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The reactions Nk +HN3(X) — prod. (€]
and NHa) + NH5(X) — prod. 2

were studied in a quasi-static reaction cell in the temperature ranges Z8R < 501
at a pressure of 10 mbar and 20 mbar, respectively, with He as the main carrier gas.
The electronically excited reactant NH(a) was generated by laser-flash photolysis;of HN
at A =308 nm and detected by laser-induced fluorescence (LIF). Also the ground state
species NH(X) was detected by LIF.

From the measured concentration-time profiles of NH(a) under pseudo-first order
conditions, the rate coefficienks(T) andk,(T) were obtained.

For the rate coefficient; a positive temperature dependence was observed:

ki (T) = (8.1£0.5) x 108exp (—0.7640.05)/RT]cm®/mol s

with a small activation energy dE, = 0.76 kJ/mol.
For reaction (2) the rate coefficient

ko(T) = (8.6 0.6) x 103 (T/298 ~©%°Y cr® /mol s

with a negative temperature dependence was measured indicating that the intermediate
N:H,4, which decomposes to 2 NHis formed without a barrier.

* Corresponding author. E-mail: whack@gwdg.de
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The rate of the quenching channel
NH(@) +NH; — NH(X) +NH3; (29)

has the same temperature dependence as the rate of the overall reaction (2). The
contributionky, /k, = 0.008 over the temperature range 283/K < 501.

1. Introduction

The gaseous detonation of hydrazoic acid Hidd the decomposition mech-
anism of HN, have been studied experimentally for many years [1-3]. For the
detonation propagation models the knowledge of the chemical kinetics is of
vital importance. One of the key reaction in Elidecomposition mechanism

is the reaction of NH(&) with HN; [3]. The rate coefficient and in particu-

lar its temperature dependence is tlssential for the understanding of the
detonation structure. Moreover, Hi often used as a precursor for the pho-
tochemical production of NH(a) and NH(X). Also in the description of these
systems the rate coefficient of the reaction

NH (@) +HN; — prod Q)

should be known. Reaction (1) has been intensively studied both experimen-
tally [4, 5] and theoretically [6] and is assumed to essentially produce vibron-
ically excited NH(A2A,) [7, 8], the chemiluminescence of which was used
to study the kinetics [5, 9, 10]. To our kwtedge the temperature dependence
of the rate coefficient, however, has not yet been determined experimentally.
In a laser-photolysis experiment of HMdt low pressure [5], by detecting the
visible emission of NH(A2A ), the rate coefficient of reaction (1) was ob-
served to depend on the photolysis wavelength. The rate was found to be lower
ati,, =193 nm than aky, = 266 nm. Anab initio MO investigation on the re-
activity of the NH(a) radical in the bimolecular abstraction gas-phase reaction
with the HN; molecule predicts a barrier height of.1X%J/mol [6].

The reaction of NH with NH is of importance in ammonia and hydrazine
pyrolysis and also in the combustion kinetics of N-containing fuels. The re-
action of NH(X),i.e., NH in the electronic ground state, has a high activation
energy ofE, = 112 kJmol [2], whereas the reaction of the electronically ex-
cited NH(&A),

NH(@'A) + NH;(X) — prod )

has a rate coefficient near the collision limit already at room temperature. The
rate coefficient for the reaction of the next higher singlet state, NEK(l,
however, is again two orders of magnitude smaller #yaat room temperature.

Its temperature dependence is complicated probably due to the competition
between a direct and a complex-forming mechanism [11].
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Reaction (2) is assumed to proceed via highly vibrationally excited
N,H, in the electronic ground state [12,13]. The rate coefficient was de-
termined at room temperature [14—16Lt its temperature dependence has
not yet been investigated. We note that the isoelectronic radica(&}e-
acts with NH; in an insertion reaction with a rate coefficidnt= 1.7 x 10*
(T/295 K)12cm?®/mol s in the temperature range 240T/K < 475 [17, 18].

2. Experimental

The experiments were performed irgaasistatic lageflash photolysiglaser-
induced fluorescence (LIF) system, where “quasistatic’ means that the flow
through the reaction cell is negligible between the pump and the probe pulse
but sufficient to exchange the gas volume between two subsequent pump
pulses. The carrier gas was He at a total pressure of 10 mbar and 20 mbar,
respectively.

The temperature was varied in the cell via a copper inset with four perpen-
dicular openings for the laser beams and the observation of the laser-induced
fluorescence. The temperature was varied in the range<ZBX < 501 and
measured by a resistance thermometer with an accudrBcyK.

The experimental set up is described in detail elsewhere [19], and only
the essentials are repeated here. Far photolysis, a XeCl-exciplex laser
(Lambda Physik LPX 205) with pulse energies in the range 2BymJ<
400 and a beam area of aboutl &nm? was used. The probe laser was
a dye laser (Lambda Physik FL 3002) with a beam area of 7.nitn
was pumped by an exciplex laser (Lambda Physik LPX205, XeCl;<230
E/mJ< 290).

The NH(a) radicals were produced by klishotolysis in theA — X band
at A = 308 nm with a rotational excitation significantly above room tempera-
ture. The rotationally hot population, however, relaxes to a thermal distribution
mainly by collisions with He on as time scale.

NH(a, v = 0) was detected by exciting the ke atA = 326.22 nm of the
transitionc!Il, v = 0 <— alA, v’ = 0. The undispersed fluorescence from the
excited state was observed in the wavelength range<325hm < 328 per-
pendicular to the laser beam using fitt€long pass filter KV370 (Schott) or
interference filter 328 nm (Schott)) to suppress scattered radiation from the
excitation beam.

Gases with the highest commercially available purity were used: He,
99.9999%, Praxair; Nk 99.998%, UCAR; and N 99.995%, UCAR. HN
was synthesized by melting stearic acid, {0EH,),; COOH, with NaN. It
was dried with CaGl and stored in a bulb at partial pressure200 mbar
diluted with He (overall pressure ca. 1 bar). For safety reasons, thecbiiN
taining devices were covered with a wooden box since I8Nighly explosive
even at low pressures.



200 L. Adamet al.

3. Resultsand discussion

The reactions (1) and (2) were studied under pseudo-first order conditions with
the precursor hydrazoic acid and ammonia in large excess over the imino radi-
cals. In this system the NH(a) radicals also react with the precursor molecules,

NH(a) + HN; — products Q)
and, hence, the depletion of NH(a) has to be described by:

—d[NH(@)]/dt = k;[NH(@][HN3] 4 k [NH(@][NH3] + ks [NH(@)][He] .
V)

Since all terms in Eq. (I) are first-order with respect to the imino radical, they
can be combined to give:

—d[NH(@]/dt = kes[NH(@] . ")

In general, the physical quenching of NH(a) by He can be neglected, be-
cause the rat&, < 6 x 10°cm®*mol~*s™* [21] is too small. To determine the
rate of the NH(a+ HNj; reaction, experiments without NHvere performed
and Eq. (I) reduces to:

—d[NH(@]/dt = ki[NH(@][HN3] = kex[NH(@)] . (in

The rate coefficienk.; is determined from plots of Im(t)/1,) versus reac-

tion time, wherel(t) is the fluorescence intensity due to NH(a) at a given
time t, and I, the fluorescence intensity at= 0. The experimental details
are summarized in Table 1. The HNoncentration was varied in the range
1.2 < [HN3]/10mol/cm? < 10. In all cases straight linds vs. [HN 5] were
obtained, and from the slopes of these likgsvas determined; the results are
also contained in Table 1. The room temperature rate coefficient of reaction (1)
has been previously determined by several groups [8, 9, 19—-22, 28]. The values
vary in the range from .5 x 10" up to 11x 10" cm?®/mols. The value we ob-
tained, k; (293 K) = (5.9+0.5) x 10" cm®/mols, is in good agreement with

the results given in some of the more recent publications. In the present work,
however, we emphasize the temperature dependen&g. dhe rate coeffi-
cient slightly increases with increasing temperature, and from the plot shown
in Fig. 1, the following Arrhenius equation is obtained:

ki (T) = (8.140.5) x 10" exp[(—0.76+0.05kImol*/RT] cm®/mol s.

This is the first direct determination of the temperature dependence of the
rate coefficienk,.

In a laser photolysis experiment by Watanabal. [5], HN; was decom-
posed at very low pressurep £ 40pbar with no buffer gas) and two different
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Tablel. Experimental results for reaction (1): NH(@&)HN; — products.

T p [HN;] t-range Kefr k1

K] [mbar] [10-mol/cm?] [ws] [10°sY]  [10%cm®/mols]
293 20.1 21 0-230 1.49

293 20.1 2.9 0-230 1.86

293 20.0 4.0 0-140 2.75

293 20.0 55 0-120 2.97

293 20.1 10.0 0-60 5.77 &+0.5)
360 20.0 1.7 0-230 1.22

360 20.0 24 0-230 1.62

360 20.0 3.3 0-140 1.96

360 20.1 4.5 0-120 2.68

360 20.1 8.1 0-70 5.21 B+0.5)
414 19.9 15 0-230 0.98

414 20.0 2.1 0-230 1.42

414 20.1 2.8 0-140 2.02

414 20.0 3.9 0-120 2.26

414 20.0 7.1 0-70 4.69 ®£0.5)
460 20.0 1.3 0-230 0.85

460 20.0 1.8 0-230 1.33

460 20.1 2.5 0-140 1.73

460 20.1 35 0-120 2.06

460 20.1 6.4 0-70 4.16 ®£0.5)
501 20.1 1.2 0-230 0.71

501 20.0 1.7 0-230 1.16

501 20.1 2.3 0-140 1.85

501 20.0 3.2 0-120 1.99

501 20.1 5.9 0-70 3.98 ®+0.5)
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Fig. 1. Temperature dependencelqafin an Arrhenius plot.
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wavelengths) = 266 nm_ and. = 193 nm. Reaction (1) was observed by time-
resolved measurement of the emission ofz(\ﬁr?A1,O,v’2,0—)~(281,0,0,0), where

a lower rate of reaction was observediat 193 nm than at. = 266 nm.

Since the NH(a) radicals formed in the photolysis did only undergo collision
with HNj3, it was concluded that the higher collisional energy leads to a lower
reaction probability. A decrease of the rateefficient with increasing transla-
tional energy indicates a negative temperature dependence. This, however, is
not observed in our direct thermal experiment. Henon and Bohr [6] calculated
barrier heights for the direct H-abstraction channel of reaction (1) on different
CASSCEF levels. The authors considered the result obtained from an MRCI ap-
proach as most reliable, which Yds a classical barrier height of 112kJ/mol.
Combined with molecular data from UHBESANO computations and by in-
cluding a simple Wigner correction for tunneling, a rate coefficient.@fx3
102cmé/mols atT = 300K and a thermal activation energy a#®&J/mol

in the temperature range 300-500 K is obtained [6]. Whereas the activation
energy is in reasonable agreement with experimental result, the absolute
value of the rate coefficient is underestimated by more than an order of mag-
nitude. This can be due to the fact that the overall reaction may consist of
more than just the H-abstraction channel. It is well known that different re-
action products can be generated in highly exothermic bimolecular reactions
due to the anisotropy of the interaction potential [23—26]. Often abstraction
and association channels compete, and a reasonable theoretical description
of the overall reaction requires a detailed treatment of the reaction dynam-
ics, for instance, by classical trajectory calculations, on a multi-dimensional
potential energy surface. In the present case, besides H abstraction, also
addition and insertion reactions are ceivable, and insofar the agreement
noted between the experimental and calculated activation energy could be
coincidental.

In order to obtain more information about the mechanism of reaction (1),
it is useful to compare the temperature dependence of the rate coefficient with
that for other elementary reactions of NH(a). For the saturated hydrocarbons
CH, and GHg activation energie&, = 7.8 kJ/mol andE, = 3.42 kJ/mol, re-
spectively, were observed [22]. In thesgses, insertion into the C—H bond was
concluded to be the main mechanisgr]. For the unsaturated hydrocarbons
C,H,, cis-2-butene, and methyl acetylene, however, no or a negative tempera-
ture dependence of the rate coefficeemtas observed, which was interpreted
with an addition mechanism [22]. If we follow this argumentation, the small
but positive temperature dependence of the rate coeffikieleads to the in-
terpretation that reaction (1) is likely to proceed via an insertion mechanism,
whereas reaction (2) with a slightly gative temperature dependencekgf
probably proceeds via an addition step (see below).

The NH(aH NH; reaction was studied by adding a large excess of ammo-
nia. For the determination &&(T) much lower HN concentrations than in the
above given experiments were applied. The relevant conditions are collected in
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Table 2. Reaction (2) was studied at a pressure of 10 mbar under pseudo first-
order conditions in the concentration ratio rang®%0< [NH;],/[NH(a)], <

6.2) x10%, and the results are given in Table 2. The depletion of NH(a)

solely by the precursor molecule HNvas measured in independent experi-

ments ([NH], = 0, see above). At room temperature, they lead to a pseudo-
first order rate coefficienk;[HN;] = 4.0 x 10°s7%, which corresponds to
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ki, = 6.3 x 10 cm®/mol s in good agreement with the above given results and
the value ofk; = 7.2 x 10" cm?®/mol s reported in Ref. [28]. The contribution

of reaction (1) to the depletion was measured independently for all experimen-
tal conditions. These correction terms (listed in Table 2 for {NHO0) are

subtracted fronk.; (as determined by Eq.’f) and lead to the first order rate

coefficients which are listed in Table 2. The average is taken for each set of am-



The Rates of the Elementary Reactions of NE(awith NH;(X) and HN;(X) ... 205

2
[ —~
€ o
e ;
5 g
]
o
=
)
Z — To) © N~ —
T ™ © @ 0
=n o o S —
X W0
o
=
e =
J5
S
— | LPONTMOINOOADN
7 OO~~~ OoQaWN©
5 0 CO0OO0O00O0O0Od—HO A
o)
=
o o
MOOO0000OO0OWOLW
27 | 9992922599177
© = doocoocodoocoo
&
o
== ©COOAAH©O©OMMM
Ig OO0 OO drdddddaa
Z
So
o
=
o
'—m‘% NSNS NSNS NSNS
ZE| GOHNOOHNGOMM MM
L
7
o
. —
5 =
o
>
£ T | o0odo-do0ooOo-+H0oQO
€| a8 | s0cococc0o03o0000O
o A A A A A A
8 E
N
Q — Addd I Add A dd oA
Y| 2333333333338
& S| DO OOOODOOOODMOm

monia concentrations. We note that the depletion of NH(a) by HKislightly

faster at higher temperatures in agreement with the above experiments. The
values ofk, in Table 2 are obtained from the slope of the plots of the aver-
aged first-order rate coefficients. [NH3]. Two of these plots, for the lowest

and highest temperature, are shown in Fig. 2. For all temperatures straight lines
through the origin were obtained. For room temperature the slope provides the
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Fig. 2. First order rate coefficient for reaction (#rsus [NH;] for the highest and lowest
temperature studied.

second-order rate coefficient:
k,(293 K) = (8.7£0.7) x 108 cm?*/mol s

which is in good agreement with the valuks= 8.8 x 10 cm*/mols and
k,(9.140.9) x 10 cm®/mol s determined earlier in our laboratory [15, 16].
For T =501 K a rate coefficient df,(501 K) = (6.34+0.5) x 10" cm®/mols

is obtained from the plot in Fig. 2; this is smaller than the value at room tem-
perature.

The rate coefficientk, were measured in the temperature range 293
T/K <501, and the results are collected in Table 2. They show a decrease with
increasing temperature, and a plot ofkipversus In T is displayed in Fig. 3.
From the plot a temperature dependence of the form

ko(T) = (8.6 0.6) x 10°(T/298 K) %X ¢ /mol s

can be derived. This is the first measuesnof the temperature dependence of
this rate coefficient.

The main pathway of reaction (2) under these experimental conditions is
the decomposition of the electronic chemically activated hydrazine into two
NH, radicals:

NH(@) + NH3(X) — NoH4(X™) — 2NH, .
The quenching channel:

NH (@) 4+ NH3(X) — NH(X) + NH, (29)
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Fig. 3. Temperature dependence of the second order rate coefficiemthe temperature
range 293 T/K < 501.

was found to be unimportant at room temperature [15]. In the present study, we
also measured the contribution of the quenching in the temperature range given
above, relating the NH(X) formation via reaction (2q) to the NH(X) formation

in the reaction

NH(@) + N, — NH(X) + N, 3

under identical experimental conditions. For reaction (3) it is known that
NH(X) is the only product. The ratio of NH(X) formation in reactions (2) and
(3) is given byoyyx, = mgﬁg at long reaction times, where [NH(X}] is the
NH formed in the quenching channel of reaction (2) and [NHEKfprmed
in reaction (3). The experimental results are given in Table 3. There is no sig-
nificant temperature dependence bé tquenching ratio between 293K and
501 K. The quenching in this temperature range is negligible and the rate co-
efficientky,(T) exhibits the same temperature dependence as the overall rate
coefficientk,. Thus, it can be excluded that the small quenching rate coeffi-
cientk,,(298 K) = 7 x 10" cm®/mol s at room temperature is caused by a large
barrier for the quenching channel.

The very similar temperature dependencekgil) andky(T), however,
indicates that NH(X) and NKX) are likely to be formed via the same mech-
anism:

NH(@) + NH3(X) = NoyH,(X*) = 2NH,(X)
— NH(X) + NH;
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i.e, vibrationally excited hydrazine in the electronic ground statel X *A*)
decomposes to a small portioa (%) into NH(X) and ammonia.

In the following, we discuss the temperature dependenkgwith respect
to possible reaction mechanisms.

As already mentioned above, the reactions of NH(a) with saturated hy-
drocarbons have rate coefficients witteakly positive temperature depen-
dence [22] and probably proceed via a direct insertion of NH(a) into a
bond [27,29]. Reactions of NH(a) with unsaturated hydrocarbons, however,
exhibit no or slightly negative temperature dependences [22], and gquantum
chemical calculations indicate that these reactions are likely to start with a cy-
cloaddition of NH(a) to ther bond of the hydrocarbon [30]. The reactions of
NH(a) with compounds bearing lone electrpairs seem to resemble these re-
actions with unsaturated species. Sudhakar and Lammertsma [31] have shown
by ab initio calculations that the reactions of NH(a) with@{ H,S, and HCI
at first lead to donor-acceptor complexes, and that subsequent hydrogen mi-
grations yield the more stable tautomers. This model can be used to interpret
experimental results of Okada al. on the reactions NH(a} CH;OH and
NH(a) + CH;OD [32]. Whereas the rate coefficients for both isotopomers
do not significantly differ, the product branching ratio [NHTNH ] for the
NH(a) + CH;OD reaction is (23 9). These findings can be explained by
assuming that the rate coefficients are determined by the barrier-less associ-
ation reactions NH(a} CH;OH — CH;O(NH)H and NH(a)+ CH;OD —
CH;O(NH)D, respectively, whereas the branching ratio is governed by the dif-
ferent rates of the two conceivable tanerizations with subsequent fast C—N
bond dissociation. Obviously, the 1,2 hydrogen shift from the O to the N atom
is much faster than the 1,3 hydrogen shift from the C to the N atom. Hence,
there is no isotope effect in the rate ffiagents but a considerable deuterium
enrichment in the amino radical from the NH(&) CH;OD reaction. From
other barrier-less association reactions like radical-radical or ion-molecule cap-
ture, it is well known that their rate coefficients often have no or slightly
negative temperature dependences [33, 34].

In line with these arguments, we rationalize the absolute magnitude as
well as the negative temperature dependencek,ofising an association-
isomerization mechanism igmally proposed by Poplest al. ([12], see
also [13, 35]). These authors concluded from ab initio calculations that NH(a)
and NH;(X) at first form an energized adduct HN-NH which subsequently
isomerizes to give electronic chemically activated hydrazigéd-HNH,(XA)*
that finally decomposes to produce two Niddicals [15, 16]. The isomeriza-
tion barrier is much lower than the energy of back-dissociation, and in Ref. [16]
we estimated that under low-pressure conditions only 0.3% of the energized
HN-NH,* adduct dissociate back to NH(&) NH3;, whereas 99.7% isomer-
ize and finally decompose to NH- NH,. Hence, the overall rate coefficient
k, is capture-controlled and independeritpressure under our experimental
conditions. In Ref. [16], we performed a simplified SACM calculation [36] and
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obtained a value fok, at room temperature in reasonable agreement with the
experimental result. A reliable predion of the generally weak temperature
dependence of the rate coefficients foclsiparrierless association reactions,
however, is much more difficult. It is well known that, apart from electronic
contributions, the details of the intermolecular potential have a large influ-
ence (seeg., [37]). In the model of Ref. [16], we used a Morse function for
the interfragment potential and obied a temperature dependenceTof?

in contrast to~ T~°¢ in the experiments. Such a slightly positive tempera-
ture dependence is often predicteg the simplified SACM based on Morse
potentials [38]. Negative temperature dependences can be obtained by using
electrostatic potentials, where a dipalpole interaction, for instance, would
have giveril ~%17 [37]. Such electrostatic potentials, however, can only be used
for very low temperatures, where the main contributions to the centrifugal par-
tition function correspond to the long-range part of the potential [37]. Hence,
they are surely not adequate for the temperature range of our experiments.
As long as no reliable potential for the NH(@)NH; interaction is available,

a more detailed discussion of the termragare dependence would surely be too
speculative. Nonetheless, the slightly negative temperature dependekgce of
indicates that a barrier-less association process is likely to be the initial step of
the NH(a)+ NH; reaction.
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