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The dynamics of the prototypical insertion reaction N(2D) + D2 have been investigated in a combined
experimental and theoretical study. Angular and velocity distributions of the ND product have been obtained
in crossed molecular beam experiments with mass spectrometric detection at two collision energies (Ec ) 3.8
and 5.1 kcal mol-1). The center-of-mass product angular and translational energy distributions have been
derived; at bothEc’s, the former is found to be nearly backward-forward symmetric, reflecting an insertion
dynamics, and the latter corresponds to a fraction of total available energy released in translation of 32%,
indicating that the ND product is highly internally excited. Quasiclassical trajectory (QCT) calculations were
performed on an accurate potential-energy surface obtained from large-scale ab initio electronic structure
computations, and the results were compared to experiment. Generally good agreement was found between
the experimental results and the theoretical predictions; however, small, yet significant, discrepancies point
to some inaccuracy of the QCT treatment, calling for a quantum scattering study of the title reaction.

I. Introduction

Chemical reactions of nitrogen atoms with inorganic and
organic molecules are significant in a wide variety of systems:
earth-orbital environment, planetary and extraplanetary atmo-
spheres, interstellar and circumstellar clouds, hydrocarbon air
combustion, and charged particle collisions.1,2 The study of N
atom reactions has always represented a challenge to chemists.
Traditionally, these reactions were investigated using “active
nitrogen”3-6 and the reaction mechanism speculated from early
product analysis; in those studies, the only reactive species was
assumed to be the ground state of atomic nitrogen, N(4S).6,7

More recent and accurate rate constant measurements8 have
established that, when the reactive partner is a closed shell
molecule, in most cases the reactivity of the ground state4S is
practically negligible, whereas the first electronically excited
metastable state2D (whose energy content is 55.1 kcal mol-1

with respect to the ground state) was found to be the most
reactive low-lying state of atomic nitrogen.

A deeper understanding of chemical reactions is provided by
reaction dynamics studies. Only recently, the experimental

investigation of N(2D) reactions at the microscopic level has
become possible. Important reactions such as N(2D) + O2,
thought to be responsible of the anomalously large concentration
of NO (nitric oxide) in the upper atmosphere,9 can now be
tackled, as well as reactions of N(2D) with simple hydrocar-
bons,10,11of great relevance in the atmosphere of Saturn’s moon
Titan.12

In this paper, we report experimental and theoretical results
on the dynamics of the simplest N(2D) reaction, that with
molecular hydrogen

Specifically, by carrying out crossed molecular beam (CMB)
experiments, we have derived reactive double differential cross
sections (DCSs), and by using quasiclassical trajectory (QCT)
methods, we have computed the dynamics on a recently
developed doublet ground-state potential-energy surface (PES)
of NH2.13 By combining experimental findings and theoretical
predictions, a clear insight into the micro-mechanism has been
gained for the first time on an N(2D) reaction.

The reason for focusing our attention on this reactive system
is that not only does it represents a prototypical case (because
of its relative simplicity) for understanding the chemical
behavior of atomic nitrogen in the2D state but it is also a useful
prototype for a more general understanding of the class of
reactions usually termed asinsertionreactions. The synergism
between experiment and theory in the field of reaction dynamics
has, indeed, resulted in detailed comparisons between state-of-
the-art experiment and state-of-the-art theory for the dynamics
of benchmark three-atom reactions (H+ H2, F + H2, and Cl+
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N(2D) + H2(
1Σg

+) f NH(X3Σ-) + H(2S)

∆H°0 ) -33.2 kcal mol-1 (1)
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H2, together with their isotopic variants), which all belong to
the class ofabstractionreactions (for a review of recent work
see ref 14). At the same time, a new effort has been directed
toward the combined experimental and theoretical investigation
of the more complex family of insertion reactions,14-20 which
usually involve electronically excited atoms, as the important
species O(1D), and occur on multiple PESs including nonadia-
batic effects. The reaction O(1D) + H2 f OH + H has long
served as the prototypical insertion reaction,14-17 but other
systems such as S(1D) + H2,18 C(1D) + H2,19 and the title
reaction20 have recently added to the list of insertion reactions
for which DCSs have been measured and for which theoretical
study is within the capabilities of modern computers.13,20-23 The
common characteristics of these reactions is that they occur on
PESs with a deep potential well between reactants and products
associated with a strongly bound species (H2O, H2S, CH2, and
NH2) which is formed following the insertion of the excited
atom into the H-H bond. Because of the stability of the
intermediate with respect to reactants and products, these
insertion reactions are often assumed to proceed statistically.
Nevertheless, the formation of a light, highly excited intermedi-
ate with few internal degrees of freedom seems to alter this
simplistic prediction in many cases. Indeed, O(1D) + H2 is often
considered to be a textbook case of this behavior, as experi-
mental product distributions point to nonstatistical behavior.14,16

However, an additional abstraction pathway involving excited
surfaces15 is also available for that system, and therefore, it is
not clear what the origin of the nonstatistical energy partitioning
is.

Cleaner cases of insertion reactions appear to be the two
reactions S(1D) + H2 and C(1D) + H2, which occur only on
the lowest PES and are both weakly exoergic (∆H°0 ∼ -6 to
+ 7 kcal mol-1). These two reactions have been found to behave
nearly statistically, because a simple phase space theory (PST)
model was able to give a fair description of the product
translational energy distribution.18,19 Nevertheless, significant
discrepancies were noted for angular distributions, and therefore,
a definite assessment of the reaction mechanism will be given
only when scattering calculations on chemically accurate PESs
suitable for dynamical studies are performed. Very recently
Skodje and co-workers23 have derived a PES and run QCT
trajectories for the S(1D) + H2 (and isotopic variant) reactions.
The comparison with the experimental DCSs and excitation
functions determined by Liu and co-workers points to some
nonstatistical effects also for this system.23

Different from the above-mentioned insertion reactions, which
are all barrierless and almost gas-kinetic, the N(2D) + H2

reaction is characterized by an activation energy of 1.7 kcal
mol-1 (1.9 kcal mol-1 in the case of the N(2D) + D2 reaction),
as derived from rate constant measurements in the rangeT )
213-300 K.24aThe room-temperature rate constants have been
determined to be 2.3× 10-12 and 1.4× 10-12 cm3 molecule-1

s-1 for the reaction with H2 and D2, respectively.24 Early infrared
chemiluminescence measurements performed by Dodd and co-
workers25 of the nascent NH vibrational population from the
N(2D) + H2 reaction pointed to a behavior which is similar to
that of O(1D) + H2 as far as the product energy release is
concerned,16 with an NH vibrational population hotter than that
of the statistical one. From these first observations, it was
suggested that a direct H atom collinear-abstraction mechanism
rather than an insertion complex-formation mechanism domi-
nates the reaction.25 These findings were then supported by
dynamical calculations on a first PES, derived from ab initio
molecular orbital calculations (first-order configuration interac-

tion).26 This first surface was characterized by a barrier for
collinear approach lower than that for insertive attack, thus
favoring the abstraction mechanism; the measured hot vibra-
tional distribution was well reproduced by QCT and approximate
quantum calculations.26 More recently, from laser-induced
fluorescence (LIF) measurements of the nascent internal popula-
tion of NH/ND (V′ ) 0 and 1), Umemoto and co-workers27 have
found a broad product rotational distribution, in contrast to the
strongly inverted one observed for OH(OD) products from the
O(1D) + H2/D2 reactions.16c,g Interestingly, in a recent off-
diagonal LIF study,28 the NH vibrational distribution was found
to be colder than that derived25 from the infrared emission
measurements.

The initial suggestion that the dominant reaction pathway is
direct abstraction was definitely questioned in previous work
from our laboratory20 on the isotopic variant N(2D) + D2 f
ND + D, because the differential cross section was found to
be backward-forward symmetric at the collision energy (Ec)
of 5.1 kcal mol-1. The scattering results were presented together
with calculations of an accurate ab initio ground-state PES for
NH2 and QCT studies.20

The new PES13 pointed to the dominance of theC2V insertion
mechanism over the collinear abstraction mechanism, in contrast
to the previous PES.26 The calculated saddle-point energy for
the perpendicular approach was found to be 1.9 and 2.3 kcal
mol-1 for the second-order configuration interaction (SOCI)
surface with and without including the Davidson correction,
respectively. On the same PES, the collinear stationary point
energy was calculated to be 5.5 kcal mol-1 (4.6 kcal mol-1 when
including the Davidson correction) and the intermediate well
energy was found to be-126.4 kcal mol-1 (-125.5 kcal mol-1

when including the Davidson correction), which compares well
with the experimental value of-124.5 kcal mol-1 (see Figure
1 for a simplified scheme of the ground-state PES). We have
to note that the thermal rate constant was not well reproduced
by QCT calculations on the new PES, which gave a value about
a factor 3 lower than that of the experiment.13 This suggested
that the calculated barrier is probably too high or that quantum
effects play a role. Also, another reason could be that a
significant contribution to the reaction is provided by one of
the four excited electronic state surfaces, for example, the 12A′
state surface, for which ab initio calculations21 have found a
barrier of 3.4 kcal mol-1. This possibility has been extensively
explored in recent theoretical work21 and it was found that the
excited state contribution is about 12% of the ground state one,
thus improving only a little the comparison with the experi-
mental thermal rate constants.27 Exact quantum mechanical
(QM) scattering calculations22 on the ground state ab initio PES
(including the Davidson correction) have also been performed

Figure 1. Schematic energy level and correlation diagram for the
reaction N(2D) + H2 based on ab initio electronic structure calculations
of the ground PES. Both bent and linear geometries are shown.
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and cross sections derived for N(2D) + H2 (V ) 0, j ) 0) atEc

) 1.6, 2.5, and 3.8 kcal mol-1. As might be expected for a
reaction with a barrier, the QM results (restricted to the initial
H2 rotational level j ) 0) give total reactive integral cross
sections (ICS) systematically larger than the QCT ones, with
the difference increasing as the collision energy decreases (at
1.6 kcal mol-1 the QM total ICS is about four times larger than
the QCT one). The distribution of final rovibrational states was
also found to have a more statistical nature than that derived
from QCT calculations. The QM DCSs were almost backward-
forward symmetric with a slight preference for forward scat-
tering atEc ) 2.5 kcal mol-1 and for backward scattering atEc

) 3.8 kcal mol-1; also, the degree of polarization is higher than
that derived from QCT calculations and from experimental
results (on N(2D) + D2). Very recently, the QM calculations
were carried out also for initialj ) 1 and 2 of H2 at Ec ) 3.8
kcal mol-1, and the result was that the total angular distribution
is essentially symmetric when averaged over the reactant
rotational distribution.29 The origin of these differences between
classical and quantum results has not been studied, but some
aspects of it may be due to tunneling through the centrifugal
(and also potential) barrier. These differences are mostly rather
subtle, so the QCT results still provide a useful guide for
interpreting the experiment.

In this paper, we extend the comparison of experimental
results and QCT predictions for the N(2D) + D2 reaction to a
second collision energy of 3.8 kcal mol-1. Also, because the
reported QCT calculations atEc ) 5.1 kcal mol-1 were
previously performed on the PES derived without including the
Davidson correction,20 the differential cross section calculated
on the PES where the Davidson correction has been taken into
account will be compared to experimental results.

The paper is organized as follows. In section II, the
experimental method is briefly described and the experimental
results and data analysis are reported. In section III, details of
the QCT calculations are given. Experimental results and
theoretical predictions are compared in section IV. The Discus-
sion and the Conclusion are presented in section V and VI.

II. Experimental Results and Analysis

A. The CMB Experiments. The scattering experiments were
carried out by using a CMB apparatus that has been described
in detail elsewhere.30,31Briefly, two well collimated supersonic
beams of the reagents are crossed at 90° in a large scattering
chamber with background pressure in the 10-7 mbar range,
which ensures the single collision conditions. The detection
system consists of an electron bombardment ionizer, a quad-
rupole mass filter, and an off-axis (90°) secondary electron
multiplier. The ionizer is located in the innermost region of a
triply differentially pumped ultrahigh-vacuum chamber which
is maintained in the 10-11 mbar pressure range in operating
conditions by extensive ion, turbo, and cryo pumping. The whole
detector unit can be rotated in the collision plane around an
axis passing through the collision center, and the velocities of
the particles can be derived from time-of-flight (TOF) measure-
ments. In the present experiments, a selection of the velocities
as well as a partial selection of the internal quantum states of
the reactants by supersonic expansion is achieved. The measure-
ment of the translational energy of the products also gives (by
energy conservation) their internal (rotational and vibrational)
energy. The two beam sources are usually doubly differentially
pumped; to gain intensity, however, for the present experiment,
the secondary molecular beam source was brought closer to the
collision region, with only one stage of differential pumping.

The study of the title reaction has been particularly challeng-
ing because of the unfavorable N isotopic distribution and of
the high inherent background atm/e ) 16 (because of CH4) in
any UHV chamber. This combination forced us to use isoto-
pically labeled15N and2H2, which allowed us to detect the ND
product at the mass-to-charge (m/e) ratio of 17 and to achieve
a sufficiently good signal-to-noise ratio, although the reactive
cross section is relatively small. The supersonic atomic nitrogen
beams were generated by the high-pressure radio frequency (RF)
discharge beam source successfully used in our laboratory over
a number of years to generate intense supersonic beams of atoms
and radicals.14,32-34 The RF source, which is similar in design
to that originally developed by Sibener et al.35 for atomic oxygen
production, has been discussed in some detail elsewhere.31,32

Briefly, high levels of RF power are fed, through an LC circuit
made to resonate around 14 MHz, into a plasma contained in a
quartz nozzle (orifice diameter 0.26 mm in the present setup)
cooled with low electrical conductivity water. The plasma is
directly localized behind the orifice of the nozzle, which permits
achieving a high degree of molecular dissociation. The beam
is skimmed by a boron nitride skimmer (diameter 1.0 mm)
located at a distance of 5.2 mm from the nozzle and further
collimated by a rectangular slit. From dilute (2.5%) mixtures
of N2 (50% isotopically enriched in15N2) in He, a high degree
of molecular dissociation (∼60%) was achieved. Atomic
nitrogen was produced in a distribution of electronic states which
has been characterized by Stern-Gerlach magnetic analysis:32

72% of the N atoms were found in the ground4S state and
21% and 7% in the metastable excited2D and2P states (lying
55.1 and 82.1 kcal mol-1, respectively, above the ground state).
The use of nitrogen atom beams which contain, in addition to
N(2D), also N(4S) and N(2P) does not represent a complication
in the present studies because the reaction of N(4S) with H2 is
strongly endoergic (∆H°0 ) 21.7 kcal mol-1) and that of N(2P)
about 2 orders of magnitude slower (k298 ) 1.4 × 10-14 cm3

molecule-1 s-1)24a than that of N(2D). In addition, the extent of
the product translational energy release confirms that the
measured ND product is all coming from the N(2D) reaction.
In the lower energy experiment, the atomic nitrogen beam was
obtained by discharging 200 mbar of the N2/He mixture at 200
W; a peak velocity of 2597 m s-1 and a speed ratio of 7.3 were
obtained. Slightly different conditions were used for the higher
energy experiment: by discharging 235 mbar at 250 W, a peak
velocity and speed ratio of 2579 m s-1 and 8.0 were obtained.
The angular divergence was 2.3° in both cases.

The beam of D2 was produced by supersonic expansion
through a 70µm stainless steel nozzle ofnormal (n) D2, at a
stagnation pressure of 3.5 bar and room temperature for the
lower energy experiment and at a pressure of 4 bar with the
nozzle resistively heated at 573 K (in order to increase the beam
translational energy) for the higher energy experiment. Peak
velocity and speed ratio were 1896 m s-1 and 14.6 and 2579 m
s-1 and 15.3, respectively, in the two cases. With only one stage
of differential pumping, the beam angular divergence was about
5°. The rotational temperatures of then D2(j) reagent molecules
in the beams under the expansion conditions were estimated
by extrapolating the consistent experimental determinations of
Pollard et al.36 to be 140 and 290 K. The relative rotational
state populations are 0.37, 0.30, 0.29, and 0.04 and 0.19, 0.21,
0.39, and 0.21 forj ) 0, 1, 2, andg3, respectively, for the
lower and the higher energy experiment. We recall that the
rotational energies of thej ) 1, 2, and 3 states of D2 with respect
to j ) 0 are 0.17, 0.51, and 1.03 kcal mol-1.
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The laboratory angular distributions of the15ND productN(Θ)
were obtained by taking several scans of 50 s counts at each
angle. The nominal angular resolution of the detector for a point
collision zone is 1°. The secondary target beam (D2 beam) was
modulated at 160 Hz by a tuning fork chopper. The background
and signal-plus-background counts are obtained from a pulse
counting dual scaler, synchronously gated with the tuning fork.

The reactant beam velocities are measured by single-shot TOF
analysis using a standard disk (four slits, 0.3 mm wide on a
145 mm diameter disk, thickness 0.1 mm, 300 Hz), located at
the entrance of the detector and positioning the detector
(equipped with a 0.3 mm diameter entrance slit) in axis with
the beam. Product velocity distributionsN(Θ,V) were obtained
at a few selected laboratory angles using the cross-correlation
TOF technique:37 a pseudorandom chopper (145 mm diameter,
0.1 mm thick) with four 127-bit pseudorandom sequences (hole
width about 0.9 mm) was spun at 328.1 Hz corresponding to a
dwell time of 6µs/channel. For the TOF measurements, a high-
speed multichannel scaler and a computer-controlled CAMAC
data acquisition system was used. The flight length was 24.5
cm. Counting times were of 60 min.

The laboratory product angular distributions from the15N-
(2D) + D2 reaction atEc ) 3.8 and 5.1 kcal mol-1 are shown
in Figures 2 and 3 together with the canonical Newton diagrams.
The error bars are indicated representing(1 standard deviation.
The solid and dashed curves are best-fit and QCT calculations,
respectively, as described in section II.B and III. The TOF
distributions at selected laboratory angles are shown in Figures
4 and 5.

B. Analysis of the Experimental Results.For the physical
interpretation of the scattering results, it is necessary to transform
the angularN(Θ) and velocityN(Θ,V) distributions measured
in the laboratory (LAB) coordinate system to the center-of-mass
(CM) reference frame. This transformation is fairly straight-

forward, and the relation between LAB and CM fluxes is given
by

i.e., the scattering intensity observed in the laboratory is distorted
by the transformation JacobianV2/u2 from that in the CM system,
whereV and u are LAB and CM velocities, respectively.30,38

Because an electron impact ionization mass spectrometric

Figure 2. Laboratory ND angular distribution from the N(2D) + D2

reaction atEc ) 3.8 kcal mol-1 and the corresponding Newton diagram
showing the kinematics of the experiment. Solid line: calculated curve
when using the best-fit CM angular and translational energy distribu-
tions. Dashed line: calculated curve when using the QCT derived CM
angular and translational energy distributions.

Figure 3. As in Figure 2, but atEc ) 5.1 kcal mol-1.

Figure 4. TOF spectra of the ND product from the N(2D) + D2 reaction
at Ec ) 3.8 kcal mol-1. Solid and dashed lines as defined in Figure 2.

Figure 5. TOF spectra of the ND product from the N(2D) + D2 reaction
at Ec ) 5.1 kcal mol-1. Solid and dashed lines as defined in Figure 2.

ILAB(Θ,V) ) ICM(θ,u)V2/u2
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detector measures the number density of productsN(Θ) and
not their flux, the actual relation between the LAB density and
the CM flux is given by

Because of the finite resolution of experimental conditions,
analysis of the laboratory data is carried out, as usual, by forward
convolution procedures over the experimental conditions of trial
CM distributions. The final outcome is the generation of a
velocity flux contour map of the reaction products, i.e., the plot
of the intensity as a function of angle and velocity in the CM
system,ICM(θ,u). The contour map can be regarded as animage
of the reaction.

The fit of product angular distributions and TOF spectra was
achieved by a forward convolution trial-and-error procedure that
assumes a separable form for the CM frame product flux
distributionICM(θ,E′T) ) T(θ) P(E′T), where theT(θ) function
represents the CM total differential cross section andP(E′T) is
the product translational energy distribution. The energy de-
pendence of the integral reactive cross section, as derived by
QCT calculations, has been included in the data analysis; the
effect was negligible, however, because of the narrow spread
of relative translational energies in these experiments. The
continuous lines in Figures 2-5 are the LAB angular and TOF
distributions calculated from the best-fit CM angular and
translational energy distributions, which are depicted a solid
lines in Figures 6 and 7; the hatched areas in Figures 6 and 7
delimit the range of CM functions which still afford an
acceptable fit to the data, i.e., they represent the error bars of
the present determination. As can be seen in the Figures 2-5,
the LAB 15ND product angular and TOF distributions are well
reproduced and this indicates that for this reaction the coupling
between the product angular and translational energy distribu-
tions is mostly weak within the sensitivity of our data. However,
in the case of the higher energy experiment, the TOF spectrum
measured atΘ ) 10° is somewhat faster than that derived using

the best-fit functions and also shows some bimodality which is
not well reproduced; an improved fit could be obtained by
accounting for the coupling ofP(E′T) andT(θ) and using a more
energeticP(E′T) in the forward direction. This is partially true
also for the spectrum taken in the backward direction (Θ )
24°). This kind of behavior is in line with what is known from
simple statistical models where a larger fraction of the available
energy is predicted to be released in product translation at the
two poles (θ ) 0° and 180°) as a mere consequence of the
angular momentum conservation.19

The best-fit CM functions are also reported as product flux
(velocity-angle) contour maps in Figure 8. The contour maps
highlight the features inferred from the lab angular distributions;
in fact, from them, one can immediately see how the ND angular
distribution is distributed over all of the angular range with peaks
at the two poles. The position of the peak in the CM velocity
scale reflects the fraction of total available energy released as
product translational energy and this mirrors, by energy
conservation, the product internal (vibrational+ rotational)
energy distribution.

The average product translational energy

is 11.9 and 12.1 kcal mol-1 for the lower and higher energy
experiment, respectively, that is, about 32% of the total available
energy (the total available energy is given by the sum of the
collision energy and of the reaction exothermicity). This modest
fraction of energy released as translational motion of the
products points to a high internal (rovibrational) excitation, as
seen in spectroscopic studies.25,27,28

III. QCT Calculations

Standard QCT methods were used to study the N(2D) + D2

reaction on the 12A′′ surface of Pederson et al.13 A maximum
impact parameterbmaxof 3.0a0 was used for low energies (below
4 kcal mol-1) and increased to 4.0a0 for higher energies.

Figure 6. (a) Best-fit CM angular distribution (solid line) with error
bars (hatched area) and QCT prediction (dashed line) derived atEc )
3.8 kcal mol-1. (b) Best-fit translational energy distributions (solid line)
with error bars (hatched area) and QCT prediction (dashed line). The
experimental results (relative units) are arbitrarily normalized to the
QCT results.

NLAB(Θ,V) ) ICM(θ,u)V/u2

Figure 7. (a) Best-fit CM angular distribution (solid line) with error
bars (hatched area) and QCT prediction (dashed line) derived atEc )
5.1 kcal mol-1. (b) Best-fit translational energy distributions (solid line)
with error bars (hatched area) and QCT prediction (dashed line). The
experimental results (relative units) are arbitrarily normalized to the
QCT results.

〈E′T〉 ) ∑E′T
P(E′T)E′T/∑E′T

P(E′T)
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Convergence of cross sections with respect to the value ofbmax

was carefully tested. The initial atom-diatom separation was
chosen to be 10a0 for all calculations. A fifth order Adams-
Moulton predictor-corrector method was used for the trajectory
calculations, using a time step of 0.1 fs. All calculations refer
to the Davidson corrected version of the potentials described
in ref 13. This gives product angular distributions which are
essentially identical to the uncorrected surface,20 except for an
overall energy shift that arises from the 0.4 kcal mol-1 difference
in barrier height. The calculations have considered D2 in initial
statesV ) 0 andj ) 0, 1, and 2. These results were averaged
over a rotational Boltzmann distribution in making comparison
with experiment. Ten-thousand trajectories were evaluated for
each energy and each reagent state.

We have neglected the influence of electronic states other
than 12A′′ on the results. Of the five states that correlate to
N(2D) + H2, only the 12A′ state has a low enough barrier to be
competitive with 12A′′. The 12A′ surface was studied in ref 21,
and it was found to have aC2V insertion barrier that is similar
to that for 12A′′ except that it is 1 kcal mol-1 higher in energy.
A major difference between the two surfaces is that the 12A′
surface correlates to excited NH(a1∆), so that it can only
contribute to the NH(X3Σ-) ground state by Renner-Teller
induced transition to 12A′′. In ref 21, we demonstrated that the
intersection seam between these two states is easily accessed
starting from N(2D) + H2, so it is likely that the 12A′ cross
sections are similar to those for 12A′′ except for an overall shift
up in energy by 1 kcal mol-1. This leads to changes in the
thermal rate constants for N(2D) + H2, as discussed in the
Introduction. However, the effect of the 12A′ surface on product
state and angular distributions should be small, because the
product distributions are determined by dissociation of the NH2

intermediate, and the reaction from the 12A′ state always
involves formation of the same 12A′′ intermediate complex that

is formed when 12A′′ is the initial state. In view of this, we
have neglected the influence of 12A′ in the results to be
presented. To maintain a consistent comparison with past
results,13,21we have not multiplied the results by the statistical
weighting factor of1/5 that would account for the electronic
degeneracy.

IV. Comparison between Scattering and QCT Results

The experimental CM angular distributions for N(2D) + D2

atEc ) 3.8 and 5.1 kcal mol-1 are shown as solid line in Figures
6a and 7a where they are compared with the QCT results
(dashed lines) derived for the same collision energies. The
experimental results (relative units) are arbitrarily normalized
to the QCT results (atomic units). The error bars on the QCT
results are approximately(10% of the value of the cross
sections.

The best-fit angular distribution atEc ) 3.8 kcal mol-1 is
backward-forward symmetric, even though an angular distribu-
tion with a slight preference for forward scattering still gives
an acceptable fit of the experimental data, as witnessed by the
error bars (hatched area). Also, the degree of polarization (for
the best-fit CM functionT(0°):T(90°):T(180°) ) 1.0:0.63:1.0)
may vary by∼20% with respect to the best-fit value. The best-
fit T(θ) derived from experimental data atEc ) 5.1 kcal mol-1

is almost backward-forward symmetric, with a small propensity
for forward scattering; the propensity is reinforced when
considering the error bars. Also in this case, the degree of
polarization may vary from the best-fit value of∼0.4 (T(0°):
T(90°):T(180°) ) 1.0:0.42:0.95) by∼15%.

The QCT angular distribution atEc ) 3.8 kcal mol-1 shows
intensity in the whole angular range with a distinct excess in
the backward direction, which is outside the statistical uncer-
tainty of the calculations. The agreement with the experimentally
derived T(θ) is more satisfactory in the case of the higher
collision energy, where the QCT derived angular distribution
shows a reduced preference for backward scattering, being
almost backward-forward symmetric.

When considering the translational energy distributions, the
agreement between experimental findings and theoretical pre-
dictions is good if we compare the average value of energy
released as product translational energy (the QCT values are
very similar to those experimentally derived, being 12.4 and
11.9 kcal mol-1 for the lower and higher collision energy
experiments, respectively). Nevertheless, if we consider the
detailed shape of the QCT and experimental functions (see
Figures 6b and 7b), considerable differences can be noted: in
both cases, the QCT functions peak at lowerE′T values, whereas
the high-energy tails extend farther than the best-fit ones, which
is especially true in the case of the lower energy experiment
(the two factors compensate, giving about the same value of
the average product translational energy derived from experi-
ments).

The comparison between theory and experiment can be made
more direct by simulating the LAB angular and TOF distribu-
tions using the QCT results of Figures 6 and 7. The QCT
simulation is shown as dashed lines in Figures 2-5. As can be
seen, the QCT CM functions do not generate the right forward-
backward peak ratios in the LAB angular distributions: in both
cases, the forward peak is not well reproduced, whereas a too
high intensity is predicted for the backward peak. This is a
consequence of the backward scattering preference of the QCT
CM angular distributions. The simulated distributions are also
slightly sharper than those experimentally determined, especially
at the lowerEc. This is a direct consequence of the fact that the

Figure 8. CM polar flux (velocity-angle) contour maps of the ND
product atEc ) 3.8 kcal mol-1 (a) andEc ) 5.1 kcal mol-1 (b).

Dynamics of the N(2D) + D2 Reaction J. Phys. Chem. A, Vol. 105, No. 11, 20012419



QCT translational energy distributions peak at lowerE′T values
than the functions derived from the experimental results. The
consequence of this low energy peaking of the QCTP(ET′) can
also be seen in the TOF simulations (Figures 4 and 5), especially
at the lowerEc: the QCT TOF distributions are somewhat
slower than the experimental ones.

V. Discussion

An interesting aspect of QCT studies is that one can visualize
the reactive trajectories. They revealed that N(2D) approaches
almost perpendicularly the H-H bond and inserts into it forming
the intermediate NH2 (Figure 1); if the initial approach is well
away from perpendicular, then H2 is able to reorient to the
perpendicular direction before reaching the barrier top in the
entrance channel. The lifetime of the formed NH2 is quite short
(few vibrational periods), but a significant amount of scrambling
of energy among different degrees of freedom takes place, and
as a result, the product vibrational and rotational excitation are
substantial but only slightly hotter than what is obtained by a
phase-space theory that imposes conservation of angular mo-
mentum.39

The QCT predictions on the new PES favoring perpendicular
insertion attack are consistent with the present experimental
results. Indeed, even though the observation of forward-
backward symmetry in the angular distribution is not exclusively
related to the formation of a long-lived complex, the high
symmetry of the H-N-H intermediate, where the central N
atom equally interacts with both H atoms, implies the same bond
breaking probability for the two N-H bonds; the symmetry in
the CM angular distributions can therefore be caused by the
presence of an interconversion axis in the decomposing complex
rather than by the persistence of the complex for a time long
enough to lose memory of the initial approaching direction of
the reactants. In both cases, the only possible intermediate which
can account for the observed behavior is the one formed
following N(2D) insertion into the H-H bond. The formation
of a bent NH2 intermediate after the N(2D) perpendicular
insertion was also suggested by the absence of leaving atom
isotope effect observed in the case of the reaction with HD.27c

As a first conclusion, we can therefore state that both experi-
mental findings and theoretical predictions on the new and more
accurate PES confirm that the only reaction pathway is the one
occurring through N(2D) insertion, definitely ruling out the
initially suggested abstraction mechanism.25,26QCT calculations
have shown that an initial collinear approach, with the instan-
taneous formation of just one N-H bond and the simultaneous
breaking of the H-H bond, is also possible but only at very
high collision energies (10 kcal mol-1). Interestingly, in the
previous QCT study,13 it was found that the DCSs switch from
being backward peaked at low energy to being symmetric at
higher energy, with 5.1 kcal/mol approximately marking the
boundary between the two regimes. The reason for the backward
preference at low collision energies seems to lie in the presence
of the entrance barrier, which preferentially weights trajectories
with small impact parameters. However, quantum calculations22

on the N(2D) + H2 (j ) 0) reaction indicate that the QCT low
energy behavior is incorrect, because the QM angular distribu-
tions were nearly symmetric also at low collision energies. As
mentioned in the Introduction, the apparent reason for this
difference is tunneling, which makes it possible for the reaction
to occur through higher impact parameters in the quantum
results, leading to stronger forward scattering.

The present experimental and theoretical results help in
elucidating the dynamics of insertion reactions when the

intermediate complex is a highly excited triatomic molecule with
few internal degrees of freedom. In this regard, it is instructive
to compare the N(2D) + H2 reaction dynamics with those of
the other known insertion reactions, seeking common features
which could possibly permit us to draw general conclusions on
this family of reactions.

If we compare it to the well-studied case of the O(1D) + H2

reaction, both differences and similarities emerge. In addition
to having an intermediate with great stability, the two reactions
have in common a high exoergicity, which permits the formation
of excited rovibrational levels of the products NH/OH. In both
cases, the vibrational distributions are hotter than the statistical
ones, but the NH vibrational distribution is much closer to the
statistical predictions than the OH one.16c-g Both QCT13 and
QM22 calculations reproduce well the LIF vibrational distribu-
tion, which is at variance with the one determined from IR
emission measurements,28 whereas for the O(1D) + H2 reaction,
none of the dynamical calculations on the available surfaces
have ever reproduced the measured vibrational distributions, not
even when accounting for the contribution of the excited-state
surfaces,17g with the exception of a very recent experimental/
theoretical study at low energy.15f If we consider the rotational
distributions, the OH ones are completely inverted, peaking
almost at the thermochemical limits;16 the NH rotational
distributions, instead, are broad with a nonlinear surprisal
plot.27,28 Remarkably, the NH rotational distributions have not
been reproduced by dynamical calculations, which have instead
derived rotational distributions strongly inverted and similar to
those measured for O(1D) + H2 reactions.13,22 The origin of
this disagreement is not clear. If we consider the DCSs, a direct
comparison between the two systems can be made because we
have studied the reaction O(1D) + D2 at a collision energy (Ec

) 5.3 kcal mol-1) comparable to one of those reported here
and practically under the same experimental conditions.14b,15d

For O(1D) + D2, an asymmetric CM angular distribution was
found with more intensity in the backward direction, which has
been interpreted14b,40in terms of a direct abstraction mechanism
(giving a backward scattered product angular distribution)
superimposed to an insertion mechanism (giving a symmetric
angular distribution). The abstraction is believed to take place
along the first excited PES1Π (in collinear geometry), which
has a barrier of 2.4 kcal mol-1.17e-h In the case of N(2D) + H2,
the competitive abstraction mechanism was not observed; this
is not surprising because both the ground- and excited-state
surfaces drive the reaction toward bent reaction pathways.
Indeed, theC∞V barriers on the ground2Σ and excited2Π state
surfaces have two imaginary frequencies, which means that the
linear barriers are not real saddle points and that there are no
defined collinear reaction paths for both surfaces.21 If we focus
on the O(1D) + H2 reaction at low collision energies, where
the second pathway is not active, more similarities with the
present system can be noted because the DCSs are almost
backward-forward symmetric with a slight preference for
forward scattering (see for instance ref 15a, where the DCSs
for the reaction O(1D) + HD are reported at a collision energy
of 2.05 kcal mol-1).

Similarities and differences are noted also when comparing
the N(2D) + H2 reaction dynamics with those of the two much
less exoergic insertion reactions, C(1D) + H2 and S(1D) + H2.
For these two reactions as well, the only possible reaction
pathway is via insertion, because the abstraction path becomes
energetically accessible only atEc > 9-15 kcal mol-1 for C(1D)
+ H2

41 and atEc > 8 kcal mol-1 for S(1D) + H2.23 The main
difference with these two systems is that at lowEc only the
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ground vibrational level of the CH and SH products can be
populated. Also, because of the reduced exothermicity, the two
intermediates CH2 and H2S are thought to be more persistent,
thus permitting a more complete energy randomization. Recent
studies18,19 have shown that for both reactions PST gives a
reasonable description of the experimental product translational
energy distributions. The CM angular distributions were found
to be backward-forward symmetric from crossed-beam experi-
ments18,19and also from PST calculations, although significant
discrepancies were noted with respect to experimental deter-
minations when comparing the degree of polarization of the
angular distributions and the angle-specific translational energy
distributions. For the S(1D) + H2 reaction, recent QCT
calculations23b on a new PES23a have shown a substantial
agreement with the experimental results of Lee and Liu,18 even
though some discrepancies are present, especially in the relative
magnitude of the ICS derived for the various isotopic variants
and the H/D branching ratio from the reaction S(1D) + HD.
Interestingly, from the analysis of the trajectories the lifetime
of the complex was found to be longer than the rotational period
(typical values for S(1D) + D2 were 1.5-2.5 ps atEc ) 2.3
kcal mol-1 considering the allowed range of impact parameters)
which fully accounts for the almost statistical behavior. Also
for this system a very high rotational excitation of the products
was derived, similarly to what is observed for O(1D) + H2.

In conclusion, when reviewing the information now available
for simple insertion reactions, we can only partly generalize
their behavior, because many findings strongly depend on the
different topology of the PES of each different system. These
results indicate that the primary distinction that has to be made
is between the reactions which are strongly exoergic (like O(1D)/
N(2D) + H2) and those which are only weakly exoergic (like
C(1D)/S(1D) + H2): in the latter case, the reduced exoergicity
has the effect of increasing the intermediate lifetime leading to
statistical behavior. The characteristic which distinguishes the
title system from all the others is the presence of an entrance
barrier; this aspect has been seen to affect the QCT predictions
because it implies preferential weighting of small impact
parameter trajectories.

VI. Conclusions

The comparison between experimental results and QCT
predictions for the N(2D) + D2 reaction on the ab initio PES
shows overall good agreement between experiment and theory
for this prototypical insertion reaction. The small, yet meaning-
ful, deviations between the CM product angular and translational
energy distributions obtained by comparing QCT calculations
and the experimental results mainly resides in a slight backward
bias and a too low energy peaking, respectively, of the
theoretical curves. These deviations are apparently not present
in the QM results on the same PES. In fact, QM calculations22,29

carried out for N(2D) + H2 show essentially symmetric angular
distributions when the initial rotational distribution of H2 is taken
into account and aP(E′T) distribution which rises more slowly
and peaks at somewhat higher energy than what QCT results
indicate for N(2D) + D2. Clearly, before judging the quality of
the new PES,13 exact QM calculations on the isotopic variant
N(2D) + D2 reproducing the experimental conditions and
possibly including the low-lying excited-state surface are
desirable. Such calculations are within current capabilities and
are expected to become available in the near future;42 this will
permit to extend also to an insertion reaction the same kind of
rigorous comparisons so far carried out only for abstraction
reactions.14a
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