46 R/â ) 0.55 R/â ) 0.37

CH3NCO 1.10× 10-11 3.8× 10-11 3.4× 10-12

CH3OCN 2.5× 10-12 9.8× 10-12 6.6× 10-13
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was obtained in models in which CH3 reacted with a product
of reaction 1 to produce C2H6 (see sections III.F(ii) and
III.F(iii)).

The possibility of bimolecular channel products was examined
from the perspective of known features of the global C2-H3-
N-O potential energy surface (PES);12-14 however, reaction
pathways to known bimolecular products are not energetically
accessible from the NCO+ CH3 asymptote. This suggested that
the main product channel of reaction 1 was recombination,
forming CH3NCO and CH3OCN. Theoretical estimates ofkrec,∞
for each channel (Table 6) were conducted using eq E5. The
calculations indicated that direct recombination, forming ground-
state singlet products, could not account for the observedk1

value. Either unknown disproportionation channels or the
participation of excited electronic states could explain the
experimental measurement ofk1.
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