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Abstract

The dynamics of hyperthermal N(*S) + Oz collisions were investigated both experimentally
and theoretically. Crossed molecular beams experiments were performed at an average center-of-
mass (c.m.) collision energy of (Econ) = 77.5 kcal mol™!, with velocity- and angle-resolved product
detection by a rotatable mass spectrometer detector. Non-reactive (N + O2) and reactive (NO + O)
product channels were identified. In the c.m. reference frame, the non-reactively scattered N atoms
and reactively-scattered NO molecules were both directed into the forward direction with respect
to the initial direction of the reagent N atoms. On average, more than 90% of the available energy
((Eavi) = 77.5 kcal mol™!) was retained in translation of the non-reactive products (N + O2), whereas
a much smaller fraction of the available energy for the reactive pathway ((Eav) = 109.5 kcal mol
!y went into translation of the NO + O products, and the distribution of translational energies for
this channel was broad, indicating extensive internal excitation in the nascent NO molecules. The
experimentally derived c.m. translational energy and angular distributions of the reactive products
suggested at least two dynamical pathways to the formation of NO + O. Quasiclassical trajectory
(QCT) calculations were performed with a collision energy of Econ = 77 kcal mol™! using two sets
of potential energy surfaces, denoted as PES-I and PES-II, and these theoretical results were
compared to each other and to the experimental results. PES-I is a reproducing kernel Hilbert space
(RKHS) representation of multi-reference configurational interaction (MRCI) energies, while
PES-II is a many-body permutation invariant polynomial (MB-PIP) fit of complete active space
second order perturbation (CASPT2) points. The theoretical investigations were both consistent
with the experimental suggestion of two dynamical pathways to produce NO + O, where reactive
collisions may proceed on the doublet (12A") and quartet (1*A") surfaces. When analyzed with this

theoretical insight, the experimental c.m. translational energy and angular distributions were in
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reasonably good agreement with those predicted by the QCT -calculations, although minor
differences were observed which are discussed. Theoretical translational energy and angular
distributions for the non-reactive N + O2 products matched the experimental translational energy
and angular distributions almost quantitatively. Finally, relative yields for the non-reactive and
reactive scattering channels were determined from the experiment and from both theoretical

methods, and all results are in reasonable agreement.
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I. INTRODUCTION

Hypersonic flight through Earth’s atmosphere generates a thin, high-temperature, shock
layer that surrounds the vehicle surface.! Within this shock layer, the gas is often in a state of
strong thermochemical nonequilibrium.? The internal energy of the gas (rotational and vibrational)
quickly increases and ultimately leads to dissociation of molecular species into atomic species.
Dissociation of molecular nitrogen and oxygen produces N and O atoms, which can in turn collide
with undissociated O2 and N> and lead to nitric oxide formation.* These reactions are commonly

referred to as Zeldovich reactions:’

N+0O,—=NO+O (1)
O+N>—>NO+N (2)
With its relative ease of reaction and importance in combustion, numerous investigations
of N + O reaction kinetics have been conducted. These investigations focused mainly on rate

6-11

constants®!! and NO vibrational distribution measurements.'?"'* Among the kinetic studies, Clyne

and Thrush’ determined the rates for Reaction (1) with temperatures between T'= 412 and 755 K,

7100
which can be derived by the expression k = 8.3 x 102e("&r) cm® mol! s Wilson extended the

measurements to a wider range of temperatures (7 = 300 and 910 K)* by monitoring the

disappearance of N atoms generated in a microwave discharge in a fast-flow system.” Wilson’s

7900i200)

results (k = 1.41+0.07 X 103 &t ) cm®mol ™ s™!) were in good agreement with the previous
kinetics studies.® '% ! For the NO vibrational distribution measurements, Caledonia et al. studied
the fundamental and overtone band emissions of NO(X?IT) generated in hyperthermal collisions
of N atoms with O, molecules.!* The authors observed highly vibrationally excited NO products
(v=0-7) and derived the relative vibrational state-specific cross sections, which were found to be

in good agreement with previous theoretical predictions.!” Laser induced fluorescence
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measurements by Herm et al. showed that 22% of the available energy is channeled into NO
vibration (v > 2).!? On the other hand, Winkler et al. estimated that 34% of the reaction
exothermicity goes into NO product vibration.!> These experimental studies have been
complemented by theoretical investigations. Potential energy surfaces (PESs) for Reaction (1)
have been reported by several authors.!%2¢ Overall, rate coefficients calculated from these PESs
are in reasonably good agreement with experiment.!”- 1% 20: 2732 pPredictions of the NO product
vibrational state distributions have also been reported, !7-1%-27-31:33-35 and the PESs have also been
used to investigate non-reactive scattering between N and 0. Finally, PESs have been
constructed for understanding the photochemistry of NO,.3%%7

Although these extensive previous studies provided a detailed characterization of the N +
O system, both existing theoretical and experimental investigations lack information about non-
reactive and reactive collisions of N + O2 under the extreme conditions in hypersonic shock layers,
where collision energies may be tens of kcal mol™. Caracciolo et al. have recently reported an
experimental study on the reverse of Reaction (1) at a collision energy of (Econ) = 84.0 kcal mol !,*8
and subsequent theoretical calculations by Lu et al. have reasonably reproduced most of the
measurements.>® In addition, theoretical studies of the NO + O reaction have been reported by
Castro-Palacio et al.>* 32 In the present paper, a joint experimental and theoretical investigation

involving all three of these groups on the dynamics of hyperthermal N + O collisions is reported.

We focus our attention on products generated from non-reactive (1a) and reactive collisions (1b):

N(S) + 02(X 327) — N(*S) + 05X 35;)  AHo = 0 keal mol! (1)

— NO(X 2M) +0(P) AHo = —32kcal mol’! (1b)
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The reaction enthalpies reported in Reaction (1b) were determined at 7= 0 K from the formation
enthalpies of the products and reactants.** We probed these processes experimentally by
conducting crossed molecular beams scattering experiments at an average collision energy of
{Econ) = 77.5 kcal mol™! (for experimental details see Section II). Angular and velocity distributions
for both the non-reactive and reactive scattering pathways were collected in the experimentally
accessible laboratory angular range for the N and NO products. Scattering measurements of
Reaction (1b) suggested that the N + O reaction may proceed via two different dynamical
pathways. These two pathways were modeled as reactions on the doublet and quartet PESs of the
NO; system.

The N(*S) + 02(X 32; ) asymptote is correlated with one doublet, one quartet, and one
sextet, while the NO(X 2IT) + O(*P) asymptote is correlated with six doublet and six quartet states.
The two asymptotes are connected adiabatically with the lowest doublet (12A") and quartet (1*A”")
states, as shown in Figure 1. The ground electronic state is the doublet, with a deep well featuring
the stable NO, species having C»y symmetry. These states within a spin manifold can potentially
be coupled to higher electronic states through derivative couplings, and the states in different spin
manifolds can also couple via spin-orbit couplings; nevertheless, to first order it is reasonable to
assume that adiabatic dynamics will dominate. Based on this assumption, the overall reactivity can
be approximated by a multiplicity-weighted reactivity on the two (doublet and quartet) spin states.

For the lowest doublet and quartet states, there are several ab initio PESs, but we used the
recently constructed PESs by San Vicente et al. (denoted as PES-I)*° and by Varga et al. (denoted
as PES-II).26 The former are reproducing kernel Hilbert space (RKHS)*" *? representations of
multi-reference configurational interaction (MRCI) energies, while the latter are many-body

permutation invariant polynomial (MB-PIP) fits of complete active space second order
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perturbation (CASPT2) points. It is important to note that both sets of PESs were designed for
hyperthermal collisions, as high-energy points are included in the ab initio data. In the work
reported here, these two sets of PESs have been used to study the dynamics of Reactions (1a) and
(1b) using quasi-classical trajectory (QCT) methods. We have compared the collision dynamics
predicted by the two sets of PESs with the results of a crossed molecular beams scattering
experiment. In so doing, we have gained a general understanding of hyperthermal N + O collision
dynamics and both the accuracy and consistency of the two theoretical methods used to describe

these dynamics.

II. EXPERIMENTAL METHODS

The experiments were performed with a crossed molecular beams apparatus equipped with
a hyperthermal atomic nitrogen beam source and a rotatable mass spectrometer detector.**** A
hyperthermal pulsed beam, containing N atoms and N> molecules, was generated with a CO; TEA
laser detonation source (~ 7 J pulse™!) with a repetition rate of 2 Hz, employing molecular nitrogen
as the precursor gas at a pressure of 500 psig and a piezoelectric pulsed valve of our own design.
The corresponding hyperthermal beam contained N and N; in a mole ratio of 0.35:0.65,
respectively, with a nominal velocity of 8 km s'. The velocity distribution was large (~6-9 km s°
1), so a synchronized 17.8 cm diameter chopper wheel, with three equally spaced 1.5 mm wide
slots operating at 400 Hz, was used to select a narrow portion of the overall beam pulse. Figure 2a
shows the resulting velocity distribution after the chopper wheel, with its maximum at 8077 m s’
and a full width half-maximum (FWHM) of ~690 m s™!. The hyperthermal N/N, beam was crossed

at 90° with a pulsed supersonic beam of molecular oxygen (O2) with a velocity of 960 m s™!. The

Oz beam was generated with a piezoelectric pulsed valve having a nozzle diameter of 1.0 mm and
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a stagnation pressure of 2400 Torr. The velocity used for the O> beam was not measured directly;
this value was found to be the most consistent with the average velocities of inelastically scattered
N atoms colliding with O, with an average N-atom velocity of 8095 m s!. The average collision
energy of this distribution is <Eco> = 77.5 kcal mol™! and its overall distribution is shown in Figure
2b.

The scattered products were ionized by a Brink-type electron-impact (EI) ionizer™®
positioned 33.7 cm from the nominal crossing points of the two beams, in the innermost region of
the triply differentially pumped rotatable mass spectrometer detector. Scattered products that
entered the detector were ionized, and then the ions were mass selected by a quadrupole mass
spectrometer and registered with a Daly ion detector.”! The registered ion counts, which are
proportional to number density of products that entered the ionizer, were accumulated with the use
of a multichannel scaler. Number density distributions of scattered products, N(?), typically called
time-of-flight (TOF) distributions, were acquired as a function of their flight time from the crossing
region of the two beams to the ionizer. These TOF distributions were collected over a range of
laboratory angles from @ = 6° to 51°, where the laboratory angle, @, is defined as the detection
direction with respect to the hyperthermal N-atom beam (® = 0°). Figure 3 shows the nominal
Newton diagram for N + O collisions under our experimental conditions for non-reactive (blue)
and reactive (red) channels within the laboratory angular detection range used in this experiment
(shaded yellow area), assuming that all the available energy, (Eavi), is channeled into product
translation. The available energy for each channel can be derived as follows:

(Eavl) = (Econl) — 4H, ()

Based on Eq. (2), the available energy for products originating from non-reactive collisions

will be equal to the average collision energy ((Eavi) = 77.5 kcal mol™!), while for the reactive
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channel {Eay) is higher by 32 kcal mol!, the exothermicity of Reaction (1b). The N(¢) distributions
collected at each laboratory angle were integrated to obtain the laboratory angular distributions,
N(®). Individual TOF distributions were collected for 200 molecular beam pulses at m/z = 14 (**N*)
and 28 (1*N>") and for 1000 pulses at m/z = 30 (**N'®0"). These distributions were collected in 2°
and 3° increments for 6° < @ < 12° and 12° < @ < 51° laboratory ranges, respectively. The increase
in angular increment reduced the data accumulation time for the range of detection angles where
the signal was not changing as rapidly. TOF distributions for relevant m/z ratios were collected by
first increasing @ from 6° to 51° and then decreasing @ from 51° to 6°, constituting one cycle of
data collection. The overall data acquisition consisted of one cycle of increasing and decreasing @
for non-reactively scattered N and N> products and three cycles for reactively scattered NO
products. The individual TOF distributions registered for each product and at each ® were added
together. The raw TOF distributions for N were corrected for the dissociative ionization of N> to
produce N'. To apply this correction, the TOF distributions for m/z = 14 and 28 were collected
with a pure N2 beam. The integrated TOF distribution collected for m/z = 14 was found to be 12%
of the integrated TOF distribution for m/z = 28 under these experimental conditions; thus, for a
given O, the TOF distribution collected at m/z = 28 was multiplied by 0.12 and the result was
subtracted from the TOF distribution collected at m/z = 14. This correction was applied to the TOF
distributions for N-atom products at m/z = 14, which contained a component from dissociative
ionization of N> that came from inelastic collisions of N, with O2 as a result of Nz in the

hyperthermal N/N> beam.
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III. THEORETICAL METHODS
A. Potential Energy Surfaces

As mentioned in Section I, our focus is on the adiabatic dynamics involving the 1°A’ and
1*A’ states. There are two sets of PESs that were used in our QCT calculations, both containing

adiabatic PESs for these two states.

PES-I* was developed using the reproducing kernel Hilbert space (RKHS) method*! *? to
represent a total of ~10,000 (~7000 for the NO + O and ~3000 for the N + O, channel) energies
at the MRCI+Q (Davidson correction) level of theory. The grid in both the reactant and product
channels was defined in Jacobi coordinates (7, R, 8), where the R-grid included 28 points between
1.4 and 12.0 ao, the distance r was covered by 20 points between 1.5 and 4.0 ao, and the angular
grid contained 13 angles from a Gauss-Legendre quadrature (169.796°, 156.577°, 143.281°,
129.967°, 116.647°, 103.324°, 90.100°, 76.676°, 63.353°, 50.033°, 36.719°, 23.423°, 10.204°).
Further details about the ab initio calculation and PES construction can be found in Ref. 2. These
PESs have previously been used to study the forward and reverse rates of Reaction (1b).%

PES-1I%¢ was based on about 8000 CASPT2 energy points, which were fit using a many-
body (MB) method,> where the two-body parts are accurate diatomic potentials and the three-
body part is expressed with connected permutation invariant polynomials (PIPs)* in mixed-
exponential-Gaussian bond order variables (MEGs). Similar to PES-I, grids in both the reactant
and product channels were used to generate the points for the fitting. The grids in the bond lengths
covered the range of 3.40 — 9.45 ao, with 30 points in the angular coordinate. These PESs have

been used in a previous QCT study of hyperthermal NO + O collisions.*

10
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B. Quasi-Classical Trajectory Calculations

The QCT calculations used in the present work have been extensively described in the
literature,’* so only the essential parameters are given. 500,000 trajectories were calculated on each
PES with the O reactant in its rovibrational ground state (v = 0, j = 0). The initial reactant
separation was 8.0 A, and a trajectory was terminated when the collision partners or the products
were separated by 9.0 A or more. If the separating atom was N, the collision was classified as
“inelastic”, whereas if the products were NOa + Op or NOg + Oa the collision was classified as
“reactive”. For the former, all elastic trajectories with final product states (v' = 0, j' = 0) were

removed. The impact parameter was chosen from a uniformly distributed random number (€ [0,1],

according to b = bmax(!? with bmax = 3.5 A, which was large enough to converge the inelastic and
reactive cross sections.
For a given spin quantum number S, the integral cross section (ICS) for a particular channel

(reactive or non-reactive, denoted by n) was determined as follows:

O_ng] = T[brznax(Ecoll)PrES] (Ecoll)r (2)

]

where the probability P,ES is given by the ratio:

[s] n
plsl = Mn_ 3)
" Nt[i]tal

N,[ls] and N°!

tota] are, respectively, the number of trajectories in channel 7 and the total number of

trajectories. In the QCT simulations, a collision energy of Econ = 77 kcal mol™! was used, which is
very close to the average experimental collision energy of (Econ) = 77.5 kcal mol™! (see Figure 2).
The differential cross-section (DCS) was determined according to

aslS  o,aplS/a0

dW ~ 2msin(9) ’ (4)

11
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where GE Vis the ICS at the collision energy and dPn[S] /d0 is the probability density for channel 7,

with scattering angle 0 defined as

<
<

i

St
N

9=cos‘1< f), (5)

1%l |v |

il

where ¥ denotes the relative velocity vector and the subscripts i and f denote initial and final states,

respectively. We define v; = vy — 1302 for both the inelastic and reactive channels. For reactive
scattering, we define ¥y = ¥y — Vp; in this way, 8= 0° and &= 180° correspond to forward and

backward scattering, respectively, relative to the initial velocity of N atoms in the c.m. frame. To
compute the total cross sections, we consider the statistical weights for each spin state, which are
1/3 and 2/3 for the doublet and quartet states, respectively.

More details of the QCT calculations, particularly the assignment of the product ro-

vibrational quantum numbers, can be found in Supporting Information (SI).

IV. EXPERIMENTAL RESULTS
A. Data Analysis Approach

The measured TOF and angular distributions are number densities recorded in the
laboratory frame, N(f) and N(@), respectively. However, detailed information on the reaction
dynamics derives from the scattered flux in the c.m reference frame. Microscopic information such
as c.m. translational energy P(E7) and angular 7(6) distributions cannot be obtained directly by
deconvoluting the experimentally measured distributions in the laboratory frame. Thus, a forward
convolution approach* > has been employed to analyze the experimental data. This method starts
with trial c.m. distributions and uses a Jacobian coordinate transformation that accounts for the

incident beam distributions and other experimental effects to calculate the laboratory frame N(r)

12
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and N(0O) distributions, which are then compared with the measured distributions. The input P(ET)
and 7(0) distributions are iteratively adjusted until the best fits of the experimental data are reached.
The uncertainties of the best-fit c.m. distributions were estimated by varying the shapes of the
input c.m. translational energy and angular distributions that yielded predicted N(¢) and N(O)
distributions that were within the statistical noise of these distributions. Additional simulations of
the experimental data were carried out by using input c.m. P(Et) and 7(6) distributions obtained
from QCT calculations described in Section IIIB. Best-fit distributions obtained for the non-
reactive and reactive channels are described in Sections IV.B and IV.C, while the ¢.m. distributions

derived from QCT calculations are described and compared in Section V.

B. Non-Reactive Scattering

TOF distributions of N-atom products were measured in the laboratory frame to
characterize the dynamics of non-reactive collisions of N(*S) with O2(X 32; ). Conservation of
energy and momentum dictates that the measurement of scattered N-atom velocity and angular
distributions reveals the velocity and angular distributions of O» molecules scattered in the
opposite direction from the N atoms (Figure 3). Given the range of laboratory angles probed in
this experiment, detected N atoms must originate from high-impact-parameter, non-reactive
collisions, which lead to forward scattering. Figure 4a shows three representative TOF
distributions measured for m/z = 14 (N¥), while the laboratory angular distribution is shown in
Figure 4b. The superimposed lines on the experimental data (yellow circles) in Figures 4a and 4b
correspond to the curves which are the outcome of the best-fit center-of-mass translational energy
P(E7) and angular 7(60) distributions, shown in Figures 4c and 4d, respectively. In this experiment,

N-atom products were probed only in the range, 0° < § < 78°. The angular range over which the

13
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experiment is blind for N-atom detection (79° < 6 < 180°) is represented as the gray shaded area
in Figure 4d. The c.m. angular distribution obtained for N atoms (Figure 4d) has a strong forward
peak, with negligible probability for & > 40°. This behavior is reflected in the laboratory angular
distribution (Figure 4b), where the integrated number density decreases rapidly with increasing @
and reaches a nominal low value for @ > 30°. The average translational energy obtained from the
P(ET) distribution in Figure 4c was found to be (E1) = 73.3 kcal mol™!, which indicates that, on
average, ~97% of the available energy ((Eai) = 77.5 kcal mol') is transformed into product
translation. Thus, non-reactive collisions leave very little rotational or vibrational excitation in the
scattered O> molecules. Both the fraction of Eay in translation and the width of the P(ET)
distribution (FWHM ~ 3 kcal mol') are comparable to those observed for the non-reactive
scattering of O + NO.3®

Figure Sla shows the c.m. velocity flux map associated with the non-reactive N-atom
product, where the two arrows correspond to the velocity of the reactants in the c.m. frame, while
the dashed circles represent the non-reactive scattering limit by assuming that all the available

energy is transformed into translation of N + O, products.

C. Reactive Scattering

The dynamics of the reactive scattering channel, Reaction (1b), were characterized through
the detection of the '*N'®O product at m/z = 30. Representative TOF distributions acquired at this
mass-to-charge ratio are shown in Figure 5a, and the laboratory angular distribution is depicted in
Figure 5d. After significant effort at optimizing the fits to all the laboratory distributions for NO,
we concluded that a minimum of two dynamical pathways to this product must exist,

corresponding to two sets of c.m. translational energy and angular distributions. An example of
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two sets of c.m. distributions that provided a good overall fit to the experimental data in Figure
5a,d is shown as the black curves in Figure 6. Justification for the conclusion of at least two
dynamical pathways is presented in Figure S2, where the fits predicted from only one set of P(ET)
and 7(60) distributions (Figure S3) are shown. It may be seen in Figure S2 that the predicted TOF
distributions for the smaller laboratory angles of @ = 8°-24° fit the observed distributions
reasonably well. However, for @ > 24°, the maxima in the predicted TOF distributions shift to
flight times that are faster than the corresponding maxima in the experimental TOF distributions.
This shift also results in a less-than-satisfactory fit of the leading edges and tails of the TOF
distributions at larger laboratory angles. All attempts to achieve fits to the data with one set of
P(ET) and 7(6) distributions that were as good as the two-component fits shown in Figure 5 failed.
Although the laboratory angular distributions could be fit well in both cases (Figures 5d and S2c¢),
the constraints required to fit the TOF distributions well suggested that the NO products that
scattered more forward in the c.m. frame must arise from a reaction pathway that channels more
energy into translation than the pathway that results in NO products that scatter more uniformly
over a broad angular range. The two sets of P(ET) and 7(6) distributions (Figure 6) that gave the
best fits to the laboratory data reflect this observation. It should be noted, however, that satisfactory
overall fits to the experimental TOF and angular distributions could be obtained with other sets of
P(ET) and T(0) distributions, and the only really meaningful constraint was that one set required a
higher average translational anergy and more sharply forward-peaking angular distribution than
the other set.

The conclusion of at least two dynamical pathways that lead to NO products may be
interpreted with the aid of theory. As shown in Figure 1, there are two adiabatic pathways via the

two PESs corresponding to the lowest doublet and quartet states of the system. Within this
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assumption, the relative weights of the quartet and doublet channels should be 2/3 and 1/3,
respectively. In our best-fit sets of P(ET) and 7(#) distributions, the set that naturally had the higher
weight was interpreted as arising from the quartet (Q) pathway and the set with lower weight was
interpreted as arising from the doublet (D) pathway. The best-fit distributions in Figure 5a are thus
labeled as Q and D based on the assumed quartet and doublet components, respectively. In addition,
the associated c.m. distributions in Figure 6 are labeled as quartet and doublet. In Figure 6¢,d, the
nominal ¢.m angular range where the NO products were probed is also shown (0° < 8 < 90°); thus,
the extrapolations of the experimental 7(6) distributions beyond this range are not constrained by
the experimental data. The experimental c.m. angular distributions depicted in Figure 6¢,d (black
curves) suggest that the NO products scatter mainly in the forward direction, with the products
scattering on the quartet PESs showing a much stronger propensity for forward scattering than
those scattering on the doublet PESs. The 7(60) distribution associated with the quartet contribution
decreases to half of its initial value for & = 45°. On the other hand, the best-fit 7(6) distribution
obtained for the doublet component slowly decreases and reaches half its initial value at 8 = 90°.
The P(ET) distribution for the quartet component (Figure 6a) has an average translational energy
of (ET) = 70.6 kcal mol™. This distribution is also broad, with a FWHM of approximately 61 kcal
mol!). On the other hand, the P(ET) distribution for the doublet contribution (Figure 6b) is
narrower by 9 kcal mol! (FWHM ~ 52 kcal mol™!) with respect to the quartet P(ET) distribution,
and the average translational energy determined for this distribution is (£1) = 43.7 kcal mol™!. Thus,
the average energy for the doublet P(ET) distribution is almost 27 kcal mol ™! lower than that for the
quartet P(ET) distribution. When considering the weighted contributions of both the quartet and

doublet components, the overall average fraction of the available energy that goes into translation
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({fr) = (ET)/{Eav1)) of the NO + O products is ~52%, which is close to the value (fr) ~ 58%, that
was found for the reverse reaction, O + NO — O, + N.38

Figure 7 shows c.m. velocity flux maps associated with NO products that originated from
reactive collisions, where the two arrows in each flux map correspond to the velocities of the
reactants in the c.m. frame, and the radius of the dashed circle represents the maximum velocity
of NO if all the available energy goes into translational energy of the NO + O products. Panels (a),
(b), and (c) of Figure 7 are calculated, respectively, from the P(Et) and 7(6) distributions derived
from PES-I, PES-II, and the experimental results (see Figure 6), where the P(Et) and 7(6)
distributions are assumed to be uncoupled and the total flux as a function of translational energy
and c.m. scattering angle may be represented as the product of two independent functions: P(ET,0)

= P(ET)T(0).

D. Relative Product Yields

Relative product yields were obtained for the N + O» reaction from the integrated cross
sections (ICSs), which are derived from the experimental differential cross sections (DCSs). The
detailed procedure has been described previously elsewhere.3®3¢ The ICSs were weighted by the
electron-impact ionization cross-sections for the relevant products, which were taken from the
literature.’”>° To estimate the relative yields, the transmission of the quadrupole mass filter was
assumed to be constant in the explored range of mass-to-charge ratios (14 < m/z < 30). From the
best-fit analysis (Figures 4, 5a,d, and 6), the relative yields obtained for the non-reactive and
reactive channels were determined to be 0.65 + 0.14 and 0.35 + 0.14, respectively. The relative
yields of NO originating from the best-fit quartet and doublet pathways were 0.19 and 0.16,

respectively. These latter two values were derived from the best-fit experimental results in Figure
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6; the uncertainties in these values could not be determined because the data were not sufficiently
resolved to constrain the two fits beyond the conclusion of at least two dynamical pathways. Note
that the relative yields are correlated (as are the associated uncertainties). Based on the increase of
the detection sensitivity with the ion mass, the relative yield obtained for the non-reactive channel
can be considered as lower limit, which, in turn, implies that the value obtained for the reactive

channel is an upper limit.

V. THEORETICAL RESULTS AND COMPARISON WITH EXPERIMENT

An important question in this work is whether the two sets of PESs used in the QCT
calculations yield comparable dynamical results. Given that these two sets of PESs are based on
different ab initio methods and representations, some differences are expected. In Figure 8, contour
plots of the two sets of PESs for the doublet and quartet states are shown for the reactive channel.
The PESs are expressed as a function of the N-O and O-O distances with the angle between the N-
O and O-O vectors optimized for every combination of separations. Although there are some
differences between them, the overall topographies of the PESs are similar. Both doublet and
quartet PESs suggest a direct abstraction mechanism with small entrance channel barriers for this
exothermic reaction. There is no significant well in either the doublet or quartet abstraction
pathway. In Figure 9, contour plots of the same PESs are displayed for the insertion channel, in
which the PESs along the Cay approach by N into O> are plotted. These contours are reported with
respect to the N-O» (R) and O-O () distances. It is clear that the insertion pathways for both doublet
and quartet surfaces have high barriers. There is a deep well on the ground 12A’ state PES for the
NO: species, which is clearly visible. The insertion barriers are 65.9 (69.2) and 55.1 (52.0) kcal

mol™! for the doublet and quartet, respectively, on PES-I (PES-II). At Econ = 77 kcal mol’!, the
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insertion pathway is viable for both states, but the lower barrier of the quartet obviously makes it
more likely. As the dynamics at high collision energies can be significantly influenced by the
repulsive part of the PES in the short range, the cuts of the PESs in both N + O and O + NO
collisions are also compared in Figure 10, with diatomic distances fixed at their respective
asymptote and Jacobi angles.

Table I reports the calculated fractions of the inelastic and reactive N + O collisions on
the doublet and quartet PESs, along with a comparison of the calculated weighted average
branching fractions for inelastic and reactive scattering to the experimental branching fractions for
non-reactive and reactive collisions. The agreement for calculations using the two PESs is good,
and both are consistent with the experimental results. The experiment suggests that about 35% of
the collisions lead to reaction, and the theoretical results predict a reactive fraction closer to 25-
30%. The contributions from the two spin states can be determined separately from theoretical
simulations, and they are also quite similar to each other, regardless of the spin quantum number.
It should be noted that the contribution from elastic scattering depends on the chosen maximum
impact parameter used in the QCT calculations. On the other hand, the experimental fraction for
the non-reactive channel includes both elastic and inelastic scattering. Hence, the experimental
fraction for the inelastic scattering would be even smaller, which suggests that the theoretical
values may be too large. However, the experimental uncertainties do not allow this conclusion to

be asserted with high confidence.

Without considering the spin multiplicity, the calculated absolute ICSs on the doublet and
quartet states are 7.39 and 6.77 A2 on PES-I and 8.72 and 6.81 A? on the PES-II, respectively.
Both calculations suggest that the reactivity is comparable in the two spin channels. However, the

quartet contribution to the total ICS is larger because of its larger statistical weight of 2/3.
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The experimental and theoretical c.m. translational energy and angular distributions for the
non-reactive channel, Reaction (la), are compared in Figure S5, where the c.m. angular
distributions (Figure S5c¢,d) pertain to the N-atom product. The calculated c.m. angular
distributions (Figure S5c¢,d) are quite similar and do not differ significantly from the experimental
angular distribution (Figure S5c¢,d, black curves). On the other hand, the c.m. translational energy
distributions for scattering on PES-II (Figure S5a,b, red curves) have qualitatively lower average
energies than those for scattering on PES-I (Figure S5a,b, green curves), which agrees well with
the experimental translational energy distribution (Figure S5a,b, black curves). Figure S6 shows
that the laboratory TOF and angular distributions are predicted fairly well by the P(ET) and 7(60)
distributions calculated by both PESs, but the lower predicted c.m. translational energy from PES-
IT is reflected in the slight shift in the calculated TOF distributions to longer flight times as
compared to the experimental TOF distributions (Figure S6b). Figure S6c,d shows that both PESs
capture the forward bias in the N-atom laboratory angular distributions equally well, which is also
evident in the c.m. velocity-flux maps in Figure S1.

The experimental and theoretical translational energy and angular distributions for the
reactive channel, Reaction (1b), are compared in Figure 6, where the c.m. angular distributions
(Figure 6c¢,d) pertain to the NO product. For the P(ET) distributions (Figure 6a,b), the agreement
between the calculations on PES-I and PES-II is better for the dominant quartet channel, and both
are in general agreement with the experimental results. For the minor doublet channel, the
agreement is less satisfactory, as the distribution calculated on PES-II overestimates the low
energy region, while the calculated distribution on PES-I is in much better agreement with the
experimental result. Referring to the angular distributions of NO (Figures 6¢,d), both the PES-I

and PES-II calculations for dominant quartet channel predict more sideways scattering than the
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experiment, which is dominated by forward scattering. For the minor doublet channel, the
agreement between the two calculations and their agreement with the slight forward bias of the
experimental fit is reasonable, although quantitative differences are evident.

Figure 5 compares the best-fit curves for the laboratory TOF (panel (a)) and angular (panel
(d)) distributions for NO products and the simulations of the experimental data derived by forward
convolution from the theoretical P(Et1) and 7(6) distributions shown in Figure 6. As mentioned in
Section IV.C, the red and green curves depicted in Figures 5b,c,e,f were obtained by weighting the
quartet and the doublet distributions based on their degeneracies. By comparing calculated TOF
distributions of NO with the experimental distributions (Figures 5b,c), it can be seen that the
calculated curves show a tail or even an additional peak at longer times which is not present in the
experimental TOF distributions. This discrepancy originates from the theoretical c.m. translational
energy and angular distributions (Figure 6), which go through a forward-convolution procedure to
determine the predicted laboratory distributions. The P(ET) distributions derived for the doublet
PES-I and PES-II do not go to zero near Et = 0 kcal mol! (Figure 6b), which leads to an
enhancement of the slow tails in the TOF distributions. Furthermore, the 7(0) distribution obtained
from PES-II exhibits a sideways bias, with its maximum value corresponding to the c.m. angle in
the laboratory frame, ®cm, which accentuates the slow TOF signal in the laboratory frame. Thus,
the effect on the slow tail is more noticeable for the prediction of PES-II than that of PES-I, because
the 7(6) distribution from PES-II has a maximum precisely at the angle that corresponds to ®cm,
whereas the maximum in the 7(6) distribution from PES-II corresponds to a smaller ® and
therefore higher velocities in the laboratory frame (i.e., shorter times in the TOF distribution). The

net result is that, while both sets of c.m. distributions from PES-I and PES-II capture the general
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shapes of the experimental TOF and angular distributions of NO products, the discrepancy in the
slow tail of the TOF distributions remains unresolved.

The QCT results have also been converted to c.m. velocity-flux maps for NO products, and
the results are presented in Figures 7d,e. The calculated velocity-flux maps are derived from the
weighted average of the two spin channels, as described in Section III, and they come from the
fully correlated c.m. velocity and angular distributions, P(v,0), rather than from the product
function, P(ET)T(0), from which the velocity-flux maps in Figures 7a,b,c were derived. The QCT
velocity-flux maps from both PES-I (Figure 7d) and PES-II (Figure 7¢) feature a dominant forward
scattering peak for NO, as is seen in the experimental result (Figure 7a), but that from PES-II also
shows pronounced backward scattering, which is not seen in the result from PES-I (note that the
experiment is not sensitive to backward scattering of NO). The overall theory-experiment
agreement is reasonable, although there are significant deviations. The overall performance of
PES-I seems to be slightly better than that of PES-II.

As expected, the NO product has significant internal excitation, which is reflected in the
P(ET) distributions for the reactive channel, Reaction (1b), where it was found experimentally that
the overall average fraction of the available energy that goes into translation of the NO + O
products is ~52%. The vibrational distributions of the NO products from N + O; reactions on both
the doublet and quartet PESs, as well as the sum weighted by the spin multiplicities, are shown in
Figure 11a,b,c (left panels), where the vibrational populations are obtained by summing over the
rotational populations. Both, PES-I and PES-II yield qualitatively similar distributions, featuring
monotonically decreasing probabilities with increasing vibrational quantum number. The quartet
state yields a cooler vibrational distribution than the doublet state. We have examined the impact

of zero-point energy violation in the product state distribution using the hard ZPE criterion,®
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namely excluding ZPE-violating trajectories in the product channel. The resulting distributions,
shown in Figure S7, indicate that their impact is minimal for this exoergic reaction.

In the right panels of Figure 11, the NO rotational state distributions, summed over the
vibrational state populations, are shown. PES-I and PES-II yield significant rotational excitation,
with populations all the way to the highest accessible rotational state of NO (j ~ 152) at this energy.
However, there are significant quantitative differences between the rotational state distributions
obtained from the quartet and doublet channels. The more pronounced differences are for the
rotational distributions which are considerably more structured for PES-I than for PES-II. On the
other hand, the envelopes of the rotational distributions agree quite closely. This difference in the
rotational distributions may be due to a more pronounced angular anisotropy of PES-I compared
with PES-II.

To gain insight into the reaction mechanism, Figure 12 reports the correlation between the
impact parameter and the scattering angle. On both sets of PESs, the reactive channel is dominated
by a direct abstraction mechanism, as evidenced by the pronounced inverse correlation of the
scattering angle with the impact parameter. In particular, small impact parameters lead to backward
rebound scattering whereas large impact parameters result in forward (stripping) scattering. The
prevalent direct mechanism is consistent with the PESs shown in Figure 8. In addition to the main
abstraction mechanism, there is also evidence for a minor contribution resulting from insertion.
There is clearly an outlier region in Figure 12 for b € (0.5, 1.0) A, in which the scattering is
exclusively forward biased. Analysis of the trajectories indicate that the reaction proceeds via
insertion of N into O», followed by breaking of one NO bond, as shown in Figure S8. The insertion
pathway is shown in Figure 9, and the experimental collision energy is above the barriers in both

the quartet and doublet channels. Since the insertion barrier in the quartet channel is lower than
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that of doublet, the insertion channel for the quartet seems to be more prominent. Overall, however,

this channel constitutes only about 5% of the total probability.

VI. DISCUSSION

To reproduce hyperthermal collisions quantitatively, theoretical simulations require
accurate PESs in a much larger configurational and energy space than those required for room
temperature collisions. The results presented in Sections II and III indicate that the two sets of
PESs yield qualitatively similar results, and both are in reasonable, but not perfect, agreement with
the experimental results. The consistency in the theoretical calculations is important as the two
sets of PESs were constructed using different ab initio methods and representation strategies. The
qualitatively similar results using the same dynamics method gives us confidence in the predictive
power of such calculations. On the other hand, it is equally apparent that there are many
quantitative differences between the results obtained from simulations using these two sets of PESs,
including product translational energy and angular distributions, as well as branching fractions.
Such differences are most likely the result of the different ab initio and representation methods in
constructing these PESs. In addition, there are several quantitative discrepancies between theory
and experiment, which are much larger than those commonly seen in low energy dynamics studies.
They could be attributed to several factors, including the neglected non-adiabatic coupling and
involvement of excited electronic states, intrinsic errors in the ab initio calculations, and lack of
points in certain regions of configurational space that are relevant to hyperthermal collisions. In
addition, the experimental analysis procedure also contains significant uncertainties, as has been

discussed.
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A key deficiency of the current theoretical models is the neglect of non-adiabatic coupling
with higher electronic states. As shown in Figure 1, the experimental collision energy allows
access to several low-lying excited channels. If the O('D) + NO(X) and O('S) + NO(X) product
channels were involved, we would expect peaks with onsets at 66.3 and 15.2 kcal mol™!. Although
we do not see obvious additional peaks in the experimental translational energy distribution, the
current detection scheme is probably not sensitive enough to identify these excited channels if their
branching fractions are comparatively low. As a result, the question about the participation of
excited channels remains unresolved. In the theoretical approach, a multistate dynamics
calculation would require the accurate determination of the diabatic potential energy matrix
(DPEM) involving all the relevant states. Although significant progress has been made recently,®"
62 it is still extremely challenging to construct such DPEMs, particularly at the high energy where
many electronic states are present. These states can be coupled via either derivative coupling
within a spin manifold or spin-orbit coupling between different spin manifolds, which further
complicate the calculations.

The two ab initio calculations used to generate the PESs were performed using well-
established multi-reference methods, which have comparable performance. Both representation
methods are also known to be robust. Indeed, the comparison of the PESs in Figures 8-10 shows
similar behaviors.

As discussed extensively in Sec. II, there is significant uncertainty in the fitting of the
experimental TOF and angular distributions. First, there is the assumption that the P(Et) and 7(6)
distributions are factorizable, although this simplification is somewhat mitigated by the two
components used in the fitting. More importantly, the weighting of the two components is not

unique, and a wide range of relative weightings yields overall fits that are within the uncertainties
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in the data. The ultimate solution to this problem is to perform velocity map imaging (VMI)
experiments, which provide the global representation of the differential cross section with product
state resolution. This can be done with REMPI detection of NO or O, and future experiments are

planned to obtain higher-fidelity data for comparison with the theoretical calculations.

VII. CONCLUSIONS

In this work, we report a joint experiment-theory investigation of hyperthermal collisions
of N and O». The crossed molecular beams experiment was performed with an average collision
energy of (Econ) = 77.5 kcal mol!. Both non-reactive and reactive channels were detected. The
non-reactive channel is dominated by a narrow, forward-scattered angular distribution and very
little loss of translational energy, while the exoergic reactive channel to produce NO + O features
a broad translational energy distribution with a forward bias. Based on the translational energy
distribution, the NO product is expected to have significant internal excitation, but the quantum
state distribution was not measured.

These experimental observations are semi-quantitatively reproduced by QCT calculations
on two sets of independently developed PESs. These calculations were performed on the lowest
doublet and quartet adiabatic PESs, with the assumption that the non-adiabatic coupling to excited
electronic states is small/negligible. This assumption seems to be reasonable, judging from the
overall agreement with experimentally determined c.m. translational energy and angular
distributions based on this two-state model. However, quantitative differences do exist and their
possible origins are discussed. Future refinements of this model by including excited electronic

states and their coupling are probably needed to improve the agreement.
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Theoretical calculations indicated that the quartet state provides the main contribution of
the reactivity, as a result of its larger weighting factor, which is proportional to the spin multiplicity.
The reaction mainly follows a direct mechanism, featuring straightforward abstraction of O from
the O reactant by N, although a minor insertion pathway has also been identified.

The validation of the relevant PESs in this work opens the door to accurate calculations of
the reaction rates under hyperthermal conditions, which is underway in our groups. The reliable
high-temperature rate coefficients will lower the uncertainty in the modeling of hypersonic shock
layers. In addition, the PESs also offer a platform for understanding energy transfer between the

translational and internal modes of NO, which is dictated by the inelastic scattering channel.
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Table 1. Branching fractions of the inelastic and reactive N + O, collisions at Econ = 77 kcal/mol,

assuming NO is initially in its ground rovibrational state.

Inelastic scattering Reactive scattering
Doublet, PES-I 0.783 0.192
Quartet, PES-I 0.802 0.176
Weighted average, PES-I 0.796 0.181
Doublet, PES-II 0.725 0.275
Quartet, PES-II 0.776 0.224
Weighted average, PES-II 0.759 0.241
Experiment 0.65+0.14° 0.35+0.14

2 The experiment was conducted with (Econ) = 77.5 kcal mol™!, and the branching fraction for “Inelastic
Scattering” includes both the inelastic and elastic channels (i.e., all non-reactive scattering).
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Figure 1. Correlation diagram for the N + O, — NO + O reaction. The green arrow marks the experimental
collision energy. The solid lines represent the two adiabatic states included in the current calculations, while

the dashed lines indicate excited electronic states not considered in the current study.
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Figure 2. (a) Velocity distribution of the O-atom component in the O/O, hyperthermal beam (Vpeax =
8077 m s). (b) Center-of-mass collision energy distribution for N(*S) collisions with O, determined
by using a single velocity of the molecular oxygen beam of 960 m s!. The average collision energy of

the distribution in (b) is (Econ) = 77.5 kcal mol™.
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Figure 3. Newton diagram for N + O, collisions (Econ = 77.5 kcal mol™). The radii of the
circles represent the velocities of the non-reactive (14N and '°O») and reactive products (!0
and '*N'®0) in the center-of-mass frame by assuming that all the available energy is channeled
into product translational energy. The yellow shaded area represents the range of laboratory

angles, @, explored in this experiment.
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Figure 4. Representative TOF distributions (a) and relative angular distribution (b) observed for the non-
reactively scattered N-atom products at m/z = 14 with (Econ) = 77.5 kcal mol ™. The black solid lines
superimposing the raw data (yellow circles) in (a) and (b) represent the best-fit curves, which are calculated
from the forward convolution of the ¢c.m. translational energy and angular distributions depicted in (¢) and
(d), respectively. The shaded blue areas shown in (c) and (d) correspond to 0.95 confidence limits, while
the gray shaded regions indicate the detection limit for N-atom products in the ¢.m. angular range, where 6

= 0° corresponds to the direction of the incident N atoms.
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Figure 5. Representative TOF (a,b,c) and angular (d,e,f) distributions in the laboratory frame for
the reactively scattered NO products at m/z = 30 with {E,u) = 109.5 kcal mol™!. The black solid lines
superimposing the raw data (yellow circles) in (a) and (d) represent the best-fit curves, which are
calculated from the forward convolution of the c.m. translational energy and angular distributions
depicted as black curves in Figure 6. The green solid lines superimposing the raw data (yellow
circles) in (b) and (e) represent the QCT simulation curves that are calculated from the forward
convolution of the c.m. translational energy and angular distributions from PES-I, depicted as green
solid lines in Figure 6. The red solid lines superimposing the raw data (yellow circles) in (c) and (f)
represent the QCT simulation curves that are calculated from the forward convolution of the c.m.
translational energy and angular distributions from PES-II, depicted as green solid lines in Figure
6. In (a), (b), and (c) the single contributions from NO formed on the quartet (Q) and doublet (D)
PESs are also shown.
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Figure 7. Center-of-mass velocity-flux maps for NO products of the N + O, reaction. (a), (b), and (c)
were derived from the forward convolution method by using the c.m. translational energy and angular
distributions derived from PES-I, PES-II, and the experiment, depicted in Figure 6 as green, red, and
black curves, respectively. (d) and (e) are c.m. velocity-flux maps derived from PES-I and PES-II,
respectively, without assuming that the P(Et) and 7(0) distributions are independent functions that can
be factorized as P(Et) and 7(#), which has been assumed in (a), (b), and (c). In each panel, the arrows
correspond to the initial velocity vectors of the reactants, and the radius of the dashed circle represents
the maximum recoil velocity for the observed molecular product, given the constraints of energy and
momentum conservation. The maximum flux for each ¢.m. velocity-flux map has been normalized to
the associated area. The c.m. velocity-flux maps in (a), (b), (d), and (¢) were obtained by weighting the
c.m. functions according to the statistical spin weight for the quartet (2/3) and doublet states (1/3). The
weighting for the ¢c.m. velocity-flux map in (¢) was the experimental best-fit weighting of 67% and 33%
for the assumed quartet and doublet states, respectively.
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Figure 8. Contour plots of PES-I and PES-II for the 12A’ and 1*A’ states as a function of the Rno and Roo
distances, with the angle between the N-O and O-O vectors optimized along the N + OO approach. The

energy is given in kcal mol! with the zero of energy defined at the NO + O asymptote.
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Figure 9. Contour plots of PES-1 and PES-II for the 1A’ and 1*A’ states as a function of 7 (the O-O distance)
and R (the distance between N and the c.m. of O), with the Jacobi angle fixed at 90°. The energy is given

in kcal mol! with zero defined as the NO + O asymptote.
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Figure 10. Cuts of PES-I (dashed lines) and PES-II (solid lines) for the 1?A” and 1*A’ states in the N + O
(left panels) and O + NO (right panels) Jacobi coordinates with the corresponding diatomic distances fixed

at the asymptotic values. The energy is given in kcal mol! with zero defined in the respective asymptote.
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Figure 11. State-specific and weighted NO vibrational (left panels) and rotational (right panels)

distributions calculated on PES-I (green) and PES-II (red).
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Figure 12. Correlation of the impact parameter and scattering angle for the reactive channel on

doublet and quartet states of PES-I and PES-IIL.
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Figure S1. (a) Experimental best-fit c.m. velocity-flux map for NO products using the c.m. distributions
depicted in Figure 4c,d. (b) QCT-calculated c.m. velocity-flux map from PES-I. (¢) QCT-calculated c.m.
velocity-flux map from PES-II. In each panel, the arrows correspond to the initial velocity vectors of the
reactants, and the radius of the dashed circle represents the maximum recoil velocity for the N-atom product,
given the constraints of energy and momentum conservation. In each panel, the maximum flux has been

normalized to a value of 1.0.
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Figure S2. Representative TOF distributions in the forward (a) and sideways-backward (b) directions for
the “N'O products at m/z = 30 with (Ea.) = 109.5 kcal mol™. (¢) Laboratory angular distribution detected
for the same m/z ratio. The black solid lines superimposing the raw data (yellow circles) represent the

overall best-fit curve calculated from the forward convolution of the c.m. translational energy and angular

distributions depicted Figure S3.
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Figure S3. Best-fit c.m. translational energy (a) and angular (c) distributions (for the NO product) when

only a single pair of these c.m. distributions is used.
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Figure S4. Representative TOF distributions collected in the forward (a) and sideways-backward (b)
directions for NO products detected at m/z = 30 with (E,i) = 109.5 kcal mol!. The black solid lines
superimposing the raw data (yellow circles) in (a) and (b) represent the overall best-fit curves calculated
from the forward convolution of the c.m. translational energy and angular distributions depicted in Figure
6. The contributions of the two sets of c.m. distributions in Figure 6 to the TOF distributions are shown

with their corresponding labels, D for the doublet (solid line) and Q for the quartet curve (dashed line).
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Figure S6. Experimental and predicted laboratory TOF (a,b) and angular (c,d) distributions for the N-atom
product, with the predicted distributions from PES-I (green) and PES-II (red) superimposing the
experimental data (yellow symbols). The predicted distributions were derived by the forward convolution

of the corresponding c.m. translational energy and angular distributions in Figure 6.
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Figure S7. State-specific and weighted NO vibrational (left) and rotational (right) distributions calculated
on PES-II, the red lines are the hard ZPE results.
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Figure S8. Variation of bond lengths with time for several trajectories. (a) Abstraction mechanism
on doublet PES-II, (b) Abstraction mechanism on quartet PES-II, (c) Insertion mechanism on
quartet PES-II.
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