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The quenching rate constants for NCi& by F and Cl atoms have been measured at room temperature to
be (2.24+ 0.7) x 10 and (1.0+ 1.0~0.5) x 102 cm?® s7%, respectively, by adding F and Cl atoms to a
flow reactor containing NCI{&). With knowledge of these quenching rate constants, the kinetics for the
formation of NCI(d@A) from the Cl+ N3 reaction could be investigated in the F/Cl/kiNaction system.
The reduction in NF(&\) yield from adding Cl atoms to the reactor containing F ancsldNd the relative
NF(atA) and NCI(&A) yields for known concentrations of F and Cl atoms in this reaction system favor a
total Cl+ Nz rate constant of 3= 1 x 107 cm® s ! with a branching fraction for NCI{&) formation of =

0.5. The branching fraction was deduced from comparing the relative intensities of the-XCHad NF-
(a—X) transitions using a lower limit to the NCl(a) radiative lifetime of 2 s. The direct formation of NCI-
(b'=*) from CI + N3 is a minor channel; however, NCI®") is formed by bimolecular energy pooling of
NCI(atA) molecules with a rate constant sfL.5 x 10722 cm® st and by energy transfer between NCiKa

and HF¢ = 2). The bimolecular energy-pooling process is a small fraction of the total bimolecular self-
destruction rate for NCI{a).

I Introduction CI(*P) + N4(X’IT) — CIN;* — NCI(@'A) + N, (1a)

The reactions of H atoms with NRnd F atoms with hare
excellent gas phase sources of NRAR® In each case the
ground singlet state molecule is formed, HN&T FNs, that e
subsequently undergoes unimolecular decomposition before — NCI(X"Z") + N, (1c)
collisional stabilization at modest pressures. Since spin is The AH° values for eqs lalc are—39, —22, and—65 kcal
conserved, NF(a\) is formed rather than NFGE™). Both mol~1, respectively, for\H°(N3)5216= 113.6 andAH;°(NCI)*7
systems have been thoroughly studied, and the efficiencies for— 77 4 kcal mot.” All experiments were done in a flow reactor

— NCI(b'=") + N, (1b)

NF(a'A) formation are establishéc as>0.9 for H+ NF, and at room temperature.

20.85 for F+ N3. The N radical is generated by the reaction In order to measur¥, and the rate constant for reaction 1,
of F with HN3.>" Recent work has shown that the4=HN; the NCI(&A) removal processes must be understood. In
reaction also gives & 2% HNF+ N at room temperature® particular, the quenching rates by F and Cl atoms are required.

However, HNF probably reacts with excess F atoms to give The NCI(a) bimolecular self-destruction and the bimolecular
vibrationally excited HNE*, which also decomposes to NF-  NF(alA) + NCI(alA) rates are not important if concentrations

(a'A) at <10 Torr pressure. Fortunately, the H and-ANF- below ~2 x 10" molecule cm?® are used. The competition
(a"A) reactions have small rate constants, (8.0.6) and (4.0 petween F and Cl atoms reacting with; Blready has been
+ 2.0) x 103 cnm® molecule® s7%, respectively:!-S* at 300 reportec® however, our experiments, similar work by Henshaw

K, and excess concentrations of H and F atoms can be used taand co-workerd2and a direct measurement using laser-induced
obtain high concentrations of NP{&). A less satisfactory  fluorescence to monitor the decay ofdNvith added [CIF®
characteristic of NF(a\) for energy storage applications is the = support ak; value that is slightly smaller than the- N3 rate
bimolecular self-destruction proce®syhich has a rate constant  constant ((5+ 2) x 10° cm? s~1)87 rather than eight times
(defined by—d[NF(a)]/d = kni[NF(a)P) of (5 &+ 2) x 10712 larger? Our value fork; is based upon the reduction in NF(a)
cm® molecules® s™1. The reaction of Cl atoms with {\bffers concentration as Cl atoms are added to the system and on the
an attractive possibility for a source of NCIfg molecules. time dependence for the generation of NF(a) and NCl(a). Our
The reaction rate of Cl atoms with Ht 300 K is too slowto  strategy for obtaining the branching fractions for reaction 1 is
be a useful source of Nin a flow reacto}2!® and most  to measure the relative concentrations of N&\(a and
investigators have added F atoms to the CliHystem to NF(a'A) for known initial F, Cl, and HN concentrations in the
achieve higher concentrations of NCEDE) or NCI(@A), flow reactor. In the absence of Cl atoms, excess [F] will convert
although the simultaneous presence of F and Cl atoms addsthe [HNs] to a known [NF(a)], and the emission intensity from
chemical complexity to the systeti!®> The main goal of the  [NCI(a)] can be compared to the emission intensity from the
present work was to assign the total rate constant and theknown [NF(a)]. These relative concentrations are obtained from
branching fractionsX,, X,, andX for the product channels in  the relative a-X emission intensities at 874 and 1077 nm from
reaction 1 as part of our effort to characterize the F/ICUHN NF(a) and NCl(a), respectively, with a monochromator fitted
reaction system as a chemical source of Nt&ja with an S-1 response photomultiplier tube. Since the lifetimes
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inner pre-reactor was used to produce Cl atoms from the HCI
reaction. The fore-reactor was used as an independent F-atom source v

|
H \
The HN; could be added to the fore-reactor or at the reagent position. i
The GHe or HzS were added near the end of the reactor for monitoring M)J J
the F- and Cl-atom concentrations. The diameter of the main reactor " WMWMMWM
T T T T 1

was 7.0 cm; the pre-reactor section was constructed from 4.0 and 3.0 :
cm diameter tubing. 500 600 700 800 200 1000 1100
Wavelength (nm)

of NF(a) and NCl(a) are very long, the emission intensities must Figure 2. Representative spectra from the F/Cl/Hiaction system
be related to concentrations by Einstein coefficiel{tdCl(a)) after a reaction time of 30 ms. The inset shows the Hf)Band NF-
= 7 yc[NCI(a)] andI(NF(a)) = 7~ neINF(a)]. The NF(AA) (a—X) emissions at higher resolution. The HF@B) emission was
lifetime is accepteti®as 5 s. The best calculated lifetifie insignificant 30 ms downstream of the HNhlet. A cut-off filter

. . . . normally was placed in front of the slit of the monochromator to
for NCI(a'A) is 2.4 s. The decay time for NCI(a) in @ matrix  gminate the second-order spectra. Spectra acquired in the I8}

isolation experimert can be adjusted to an equivalent gas- reaction zone showed only the-0 band of the NCl(aX) emission

phase value of 3.7 s. We have selected a lower limi\ef) and reaction 1a gives virtually nd = 1 product.
= 2 s for our calculations, which leads to a lower limit f65 o
Other investigators have made a similar chdfte. pressure rise in a bulb of known volume. The Hias 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 &kd HCI
Wwere obtained from commercial suppliers.

The relative Cl-atom concentrations were monitored by the
relative intensities of the HCNy = —1) transition at 2900 cr
using an InSb infrared detector with an interference filter; the
HCI(v < 1, 2) molecules were generated by the €IH,S
reaction. The [F] was measured by monitoring the AN#-E&

—3) relative intensity at 850 nm with the monochromator and
photomultiplier tube; the HF was produced by the addition of
H»S or GHg near the end of the reactor. The absolute F and
Cl atom concentrations were calibrated by titration withsICF
and GH3Br, respectively. These titration reactions for F and
Cl atoms have been described in separate publicatiths.

Emission spectra from NFA), NF(b'=™), NCI(a!A), NCI-

Most experiments were performed in the flow reactor shown (b'=*), and HF(3-0) transitions were observed with a 0.5 m
in Figure 1. The inner pre-reactor was designed to generate CIMinuteman monochromator equipped with a grating blazed at

Before the data needed to obtain the branching fraction for
NCl(a) formation are presented, the decay kinetics of NF(a) and
NCI(a) as a function of the F- and Cl-atom concentrations is
examined in order to assign these quenching rate constants. Th
NCl(a) bimolecular self-destruction rate constéhis reported
to be 5-8 x 10712cmt s71, which is of similar magnitude as
for NF(a)%® We worked at sufficiently low [NCI(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 2NClI(a), to confirm tixg
result obtained in the F/CI/HNsystem and to find an upper
limit to X.

Il. Experimental Methods

atoms by the relatively slow B HCI reaction k = 0.94 x 1000 nm with 600 lines mmi; see Figure 2. The slits were
10" cmd s71).22 The Ar carrier gas was purified by passage usually set to 1 mm, which corresponds to a resolution of 3.3
through cooled {77 °C for high pressure ane-196 °C for nm. The monochromator was mounted on a moveable table

low pressure) molecular sieve filled traps. The maximum flow so that the emission could be monitored along the length of the
velocity in the main reactor provided by a small Roots blower flow tube. A S-1 type photomultiplier tube (PMT), Ham-
plus mechanical pump was 12 m's This could be reduced = mamatsu R1767 selected for enhanced red sensitivity, was used
by partly closing a gate valve, and velocities of 3.5 Thwere to observe the NCI{a —X3=") transition at 1077 nm. The dark
commonly used. The reactor walls plus the inner and outer current at room temperature and 1250 V, typically 7000 nA,
walls of the pre-reactor were coated with halocarbon wax to was reduced by a liquid-nitrogen cooled housing (Products for
reduce the loss of F and Cl atoms anglrAdicals on the surfaces  Research, model TEL76TSRF). The temperature, which was
of the reactor. Fluorine atoms were generated in both the fore- adjustable from 20 te-110°C, normally was—80 °C, and the
reactor and pre-reactor by a microwave discharge through dilutedark current was 1615 pA. The current from the PMT was
flows of CF, in Ar. Unit efficiency for the generation of CI  monitored by a Keithley electrometer (model 614) and recorded
atoms by the F+ HCI reaction was confirmed by measuring on a 386 personal computer using a Keithley data acquisition
the Cl-atom concentration. Thus, loss of Cl atoms in the pre- card (model DAS-8). The response of the detection system vs
reactor was not significant. The HNould be added to the  wavelength was calibrated using a standard quartz-iodine lamp.
reactor either at the entrance to the fore-reactor or at the reagent The relative [NF(a)] and [NCI(a)] were obtained by multiply-
port on the main reactor. The Ar and £fow rates were ing the observed NF{aX) and NCl(a—X) intensities by the
measured by Hastings mass flow meters. The flow rates @f HN appropriate conversion factor, which is the product of the
HCI, and all other reagents were measured by observing therespective Einstein coefficients (or the inverse of the radiative
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Figure 3. Pseudo-first-order quenching plots of NF(a) by Nkith 0 : | ;
(d) and without @) added CI atoms. ThENF(a)) was measured 80 0 1 2 3 4
cm from the reagent inlet, and the initial concentrations weres]HN [F], (x 10' atoms cm®)

1.7 x 10 [F] = 1.5 x 10 and [Cl]= 1.1 x 10" cm™3. Forkyy, =

bl : Figure 4. Pseudo-first-order decay plots of NCl(a) vs time for a range
3.6 x 10722 cm?® s71 the reaction timeAt, is 0.037 s.

of F-atom concentration generated from4CFhe lower panel shows
a plot of the slopes, &F], from the top panel vs [F], plus the same
lifetime), the relative sensitivity of the detector, and the information from a second similar experiment.
respective spectral band areas. Both reactions give mainly
= 0 molecules and only the- bands need to be considered.
The ratio of response at 874 vs 1077 nm was 2.1, and the
transitions had the same bandwidths &1 mmslit. For 5
and 2 s lifetimes, th&(NF(a))A(NCl(a)) ratio was converted to
the [NF(a)]/[NCI(a)] ratio by multiplying by a factor of 1.2.

An InSb infrared detector (Infrared Associat&, = 2.16

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 expeétefr the F+

HNj3 reaction system. Furthermore, nothing unusual occurs with
respect to quenching of NF(a) by NH Cl atoms are introduced

into the reactor for concentrationsl x 10" cm~3 after the 2F

+ HNj3 reaction was complete, as shown in Figure 3, or in the

1 5 =1 - i i
x 10+ cm H.ZO W Z3was used to measure HCI(1-0) intensity o0 reactor zone (using the method described in the paragraph
for Cl atom titrations:® The background thermal radiation was below). The HF(3-0) emission generated from-F HN3 was
reduced, and the HCI emission was isolated by a band-pass filter ; 3

(Perkin Elmer). A mechanical light-chopper was placed in front observable for only the first 10 cm in the fore-reactor for the F

. and HN; concentrations and times used here. The NH3
of the detector, and the signal was processed by a home'mad?eaction mainly gives HR(< 2), and excess F atoms in the
preamplifier and a lock-in amplifier. e

reactor does not interfere with the NF(X) emission used for
monitoring the quenching of NF(a) by NH

In order to study quenching of NCl(a) by F atoms, the-F

IIILA. Quenching Rate Constants of NCl(a) and NF(a) HCI pre-reactor shown in Figure 1 was replaced by a simple
by Cl and F Atoms. Both fixed- and moving-point detection  discharge tube through which &H, was passed to generate
methods were used to measure the NF(a) and NCl(a) quenchingCl atoms that subsequently reacted withtdl produce NCI(a).
rate constant under pseudo-first-order kinetic conditions. Al- The concentrations in the fore-reactor were adjusted so that
though all flow calibrations were made and plug flow should [NCl(a)] and [NF(a)] were nearly constant along the main
have been established in the reactor, an empirical calibrationreactor in the absence of excess F atoms (added as a quenching
of the reaction timeAt, following addition of a reagent was reagent). An additional flow of F atoms was added at the
made using the established rate constant for quenching of NF-reagent inlet using a third microwave discharge through a flow
(a) by NH;.%? The NF(a) concentration was generated from the of CF, or Sk. The absolute [F] was determined by titration
2F + HNj3 reaction in the fore-reactor, and Ni/as added at ~ with CRl in the usual way. For a given concentration of F
the reagent inlet. For pseudo first-order kinetics with fixed- atoms, the NCl(a) emission intensity was measured along the
point detection, a plot of In(NF(a)) vs [reagent] has a slope reactor, and plots of INNCI(a)) vs time are linear with a slope
equal to the produckoAt. The results for quenching of NF(a)  equal tok*[F]. The quenching rate constant was obtained by
with (1.1 x 10" atoms cm) and without the presence of CI  plotting the slopes of the pseudo-first-order quenching plots vs
atoms are shown in Figure 3. The Cl atoms were generated by[F]. Figures 4 and 5 show representative data, and the rate
a second discharge through £f, and added through the pre-  constants and the conditions for these and other experiments
reactor. Both plots have the same slope, and Lkﬂﬁ = (3.6 are summarized in Table 1.
+ 0.2) x 1072 cm? s71 gives an effectiveAt of 0.037 s. The The rate constants from the four experiments in Table 1 vary
plug-flow prediction ofAt using the full distance between the between 2.87 and 1.5¢ 10711 cm? s71, and we conclude that

Ill. Experimental Results
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Figure 5. Pseudo-first-order decay plot of NCl(a) vs time for arange ynless [F] is constant, i.e., unless quenching occurs by physical
?r‘:e':‘s";‘é%renscgfr‘fﬁe”tézté‘;; %?(;‘érf‘/tse?F;roer“;tsaF?r%rL?V;ﬁrep)z)”eer'inir;?]‘t"’jv .+, eneray transfer rather than by chemical reaction (formation of
X : : . ) NF(a) + Cl is 4 kcal mof! exoergic). In an attempt to
NF(a) illustrating the absence of quenching also is shown for dist(in) uish between chemical andg )h sical uenchri)n an
comparison. Th&}" value is from the literatur 9 ; phy q3b 9
experiment with [F]~ [NCI(a)] was performed3® If the
TABLE 1: Quenching of NCl(a'A) by F Atoms chemical reaction converts F atoms to NF(a or X), the decay of
[NCI(a)] should be described by the bimolecular rate law.

a a a NCl ¢
ClFsource [C  [Flo® [HNdo* [Flaoced ke Although the data seemed to fit first-order decay better than
g?gﬁgﬁ ‘25-(7) j-; ig gg-g igﬁ 8-3? second-order .decay, the [NCI(a)] range was too gmqll to pe
CFCb,/SF: 27 4.2 19 048 181+ 043 certain. The simultaneously measured NF(a) emission intensity
CFCL/SK 52 24 1.2 644 2524052 did not systematically increase as NCl(a) was removed. We

conclude that quenching of NCl(a) occurs mainly by physical

a2The starting concentrations in the fore-reactor in units of 10 quenching and/or by formation of NF(%} Cl

molecules cm?. The [Cl} was estimated from the fractional dissociation

of CECl,. ® The range of [F] in units of 18 molecules cm? added as The quenching of NCl(a) and NF(a) by Cl atoms was studied
a reagent using the F-atom source specified in colunfiriunits of using the reactor shown in Figure 1; the F- and Cl-atom
107t cm® molecule® s, concentrations were measured by titration. Since a microwave

discharge in CECl, gives both F and Cl atoms (in a 1/14 ratfo)
K = (2.2 + 0.7) x 102 cmB s'L. The F+ NCl(a) rate and since the discharge through CE@Giay generate other
constant is more than an order of magnitude larger than for F species (such as £ICCL, or CCI) that quench NF(a) at the
+ NF(a)26cwhich is (4.0+ 2.0) x 1013 cmd s™1. The plot required high flows of CFG| we used the F- HCI reaction
in Figure 5 confirms this difference by showing that N under throttled conditions to study quenching of NF(a) by CI
was not quenched over the [F] range that gives nearly completeatoms. The fore-reactor conditions were chosen so tharjF]
removal of NCl(a). No difference ih'F\‘C' was noted for Clor 2[HNsJo. The CI + NF(a) quenching measurements are
SFs as the F atom source. The possibility that the quenching straightforward, since the f HCI pre-reactor conditions can
of NCl(a) was a consequence of the presence of species frombe controlled to provide the requisite [CI]. The two experiments
the discharge, such as £FCF; or SFs, rather than F atoms,  shown in Figure 6 are in agreement and give a rate constant of
was checked by doing some experiments using a discharge(6 & 2) x 10713 cm® s™%. A direct comparison of F and Gt
through F;, as the F atom sour@. Those experiments also gave NF(a) quenching was accomplished by obserV{ig-(a)) while
a similar value for '[hd(gCI rate constant. The large value for turning the HCI flow on and off; see Figure 6. Quenching by
KN is consistent with our general observation that NCI(a) was F atoms is slower than by Cl atoms, and the data gile= (3
always quenched whenever the [F] was high, regardless of£ 1) x 10713 cm® s7%, which is consistent with the result in
whether F was added at the reagent port, the fore-reactor, orthe literaturg, (4 + 1) x 10 *cm® s™1. Although the degree
the pre-reactor. of quenching is small, the relative measurements should be

The data shown in Figures 4 and 5 appear to follow pseudo- reliable.

first-order kinetics to within the experimental uncertainty. The Cl-atom quenching of NCl(a) was difficult to measure
However, for the low F atom concentration range, fF[NCI- because precautions were necessary to avoid quenching of NCI-
(a)] and pseudo-first-order conditions do not actually apply (a) by F atoms. Also, the [NCI(a)] should be belowk110'?
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&80 F+ HN; — HF + Ng (2a)
— HNF+ N 2b
- [Cl, = 9.0x 10 2 (2b)
7.0 [F]0=1.0)(1012
70 *&k'\%\\v\ F+N;— NF@EA) + N, (3)
F + NF(d@A) — F+ NF(X*2") 4)
e [C,=1.0 x1(:1:
B [Flo = 1.0x 10 NF(dA) + NF(@A) — products (5a)
o A
I — NF(X°7) + NF(o's ") (5b)
e50 —
The quenching of NF(a) by HN(2.1 x 10713 cm® s71)%0 and
(CI], = 9.0 x 107 NF(X) (3 x 10713 cm? s71)®¢is not important for the conditions
[Fl,= 1.7 x 107 used here. Bimolecular self-quenching starts to become impor-
&4 tant for [NF(a)]> 5 x 10 molecules cm® and At >=0.05 s.
The rate constants for reactions2 are summarized in Table 3.
The generation of NF(a) for two experiments is shown in
Figure 8 together with the model calculations fog]ldnd [NF-
000 ; 54 ; 68 . '12 os (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 0.8410'?
molecules cm? for these two experiments according to the
Figure 7. Pseudo-first-order NCI(a) decay plots for Cl-atom concentra- model. These data are consistent with nearly 100% conversion
tions of approximately x 10'® atoms cmi®. The [HNs]o was 2x 10+ of HN3 to NF(a), but with the [NF(a)] suppressed to 78 and

molecule cm?® except for one experiment] for which it was 3.8x 0 L0 S ;
10" molecule cm?. The F atoms were generated in the fore-reactor, 84% of the stoichiometric yield because of the bimolecular self-

Cl atoms were generated in the pre-reactor, and Wi added at the ~ destruction process. In the next section, we will use the [NF-
reagent port. (a)] predicted by the model from the initial [H} with excess

[Flo and the observed NF&) intensity to convert the NCI-
(a—X) emission intensities to absolute NCl(a) concentrations.
molecule cm3 to reduce the bimolecular self-destruction rate. _ Il.C. The F/CI/HN 3 Reaction System: The Ch- N3 Total
To isolate the Cl-atom quenching reaction, NCI(a) was generated @€ Constant and Xa. In order to describe the F/CI/HN
in the main reactor by adding a low concentration of 4 system, the following reactions must be added to e¢s fo
the reagent inleto F atoms that were generated by a discharge COMPlete the model.
in CF, in the fore-reactor and Cl atoms generated in the F

At (seconds)

HCI pre-reactor. The Cl-atom concentration wag x 1013 Cl+ HN;— HCI + N (6a)
atoms cm3, and the first-order decay of NCl(a) should be
dominated by thekX“[CI] term. The actual [CI] and [F] — HNCI + N, (6b)

present 0.04 s after the CIAF 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 ~| ;- NCI(alA) —~Cl+ NCI(X3Z_) )
HCI and HN;. Several semilog plots dfiNCl(a)) vs At are

shown in Figure 7. Table 2 lists the initial [G]][F]o, and

[HN3]o, and the slopes from plots of In[NCl(a)] vs ime and the  E - NCI(atA) — F 4+ NCI(X®27) or Cl+ NF(X’Z") (8)
contribution fromkﬁ‘c'[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 2NCI(alA) — products (9a)
because the F atom contribution to quenching is too large. The

excess HNin experiments 8 and 9 will give slow generation

of NClI(a) from the Cl+ HNj3 reaction; however, thesié'”! — NCI(X*Z") + NCI(b'=") (9b)
values seem as reliable as the others. The average of the eight

experiments i N|C| =1.1x 1.02cm3 s On the basis of Cl+ NF(alA) —Cl+ NF(XSZ_) (10)
these datakl"' was selected as (1:6 1.0/—0.5) x 10712 c?

s, which is about two times larger tha. The NCI(a)+ NF(a) reaction was not included in the model

l.B. The F/CI/HN 3 Reaction System: Conversion of  because no information is available for this reaction. The
[(NX(a'A)) to [NX(a'A)]. The [NCI(a)] was estimated by  quenching of NCl(a) and NF(a) by NCI(X) and NF(X) have
comparing the NCI(aX) emission intensity to the NF¢aX) not been included because the rates are assumed to be less than
intensity for a known [NF(a)] generated by the F HN3 the bimolecular self-destruction rates and because the ground-
system? Although the HN is nearly quantitatively converted state NX concentrations are low. The G HNz room
to NF(a) + N, the observed yield is suppressed by the temperature rate constaft3is approximately 1.6« 10712 cm?
quenching reactions, and a kinetic model for the F4ldstem s~1. Unit branching to HCH- N3 previously has been assumed,
was developed to estimate the [NF(a)] for a givé¥iF(a)). For but a component giving HNCH N, cannot be exclude¥.The
simplicity, we used a branching fraction for NF(a) formation 300 K rate constants for the F/Cl/HNeaction system are
of unity from 2F+ HNs. summarized in Table 3.
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TABLE 2: Quenching of NCl(atA) by Cl Atoms

Manke and Setser

no. [Cl])e? [F]e® [HN ]2 total decay constaht KNCF e NCld
1 1.2x 103 1.6 x 1012 1.0 x 102 24.9 14.8 9.2
2 1.0x 10 1.0x 1012 2.0 x 10%2 7.18 0.20 8.2
3 9.0x 102 1.7 x 1012 2.0 x 102 11.6 1.70 13
4 1.2x 10 2.6 x 10%2 2.0 x 102 24.4 11.7 13
5 1.1x 10 1.9x 1012 2.0 x 102 15.9 3.4 13
6 8.2x 1012 3.8 x 10%2 2.0 x 102 33.2 31.2 3.0
7 1.0x 103 1.0 x 1012 2.0 x 102 8.25 0.20 9.5
8 9.0x 1012 1.0 x 1012 4.0 x 10% 4.94 0.00 7.5
9 9.5x 102 2.5x 102 4.0 x 102 12.1 0.00 18
selected value 10'1°

a Concentrations are in atoms (molecules)éni Total pseudo-first-order decay constamkﬁ‘c'[Ft] + kglc'[CI[] from plots of [(NCl(a)) vs time.
¢ Estimated from [f and kﬁc' = 2.2x 10 cm® molecule* s7%. 9In 1073 cm?® molecules® s~* units. ¢ Not included in the choice for the selected

value, see text.

TABLE 3: The F/CI/HN ; Reaction System

rate constant

reaction (cm® moleculests™) ref

la Cl+ N3 — NCI(atA) + N (1.5+0.6)x 107 this work

1b Cl+ N3 — NCI(b'=*) + N, <1lx 10 this work

ic Cl+ Ns— NCI(X3=") + N3 ~(1.5+ 0.6) x 1071 this work

2a F+ HN3z— HF + N3 1.1x 1010 5

2b F+ HN3; — HNF + N» (6.3+£1.8)x 107°%? 9

3a F+ N3 — NF(aA) + N, (5.042.0) x 1071 5h, 7

3b F+ N3— NF(bI=H) + N, (5.0 2.0) x 10713 5b

3c F+ N3 — NF(X3Z") + N3 <7.5x 10°%? 5b, 4c

4 F+ NF(dA) — F + NF(X3=") (4.0£2.0)x 10713 5b, 6C

5a NF(&A) + NF(atA) — product8 (5.0+2.0)x 10°*? 5b

5b NF(3A) + NF(aA) — NE(ES*) + NF(X3=-) (6+1)x 10715 5b

6 Cl+ HN3;— HCl + N3 (8.9+£1.2)x 10713 12,13

7 Cl+ NCl(a'!A) — Cl + NCI(a'A) 1_ofé-g % 10712 this work

8 F+ NCI(atA) — F + NCI(X3=") (22+£0.7)x 1012 this work

%a NCI(dA) + NCl(atA) — products (7.2+£0.9) x 10712 18

9b NCI(@A) + NCI(a'A) — NCI(b'=") + NCI(X3Z") (1.5+0.4)x 10718 this work
10 Cl+ NF(aA) — Cl + NF(X32") (6+2)x 1013 this work

a All bimolecular self-destruction rates are defined as d[NX}dk[NX] 2.
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Figure 8. Calibration of thel(NF(a) vs the NF(&\) concentration.

The emission intensity is matched with the [NF(a)] predicted from the

F + HN; kinetic model. The experimental conditions @¢[F] = 5.0
x 102 and [HNs] = 2.0 x 10'2 W, [F] = 3.5 x 10%, and [HNy]o =

1.0 x 10*2 cm™2 at the reagent inlet. The maxima correspond to [NF-

(a)] = 1.4 and 0.84x 10 molecules cm?, or 78% and 84% of the
initial [HN 5], respectively. The solid curves show the calculateg];[N
NF(aA) formation is essentially complete after 0.04 s.

The total Cl+ N3 rate constant anX,; were evaluated by

Cl and F atoms compete forsNa [HNz]o of 2 x 102 molecules
cm3 was added at the reagent inlet to [F] and [CI] that had unacceptable. Two more experiments with the growth of [NF-

been generated in the fore- and pre-reactors, respectively.
Typically, [HCl]o = 1.0 x 10" and [Fp = 8.0 x 10'2in the
pre-reactor with [F] = 5.0 x 102 cm™2 in the fore-reactor.
The slight excess of HCI continues to react with F atoms in the
outer reactor until [HN] is added at the reagent inlet. The
resulting [F] and [CI] at the reagent inlet are [Gf] (0.8—1.0)

x 102 and [F]= 3.0 x 102 cm™3. The excess [F], relative to
[HN3]o, was kept low to minimize quenching of NCl(a); the
actual [F] was measured by observir{glF) with added HCI,
after the I(HF) was calibrated for known [F] by titration.

The yield of NF(a) is controlled by the relative magnitudes
of the ki[Cl] vs k3[F] terms, andk; 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 [CI]
= 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 [CI] 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 NCI(a) concentrations fog fF/»-
[HN3]o and [CI] > [F]. The presence of some NF(a) suggests
that ky and ks must be of comparable magnitude. The time
dependence of [NF(a)] for an experiment with [fJN= 4.0 x
10'2 and the [F] and [CI] given in the caption is shown in the
lower panel of Figure 9 together with predictions from the model
for k; = 20, 3, and 1x 1071 cm3 s™1. The experimental NF-
experiments described below. In these experiments for which (a) concentration agrees best with the modekfor 3 x 10!

cm® s71; a value fork; as large as & 10719cm? s™1 clearly is
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Figure 10. Plots of NF(a) and NCl(a) concentrations for short time.

The [F] was produced in the fore-reactor by a microwave discharge in The observed [NF(a)] and [NCl(a)] are shown by @andO symbols,

CF,, and [CI] was generated using thet=HCI reaction in the pre-

respectively, and the model predictions for [NF(a)] and [NCl(a)] are

reactor. Hydrogen azide was added at the reagent inlet. The experi-given by the solid and broken lines, respectively. The experimental

mental conditions for the upper panel ®e[HN3] = 4.0 x 102, [F]
= 16 x 102 molecules cm® with [CI] equal zero; the solid line is the

conditions for the upper panel were [E] 1.7 x 10'2 [CIl] = 9.0 x
102, [HN3]o = 2.0 x 102 molecules cm?® and for the lower panel [F]

model calculation. The second data set in the upper panel shows the= 2.6 x 10'2 [CI] = 1.2 x 10", [HN3]o = 2.0 x 10"?molecules crm?.

NF(a) @) and NCI(a) () concentration for ([HN = 4.0 x 102, [CI]
=9.0x 10" and [F]= 2.5 x 102> molecule cm? at the reagent inlet.
The lower panel shows the NF(a) concentration for fHN= 4.0 x
10%2, [Cl] = 9.5 x 10%, and [F]= 5.1 x 10" cm2 together with
model predictions (dashed curves) for [NF(a)] ker= 1, 3, and 20x

107 cm?® molecules?! s1.

In the upper panel, the model results for [NF(a)] wiih= 1 (a), 3 (b),
and 5 (c)x 10 cm?® molecules?® s™! are shown. In the lower panel,
ki was fixed at 3.0x 107 cm?® molecules?! s™* (note that the solid
line fits the NF(a) data), and, was varied from 0.50 (a), 0.43 (b), and
0.37 (c), respectively, for comparison with the [NCl(a)].

fore-reactor, and large [CI] (typically X 10 atoms cns)

(a)] at early time better resolved are shown in Figure 10; the were produced in the F HCI pre-reactor to obtain the highest
[NF(a)] for these experiments also are adequately representedyields of NCl(a). The [NCl(a)] were obtained by comparing

byki =3 x 101 cm? sL,

In principle, the magnitude df; can also be obtained from
the rate of NF(8A) and NCI(&A) growth at early times, which
is determined by the sum df + ks. For small [HN;] and
large [F] and [CI], the formation of NF{a) and NCI(8A) is
described by consecutive first-order reaction kinetics with N
as the intermediate. The rise time for the [NF(a)] and [NCl(a)]
corresponds to the decay time o§.NThe growth of NF(a) or
NCl(a) shown in Figure 10 is consistent wikh = (2—4) x
107 cm?® s7%; it is not compatible with a value 5 x 10711
cm® sl The data in Figures 9 and 10 indicate thamust be
somewhat smaller thaky and we favor a value of (F 1) x
These results depend on the
reduction in [NF(a)] for known [CI] and [F] and not upaRcia).

An explicit check on the possible interference of HF®
emission with the NF(@X) intensity was made, and for the

1011 cm® molecules?! s

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 [HNs]o with excess [F] and [CI] = O; see Figure 8.
Some [NCI(a)] data were already shown in Figures 9 and 10.
However, the most pertinent results for determinatioXgdre

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 indicatesrtiirimum
expected yield for NF(a} NCl(a) ForXs = 1.0; this expected
yield was estimated as 0.5f#ecause [Cl]> [HN3]o > [Flo

and nearly all of the F atoms should go toward production of
N3. The actual observed yield of NF(&) NCl(a), even with
accounting for quenching, should be higher than 0&[iF]Xa
=1.0. The data in Figure 11 are below the expected limit, and
Xamust be<1.0 (for our choice ofncya) because the branching

conditions used to obtain the data of Figures 9 and 10 the fraction for NF(a) is known to be very close to unity.

HF(3—0) emission was not important.

The actual yield of NCl(a) depends &@-k;, and the ratio of
[NCl(a)] to [NF(a)] was examined to obtain an estimateXar
The F atoms, (£2) x 10 atoms cm?®, were generated in the

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 fitkhy= 1.3 x
1011 cm?3 s71, which corresponds t, = 0.43. The high [CI]
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Figure 12. (A) Dependence of the NCI{bX) emission intensity on
reaction time in the CH- HNj3 reaction. The experimental [NCI(a)]
points and the results from model calculations are shown for compari-
son. The [HN] points are calculated for the initial concentrations of

Figure 11. Generation of NCI#&\) in the F/CI/HN; system. The
starting concentrations for the upper and lower panels are [EP x
10%, [Cl] = 1.0 x 103, [HN3)o = 2.0 x 102 cm 2 and [F]= 1.9 x
10%, [CI] = 1.1 x 10, [HN3]o = 2.0 x 10* cn?, respectively. The
total Cl + N3 rate constant was fixed at 3.0 107! cm?® s7%, and [HN3] = 1.8 x 102 and [CI] = 5 x 10'2 molecules cm?®. (b) Plot of
calculations &c represent the model prediction f&g = 0.5, 0.43, In/la vs [NCI(a)]. The energy-pooling rate constant was obtained from
and 0.33, respectively. The decay of [NCl(a)] is mainly from quenching the slope of the line; see teRais the ratio of response of the detector
by Cl atoms. The inset plots compare the observed [NF(a)] and [NCI- at 1077 vs 665 nm.

(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 [NCI-

(@)

chosen in order to convert as much of they][kb NCl(a) as
possible results in the decay of NCl(a) because of quenching
by Cl atoms. Thus, the selectionlaf,is somewhat dependent
on the reliability ofkg” and the other quenching rates of NCI-  [NCI(b)] =
(a). However, the model does fit the decay rate of [NCl(a)], Ty
which suggest that quenching has been treated satisfactorily and

gives confidence in the assignmentqf The most important (kg[HN /K )k [CIT + |<9b[N(:|(a)]2
-1
Th

Cl + HNg3 rate is much slower than the €1 N3 rate, the steady-
state condition can be applied to4Nand to [NCI(b)]. The
combined rate law for NCI(b) formation in the € HN3 system

is given below.

ko NSI[CT] + keNCI(@)]?

1

(11)

factor for X, is the value chosen for the radiative lifetime; if a
longer Tnci) Is more appropriate then [NCl(a)] ard, will

increase, vide infra. _ ] ) _
I1.D. Generation Processes for NCI(BZ*). The NCl(b- If reaction 1b is dominant, the [NCI(b)] will follow [HB] and

X) emission at 665 nm is observed throughout the reactor, the I(b) will be largest at early time. On the other hand, if
although the emission is most intense at the front of the reactor€nergy pooling is the dominant mechanism, the [NCI(b)] will
where the F+ HNj3 reaction occurs. At least, three processes follow [NCI(a)]? and grow with time. The time dependence of
could give NCI(b): (i) direct formation from the Ct Nj the experimentally observed@NCI(b)) is shown in Figure 12a.
reaction, (i) energy pooling from interaction of two NCl(a) The [NCI(b)] does grow with [NCl(a)], and energy-pooling is
molecules, and (jii) vibrational-to-electronic energy transfer the dominant formation process in the €IHN3 system. The
between HF{ > 2) and NCI(a). energy-pooling rate constant can be obtained using the steady-
The energy-pooling process is best studied in the-GIN; state expression above. Rearranging the equation and replacing
reaction system, because HjF(molecules are absent. The the concentration ratio by the intensity ratio gives eq 12.
radiative lifetime for NCI(b) is 2.0+ 0.4 m24, 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 This expression is independent of reaction time (after the

can be distinguished by observing [NCI(b)] vs time. Since the induction time), and a plot df/I,; vs [NCl(a)] should givekgp,.

I/1,= kedNCI(@))/7, " (12)
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The plots in Figure 12b, which were constructed using the NF-

(a) from a known [HN]o with excess [F] to calibrate for [NCI-
(@)], give kop = (1.5 £ 0.4) x 10718 cm® s'1. The total
bimolecular quenching rate consté#has been reported as (7.2
+ 0.9) x 102 cm? s71, so the branching fraction for NCI(b)
formation in reaction 9 is-0.02. Exton, Gilbert, and Coom#e
also observed NCI(b) akt > 2 ms in the H+ NCI; reaction
system. They attributed the formation of NCI(b) to thetH
NCI; reaction. With benefit of hindsight, the energy-pooling
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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 G| reanalysis of these experiments is not possible.
Although the discrepancy has not been resoR/etie weight

of evidence now favork; < k;. The Liu et al’ paper, which
mainly reported a direct measurement of the rate constant for
the F+ Nj reaction, was part of the important effort by the

process would be more consistent with their observed time Denver laboratory to develop the NCl(a) molecule as an energy

profile for [NCI(b)], which seems to follow [NCI(a)].

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

The energy exchange process between/HEQ) and NCI-
(a) was identified by adding 43 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/HNeaction system with
excess F atoms. The addition of,$l creates vibrationally
excited HF¢ < 4), and strongly enhanced NF(b) and NCI(b)
emission intensities were observed at thgSHnlet. This
confirms that the NCI(bX) emission observed in the F/Cl/
HN3 primary interaction zone mainly arises from the vibra-
tionally excited HFP; — P, = 36:36:22:06% produced from
F + HNs. Although we were able to identify the % E transfer

storage systerff

Selection of the besK, value depends onncia. Our
assignment oK, ~ 0.43 is based omnci) = 2 . If the true
lifetime is closer to the matrix-based lifetifleof 3.7 s, theX,
from out data would increase to neary0.8. If the calculated
lifetime of 2.4 s is used, our data givg > 0.5. Work in the
Denver laboratord/ and the thermal dissociation experiments
using infrared laser sensitization with $EIN; mixtureg® also
have favored aiX, value 20.5. However X, is dependent on
the choice forrncyia) for each of these experiments. Obtaining
a more reliableXs will require an absolute NCl(a) concentration
measurement that does not depend on the N&{jaemission
intensity, or experiments with simultaneous measurement of the
relative NCI(X) and NCl(a) concentrations at early times in the
Cl + Nzreaction. The present experiments have demonstrated
that X, is probably larger than 0.5, and that NCI(b) formation
is negligible, but the question of how much ground-state NCI-
(X) is formed in reaction 1 needs more study.

The X + Nj reactions can be discussed in terms of the
unimolecular reactions of the chemically activated ;KK

mechanism, these experiments were not suitable for determiningyglecules. The dissociation pathways forand CIN; can

the rate constant.

The branching fraction for NCI(a) formation in reaction 1
also was qualitatively examined in the €IHN3 systen?3aA
flow of [Cl] was generated from the f HCI pre-reactor and
added to the HBl flow. The experimental [NCl(a)] was

be compared to HNwith adjustments for different thermo-
chemistry and expected locations of the crossing of the potential
energy surfaces. Dissociation on the KLA') potential
energy surface correlates to HQ + N,; however, a crossing
with the triplet potential;#", occurs in the 35 kcal mot range

calibrated from observation of the [NF(a)] generated from the pefore the singlet surface reaches its dissociation barriesef
same [HN] in excess [F] on the same day. Figure 12 shows kcal mol2.3° The interaction between the singlet and triplet

the [NCI(d&A)] observed for one set of conditions. Model

potentials is sufficiently strong that thermal and infrared laser

results, including all known NCl(a) quenching processes, are jnitiated dissociatio??-31 gives mainly NH(¥="), as does

shown for comparison. The data are consistent with lifg b,
=15x 102 cm® s L or X, = 0.5. Although theX, value is

dissociation of chemically activated H¥ormed by H+ N3.32
The existence of a potential barrier along the singlet exit channel

very sensitive to the rate constants used for reactions 6 and 7oy dissociation has been inferred from the small quenching

and the assumption that reaction 6b is not important, the Cl

rate®® of NH(a) by N; and by the translational energy found for

HN3 results are consistent with the conclusions from the mixed NH(atA) following infrared, multiphoton, laser-driven dissocia-

F/CI/HN3 system.

IV. Discussion

tion of HNg.3t

The high efficiency for NF(a) formation both from thermal
dissociatio®* and from chemical activatiénby F + Nj is

The experiments reported here indicate that reaction 1 is veryexplained by the weak FNN, bond, which results in the
similar to reaction 3 in terms of both product branching fractions crossing of the singlet and triplet FNIotentials near the
and total rate constant. Our data, similar data from Henshaw dissociation limit of the singlet potential. In fact, calculations

et al.}8 and laser-induced fluorescence experimerntsat
monitored [Nj] decay vs [CI] all favor &; value of in the range
(3£ 1) x 101 cm? s, Jourdain and co-worket%sassigned
ak; value of (0.75-1.5) x 10711 cm? s based on modeling
the Cl+ CINj3 reaction system. The (& 1) x 10711 cm®s™?
value is an order of magnitude smaller than an early report,

suggest that the crossing position may be even at longer range
than the barrier for dissociatich. However, the quenching rate

of NF(a) by N> is very slow at 300 K, and the singlettriplet
potential surface intersection is not accessible to room temper-
ature collisions.

The CIN; dissociation enthal@y1” giving NCl(a) + N, can

which also was based upon the reduction in [NF(a)] when Cl be estimated as-11 kcal mof, whereas that for NCI(X)+
atoms were generated in the flow reactor. In that work, Cl atoms N2 is —16 kcal mot?. The branching fraction for NCl(a)

were generated in the reactor by thetFCl, reaction for a
starting F-atom concentration ofxd 104 atom cni. The F+

formation from CI+ N3 (the vibrational energy of CIpis about
58 kcal mot 1) and by multiphoton infrared laser sensitization

Cl, reaction was used both to titrate the [F] and to generate a of SR/CIN3 mixtures are both significant, and they may even
known [CI]. The authors noted that the NF(a) concentration approach unity. The quenching of NCl(a) by Nas a small

decayed along the reactor (“a period of many milliseconds”),

rate constart® The available evidence certainly shows that the
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crossing of the potentials for the CGidystem resembles BN
more than HN. If X, is less than unity, the explanation
presumably is that the singtetriplet potential surface crossing

Manke and Setser
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