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The quenching rate constants for NCl(a1∆) by F and Cl atoms have been measured at room temperature to
be (2.2( 0.7) × 10-11 and (1.0+ 1.0/-0.5) × 10-12 cm3 s-1, respectively, by adding F and Cl atoms to a
flow reactor containing NCl(a1∆). With knowledge of these quenching rate constants, the kinetics for the
formation of NCl(a1∆) from the Cl + N3 reaction could be investigated in the F/Cl/HN3 reaction system.
The reduction in NF(a1∆) yield from adding Cl atoms to the reactor containing F and HN3 and the relative
NF(a1∆) and NCl(a1∆) yields for known concentrations of F and Cl atoms in this reaction system favor a
total Cl + N3 rate constant of 3( 1 × 10-11 cm3 s-1 with a branching fraction for NCl(a1∆) formation ofJ
0.5. The branching fraction was deduced from comparing the relative intensities of the NCl(a-X) and NF-
(a-X) transitions using a lower limit to the NCl(a) radiative lifetime of 2 s. The direct formation of NCl-
(b1Σ+) from Cl + N3 is a minor channel; however, NCl(b1Σ+) is formed by bimolecular energy pooling of
NCl(a1∆) molecules with a rate constant of≈1.5× 10-13 cm3 s-1 and by energy transfer between NCl(a1∆)
and HF(V g 2). The bimolecular energy-pooling process is a small fraction of the total bimolecular self-
destruction rate for NCl(a1∆).

I. Introduction

The reactions of H atoms with NF2 and F atoms with N3 are
excellent gas phase sources of NF(a1∆).1-8 In each case the
ground singlet state molecule is formed, HNF2 or FN3, that
subsequently undergoes unimolecular decomposition before
collisional stabilization at modest pressures. Since spin is
conserved, NF(a1∆) is formed rather than NF(X3Σ-). Both
systems have been thoroughly studied, and the efficiencies for
NF(a1∆) formation are established3-5 asg0.9 for H+ NF2 and
g0.85 for F+ N3. The N3 radical is generated by the reaction
of F with HN3.5,7 Recent work has shown that the F+ HN3

reaction also gives 3( 2% HNF+ N2 at room temperature.9,10

However, HNF probably reacts with excess F atoms to give
vibrationally excited HNF2*, which also decomposes to NF-
(a1∆) at <10 Torr pressure. Fortunately, the H and F+ NF-
(a1∆) reactions have small rate constants, (3.1( 0.6) and (4.0
( 2.0) × 10-13 cm3 molecule-1 s-1, respectively,11,5b at 300
K, and excess concentrations of H and F atoms can be used to
obtain high concentrations of NF(a1∆). A less satisfactory
characteristic of NF(a1∆) for energy storage applications is the
bimolecular self-destruction process,5b which has a rate constant
(defined by-d[NF(a)]/dt ) kbi[NF(a)]2) of (5 ( 2) × 10-12

cm3 molecules-1 s-1. The reaction of Cl atoms with N3 offers
an attractive possibility for a source of NCl(a1∆) molecules.
The reaction rate of Cl atoms with HN3 at 300 K is too slow to
be a useful source of N3 in a flow reactor,12,13 and most
investigators have added F atoms to the Cl/HN3 system to
achieve higher concentrations of NCl(b1Σ+) or NCl(a1∆),
although the simultaneous presence of F and Cl atoms adds
chemical complexity to the system.14,15 The main goal of the
present work was to assign the total rate constant and the
branching fractions,Xa, Xb, andXx for the product channels in
reaction 1 as part of our effort to characterize the F/Cl/HN3

reaction system as a chemical source of NCl(a1∆).

The ∆H° values for eqs 1a-1c are-39, -22, and-65 kcal
mol-1, respectively, for∆Hf°(N3)5a,16) 113.6 and∆Hf°(NCl)17

) 77.4 kcal mol-1. All experiments were done in a flow reactor
at room temperature.

In order to measureXa and the rate constant for reaction 1,
the NCl(a1∆) removal processes must be understood. In
particular, the quenching rates by F and Cl atoms are required.
The NCl(a) bimolecular self-destruction and the bimolecular
NF(a1∆) + NCl(a1∆) rates are not important if concentrations
below ∼2 × 1012 molecule cm-3 are used. The competition
between F and Cl atoms reacting with N3 already has been
reported;8 however, our experiments, similar work by Henshaw
and co-workers,18aand a direct measurement using laser-induced
fluorescence to monitor the decay of [N3] with added [Cl]19

support ak1 value that is slightly smaller than the F+ N3 rate
constant ((5( 2) × 10-11 cm3 s-1)6,7 rather than eight times
larger.7 Our value fork1 is based upon the reduction in NF(a)
concentration as Cl atoms are added to the system and on the
time dependence for the generation of NF(a) and NCl(a). Our
strategy for obtaining the branching fractions for reaction 1 is
to measure the relative concentrations of NCl(a1∆) and
NF(a1∆) for known initial F, Cl, and HN3 concentrations in the
flow reactor. In the absence of Cl atoms, excess [F] will convert
the [HN3] to a known [NF(a)], and the emission intensity from
[NCl(a)] can be compared to the emission intensity from the
known [NF(a)]. These relative concentrations are obtained from
the relative a-X emission intensities at 874 and 1077 nm from
NF(a) and NCl(a), respectively, with a monochromator fitted
with an S-1 response photomultiplier tube. Since the lifetimes

Cl(2P) + N3(X
2Π) f ClN3* f NCl(a1∆) + N2 (1a)

f NCl(b1Σ+) + N2 (1b)

f NCl(X3Σ-) + N2 (1c)
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of NF(a) and NCl(a) are very long, the emission intensities must
be related to concentrations by Einstein coefficients,I(NCl(a))
) τ-1

NCl[NCl(a)] andI(NF(a)) ) τ-1
NF[NF(a)]. The NF(a1∆)

lifetime is accepted4c,6 as 5 s. The best calculated lifetime20

for NCl(a1∆) is 2.4 s. The decay time for NCl(a) in a matrix
isolation experiment21 can be adjusted to an equivalent gas-
phase value of 3.7 s. We have selected a lower limit ofτNCl(a)

) 2 s for our calculations, which leads to a lower limit forXa.
Other investigators have made a similar choice.18

Before the data needed to obtain the branching fraction for
NCl(a) formation are presented, the decay kinetics of NF(a) and
NCl(a) as a function of the F- and Cl-atom concentrations is
examined in order to assign these quenching rate constants. The
NCl(a) bimolecular self-destruction rate constant18b is reported
to be 5-8 × 10-12 cm-1 s-1, which is of similar magnitude as
for NF(a).5b We worked at sufficiently low [NCl(a)] concentra-
tions such that this bimolecular loss process is not very
important. A few experiments also were done with the Cl+
HN3 reaction system in order to assign the rate constant for
bimolecular energy pooling from 2NCl(a), to confirm theXa

result obtained in the F/Cl/HN3 system and to find an upper
limit to Xb.

II. Experimental Methods

Most experiments were performed in the flow reactor shown
in Figure 1. The inner pre-reactor was designed to generate Cl
atoms by the relatively slow F+ HCl reaction (k ) 0.94 ×
10-11 cm3 s-1).22 The Ar carrier gas was purified by passage
through cooled (-77 °C for high pressure and-196 °C for
low pressure) molecular sieve filled traps. The maximum flow
velocity in the main reactor provided by a small Roots blower
plus mechanical pump was 12 m s-1. This could be reduced
by partly closing a gate valve, and velocities of 3.5 m s-1 were
commonly used. The reactor walls plus the inner and outer
walls of the pre-reactor were coated with halocarbon wax to
reduce the loss of F and Cl atoms and N3 radicals on the surfaces
of the reactor. Fluorine atoms were generated in both the fore-
reactor and pre-reactor by a microwave discharge through dilute
flows of CF4 in Ar. Unit efficiency for the generation of Cl
atoms by the F+ HCl reaction was confirmed by measuring
the Cl-atom concentration. Thus, loss of Cl atoms in the pre-
reactor was not significant. The HN3 could be added to the
reactor either at the entrance to the fore-reactor or at the reagent
port on the main reactor. The Ar and CF4 flow rates were
measured by Hastings mass flow meters. The flow rates of HN3,
HCl, and all other reagents were measured by observing the

pressure rise in a bulb of known volume. The HN3 was prepared
by heating sodium azide with stearic acid; it was stored as a
10% mixture in Ar in a 12 L reservoir. The purity was
confirmed by mass spectrometric analysis. The CF4 and HCl
were obtained from commercial suppliers.

The relative Cl-atom concentrations were monitored by the
relative intensities of the HCl(∆V ) -1) transition at 2900 cm-1

using an InSb infrared detector with an interference filter; the
HCl(V e 1, 2) molecules were generated by the Cl+ H2S
reaction. The [F] was measured by monitoring the HF(∆V )
-3) relative intensity at 850 nm with the monochromator and
photomultiplier tube; the HF was produced by the addition of
H2S or C2H6 near the end of the reactor. The absolute F and
Cl atom concentrations were calibrated by titration with CF3I
and C2H3Br, respectively. These titration reactions for F and
Cl atoms have been described in separate publications.5,13

Emission spectra from NF(a1∆), NF(b1Σ+), NCl(a1∆), NCl-
(b1Σ+), and HF(3-0) transitions were observed with a 0.5 m
Minuteman monochromator equipped with a grating blazed at
1000 nm with 600 lines mm-1; see Figure 2. The slits were
usually set to 1 mm, which corresponds to a resolution of 3.3
nm. The monochromator was mounted on a moveable table
so that the emission could be monitored along the length of the
flow tube. A S-1 type photomultiplier tube (PMT), Ham-
mamatsu R1767 selected for enhanced red sensitivity, was used
to observe the NCl(a1∆-X3Σ-) transition at 1077 nm. The dark
current at room temperature and 1250 V, typically 7000 nA,
was reduced by a liquid-nitrogen cooled housing (Products for
Research, model TE176TSRF). The temperature, which was
adjustable from 20 to-110°C, normally was-80 °C, and the
dark current was 10-15 pA. The current from the PMT was
monitored by a Keithley electrometer (model 614) and recorded
on a 386 personal computer using a Keithley data acquisition
card (model DAS-8). The response of the detection system vs
wavelength was calibrated using a standard quartz-iodine lamp.

The relative [NF(a)] and [NCl(a)] were obtained by multiply-
ing the observed NF(a-X) and NCl(a-X) intensities by the
appropriate conversion factor, which is the product of the
respective Einstein coefficients (or the inverse of the radiative

Figure 1. Schematic diagram of the Pyrex glass flow-reactor. The
inner pre-reactor was used to produce Cl atoms from the F+ HCl
reaction. The fore-reactor was used as an independent F-atom source.
The HN3 could be added to the fore-reactor or at the reagent position.
The C2H6 or H2S were added near the end of the reactor for monitoring
the F- and Cl-atom concentrations. The diameter of the main reactor
was 7.0 cm; the pre-reactor section was constructed from 4.0 and 3.0
cm diameter tubing.

Figure 2. Representative spectra from the F/Cl/HN3 reaction system
after a reaction time of 30 ms. The inset shows the HF(3-0) and NF-
(a-X) emissions at higher resolution. The HF(3-0) emission was
insignificant 30 ms downstream of the HN3 inlet. A cut-off filter
normally was placed in front of the slit of the monochromator to
eliminate the second-order spectra. Spectra acquired in the Cl+ N3

reaction zone showed only the 0-0 band of the NCl(a-X) emission
and reaction 1a gives virtually noν′ ) 1 product.
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lifetime), the relative sensitivity of the detector, and the
respective spectral band areas. Both reactions give mainlyν′
) 0 molecules and only the 0-0 bands need to be considered.
The ratio of response at 874 vs 1077 nm was 2.1, and the
transitions had the same bandwidths for a 1 mmslit. For 5
and 2 s lifetimes, theI(NF(a))/I(NCl(a)) ratio was converted to
the [NF(a)]/[NCl(a)] ratio by multiplying by a factor of 1.2.

An InSb infrared detector (Infrared Associates,D* ) 2.16
× 1011 cm Hz0.5 W-1) was used to measure HCl(1-0) intensity
for Cl atom titrations.13 The background thermal radiation was
reduced, and the HCl emission was isolated by a band-pass filter
(Perkin Elmer). A mechanical light-chopper was placed in front
of the detector, and the signal was processed by a home-made
preamplifier and a lock-in amplifier.

III. Experimental Results

III.A. Quenching Rate Constants of NCl(a) and NF(a)
by Cl and F Atoms. Both fixed- and moving-point detection
methods were used to measure the NF(a) and NCl(a) quenching
rate constant under pseudo-first-order kinetic conditions. Al-
though all flow calibrations were made and plug flow should
have been established in the reactor, an empirical calibration
of the reaction time,∆t, following addition of a reagent was
made using the established rate constant for quenching of NF-
(a) by NH3.5b The NF(a) concentration was generated from the
2F + HN3 reaction in the fore-reactor, and NH3 was added at
the reagent inlet. For pseudo first-order kinetics with fixed-
point detection, a plot of lnI(NF(a)) vs [reagent] has a slope
equal to the product,kQ∆t. The results for quenching of NF(a)
with (1.1 × 1012 atoms cm-3) and without the presence of Cl
atoms are shown in Figure 3. The Cl atoms were generated by
a second discharge through CF2Cl2 and added through the pre-
reactor. Both plots have the same slope, and usingkNH3

NF ) (3.6
( 0.2) × 10-12 cm3 s-1 gives an effective∆t of 0.037 s. The
plug-flow prediction of∆t using the full distance between the

reagent inlet and the observation point is 0.044 s. In addition
to establishing the effective reaction time, these data demonstrate
that the flow reactor was functioning as expected5,6 for the F+
HN3 reaction system. Furthermore, nothing unusual occurs with
respect to quenching of NF(a) by NH3 if Cl atoms are introduced
into the reactor for concentrationse1 × 1013 cm-3 after the 2F
+ HN3 reaction was complete, as shown in Figure 3, or in the
fore-reactor zone (using the method described in the paragraph
below). The HF(3-0) emission generated from F+ HN3 was
observable for only the first 10 cm in the fore-reactor for the F
and HN3 concentrations and times used here. The F+ NH3

reaction mainly gives HF(V e 2), and excess F atoms in the
reactor does not interfere with the NF(a-X) emission used for
monitoring the quenching of NF(a) by NH3.

In order to study quenching of NCl(a) by F atoms, the F+
HCl pre-reactor shown in Figure 1 was replaced by a simple
discharge tube through which CF2Cl2 was passed to generate
Cl atoms that subsequently reacted with N3 to produce NCl(a).
The concentrations in the fore-reactor were adjusted so that
[NCl(a)] and [NF(a)] were nearly constant along the main
reactor in the absence of excess F atoms (added as a quenching
reagent). An additional flow of F atoms was added at the
reagent inlet using a third microwave discharge through a flow
of CF4 or SF6. The absolute [F] was determined by titration
with CF3I in the usual way.5 For a given concentration of F
atoms, the NCl(a) emission intensity was measured along the
reactor, and plots of lnI(NCl(a)) vs time are linear with a slope
equal tokF

NCl[F]. The quenching rate constant was obtained by
plotting the slopes of the pseudo-first-order quenching plots vs
[F]. Figures 4 and 5 show representative data, and the rate
constants and the conditions for these and other experiments
are summarized in Table 1.

The rate constants from the four experiments in Table 1 vary
between 2.87 and 1.51× 10-11 cm3 s-1, and we conclude that

Figure 3. Pseudo-first-order quenching plots of NF(a) by NH3 with
(0) and without (b) added Cl atoms. TheI(NF(a)) was measured 80
cm from the reagent inlet, and the initial concentrations were [HN3] )
1.7× 1012, [F] ) 1.5× 1012, and [Cl] ) 1.1× 1012 cm-3. ForkNH3

NF )
3.6 × 10-12 cm3 s-1 the reaction time,∆t, is 0.037 s.

Figure 4. Pseudo-first-order decay plots of NCl(a) vs time for a range
of F-atom concentration generated from CF4. The lower panel shows
a plot of the slopes, kF[F], from the top panel vs [F], plus the same
information from a second similar experiment.
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kF
NCl ) (2.2 ( 0.7) × 10-11 cm3 s-1. The F + NCl(a) rate

constant is more than an order of magnitude larger than for F
+ NF(a),5b,6c which is (4.0( 2.0) × 10-13 cm3 s-1. The plot
in Figure 5 confirms this difference by showing that NF(a1∆)
was not quenched over the [F] range that gives nearly complete
removal of NCl(a). No difference inkF

NCl was noted for CF4 or
SF6 as the F atom source. The possibility that the quenching
of NCl(a) was a consequence of the presence of species from
the discharge, such as CF2, CF3 or SF5, rather than F atoms,
was checked by doing some experiments using a discharge
through F2 as the F atom source.23 Those experiments also gave
a similar value for thekF

NCl rate constant. The large value for
kF

NCl is consistent with our general observation that NCl(a) was
always quenched whenever the [F] was high, regardless of
whether F was added at the reagent port, the fore-reactor, or
the pre-reactor.

The data shown in Figures 4 and 5 appear to follow pseudo-
first-order kinetics to within the experimental uncertainty.
However, for the low F atom concentration range, [F]≈ [NCl-
(a)] and pseudo-first-order conditions do not actually apply

unless [F] is constant, i.e., unless quenching occurs by physical
energy transfer rather than by chemical reaction (formation of
NF(a) + Cl is 4 kcal mol-1 exoergic). In an attempt to
distinguish between chemical and physical quenching, an
experiment with [F]≈ [NCl(a)] was performed.23b If the
chemical reaction converts F atoms to NF(a or X), the decay of
[NCl(a)] should be described by the bimolecular rate law.
Although the data seemed to fit first-order decay better than
second-order decay, the [NCl(a)] range was too small to be
certain. The simultaneously measured NF(a) emission intensity
did not systematically increase as NCl(a) was removed. We
conclude that quenching of NCl(a) occurs mainly by physical
quenching and/or by formation of NF(X)+ Cl.

The quenching of NCl(a) and NF(a) by Cl atoms was studied
using the reactor shown in Figure 1; the F- and Cl-atom
concentrations were measured by titration. Since a microwave
discharge in CF2Cl2 gives both F and Cl atoms (in a 1/14 ratio)13

and since the discharge through CFCl3 may generate other
species (such as Cl2, CCl2, or CCl) that quench NF(a) at the
required high flows of CFCl3, we used the F+ HCl reaction
under throttled conditions to study quenching of NF(a) by Cl
atoms. The fore-reactor conditions were chosen so that [F]0 ≈
2[HN3]0. The Cl + NF(a) quenching measurements are
straightforward, since the F+ HCl pre-reactor conditions can
be controlled to provide the requisite [Cl]. The two experiments
shown in Figure 6 are in agreement and give a rate constant of
(6 ( 2) × 10-13 cm3 s-1. A direct comparison of F and Cl+
NF(a) quenching was accomplished by observingI(NF(a)) while
turning the HCl flow on and off; see Figure 6. Quenching by
F atoms is slower than by Cl atoms, and the data givekF

NF ) (3
( 1) × 10-13 cm3 s-1, which is consistent with the result in
the literature5, (4 ( 1) × 10-13 cm3 s-1. Although the degree
of quenching is small, the relative measurements should be
reliable.

The Cl-atom quenching of NCl(a) was difficult to measure
because precautions were necessary to avoid quenching of NCl-
(a) by F atoms. Also, the [NCl(a)] should be below 1× 1012

Figure 5. Pseudo-first-order decay plot of NCl(a) vs time for a range
of F-atom concentration generated from SF6. The lower panel shows
the slopes of the decay plots vs [F]. Data from an experiment with
NF(a) illustrating the absence of quenching also is shown for
comparison. TheKF

NF value is from the literature.5b

TABLE 1: Quenching of NCl(a1∆) by F Atoms

Cl/F source [Cl]0a [F]0
a [HN3]0

a [F]added
b kF

NCl c

CF2Cl2/CF4 6.0 4.7 3.3 0-3.0 2.87( 0.43
CFCl3/CF4 2.7 4.2 1.9 0-5.8 1.51( 0.41
CFCl3/SF6 2.7 4.2 1.9 0-4.8 1.81( 0.43
CFCl3/SF6 5.2 2.4 1.2 0-4.4 2.52( 0.52

a The starting concentrations in the fore-reactor in units of 1012

molecules cm-3. The [Cl]0 was estimated from the fractional dissociation
of CF2Cl2. b The range of [F] in units of 1012 molecules cm-3 added as
a reagent using the F-atom source specified in column 1.c In units of
10-11 cm3 molecule-1 s-1.

Figure 6. Pseudo-first-order quenching plots of NF(a) by [Cl] for fixed
observation time of 0.06 or 0.08 s. The Cl atoms were generated in the
pre-reactor by the F+ HCl reaction. An experiment,0, also is shown
for quenching NF(a) by F atoms for comparison. The latter was obtained
by stopping the HCl flow to the pre-reactor.
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molecule cm-3 to reduce the bimolecular self-destruction rate.
To isolate the Cl-atom quenching reaction, NCl(a) was generated
in the main reactor by adding a low concentration of HN3 at
the reagent inletto F atoms that were generated by a discharge
in CF4 in the fore-reactor and Cl atoms generated in the F+
HCl pre-reactor. The Cl-atom concentration was∼1 × 1013

atoms cm-3, and the first-order decay of NCl(a) should be
dominated by thekCl

NCl[Cl] term. The actual [Cl] and [F]
present 0.04 s after the Cl/F+ HN3 flows have been mixed,
which is the zero time for the quenching plots, were estimated
by numerical integration of the rate equations for Cl and F with
HCl and HN3. Several semilog plots ofI(NCl(a)) vs ∆t are
shown in Figure 7. Table 2 lists the initial [Cl]0, [F]0, and
[HN3]0, and the slopes from plots of ln[NCl(a)] vs time and the
contribution fromkF

NCl[F] for nine experiments. Since the [F]
was not negligible in all experiments, adjustment for F-atom
quenching must be considered. Experiment 6 was discarded
because the F atom contribution to quenching is too large. The
excess HN3 in experiments 8 and 9 will give slow generation
of NCl(a) from the Cl+ HN3 reaction; however, thesekCl

NCl

values seem as reliable as the others. The average of the eight
experiments iskCl

NCl ) 1.1 × 1.0-12 cm3 s-1. On the basis of
these data,kCl

NCl was selected as (1.0+ 1.0/-0.5) × 10-12 cm3

s-1, which is about two times larger thankCl
NF.

III.B. The F/Cl/HN 3 Reaction System: Conversion of
I (NX(a1∆)) to [NX(a1∆)]. The [NCl(a)] was estimated by
comparing the NCl(a-X) emission intensity to the NF(a-X)
intensity for a known [NF(a)] generated by the F+ HN3

system.5 Although the HN3 is nearly quantitatively converted
to NF(a) + N2, the observed yield is suppressed by the
quenching reactions, and a kinetic model for the F/HN3 system
was developed to estimate the [NF(a)] for a givenI(NF(a)). For
simplicity, we used a branching fraction for NF(a) formation
of unity from 2F+ HN3.

The quenching of NF(a) by HN3 (2.1 × 10-13 cm3 s-1)5b and
NF(X) (3 × 10-13 cm3 s-1)6c is not important for the conditions
used here. Bimolecular self-quenching starts to become impor-
tant for [NF(a)]> 5 × 1011 molecules cm-3 and∆t g0.05 s.
The rate constants for reactions 2-5 are summarized in Table 3.

The generation of NF(a) for two experiments is shown in
Figure 8 together with the model calculations for [N3] and [NF-
(a)]. All of the N3 has reacted after 0.04 s and the [NF(a)] has
reached its maximum value, which is 1.4 and 0.84× 1012

molecules cm-3 for these two experiments according to the
model. These data are consistent with nearly 100% conversion
of HN3 to NF(a), but with the [NF(a)] suppressed to 78 and
84% of the stoichiometric yield because of the bimolecular self-
destruction process. In the next section, we will use the [NF-
(a)] predicted by the model from the initial [HN3]0 with excess
[F]0 and the observed NF(a-X) intensity to convert the NCl-
(a-X) emission intensities to absolute NCl(a) concentrations.

III.C. The F/Cl/HN 3 Reaction System: The Cl+ N3 Total
Rate Constant and Xa. In order to describe the F/Cl/HN3
system, the following reactions must be added to eqs 1-5 to
complete the model.

The NCl(a)+ NF(a) reaction was not included in the model
because no information is available for this reaction. The
quenching of NCl(a) and NF(a) by NCl(X) and NF(X) have
not been included because the rates are assumed to be less than
the bimolecular self-destruction rates and because the ground-
state NX concentrations are low. The Cl+ HN3 room
temperature rate constant12,13is approximately 1.0× 10-12 cm3

s-1. Unit branching to HCl+ N3 previously has been assumed,
but a component giving HNCl+ N2 cannot be excluded.9 The
300 K rate constants for the F/Cl/HN3 reaction system are
summarized in Table 3.

Figure 7. Pseudo-first-order NCl(a) decay plots for Cl-atom concentra-
tions of approximately 1× 1013 atoms cm-3. The [HN3]0 was 2× 1012

molecule cm-3 except for one experiment (0) for which it was 3.8×
1012 molecule cm-3. The F atoms were generated in the fore-reactor,
Cl atoms were generated in the pre-reactor, and HN3 was added at the
reagent port.

F + HN3 f HF + N3 (2a)

f HNF + N2 (2b)

F + N3 f NF(a1∆) + N2 (3)

F + NF(a1∆) f F + NF(X3Σ-) (4)

NF(a1∆) + NF(a1∆) f products (5a)

f NF(X3Σ-) + NF(b1Σ+) (5b)

Cl + HN3 f HCl + N3 (6a)

f HNCl + N2 (6b)

Cl + NCl(a1∆) f Cl + NCl(X3Σ-) (7)

F + NCl(a1∆) f F + NCl(X3Σ-) or Cl + NF(X3Σ-) (8)

2NCl(a1∆) f products (9a)

f NCl(X3Σ-) + NCl(b1Σ+) (9b)

Cl + NF(a1∆) f Cl + NF(X3Σ-) (10)
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The total Cl+ N3 rate constant andXa were evaluated by
experiments described below. In these experiments for which
Cl and F atoms compete for N3, a [HN3]0 of 2 × 1012 molecules
cm-3 was added at the reagent inlet to [F] and [Cl] that had

been generated in the fore- and pre-reactors, respectively.
Typically, [HCl]0 ) 1.0 × 1013 and [F]0 ) 8.0 × 1012 in the
pre-reactor with [F]0 = 5.0 × 1012 cm-3 in the fore-reactor.
The slight excess of HCl continues to react with F atoms in the
outer reactor until [HN3] is added at the reagent inlet. The
resulting [F] and [Cl] at the reagent inlet are [Cl]) (0.8-1.0)
× 1013 and [F]= 3.0× 1012 cm-3. The excess [F], relative to
[HN3]0, was kept low to minimize quenching of NCl(a); the
actual [F] was measured by observingI(HF) with added HCl,
after the I(HF) was calibrated for known [F] by titration.

The yield of NF(a) is controlled by the relative magnitudes
of the k1[Cl] vs k3[F] terms, andk1 can be estimated from the
reduction in the yield of NF(a) as a function of Cl-atom
concentration. The peak [NF(a)], for excess [F] but with [Cl]
) 0, and the decay rate of NF(a) shown in the top panel of
Figure 9 is accurately predicted by the model (and also for the
data shown in Figure 8). The addition of [Cl] reduces the [NF-
(a)] and also reduces its decay rate, because the main NF(a)
decay process is bimolecular self-destruction. The top panel
also shows the NF(a) and NCl(a) concentrations for [F]0 ≈ 1/2-
[HN3]0 and [Cl] > [F]. The presence of some NF(a) suggests
that k1 and k3 must be of comparable magnitude. The time
dependence of [NF(a)] for an experiment with [HN3]0 ) 4.0×
1012 and the [F] and [Cl] given in the caption is shown in the
lower panel of Figure 9 together with predictions from the model
for k1 ) 20, 3, and 1× 10-11 cm3 s-1. The experimental NF-
(a) concentration agrees best with the model fork1 ) 3 × 10-11

cm3 s-1; a value fork1 as large as 2× 10-10 cm3 s-1 clearly is
unacceptable. Two more experiments with the growth of [NF-

TABLE 2: Quenching of NCl(a1∆) by Cl Atoms

no. [Cl]0a [F]0
a [HN3]0

a total decay constantb kF
NCl[Ft]c kCl

NCl d

1 1.2× 1013 1.6× 1012 1.0× 1012 24.9 14.8 9.2
2 1.0× 1013 1.0× 1012 2.0× 1012 7.18 0.20 8.2
3 9.0× 1012 1.7× 1012 2.0× 1012 11.6 1.70 13
4 1.2× 1013 2.6× 1012 2.0× 1012 24.4 11.7 13
5 1.1× 1013 1.9× 1012 2.0× 1012 15.9 3.4 13
6 8.2× 1012 3.8× 1012 2.0× 1012 33.2 31.2 3.0e

7 1.0× 1013 1.0× 1012 2.0× 1012 8.25 0.20 9.5
8 9.0× 1012 1.0× 1012 4.0× 1012 4.94 0.00 7.5
9 9.5× 1012 2.5× 1012 4.0× 1012 12.1 0.00 18

selected value 10-5
+10

a Concentrations are in atoms (molecules) cm-3. b Total pseudo-first-order decay constant) kF
NCl[Ft] + kCl

NCl[Clt] from plots of I(NCl(a)) vs time.
c Estimated from [Ft] andkF

NCl ) 2.2× 10-11 cm3 molecule-1 s-1. d In 10-13 cm3 molecules-1 s-1 units. e Not included in the choice for the selected
value, see text.

TABLE 3: The F/Cl/HN 3 Reaction System

reaction
rate constant

(cm3 molecules-1 s-1) ref

1a Cl+ N3 f NCl(a1∆) + N2 (1.5( 0.6)× 10-11 this work
1b Cl + N3 f NCl(b1Σ+) + N2 e1 × 10-14 this work
1c Cl + N3 f NCI(X3Σ-) + N3 ≈(1.5( 0.6)× 10-11 this work
2a F+ HN3 f HF + N3 1.1× 10-10 5
2b F+ HN3 f HNF + N2 (6.3( 1.8)× 10-12 9
3a F+ N3 f NF(a1∆) + N2 (5.0( 2.0)× 10-11 5b, 7
3b F+ N3 f NF(b1Σ+) + N2 (5.0( 2.0)× 10-13 5b
3c F+ N3 f NF(X3Σ-) + N3 <7.5× 10-12 5b, 4c
4 F + NF(a1∆) f F + NF(X3Σ-) (4.0( 2.0)× 10-13 5b, 6c
5a NF(a1∆) + NF(a1∆) f productsa (5.0( 2.0)× 10-12 5b
5b NF(a1∆) + NF(a1∆) f NF(b1Σ+) + NF(X3Σ-) (6 ( 1) × 10-15 5b
6 Cl + HN3 f HCl + N3 (8.9( 1.2)× 10-13 12, 13
7 Cl + NCl(a1∆) f Cl + NCl(a1∆) 1.0-0.5

+1.0 × 10-12 this work
8 F + NCl(a1∆) f F + NCl(X3Σ-) (2.2( 0.7)× 10-11 this work
9a NCl(a1∆) + NCl(a1∆) f productsa (7.2( 0.9)× 10-12 18a

9b NCl(a1∆) + NCl(a1∆) f NCl(b1Σ+) + NCl(X3Σ-) (1.5( 0.4)× 10-13 this work
10 Cl + NF(a1∆) f Cl + NF(X3Σ-) (6 ( 2) × 10-13 this work

a All bimolecular self-destruction rates are defined as d[NX]/dt ) k[NX] 2.

Figure 8. Calibration of theI(NF(a) vs the NF(a1∆) concentration.
The emission intensity is matched with the [NF(a)] predicted from the
F + HN3 kinetic model. The experimental conditions areb, [F] ) 5.0
× 1012 and [HN3] ) 2.0 × 1012; 9, [F] ) 3.5 × 1012, and [HN3]0 )
1.0 × 1012 cm-3 at the reagent inlet. The maxima correspond to [NF-
(a)] ) 1.4 and 0.84× 1012 molecules cm-3, or 78% and 84% of the
initial [HN3], respectively. The solid curves show the calculated [N3];
NF(a1∆) formation is essentially complete after 0.04 s.
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(a)] at early time better resolved are shown in Figure 10; the
[NF(a)] for these experiments also are adequately represented
by k1 ) 3 × 10-11 cm3 s-1.

In principle, the magnitude ofk1 can also be obtained from
the rate of NF(a1∆) and NCl(a1∆) growth at early times, which
is determined by the sum ofk1 + k3. For small [HN3] and
large [F] and [Cl], the formation of NF(a1∆) and NCl(a1∆) is
described by consecutive first-order reaction kinetics with N3

as the intermediate. The rise time for the [NF(a)] and [NCl(a)]
corresponds to the decay time of N3. The growth of NF(a) or
NCl(a) shown in Figure 10 is consistent withk1 ) (2-4) ×
10-11 cm3 s-1; it is not compatible with a value> 5 × 10-11

cm3 s-1. The data in Figures 9 and 10 indicate thatk1 must be
somewhat smaller thank3 and we favor a value of (3( 1) ×
10-11 cm3 molecules-1 s-1. These results depend on the
reduction in [NF(a)] for known [Cl] and [F] and not uponτNCl(a).
An explicit check on the possible interference of HF(3-0)
emission with the NF(a-X) intensity was made, and for the
conditions used to obtain the data of Figures 9 and 10 the
HF(3-0) emission was not important.

The actual yield of NCl(a) depends onXa‚k1, and the ratio of
[NCl(a)] to [NF(a)] was examined to obtain an estimate forXa.
The F atoms, (1-2) × 1012 atoms cm-3, were generated in the

fore-reactor, and large [Cl] (typically 1× 1013 atoms cm-3)
were produced in the F+ HCl pre-reactor to obtain the highest
yields of NCl(a). The [NCl(a)] were obtained by comparing
the NCl(a-X) and NF(a-X) relative intensities with adjustment
for radiative lifetimes and spectral response for a known [NF-
(a)]. The [NF(a)] calibration is based on the model calculation
for a given [HN3]0 with excess [F]0 and [Cl] ) 0; see Figure 8.
Some [NCl(a)] data were already shown in Figures 9 and 10.
However, the most pertinent results for determination ofXa are
in Figure 11. The data are first examined by inspecting the
[NF(a)] and [NCl(a)] on the same plot; see the inserts in Figure
11. The solid line at the top of the figures indicates theminimum
expected yield for NF(a)+ NCl(a) ForXa ) 1.0; this expected
yield was estimated as 0.5[F]0 because [Cl]0 . [HN3]0 > [F]0

and nearly all of the F atoms should go toward production of
N3. The actual observed yield of NF(a)+ NCl(a), even with
accounting for quenching, should be higher than 0.5[F]0, if Xa

) 1.0. The data in Figure 11 are below the expected limit, and
Xa must bee1.0 (for our choice ofτNCl(a)) because the branching
fraction for NF(a) is known to be very close to unity.

The NCl(a) concentration for the whole time regime is also
shown in Figure 11. Comparison with the model calculation
shows that the experimental data are best fit byk1a ) 1.3 ×
10-11 cm3 s-1, which corresponds toXa ) 0.43. The high [Cl]

Figure 9. NF(a) concentration vs time in the F/Cl/HN3 reaction system.
The [F] was produced in the fore-reactor by a microwave discharge in
CF4, and [Cl] was generated using the F+ HCl reaction in the pre-
reactor. Hydrogen azide was added at the reagent inlet. The experi-
mental conditions for the upper panel areb, [HN3] ) 4.0 × 1012, [F]
) 16 × 1012 molecules cm-3 with [Cl] equal zero; the solid line is the
model calculation. The second data set in the upper panel shows the
NF(a) (9) and NCl(a) (0) concentration for ([HN3] ) 4.0× 1012, [Cl]
) 9.0× 1012, and [F]) 2.5× 1012 molecule cm-3 at the reagent inlet.
The lower panel shows the NF(a) concentration for [HN3]0 ) 4.0 ×
1012, [Cl] ) 9.5 × 1012, and [F] ) 5.1 × 1012 cm-3 together with
model predictions (dashed curves) for [NF(a)] fork1 ) 1, 3, and 20×
10-11 cm3 molecules-1 s-1.

Figure 10. Plots of NF(a) and NCl(a) concentrations for short time.
The observed [NF(a)] and [NCl(a)] are shown by theb andO symbols,
respectively, and the model predictions for [NF(a)] and [NCl(a)] are
given by the solid and broken lines, respectively. The experimental
conditions for the upper panel were [F]) 1.7 × 1012, [Cl] ) 9.0 ×
1012, [HN3]0 ) 2.0× 1012 molecules cm-3 and for the lower panel [F]
) 2.6× 1012, [Cl] ) 1.2× 1013, [HN3]0 ) 2.0× 1012 molecules cm-3.
In the upper panel, the model results for [NF(a)] withk1 ) 1 (a), 3 (b),
and 5 (c)× 10-11 cm3 molecules-1 s-1 are shown. In the lower panel,
k1 was fixed at 3.0× 10-11 cm3 molecules-1 s-1 (note that the solid
line fits the NF(a) data), andXa was varied from 0.50 (a), 0.43 (b), and
0.37 (c), respectively, for comparison with the [NCl(a)].
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chosen in order to convert as much of the [N3] to NCl(a) as
possible results in the decay of NCl(a) because of quenching
by Cl atoms. Thus, the selection ofk1a is somewhat dependent
on the reliability ofkCl

NCl and the other quenching rates of NCl-
(a). However, the model does fit the decay rate of [NCl(a)],
which suggest that quenching has been treated satisfactorily and
gives confidence in the assignment ofXa. The most important
factor forXa is the value chosen for the radiative lifetime; if a
longer τNCl(a) is more appropriate then [NCl(a)] andXa will
increase, vide infra.

III.D. Generation Processes for NCl(b1Σ+). The NCl(b-
X) emission at 665 nm is observed throughout the reactor,
although the emission is most intense at the front of the reactor
where the F+ HN3 reaction occurs. At least, three processes
could give NCl(b): (i) direct formation from the Cl+ N3

reaction, (ii) energy pooling from interaction of two NCl(a)
molecules, and (iii) vibrational-to-electronic energy transfer
between HF(V g 2) and NCl(a).

The energy-pooling process is best studied in the Cl+ HN3

reaction system, because HF(V) molecules are absent. The
radiative lifetime for NCl(b) is 2.0+ 0.4 ms24, and a steady-
state analysis can be used for the kinetics because the loss rate
due to radiation is greater than the generation rate. Direct
formation from reaction 1b and formation from energy pooling
can be distinguished by observing [NCl(b)] vs time. Since the

Cl + HN3 rate is much slower than the Cl+ N3 rate, the steady-
state condition can be applied to [N3] and to [NCl(b)]. The
combined rate law for NCl(b) formation in the Cl+ HN3 system
is given below.

If reaction 1b is dominant, the [NCl(b)] will follow [HN3] and
the I(b) will be largest at early time. On the other hand, if
energy pooling is the dominant mechanism, the [NCl(b)] will
follow [NCl(a)]2 and grow with time. The time dependence of
the experimentally observedI(NCl(b)) is shown in Figure 12a.
The [NCl(b)] does grow with [NCl(a)], and energy-pooling is
the dominant formation process in the Cl+ HN3 system. The
energy-pooling rate constant can be obtained using the steady-
state expression above. Rearranging the equation and replacing
the concentration ratio by the intensity ratio gives eq 12.

This expression is independent of reaction time (after the
induction time), and a plot ofIb/Ia vs [NCl(a)] should givek9b.

Figure 11. Generation of NCl(a1∆) in the F/Cl/HN3 system. The
starting concentrations for the upper and lower panels are [F]) 1.0×
1012, [Cl] ) 1.0 × 1013, [HN3]0 ) 2.0 × 1012 cm-3 and [F] ) 1.9 ×
1012, [Cl] ) 1.1 × 1013, [HN3]0 ) 2.0 × 1012 cm3, respectively. The
total Cl + N3 rate constant was fixed at 3.0× 10-11 cm3 s-1, and
calculations a-c represent the model prediction forXa ) 0.5, 0.43,
and 0.33, respectively. The decay of [NCl(a)] is mainly from quenching
by Cl atoms. The inset plots compare the observed [NF(a)] and [NCl-
(a)] with the theoretical minimum yield of [NX(a)] (solid line); the
broken line in the lower plot indicates the sum of [NF(a)] and [NCl-
(a)].

Figure 12. (A) Dependence of the NCl(b-X) emission intensity on
reaction time in the Cl+ HN3 reaction. The experimental [NCl(a)]
points and the results from model calculations are shown for compari-
son. The [HN3] points are calculated for the initial concentrations of
[HN3] ) 1.8 × 1012 and [Cl] ) 5 × 1012 molecules cm-3. (b) Plot of
Ib/Ia vs [NCl(a)]. The energy-pooling rate constant was obtained from
the slope of the line; see text.Rab is the ratio of response of the detector
at 1077 vs 665 nm.

[NCl(b)] )
k1b[N3][Cl] + k9b[NCl(a)]2

τb
-1

)
(k6[HN3]/k1)k1b[Cl] + k9b[NCl(a)]2

τb
-1

(11)

Ib/Ia ) k9b[NCl(a)]/τa
-1 (12)
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The plots in Figure 12b, which were constructed using the NF-
(a) from a known [HN3]0 with excess [F] to calibrate for [NCl-
(a)], give k9b ) (1.5 ( 0.4) × 10-13 cm3 s-1. The total
bimolecular quenching rate constant18b has been reported as (7.2
( 0.9) × 10-12 cm3 s-1, so the branching fraction for NCl(b)
formation in reaction 9 is∼0.02. Exton, Gilbert, and Coombe25

also observed NCl(b) at∆t > 2 ms in the H+ NCl3 reaction
system. They attributed the formation of NCl(b) to the H+
NCl2 reaction. With benefit of hindsight, the energy-pooling
process would be more consistent with their observed time
profile for [NCl(b)], which seems to follow [NCl(a)].

Calculations were done to set an upper limit toXb from the
data in Figure 12. From the assigned value fork9b and [NCl-
(a)], the [NCl(b)] from eq 9b could be evaluated. An additional
contribution of 20% from the direct reaction to [NCl(b)] could
have been detected at early time; this limit to NCl(b) from eq
1b leads toXb e 0.01. In the absence of F atoms, the main
mechanism for NCl(b) generation is the NCl(a)+ NCl(a)
energy-pooling reaction.

The energy exchange process between HF(V g 2) and NCl-
(a) was identified by adding H2S to the reactor at the last inlet,
which is normally used for ethane, to a flow containing NF(a)
and NCl(a) generated in the F/Cl/HN3 reaction system with
excess F atoms. The addition of H2S creates vibrationally
excited HF(V e 4), and strongly enhanced NF(b) and NCl(b)
emission intensities were observed at the H2S inlet. This
confirms that the NCl(b-X) emission observed in the F/Cl/
HN3 primary interaction zone mainly arises from the vibra-
tionally excited HF(P1 - P4 ) 36:36:22:06)5a produced from
F + HN3. Although we were able to identify the Vf E transfer
mechanism, these experiments were not suitable for determining
the rate constant.

The branching fraction for NCl(a) formation in reaction 1
also was qualitatively examined in the Cl+ HN3 system.23a A
flow of [Cl] was generated from the F+ HCl pre-reactor and
added to the HN3 flow. The experimental [NCl(a)] was
calibrated from observation of the [NF(a)] generated from the
same [HN3] in excess [F] on the same day. Figure 12 shows
the [NCl(a1∆)] observed for one set of conditions. Model
results, including all known NCl(a) quenching processes, are
shown for comparison. The data are consistent with line b,k1a

) 1.5 × 10-11 cm3 s-1 or Xa ) 0.5. Although theXa value is
very sensitive to the rate constants used for reactions 6 and 7
and the assumption that reaction 6b is not important, the Cl+
HN3 results are consistent with the conclusions from the mixed
F/Cl/HN3 system.

IV. Discussion

The experiments reported here indicate that reaction 1 is very
similar to reaction 3 in terms of both product branching fractions
and total rate constant. Our data, similar data from Henshaw
et al.,18a and laser-induced fluorescence experiments9 that
monitored [N3] decay vs [Cl] all favor ak1 value of in the range
(3 ( 1) × 10-11 cm3 s-1. Jourdain and co-workers26 assigned
a k1 value of (0.75-1.5) × 10-11 cm3 s-1 based on modeling
the Cl+ ClN3 reaction system. The (3( 1) × 10-11 cm3 s-1

value is an order of magnitude smaller than an early report,7

which also was based upon the reduction in [NF(a)] when Cl
atoms were generated in the flow reactor. In that work, Cl atoms
were generated in the reactor by the F+ Cl2 reaction for a
starting F-atom concentration of 1× 1014 atom cm3. The F+
Cl2 reaction was used both to titrate the [F] and to generate a
known [Cl]. The authors noted that the NF(a) concentration
decayed along the reactor (“a period of many milliseconds”),

and an extrapolation to zero decay time was made to estimate
the NF(a) intensity that should be associated with the NF(a)
formed from F+ N3 in competition with Cl+ N3. Without
knowing the extent of the decay of NF(a) in the presence of
the added Cl2, reanalysis of these experiments is not possible.
Although the discrepancy has not been resolved,27 the weight
of evidence now favorsk3 j k1. The Liu et al.7 paper, which
mainly reported a direct measurement of the rate constant for
the F + N3 reaction, was part of the important effort by the
Denver laboratory to develop the NCl(a) molecule as an energy
storage system.28

Selection of the bestXa value depends onτNCl(a). Our
assignment ofXa ≈ 0.43 is based onτNCl(a) ) 2 s. If the true
lifetime is closer to the matrix-based lifetime21 of 3.7 s, theXa

from out data would increase to nearly∼0.8. If the calculated
lifetime of 2.4 s is used, our data giveXa g 0.5. Work in the
Denver laboratory27 and the thermal dissociation experiments
using infrared laser sensitization with SF6/ClN3 mixtures29 also
have favored anXa valueJ0.5. However,Xa is dependent on
the choice forτNCl(a) for each of these experiments. Obtaining
a more reliableXa will require an absolute NCl(a) concentration
measurement that does not depend on the NCl(a-X) emission
intensity, or experiments with simultaneous measurement of the
relative NCl(X) and NCl(a) concentrations at early times in the
Cl + N3 reaction. The present experiments have demonstrated
that Xa is probably larger than 0.5, and that NCl(b) formation
is negligible, but the question of how much ground-state NCl-
(X) is formed in reaction 1 needs more study.

The X + N3 reactions can be discussed in terms of the
unimolecular reactions of the chemically activated XN3(X̃)
molecules. The dissociation pathways for FN3 and ClN3 can
be compared to HN3 with adjustments for different thermo-
chemistry and expected locations of the crossing of the potential
energy surfaces. Dissociation on the HN3(X̃1A′) potential
energy surface correlates to HN(a1∆) + N2; however, a crossing
with the triplet potential, a˜3A′′, occurs in the 35 kcal mol-1 range
before the singlet surface reaches its dissociation barrier of∼49
kcal mol-1.30 The interaction between the singlet and triplet
potentials is sufficiently strong that thermal and infrared laser
initiated dissociation30,31 gives mainly NH(X3Σ-), as does
dissociation of chemically activated HN3 formed by H+ N3.32

The existence of a potential barrier along the singlet exit channel
for dissociation has been inferred from the small quenching
rate33 of NH(a) by N2 and by the translational energy found for
NH(a1∆) following infrared, multiphoton, laser-driven dissocia-
tion of HN3.31

The high efficiency for NF(a) formation both from thermal
dissociation34 and from chemical activation5 by F + N3 is
explained by the weak FN-N2 bond, which results in the
crossing of the singlet and triplet FN-N2 potentials near the
dissociation limit of the singlet potential. In fact, calculations
suggest that the crossing position may be even at longer range
than the barrier for dissociation.34 However, the quenching rate
of NF(a) by N2 is very slow5 at 300 K, and the singlet-triplet
potential surface intersection is not accessible to room temper-
ature collisions.

The ClN3 dissociation enthalpy35,17 giving NCl(a)+ N2 can
be estimated as∼11 kcal mol-1, whereas that for NCl(X)+
N2 is -16 kcal mol-1. The branching fraction for NCl(a)
formation from Cl+ N3 (the vibrational energy of ClN3 is about
58 kcal mol-1) and by multiphoton infrared laser sensitization
of SF6/ClN3 mixtures are both significant, and they may even
approach unity. The quenching of NCl(a) by N2 has a small
rate constant.23 The available evidence certainly shows that the
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crossing of the potentials for the ClN3 system resembles FN3

more than HN3. If Xa is less than unity, the explanation
presumably is that the singlet-triplet potential surface crossing
is close to, but below, the dissociation barrier on the singlet
surface.29

The rate constants for F and Cl atoms with NF(a) are≈0.5
× 10-12 cm3 s-1 at 300 K, and the quenching rates are slow at
modest concentrations of F or Cl atoms. Quenching of NCl(a)
by Cl atoms is about two times faster than for NF(a), but the
rate still is not too serious. However, quenching of NCl(a) by
F atoms has a sizeable rate constant, 2.2× 10-11 cm3 s-1, and
the F atom concentration must be carefully controlled. Since
both NF(a)+ Cl and NCl(a)+ F correlate to excited states of
the NFCl radical with similar energies, the difference in
quenching rates could be associated with potential surface
crossings for excited states correlating to NCl(X)+ F and/or
NF(X) + Cl. Another possibility could be a larger activation
energy barrier in the approach of Cl atoms to NF(a) than for
the approach of F atoms to NCl(a). More information about
the excited states of the NFCl radical would be useful.

IV. Conclusions

The Cl+ N3 reaction has been shown to be similar to the F
+ N3 reaction; these gas-phase reactions are useful chemical
sources of NCl(a1∆) and NF(a1∆) molecules, respectively. Both
reactions proceed by recombination followed by unimolecular
decomposition on the ground singlet-state potential. The 300
K rate constants for Cl+ N3 is (3 ( 1) × 10-11 cm3 s-1, and
the branching fraction for NCl(a1∆) formation isJ0.43 for an
assumed radiative lifetime of NCl(a1∆) of 2 s. If the true
lifetime is longer, the branching fraction will be increased. Direct
formation of NCl(b1Σ+) from the Cl+ N3 reaction is a minor
component. The more important pathways for NCl(b1Σ+)
formation in the F/Cl/HN3 reaction system is by V-E transfer
between HF(V g 2) and NCl(a1∆) and by bimolecular energy
pooling between NCl(a1∆) molecules. A systematic investiga-
tion of the H+ NCl2 reaction system25 with determination of
the NCl(a1∆) product branching fractions for comparison with
the H + NF2 reaction would be instructive.

The NCl(a1∆) molecule also is like NF(a1∆) in that the
quenching rate by the parent halogen atom is not very important,
kCl

NCl = (1.0+ 1.0/-0.5)× 10-12 cm3 s-1. However, NCl(a) is
quenched by F atoms with a 300 K rate constants of (2.2(
0.7) × 10-11 cm3 s-1, and the F atom concentration must be
controlled to maintain a stable concentration of NCl(a1∆) in
the F/Cl/HN3 reaction system. The products from F+ NCl-
(a1∆) could be either NF(X) or NCl(X), but indirect arguments
favor NCl(X). The rate constant for quenching of NF(a1∆) by
Cl atoms was measured to be (6( 2) × 10-13 cm3 s-1, which
is slightly larger than for F atoms ((4( 1) × 10-13 cm3 s-1).
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