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Quantum Effects in the Differential Cross Sections for the Insertion Reaction N���2D��� 1 H2
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The quantum (QM) scattering theory has been difficult to apply to the family of insertion reactions and
the approximate quasiclassical trajectory (QCT) method or statistical calculations were mostly applied. In
this Letter, we compare the experimental differential cross sections for the title insertion reaction with the
results of QM and QCT calculations on an ab initio potential energy surface. The QM results reproduce
well the crossed beam experiment, while a small, but significant, difference in the QCT ones points to
quantum effects, possibly the occurrence of tunneling through the combined potential and centrifugal
barrier.
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The interaction between experiment and theory,
fundamental in any scientific field, has proved to be
indispensable for the progress of the field of reaction
dynamics. Only the direct comparison between detailed
experimental observables, such as the differential cross
section (DCS), and quantum scattering calculations can
indeed assess the quality of a computed potential energy
surface (PES) and, in turn, allow the knowledge of the
factors which determine and describe the behavior of a
reactive system. Such an ambitious task has been accom-
plished only for a few simple reactions and, in all cases,
the comparison between experimental results and accurate
quantum scattering calculations led to a refinement of the
ab initio calculated PESs. The three benchmark systems
which have attracted the largest effort in the last decades,
i.e., H 1 H2, F 1 H2, and Cl 1 H2, all belong to the
same class of abstraction reactions (for a recent review,
see Ref. [1]). Only more recently a new effort has been
directed toward the combined experimental and theoretical
investigation of the more complex family of insertion
reactions, which usually involve electronically excited
atoms —such as the important species O�1D�— and occur
on multiple potential energy surfaces [2,3]. The reaction
O�1D� 1 H2 ! OH 1 H has long served as the proto-
typical insertion reaction, but other systems such as
C�1D� 1 H2, S�1D� 1 H2 and the title reaction have
recently added to the list of simple systems for which
DCSs have been measured [4–6] and PESs have become
available [7–9]. The common characteristic 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, CH2, H2S, and NH2) which
is formed following the insertion of the excited atom into
the H-H bond. Because of the presence of a very deep
well (of the order of a few eV), the wave function has
to be expanded on a very large number of states. This
makes accurate quantum (QM) calculations quite arduous
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and most of the time-independent QM codes have been
applied only to direct abstraction reactions. Until very
recently, when a method using body-frame democratic
hyperspherical coordinates [10] has revealed to be suitable
for the treatment of insertion reactions [3,11,12], only
approximate methods, such as quasiclassical trajectory
(QCT) or reduced dimensionality QM calculations were
available together with time-dependent QM calculations —
which, however, did not produce DCSs. Also a number of
statistical studies are available, since insertion reactions
are generally believed to proceed statistically because of
the stability of the intermediate complex with respect to
reactants and products. Nevertheless, as it was largely
shown, the formation of a light, highly excited inter-
mediate complex with few internal degrees of freedom
seems to alter this simplistic prediction, and to address the
statistical character of these reactions we have to rely on
exact QM calculations on accurate PESs [4,13,14].

In this Letter we report a combined experimental and
theoretical study on the insertion reaction

N�2D� 1 H2�y � 0, j � 0-3� ! NH�y0, j0� 1 H ,

DH0 � 2138.9 kJ�mol

at a collision energy (Ec) of 15.9 kJ�mol. Specifically, by
carrying out crossed molecular beam (CMB) experiments
we have derived reactive DCSs and by using both QM and
QCT methods we have computed the reactive dynamics
on a recently developed ground state 12A00 NH2 PES [9].
The stimulus for the present work arises from the singu-
lar opportunity to compare experimental DCSs with those
derived by an accurate QM treatment and by the widely
used QCT method. As it is shown below, while the QCT
calculations are able to predict only partly the shape of the
DCSs, the QM predictions reproduce the experimental re-
sults over the explored angular range and thus assess the
© 2002 The American Physical Society 013201-1
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good quality of the 12A00 PES and its ability to describe the
reactive system at this Ec.

The experiments were performed using a CMB appara-
tus with mass spectrometric detection and product time-
of-flight (TOF) analysis [15]. The experimental setup is
similar to that described in a previous paper on the iso-
topic variant 15N�2D� 1 D2 [6]. The extension to the re-
action with H2, necessary in order to perform the direct
comparison with the QM results [16], has not been trivial.
The previous choice of isotopes was dictated by the intent
to avoid the interference from the nonreactively scattered
15N, present in the primary beam with its natural isotopic
abundance, and to avoid the detection of the unfavorable
mass-to-charge ratio m�e of 16. In the present case, in
order to derive the DCSs for the N�2D� 1 H2 reaction we
have been forced to perform accurate measurements of the
laboratory distributions at m�e � 15, due to both reactive
scattering signal and elastic scattering of the isotope 15N,
and at m�e � 14, so that, by using the right density ratio
d15N�d14N, we have been able to evaluate and subtract the
elastic contribution from the elastic 1 reactive distribu-
tions [17]. The characteristics of the radio frequency dis-
charge source used to produce continuous beams of atomic
nitrogen are given in Ref. [6]. For the present experiment
beam velocity and speed ratio were 2860 m�s and 6.0,
respectively. The H2 beam was produced by expanding
neat H2 through a nozzle resistively heated at 440 K; as
a consequence, the relative rotational state populations are
0.142, 0.590, 0.123, and 0.128 for j � 0, 1, 2, and 3, re-
spectively, according to the experimental determination of
Pollard et al. for a beam obtained under similar expan-
sion conditions [18]. Peak velocity and speed ratio were
3160 m�s and 12.0, respectively. The measured laboratory
angular distribution is reported in Fig. 1. The TOF spec-
tra, also measured in our experiment, are not reported here
and will be shown in a future paper.

QM reactive scattering calculations for an initial rovi-
brational state (y � 0, j � 0) of H2 at Ec � 15.9 kJ�mol
have already been reported [11]. In the present work, we
have extended these calculations to initial H2 states y � 0,
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FIG. 1. Experimental NH laboratory angular distribution at
Ec � 15.9 kJ�mol (solid circles; the standard deviations are also
shown) and QM (solid line) and QCT (dashed line) predictions
(see text).
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j � 1, 2 so that a comparison with the experiment is pos-
sible. Briefly stated, we use a time-independent method
which employs body-frame democratic hyperspherical co-
ordinates [10]. At each hyperradius r, we compute a set
of eigenstates of a reference Hamiltonian. The nuclear
scattering wave function is expanded on these eigenstates
which dissociate at large r into the H2 �12, 8, 3� and NH
�35, 32, 30, 27, 24, 20, 16, 11� rovibrational sets (this nota-
tion indicates the largest rotational level j for each vibra-
tional manifold). The coefficients of the expansion satisfy
a set of second order coupled differential equations with
couplings arising from the difference between the exact
Hamiltonian and the reference Hamiltonian. No restric-
tions were placed on the helicity quantum number V (the
projection of the total angular momentum J of the system
on each of the atom-diatom axes). Thus, Vmax � J and
the number of coupled equations increases from 215 for
J � 0 to 2917 for J � 26. In order to simulate the labo-
ratory distributions, it would be necessary to derive the
DCS also for initial j � 3. Such a calculation implies a
very large computer time and was not performed because
it was observed that at the lower Ec of 8.8 kJ�mol (where
scattering calculations are less expensive) the DCS for ini-
tial j � 3 is similar to that of j � 2, so that we can assume
that the DCS for initial j � 2 and 3 are also the same at
15.9 kJ�mol. The DCSs for the three initial j’s are shown
in Fig. 2. We also derived the final product internal energy
distributions (not shown here) because their complement,
i.e., the translational energy distributions, are necessary to
simulate the laboratory distributions.

With the aim to directly compare QM and experimen-
tal results with the predictions of the QCT method, we
have performed QCT calculations by running a batch of
200 000 trajectories at Ec � 15.9 kJ�mol and H2�y � 0,
j � 0 3� following the procedures described elsewhere
[19]. The QCT DCSs are also shown in Fig. 2. Although
the agreement between QM and QCT DCSs improves
with increasing initial j, significant discrepancies are vis-
ible especially for j � 0 and 1. In particular, while the
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FIG. 2. QM (solid lines) and QCT (dashed lines) CM DCSs
for the different initial j of H2 relevant in the crossed beam
experiment.
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QCT DCSs show a preference for backward scattering, the
QM ones show an alternating behavior with the DCS for
j � 0 slightly favoring backward scattering (u � 180±)
and the DCSs for j � 1 and 2 favoring forward scattering
(u � 0±). In all cases, the QCT calculations are seen to
underestimate the QM intensity in the forward hemisphere.
As far as the product energy release is concerned, QM and
QCT predictions are in very good agreement.

In order to compare the theoretical results with the
measured angular distribution in the most straightforward
way, we have transformed the theoretical DCSs derived in
the center-of-mass (CM) frame into the laboratory (LAB)
frame, taking into consideration the averaging over the ex-
perimental conditions (beam velocity distributions and an-
gular divergences, detector aperture) and the distribution
of j’s and their relative reactivity. Also, the translational
energy distributions as they were derived from QM and
QCT calculations for each initial j were used in the simu-
lation. The results are shown in Fig. 1 together with the
experimental results. As can be appreciated, the QM calcu-
lations are able to reproduce the shape of the experimental
distribution giving the right intensity ratios between the in-
nermost available angle (Q � 8±) and all the others. On
the other hand, the QCT ones underestimate the intensity
of the products scattered on the left of the CM velocity
vector, corresponding to the forward direction in the CM
frame, and overestimate the intensity of the products on the
right (backward direction). For instance, the experimental
intensity ratio I�Q � 8±��I�Q � 16±� is 1.10, while the
QM and QCT ones are 1.05 and 0.89, respectively (the lat-
ter being well outside the experimental uncertainty). The
situation was analogous in the case of the previously stud-
ied N�2D� 1 D2 reaction [6], in which the LAB angular
distributions were compared with QCT calculations on the
same PES at two different Ec. In both cases, the QCT
results underestimated the intensity in the forward direc-
tion and overestimated that in the backward direction. We
recall that in the case of N�2D� 1 D2, the more friendly
kinematics allowed a better determination of the peak in
the forward direction, which is, instead, partly obscured in
the present experiment by the “blind” angular range close
to Q � 0± where the detector cannot be placed.

Once ascertained that the differences between QM and
QCT results are evident also in the LAB frame and that the
QM calculations are able to reproduce overall the experi-
mental distributions better than the QCT ones, it is impor-
tant to understand the reason for such a difference. Being
the two kinds of calculations performed on the same PES,
an obvious conclusion is that the differences are due to the
limitations of the QCT method. To understand the origin
of the discrepancies, we have analyzed the QM and QCT
reaction probabilities as a function of orbital angular mo-
mentum L and the QM and QCT DCSs as they change with
the maximum value of the angular momentum, Lmax, con-
sidered. Figure 3(a) shows the QM and QCT total (2L 1 1
degeneracy-weighted) reaction probabilities as a function
013201-3
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FIG. 3. (a) QM and QCT total (2L 1 1 degeneracy-weighted)
reaction probabilities as a function of the orbital angular mo-
mentum L for the N�2D� 1 H2�y � 0, j � 1� reaction, and
(b) DCSs as a function of the maximum orbital angular mo-
mentum Lmax retained in the partial wave sum.

of L, while in Fig. 3(b) the QM and QCT DCSs are shown
for two different values of Lmax. The two plots are for
the reaction with initial j � 1 since this is the dominant
contribution in the scattering experiment; in any case, the
same behavior has been observed when considering the re-
action of initial j � 0. It is apparent from Fig. 3(a) that
the QM reaction probability extends to values of L higher
than the QCT one. If the reaction under study were a
direct reaction, being in that case the forward scattering
associated with large angular momenta (or, in classical me-
chanics, with large impact parameters) the increased reac-
tivity of larger L could directly account for the differences
in the QM and QCT treatment. Unfortunately, if we ana-
lyze the DCSs as they change with the considered Lmax, a
complication arises from the fact that, being N�2D� 1 H2

an indirect reaction, the correlation small/large impact
parameters-backward/forward scattering is not as valid as
for a direct reaction. As a matter of fact, all the im-
pact parameters (and consequently all values of L) con-
tribute to generate intensity in the whole angular range.
Nevertheless, some considerations can still be made. The
QM and QCT DCSs averaged over small values of Lmax
[see Fig. 3(b) for Lmax � 5] are essentially coincident and
slightly forward biased. However, at higher values of Lmax,
a clear difference becomes visible. In Fig. 3(b), the QM
and QCT DCSs for Lmax � 17 are also shown: while the
013201-3
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QCT DCS has progressively shifted towards a backward
biased function, the QM one has reinforced the preference
for forward scattering, thus confirming the role of higher
L in generating the forward scattering seen in the QM case.
Interestingly, a similar behavior has been seen for the in-
sertion reaction O�1D� 1 H2 [20]. We recall that also
in the case of the abstraction reaction F�2P� 1 H2, QM
calculations on a recent PES systematically found more
intensity in the forward direction with respect to QCT cal-
culations [21]. A similar analysis of the reaction proba-
bilities and of the DCSs as they change with the value of
Lmax was performed and the authors suggested that tunnel-
ing through the combined potential and centrifugal barrier
for large values of L could be responsible for what is ob-
served in F 1 H2. In view of the present analysis, we can
also consider the tunneling through the combined potential
(�8 kJ�mol) and centrifugal barrier as one of the possible
causes of the discrepancies found between QM and QCT
DCSs at large values of L. At small values of L, the effect
of the centrifugal barrier is also small and, being the colli-
sion energy larger than the potential barrier, the differences
between QM and QCT are expected to be minor as in fact
they are. For the final assessment of this quantum effect,
however, further analysis is in progress, also relatively to
the system O�1D� 1 H2.

A final remark needs to be made about the value of the
reaction rate constant at 300 K, which has been found to
be lower than the experimental one in the present QCT
calculations (1.90 3 10212 cm3�s), while QM calcula-
tions predict a value of 2.51 3 10212 cm3�s, in very
good agreement with the experimental determination of
2.44 6 0.34 3 10212 cm3�s [22].

In summary, the present comparison between experi-
mental DCS and QM/QCT calculations appears to sustain
the accuracy of the recently derived NH2 ground state po-
tential energy surface. Also, there is no need to invoke a
contribution from the first excited surface, either in repro-
ducing dynamical measurements or the rate constants, as it
was previously suggested [6,9]. Another interesting con-
clusion is that the discrepancies found between the QCT
and QM calculations suggest that the same quantum ef-
fects already seen for other reactions are present for the
class of insertion reactions as well.
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