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The rate coefficient of the reaction NHsX 3S−d+Hs2Sd→
k1a

Ns4Sd+H2sX 1Sg
+d is determined in a

quasistatic laser-flash photolysis, laser-induced fluorescence system at low pressuress2 mbarøp
ø10 mbard. The NHsXd radicals are produced via the quenching of NHsa1Dd sobtained by
photolyzing HN3d with Xe whereas the H atoms are generated in a H2/He microwave discharge. The
NHsXd concentration profile is measured under pseudo-first-order condition, i.e., in the presence of
a large excess of H atoms. The room temperature rate coefficient is determined to bek1a

=s1.9±0.5d31012 cm3 mol−1 s−1. It is found to be independent of the pressure in the range
considered in the present experiment. A global potential energy surface for the4A9 state is calculated
with the internally contracted multireference configuration interaction method and the augmented
correlation consistent polarized valence quadruple zeta atomic basis. The title reaction is
investigated by classical trajectory calculations on this surface. The theoretical room temperature
rate coefficient isk1a=0.9231012cm3 mol−1 s−1. Using the thermodynamical data for the atoms and
molecules involved, the rate coefficient for the reverse reaction,k−1a, is also calculated. At high
temperatures it agrees well with the measuredk−1a. © 2005 American Institute of Physics.
fDOI: 10.1063/1.1862615g

I. INTRODUCTION

The NHi si =1,2d radicals are of essential importance for
understanding the nitrogen chemistry in flames1,2 as well as
the De–NOx and RAPRENOx srapid reduction of NOxd com-
bustion processes. The simplest reaction among these is

NHsX 3S−d + Hs2Sd→
k1

products. s1d

The possible products are Ns4Sd+H2 and NH2 ssee Fig. 1d.
Reactions1d has been studied at high temperatures in the

range 1790 KøTø2200 K in rich premixed H2/O2/Ar
flames doped with CH3CN.3 The NHsXd concentration has
been followed by laser-induced fluorescencesLIFd. The rate
of removal of NHsXd has been found to depend linearly on
the H atom concentration for a range of stoichiometries, in-
dicating that NHsXd is mainly removed by reactions1d. From
the proportionality and an approximate calibration for NHsXd
a rate coefficientk1s1790 Kd=331013 cm3 mol−1 s−1 has
been obtained, which has been assumed to be accurate within
a factor of 2. The reaction rate coefficientk1sTd has been
found to increase with increasing temperature, i.e., forT
=2200 K a valuek1s2200 Kd=4.731013 cm3 mol−1 s−1 has
been determined. Up to now, the rate coefficient for reaction
s1d has not yet been measured at low temperatures directly.

On the other hand, the decomposition NH2sX̃d→NHsXd
+Hs2Sd as well as the reverse reaction Ns4Sd+H2sX 1Sg

+d
→NHsXd+Hs2Sd have been examined.4–8

There are three recent theoretical investigations of the
reaction

NHsX 3S−d + Hs2Sd→
k1a

Ns4Sd + H2sX 1Sg
+d, s1ad

which is one of the possible pathways of reactions1d and the
focus of this study. It proceeds on the potential energy sur-
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FIG. 1. Schematic energy level and correlation diagram for the reaction
NHsX 3S−d+Hs2Sd→products. The energies and transition state geometries
are the ones calculated in this worksavqz atomic basisd.
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face sPESd of the 4A9 s4S− in linear N–H–H configurationd
electronic statesFig. 1d. Xu et al.9 and Zhang and Truong10

used several versions of transition state theorysTSTd to de-
termine the rate coefficientk1asTd over a large temperature
range. The geometry of the transition statesTSd, the energy
at the TS, as well as the TS frequencies of the4A9 PES,
required in the TST approach, were obtained byab initio
electronic structure calculations on various levels of theory.
Pascualet al.11 used classical trajectories to investigate reac-
tion s1ad on a global4A9 PES obtained fromab initio elec-
tronic structure calculations. This PES was constructed by
Sheppard interpolation from a very small number of geom-
etries. The three theoretical rate coefficientsk1a agree very
well with each other at high temperaturessT<2000 Kd, but
strongly deviate at room temperature; the deviation at 300 K
between the lowest11 and the highest9 rate coefficient is more
than an order of magnitude.

Within the experimental uncertainty, the three theoretical
rate coefficientsk1a agree with the rate coefficientk1 of
Morley3 for reactions1d. The rate coefficientsk1 andk1a can
be compared for the following reasons. According to the cor-
relation diagram in Fig. 1ssee also Fig. 1 of Takayanagiet
al., Ref. 12d NHsX 3S−d+Hs2Sd correlates with both states of
NH2, i.e., the2A9 state and the4A9 state. The first state cor-
relates with the electronic ground state of NH2, whereas
the PES of the latter state correlates with Ns4Sd+H2s1Sg

+d.
It is—except for a small barrier in the entrance
channel—purely downhill. H atom exchange reactions pro-
ceeding on the2A9 PES do not remove NHsXd. On the other
hand, the Ns2Dd+H2sX 1Sg

+d product channel is about 1.2 eV
higher in energy than the reactant channel and therefore un-
accessible even at high temperatures. Spin-forbidden transi-
tions from the2A9 to the4A9 state are unlikely for reasons to
be discussed below. Furthermore, the stabilization of

NH2sX̃d‡ in collisions with bath atoms and molecules is neg-
ligible for the pressures employed in the present study. Thus,
the removal of NHsXd in collisions with H atoms can only
occur via reactions on the4A9 PES yielding the products
Ns4Sd and H2sX 1Sg

+d.
In this work we present a direct measurement of the rate

coefficient of reactions1d at room temperaturesSec. IId, cal-
culate a PES for the4A9 state, and describe classical trajec-
tory calculations for reactions1ad on it sSec. IIId. The experi-
mental and theoretical results are compared and discussed in
Sec. IV.

II. EXPERIMENT

A. Setup

The experiment is performed in a quasistatic laser-flash
photolysis/LIF system, where “quasistatic” means that the
flow through the reaction cell is negligible between the pump
and the probe pulses, but sufficient to exchange the gas vol-
ume between two subsequent pump pulsesssee belowd. The
carrier gas is He at a total pressure in the range of
2.1 mbarøpø10.4 mbar.

The experimental setup is described in detail
elsewhere,13 and only the essentials are repeated here. For
the photolysis a XeCl-exciplex lasersLambda Physik LPX

205d with pulse energies in the range 200–400 mJ and a
beam area of about 1.1 cm2 is used. The probe laser is a dye
lasersLambda Physik FL 3002d with a beam area of 7 mm2.
It is pumped by an exciplex lasersLambda Physik LPX 205,
XeCl; 230–290 mJd.

The NHsXd radicals are obtained by quenching
NHsa 1Dd with Xe; the NHsad radicals are produced by HN3

photolysis in theÃ-X̃ band atl=308 nm. The H atoms are
generated in a side arm of the reactor in a microwave dis-
charge of a H2/He mixtures5% molfraction H2 in Hed. The
absolute initial H atom concentration is determined via titra-
tion with NO2. The increase of OH with increasing NO2 is
observed by LIF. The OH is observed via theQ1s2d line of
the transitionA 2S+,v=0←X 2P ,v=0 atl=308.01 nm with
a dye lasersLambda Physik LPD 3002d pumped by a
Nd:YAG sYAG—yttrium aluminum garnetd laser sSpectra
Physics GC-R-3-10d. NHsX,v=0d is detected by exciting the
P2s2d line at l=336.48 nm of the transitionA 3P ,v8=0
←X 3S ,v9=0. The undispersed fluorescence from the ex-
cited state is observed in the wavelength range 335–337 nm
perpendicular to the laser beam using a long pass filter
sKV370, Schottd or an interference filter 336.3 nmsSchottd
to suppress scattered radiation from the excitation beam.

The HN3 and Xe are added to the reactor via an inner
probe which ends 1 cm above the photolysis volume. The
NO2 for the titration is also added to the system through this
probe. To improve the mixing a second He flow is added in
both casessHN3/Xe or NO2d. The distance between the en-
trance of HN3 and the photolysis volume is kept as small as
possible to minimize the dark reaction of H atoms with HN3

ssee belowd. A distance of about 1 cm is found to be opti-
mum for mixing on one side and limiting the dark reaction
on the other.

Gases with the highest commercially available purity are
used: He, 99.9999%, Praxair; Xe, 99.998%, Messer-
Griesheim; N2, 99.995%, UCAR; H2, 99.999%, Praxair; and
NO2, 99.5%, Merck. HN3 is synthesized by melting stearic
acid, CH3sCH2d16COOH s97%, Merckd, with NaN3 s99.0%,
Merckd. It is dried with CaCl2 and stored in a bulb at partial
pressuresø200 mbar diluted with Hesoverall pressure ca. 1
bard. For safety reasons, the HN3 containing devices are cov-
ered with a wooden box since HN3 is highly explosive even
at low pressures.

B. Results

The NHsXd radicals are produced in the fast quenching
reaction

NHsa 1Dd + Xe→
kq

NHsX 3S−d + Xe, s2d

for which a rate coefficientkq=5.831012 cm3 mol−1 s−1 has
been determined.13 Typical NHsXd concentration profiles in
the absence and in the presence of H atoms are shown in Fig.
2. NHsad is formed att=0 by the photolysis pulse. In both
casesswith or without H atoms presentd, the NHsXd concen-
tration increases very rapidly in time due to the quenching of
NHsad by Xe. In the absence of H atomssdischarge off, open
circles in Fig. 2d the NHsXd concentration stays constant af-
ter aboutt=50 ms for more than 300ms. This means that
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neither diffusion nor the other gases present in the system
sH2,HN3d contribute to the NHsXd consumptionsas expected
from the rates and concentrations of these moleculesd. For
the individual experiments the Xe concentration is in the
range 1.3310−8 mol cm−3ø fXegø1.8 310−8 mol cm−3 as
given in Table I. Thus, the NHsad is depleted to about 1% in
the time range 30–50µs. The dashed line in Fig. 2 is ob-
tained from a very simple simulation of the system assuming
an initial NHsad concentration of fNHsadg0=2.6
310−13 mol cm−3 estimated from the HN3 absorption at the
photolysis wavelength and a dissociation quantum yield of
about 1. The subsequent analysis of the NHsXd profiles to
determinek1a start at aboutt.50 ms for all experimental
conditions.

When H atoms are present, the experiment is compli-
cated by a background concentration of NHsXd, which is
independent of time. It is due to the reaction of H atoms with
the precursor molecule HN3 according to

2H + HN3 → H2 + NHsXd + N2. s3d

In order to minimize this background the distance between
the end of the HN3 admixing probe and the laser photolysis
volume, i.e., the time in which reactions3d can occur, is kept
as short as possible. It is limited, however, by the time re-
quired to mix HN3 to the system, because it is necessary that
a homogeneous mixture is photolyzed. Thus, a NHsXd back-
ground,fNHsXdg`, independent of the reaction timesi.e., the
time between photolysis and analysis pulsed is unavoidable
and has to be subtracted from the signal. Thesdarkd NHsXd
concentrationfNHsXdg` is determined during the entire ex-
periment.

The NHsXd concentration profile in Fig. 2 in the pres-
ence of H atoms shows a depletion which is due to reaction
s1ad. The H atom concentration is large compared to
fNHsXdg0 fi.e., the NHsXd concentration at a time.50 msg
and thus pseudo-first-order conditions are realized. From the
slope of lnfNHsXdg versus time first-order rate coefficients
keff are determined by

d lnfNHsXdg/dt = kefffHg. s4d

This keff is converted with the H atom concentrations into
second-order rate coefficientsk1a.

The results for the 14 independent experiments are sum-
marized in Table I. It is not possible to vary the H atom
concentration over a wide range and therefore the depen-
dence of the first-order rate coefficient versusfHg cannot be
investigated. The rate measurements are performed mainly at
two pressures around 2 and 10 mbar. Within the experimen-
tal uncertainty the same rate coefficients are obtained at both
pressures. The final rate coefficient, obtained as the average
of the 14 measurements summarized in Table I, is
k1s298 Kd=s1.9±0.5d31012 cm3 mol−1 s−1. The large uncer-
tainty is mainly due to the titration of the H atoms and the
scatter in the first-order rate coefficient. Since the rate is
determined from the NHsXd depletion, only reactions1ad
contributes tok1 and thus it can be statedk1=k1a ssee also
the Discussiond. With the thermodynamical data of Ref. 14
the exothermicity of reactions1ad is calculated to be15 DRH
=23.1 kcal/mol. The room temperature rate coefficient for
the reverse reaction,k−1a, is estimated from the thermody-
namical data and the measured rate coefficientk1a to be of
the order of only 10−5 cm3 mol−1 s−1 ssee also Sec. IVd.

III. THEORY

A. Electronic structure calculations and potential
energy surface

The electronic structure calculations for the4A9 state of
NH2 are performed with the internally contracted multirefer-
ence configuration interactionsMRCId method.16,17 In order
to approximately account for higher excitations and size con-
sistency the Davidson correction is applied.18 The MRCI cal-
culations are based on optimized full-valence complete-
active space self-consistent fieldsCASSCFd orbitals.19,20 If
not stated otherwise, the augmented correlation consistent
polarized valence quadruple zetasaug-cc-pvqzd atomic basis
set of Dunning21 is employed. The 1s orbital of nitrogen is

FIG. 2. NHsXd concentration profiles in the absencessd and presencesPd
of H atoms. The experimental conditions are those of experiment 11 in Table
I. The lines have been determined as described in the text.

TABLE I. Experimental data for the 14 independent experiments.

psmbard
fXeg3108

smol/cm3d
fHN3g31011

smol/cm3d
fHg31010

smol/cm3d
keff

ss−1d
k1310−12

scm3/mol sd

2.1 1.3 2.0 3.5 910 2.6
2.1 1.7 4.6 4.6 980 2.1
8.0 1.8 6.5 4.9 720 1.5
9.9 1.7 8.0 5.8 1170 2.0

10.0 1.7 6.5 4.8 950 2.0
10.0 1.7 8.0 4.7 550 1.2
10.1 1.7 8.0 4.8 920 1.9
10.1 1.7 6.8 3.1 790 2.5
10.1 1.7 8.0 4.7 460 1.0
10.1 1.7 7.4 4.7 1120 2.4
10.1 1.7 8.0 7.1 1630 2.3
10.2 1.3 3.4 4.7 480 1.0
10.2 1.7 8.0 2.4 340 1.4
10.4 1.0 5.0 3.6 940 2.6

114301-3 The reaction NHsX 3S−d+Hs2Sd→Ns4Sd+H2sX 1Sg
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fully optimized in the CASSCF calculations but frozen in the
subsequent configuration interactionsCId calculations. There
are 35 reference configurations with 50 reference configura-
tion state functions for the4A9 state leading to 264 611 con-
tracted configurations in the CI calculations. All calculations
are performed inCs symmetry using theMOLPRO suit of
programs.22

First, we calculated the equilibrium geometries and en-
ergies of the reactants and products using several atomic ba-
sis sets; the results are summarized in Table II. The conver-
gence is monotonic and the agreement with the
experimental14 equilibrium bond distances is excellent. The
reaction energiessin kcal/mold calculated in the previousab
initio studies are markedly higher than our value of about 27:
30.23, Xuet al.;9 29.16, Zhang and Truong;10 and 30.1, Pas-
cual et al.11 Using the thermodynamical data14,15 and a dif-
ference of the zero-point energies for NH and H2 of
1.60 kcal/mol the corresponding experimental value is
24.7 kcal/mol.

The 4A9 PES has a small barrier at linearity in the NH
+H reactant channel. This barrier governs the energy depen-
dence of the reaction cross sections and therefore the rate
coefficient for the exchange reaction. The bond distances and
the barrier height as functions of the basis size are summa-
rized in Table III. The barrier energy increases with increas-
ing basis size. The values of the three previous calculations
are similarsin kcal/mold: 1.88, Xuet al.;9 2.17, Zhang and
Truong;10 and 2.4, Pascualet al.11

The global three-dimensional PES of the4A9 state is
calculated employing the aug-cc-pvqz basis set; this is a rea-
sonable compromise between accuracy and computational
costs. With this basis set the entrance channel barrier is
slightly underestimated by about 0.12 kcal/molscorrespond-
ing to an energy of 60 Kd as compared to the aug-cc-pv6z
basis set. Because the exchange reaction is strongly favored
in the near-linear NH–H approach, we use the following
bond coordinates for constructing the PES:RNH,RHH, anda,

where a is the N–H–H angle. The N–H and H–H bond
lengthssin a0d are varied between 1.3–2.4, 2.4–3.4, 3.4–4.0,
4.0–5.0, and 5.0–8.0 with step sizes of 0.1, 0.2, 0.3, 0.5, and
1.0, respectively. For the H–H bond additional points be-
tween 0.5–1.3 with a step size of 0.1 have been included to
the grid. The bond anglea sin degreesd is varied between
0–40 and 40–180 with step sizes of 5 and 10, respectively. In
order to have a better representation at small angles,a=2° is
added to the angular grid. Altogether, 24332324=18 432
geometries have been considered. Interpolation between the
grid points is done by a three-dimensionals3Dd cubic spline.
If not stated otherwise, energy is normalized so thatE=0 for
NHsxd+H with NH at equilibrium.

The contour plot of the4A9 PES for the linear arrange-
ment is shown in Fig. 3sad. The PES has anearly transition
statesTSd,23 i.e., the barrier is located in the entrance chan-
nel. After crossing the TS the reaction path steeply descends
to the N+H2 channel. The angle dependence of the PES for

TABLE II. Equilibrium bond distancessin a0d and energy difference be-
tween reactants and productssin kcal/mold for several basis sets.

Basis NHsX 3S−d H2sX 1Sg
+d DE

avtz 1.967 1.404 28.07
avqz 1.963 1.402 27.25
av5z 1.961 1.401 27.04
av6z 1.961 1.401 26.95
Expt. 1.958a 1.401a 24.7b

aReference 14.
bSee discussion in the text.

TABLE III. Bond distancessin a0d and barrier energysin kcal/mold at the
saddle point for several basis sets.

Basis N–Ha H–H Energy

avtz 2.099 2.289 1.906
avqz 2.105 2.253 2.202
av5z 2.109 2.238 2.290
av6z 2.110 2.234 2.323

aBond anglea=180°.

FIG. 3. sad Contour plot of the4A9 PES for the linear arrangementsa
=180°d. The highest contour is for an energy of 2.1 eVsmeasured with
respect to the NH+H equilibriumd and the step size is 0.3 eV. The filled
circle indicates the transition state.sbd Contour plot for fixed NH bond
length 1.963a0. The other details are the same as insad.
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fixed N–H bond distance is depicted in Fig. 3sbd. It is clearly
seen that for low collision energies the reaction can only
occur near the linear approach. The global PES calculated in
this study is very similar to the one constructed by Pascualet
al.;11 however, our PES is much smoother. The potential en-
ergy along the minimum energy path of the4A9 PES is
shown in Fig. 4.

B. Trajectory calculations

Cross sectionsssEc,n , jd for reactions1ad are calculated
by classical trajectories as functions of the collision energy
Ec and the initial vibrationalsn=0, 1, and 2d and rotational
s jd states of NHsX 3Sd.24 The collision energy is varied up to
140 kcal/mol and 0ø j ø20. The internal energy of NHsXd
is initially set to the quantum mechanical zero-point energy
for a particular statesn , jd. The maximum impact parameter
is separately adjusted for each collision energy. For each
Ec, j , andn, 10 000 trajectories are calculated.

The results of the cross section calculations are depicted
in Fig. 5. Because of the barrier in the entrance channel the
cross sections steeply rise withEc before they reach a plateau
at around 20 kcal/mol. Forj =0 the threshold occurs around
Ec<0.5 kcal/mol and then gradually shifts to higher ener-
gies with increasingj fFig. 5sadg. This shift is the result of
the narrow transition state; faster and faster rotation of
NHsX 3Sd makes the crossing of the TS region less and less
probable. A similar effect has been observed for the O+O2

reaction.25 For reactions1ad this trend is reversed between
j =10 and 15, when the threshold starts to shift back to
smaller energies. At higher collision energiesfFig. 5sbdg the
cross section shows a more regular behavior withj ; it
simply increases with increasingj . The cross sections calcu-
lated in this work are very similar to those determined by
Pascualet al.11

The thresholds of the classical cross sections are all be-
low the barrier energy of about 2.2 kcal/mol. This indicates
that part of the zero-point energy of NHsX 3Sd is transferred
to NH–H translational motion while H approaches NH. Be-
cause the N–H bond lengths for the free radical and for the
TS are different, the coupling between the two stretching
degrees of freedom is not zero in the region of the TS and
therefore energy can flow from NH vibration to translation.

The H atom exchange reaction NHs3Sd+H8→NH8s3Sd
+H is also possible on the4A9 PES, but only at very high
energiesfEc.20 kcal/mol, see Fig. 5sbdg. The TS for the
H-atom exchange has an energy of 22.58 kcal/mol with re-
spect to the H+HN asymptotesavqz basis setd; the two H–N
bond lengths are 2.361a0 and the H–N–H bond angle is 180°.
Because of the high TS barrier this reaction is of no rel-
evance at low temperatures. In any case, it would not make a
contribution to the removal of NHsXd.

The temperature dependent rate coefficient for reaction
s1ad is calculated by

FIG. 4. Lower curve: Energy of the4A9 PES along the minimum energy
path in the linear arrangement. Upper curve: Energy of the2A9 PES in the
linear N–H–H arrangement; the energy is minimized in the NH bond length.
Middle curve: Energy at the crossing between the4A9 and the2A9 PESs,
minimized with respect to both the bond anglea and the NH bond length.

FIG. 5. sad Reaction cross sectionsssEc,n , jd for reactions1ad as function of
the collision energy forn=0 and selected values ofj . sbd The same as insad,
but for a larger energy range. The cross sections labeled by “exchange” are
for the exchange reaction NHs3Sd+H8→NH8s3Sd+H.

114301-5 The reaction NHsX 3S−d+Hs2Sd→Ns4Sd+H2sX 1Sg
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k1asTd =
h

spmd1/2S 2

kBT
D3/2

Q−1o
n

o
j

s2j + 1d

3exps− En j/kBTd

3E
0

`

EcssEc,n, jdexps− Ec/kBTddEc, s5d

wherem is the reduced mass of NH+H,kB is Boltzmann’s
constant,Q is the vibrational-rotational partition function,
andEn j is the energy of NHsXd in statesn , jd. The electronic
degeneracy factorh is taken as 2/3 because the quartet state
4A9 and the doubletsgroundd state2A9 both correlate with
NHsX 3Sd+Hs2Sd sFig. 1d.

The rate coefficientk1a is calculated for a temperature
range 300 KøTø2000 K; the value forT=300 K is k1a

=0.9231012 cm3 mol−1 s−1. For the entire temperature range
the rate coefficient can be represented by

k1asTd = 1.883 108T1.55exps− 103.2/Td s6d

with T given in K andk1a has units of cm3 mol−1 s−1. The
calculated rate coefficientk1a is compared with the experi-
mental rate coefficientk1asT=300 Kd and the three previous
theoretical rates in Fig. 6.

IV. DISCUSSION

Our measurement of the rate coefficient for reactions1ad
k1a is the first direct measurement at room temperature. The
significant scatter of the experimental values explains the
relatively large uncertainty and reflects the experimental dif-
ficulties. The two values of Morley3 at temperatures around
T=2000 K are more than an order of magnitude larger. The
strong temperature dependence hints towards a sizable reac-
tion barrier and the existence of a reaction threshold.

The possible products of reactions1d are NH2sX̃d safter

stabilization in the X̃ 2A9 ground stated and Ns4Sd

+H2sX 1Sd. Within the experimental uncertainty the mea-
sured rate coefficients are independent of the overall pres-
sure, indicating that the stabilization of NH2 by collisions
with bath gases is unimportant at these low pressures. The
Ns4Sd+H2sX 1Sd product channel can be accessed by a direct
reaction on the4A9 PES or by a spin-forbidden transition
from state2A9 to state4A9 followed by an exchange reaction.
The latter pathway is unlikely because, first, spin-orbit tran-
sitions for light atoms are generally weak and, second, the
energy at the crossing of the two PESs is an increasing func-
tion of the H–H bondsFig. 4d.26 Thus, in terms of energy,
hopping from the2A9 PES to the4A9 PES is possible only in
the entrance channel. On the other hand, while the NH–H
approach on the4A9 PES is confined to near-linear geom-
etries, the minimum energy path of the2A9 PES occurs at
bent geometries, that is, the2A9 PES steeply rises when NH
and H approach in the linear geometrysFig. 4d. In conclu-
sion, the consumption of NHs3Sd in collisions with Hs2Sd
atoms is believed to exclusively proceed on the4A9 PES.

The calculated rate coefficient for reactions1ad at T
=300 K is about a factor of 2 smaller than the experimental
rate coefficient, slightly outside the experimental uncertainty.
In view of the neglect of quantum effectsstunneling and
conservation of zero-point energyd and some remaining un-
certainty about the precise barrier height at the TS, the agree-
ment within a factor of 2 is reasonable. Exact quantum me-
chanical reactive calculations will show to which extent this
agreement is trustworthy. The calculated rates at high tem-
peraturessT=1790 K and 2200 Kd agree wellswithin the
experimental uncertainty of a factor of 2d with the measured
data of Morley:3 2.0 and 2.731013 cm3 mol−1 s−1 compared
to 3.0 and 4.731013 cm3 mol−1 s−1, respectively. The calcu-
lated rate coefficient shows a significantly stronger tempera-
ture dependence at temperatures aboveT=570 K than pre-
dicted from an Arrhenius behavior at low temperatures.

The rate coefficient calculated by Pascualet al.11 around

FIG. 7. Comparison of the calculated and measured rate coefficientsk−1a for
the reaction Ns4Sd+H2sX 1Sg

+d→NHsX 3S−d+Hs2Sd. s Koshi et al. sRef. 5d;
n Davidson and HansonsRef. 6d.

FIG. 6. Comparison of theoreticalk1a and experimentalk1 rate coefficients.
The theoretical rates are taken from the trajectorystraj.d calculations of this
work and of Pascualet al. sRef. 11d and from the transition state theory
sTSTd calculations of Zhang and TruongsRef. 10d and Xuet al. sRef. 9d.
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room temperaturefk1as300 Kd=1.2431011 cm3 mol−1 s−1g is
considerably smaller than the value calculated in this study
fk1as300 Kd=9.231011 cm3 mol−1 s−1g. This deviation is
surprising because the two PESs and the calculated reaction
cross sections are quite similar. It may be explained by the
very simple analytical expression used by Pascualet al.11 to
represent the reaction cross sections as functions of transla-
tional energy. The TST result of Zhang and Truong10 is
slightly smaller than our calculated rate coefficient; besides
this, the temperature dependence is similar. The TST rate
coefficient of Xuet al.9 is higher than the rate calculated in
this work. It shows a somewhat unusual temperature depen-
dence; betweenT=300 K and 700 K the rate rises only very
slightly with T. Of all the four theoretical studies, the level of
electronic structure theory employed by Xuet al.9 is the
lowest. At high temperatures all calculated rate coefficients
are very similar and agree similarly well with the results of
Morley, which means that details of the PESs and the dy-
namics calculations become unimportant for higher collision
energies.

Using the thermodynamical data15 DH andDS for H, N,
NH, and H2 and the calculated rate coefficient for reaction
s1ad, we can evaluate the equilibrium coefficientK for the
reactants and products of reactions1ad. With K and k1a we
then can calculate the rate coefficient for the backward reac-
tion of reactions1ad, k−1a, which has been measured at high
temperatures.5,6 The calculatedk−1a is compared in Fig. 7
with the experimental values. While the agreement with the
data of Davidson and Hanson is excellent, the rate coeffi-
cients of Koshiet al.5 are smaller by approximately a factor
of 4. The reasonable agreement with both experimental sets
of data underlines the consistency of the present trajectory
calculations.

If instead of the reaction with H atoms the reaction

NHs3Sd + Ds2Sd → products s7d

is considered, the isotope exchange reaction mainly proceed-
ing on the 2A9 ground state PES, NHsXd+Ds2Sd
→NHDsX̃d‡→NDsXd+Hs2Sd, also contributes to the re-
moval of NHsXd. The rate coefficient for the latter reaction is
expected to be much larger than that for the reaction occur-
ring on the4A9 PES and therefore dominates the removal of

NHsXd radicals. The corresponding experiments and trajec-
tory calculations are in progress.27
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