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The dynamics of the H-displacement channel in the reaction N(?D) + CH, has been investigated by the
crossed molecular beam (CMB) technique with mass spectrometric detection and time-of-flight (TOF) analysis
at five different collision energies (from 22.2 up to 65.1 kJ/mol). The CMB results have identified two distinct
isomers as primary reaction products, methanimine and methylnitrene, the yield of which significantly varies
with the total available energy. From the derived center-of-mass product angular and translational energy
distributions the reaction micromechanisms, the product energy partitioning and the relative branching ratios
of the competing reaction channels leading to the two isomers have been obtained. The interpretation of the
scattering results is assisted by new ab initio electronic structure calculations of stationary points and product
energetics for the CH4N ground state doublet potential energy surface. Differently from previous theoretical
studies, both insertion and H-abstraction pathways have been found to be barrierless at all levels of theory
employed in this work. A comparison between experimental results on the two isomer branching ratio and
RRKM estimates, based on the new electronic structure calculations, confirms the highly nonstatistical nature
of the N(*D) + CH, reaction, with the production of the CH3N isomer dominated by dynamical effects. The

implications for the chemical models of the atmosphere of Titan are discussed.

1. Introduction

Chemical reactions involving atomic nitrogen are of relevance
in a variety of natural environments, such as the upper terrestrial
atmosphere! and the atmospheres of other planets,? and applied
processes, where molecular nitrogen is deliberately introduced
or present because it is the main component of air. Notable
examples are plasma-induced chemical vapor deposition of
nitrogen-doped diamond® and metal nitrocarburizing* using
afterglow plasma or combustion in air.> Although kinetic studies
are available!* and reaction mechanisms have been speculated
from rate constants, a better knowledge of the reactive behavior
of atomic nitrogen requires an investigation at the level of
reaction dynamics. The capability achieved in our laboratory
to generate intense continuous supersonic beams of atomic
nitrogen® has opened up the possibility of studying the reactive
scattering of this species in crossed molecular beam (CMB)
experiments with mass-spectrometric (MS) detection.”!2
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In recent years, we have investigated’ '? several reactions
of N atoms in their first excited metastable state, 2Ds 3> (energy
content: 230.0 kJ/mol; radiative lifetimes of >Ds, and *Ds, are
6.1 x 10*and 1.4 x 10° s, respectively'?). Notwithstanding its
high energy content, the metastable character of N(°D) and the
much larger rate constants of its reactions with respect to those
of N(*S)!*!4 (especially when the reactive partner is a closed-
shell molecule) suggest a potential role of this species in the
above-mentioned chemical environments, similarly to the case
of O('D) as opposed to OCP). For instance, the presence of
NCD) in the flame front has been invoked to explain chemi-
ionization in ammonia/oxygen flames.'> N(°D) was found to be
the main product of the combustion reaction O*°P) + CN'¢ and
similar chemical production of N(®D) can probably occur to a
significant extent in combustion and plasma systems since few
reactants adiabatically correlate with the quartet state. For
instance, the initiation chain reaction of the prompt NO
mechanism, CH + N, — HCN + N, can form N(*S) only
through a doublet-quartet intersystem-crossing (ISC),!” which
was found to have a low probability,'® while the same reactants
adiabatically correlate with N(?D). In particular, the reactions
of N(*D) with simple hydrocarbons can be relevant in several
discharge-induced processes, especially in chemical vapor
deposition of nitrogen-doped diamond starting from N,/CH4
mixtures,” and in the chemistry of nitrogen dominated planetary
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atmospheres, such as that of Titan where a significant presence
of methane and other hydrocarbons has been established.'®~2*

We have already reported on the investigation of the reaction
dynamics of N(*D) with the unsaturated hydrocarbons acetylene’
and ethylene.® For the two systems, we have been able to
establish the main reaction primary products, that is, cyanom-
ethylene and its cyclic isomer in the case of the N(?D) + C,H,
reaction’ and 2H-azirine and ketenimine in the case of the N(’D)
+ C,H, reaction.® For both reactions, the micromechanism
involves the formation of bound intermediates, initially formed
by the addition of the electrophilic N(*D) to the 7 cloud of the
unsaturated hydrocarbon. We have also studied the reaction
N(D) + Hy(D,) — NH(ND) + H(D),'®!" one of the few simple
triatomic reactions for which accurate quantum dynamical
calculations are available.'? In this case, the reaction mechanism
is quite different, being dominated by the insertion of N(°D)
into the o bond of molecular hydrogen.

Here we present an extension of the experimental investiga-
tion of another N(’D) reaction, that is the reaction N(°D) +
CH4('A}). The thermodynamically allowed channels are

N(D) + CH,('A,) — CH,NH('A") + H(*S)
AH) = —321.2kJ/mol (la)

— CHNH,('A) + H(S)
AHy = —172.0kJ/mol  (Ib)

— NH(CZ") + CH,(*A,”)
AH) = —126.1kJ/mol (Ic)

— CH,NCA,) + H(S)
AH) = —94.5kJ/mol (1d)

— NH,(°B,) + CH,(’B,)
AH) = —54.6KJ/mol  (le)

— CH,NH(CA”) + H(S)
AH) = —43.7kJ/mol (1f)

— CHNH,(’A”) + H(’S)
AH) = —30.1kJ/mol (1g)

— NH,(°B,) + CH,('A))
AH) = —16 kJ/mol  (1h)

where the enthalpies of reactions reported are those calculated
in the present work (see below).

Previous studies have allowed to determine the rate constants
at room temperature’>~?7 and in the range 223—298 K?® (the
recommended'* room temperature rate constant is 4.0 x 107!2
cm® molecule™! s7"). The nascent rovibrational distributions of
NH/ND products from the N(*D) + CH4/CD, reactions have
been characterized in laser-induced-fluorescence experiments
by Umemoto et al.,> who concluded that the NH product is
formed by an insertion mechanism rather than abstraction,
because of the similarity with the analogous reaction O('D) +
CHj,. In a successive spectroscopic study,*® Umemoto et al. also
furnished the absolute yield of NH and H products, which were
determined to be 0.3 £ 0.1 and 0.8 £ 0.2, respectively. Among
the three possible H-displacement channels (leading to metha-
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nimine, CH,NH, aminomethylidene, CHNH,, and methylnitrene,
CH;N) the authors suggested channel la to be the dominant
one on the basis of the energy release derived from H/D Doppler
profile measurements which imply an average translational
energy of ~80 kJ/mol. Some theoretical work is also available
on reaction la, including ab initio calculations of the lowest
CH,N doublet potential energy surface (PES)?' 3% at different
levels of theory and partial direct ab initio classical trajectory
calculations.* There is no consensus on the favorite reaction
approach: Takayanagi and co-workers*'*23* have derived an
entrance barrier for both N(?D) insertion and direct H-abstrac-
tion, with the former being lower than the latter; the calculations
by Jursic, instead, have provided a lower barrier for the
H-abstraction mechanism.*?

In our laboratory, we have performed a systematic study of
the N(°D) + CH, reaction as a function of collision energy by
means of the CMB technique. One of the aims of our study is
to elucidate whether the channel leading to CH,NH + H is the
only active H-displacement pathway, as suggested by Umemoto
et al.’® Preliminary results obtained at a collision energy (E.)
of 37.2 kJ/mol have already been published’ and the consequent
implications for the atmospheric chemistry of Titan and prebiotic
chemistry commented on.!>* Here we give a complete report
of the experimental results at four other collision energies, with
also a partial reanalysis of the published data at 37.2 kJ/mol.
To clarify whether the favorite reaction mechanism is insertion
or H-abstraction, the CMB-MS results are accompanied by new
theoretical calculations of the stationary points of the relevant
CH4N potential energy surface (PES) at the B3LYP and
CCSD(T) levels of theory, with thermochemical calculations
also performed at the W1 level. RRKM estimates of the product
branching ratios (BR) using the newly developed PES have also
been performed and compared with our and previous BR
results.’®*! The importance of this reactive system for the
chemistry of the atmospheres of Titan and solar planets will
also be assessed.

2. Experimental Section

The scattering experiments were carried out by using a
crossed molecular beam apparatus that has been described in
detail elsewhere.*® Briefly, two well-collimated, in angle and
velocity, continuous supersonic beams of the reactants are
crossed at 90° in a large scattering chamber with background
pressure in the 1077 mbar range, which assures the single
collision conditions. The detection system consists of an electron
impact ionizer, a quadrupole 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~'! mbar
pressure range in operating conditions by extensive turbo- and
cryopumping. 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) measurements.

The study of reaction la has been possible following the
development in our laboratory of a continuous supersonic beam
of nitrogen atoms containing, in addition to the electronic ground
state *S, a sizable amount of the excited, metastable state 2D.
Atomic nitrogen beams have been generated by the high-
pressure radio frequency discharge beam source successfully
used in our laboratory over a number of years to generate intense
supersonic beams of atoms and radicals.®**" In the present
series of experiments, we have used a 0.23 mm diameter quartz
nozzle and a boron nitride skimmer (diameter 0.9 mm) located
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TABLE 1: Beam Characteristics at the Five Collision Energies Investigated (p = Stagnation Pressure, P,,, = Nominal RF
Power, v = Beam Velocity, SR = Beam Speed Ratio, T},,,, = Temperature)*

N beams CH, beam
gas mixture p (mbar) Prom (W) v (m/s) SR gas mixture p (bar) Toom (K) v (m/s) SR E. (kJ/mol)
N»(2%)/He(29%)/Ne 225 310 1945 7.2 pure CHy 4.25 540 1469 7.1 22.2
N»(2.5%)/He 240 310 2607 5.7 pure CHy 2.5 300 1083 7.1 29.7
N»(2.5%)/He 245 310 2646 8.2  pure CHy 3.75 660 1683 6.8 37.2
N»(2.5%)/He 280 315 2766 8.6  CH4(25%)/H, 3.25 295 2189 11.2 46.4
N»(2.5%)/He 230 310 2728 8.2  CHy(5.5%)/H, 3.25 660 3161 14.3 65.1

“ See text for details.

at a distance of 5.5 mm from the nozzle. The beam was further
collimated by a rectangular slit to an angular divergence of 2.3°.
Starting from a mixtures of N, (2.5%) in He or a mixture
N2(2%)/He(29%)/Ne, 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:® 72% of the N atoms were
found in the ground *S state, and 21% and 7%, in the metastable
excited 2D and 2P states (the latter lying 343.5 kJ/mol above
the ground state'?). The use of nitrogen atom beams that contain
also N(*S) and N(*P) does not represent a complication in the
present experiments because the rate constant for the N(*S)
reaction is unmeasurably small*® while the N(*P) decay rate
constant is smaller?®3’ than that for N(°D) by a factor of 40—60
and is believed to be due essentially to physical quenching.*

In these experiments, different carrier gas mixtures and RF
discharge operating conditions were used to achieve different
beam velocities. The beam conditions and parameters of the
nitrogen beams used in the present experiments are listed in
Table 1.

The beams of CH4 were produced by supersonic expansion
through a 70 um stainless-steel nozzle of pure CH, (stagnation
pressure varied from 2.5 to 4.25 bar) or a mixture of CH4/H, to
increase the beam velocity. To vary the beam translational
energy, the nozzle was also resistively heated in some experi-
ments. The nominal temperature was read by a thermocouple
placed close to the tip of the nozzle. Beam conditions and the
relative peak velocities and speed ratios are also listed in Table
1. The beams were skimmed by a 1 mm stainless-steel skimmer
and the beam angular divergence was about 6°.

The resulting five collision energies at which reactive
scattering measurements have been performed are listed in Table
1. In addition to those experiments, to verify that the heating
of CH,4 does not affect the reaction mechanism, we have repeated
the experiment at 37.2 kJ/mol by using the same N beam and
a room temperature beam of a mixture of CH, and H, in such
a percentage (17%) that it had the same speed as that of pure
CH,; beam at 660 K. The two sets of measurements were
identical within the experimental uncertainty, so implying that
the heating of methane and the possible vibrational excitation
do not significantly affect the reactive scattering distributions.

Reaction products could be detected at mass-to-charge ratios,
mlz, of 29 (CH3;N™T) and 27 (CHN™), while we could not operate
at m/z = 28 because of the high inherent background signal at
this mass-to-charge ratio and a strong interference from the
undissociated N, coming from the nitrogen beam. The reactive
scattering signal at m/z = 29 was also very noisy (probably
because the quadrupole could not filter completely the contigu-
ous very intense m/z = 28 signal) and affected by the
undissociated N, from the beam containing one atom of the
5N isotope. As a matter of fact, we only recorded the m/z =
29 angular distribution at two collision energies (37.2 and 46.4

kJ/mol) and verified that the m/z = 27 and m/z = 29 distributions
were superimposable within the experimental error bars. This
indicates that the signals recorded at m/z = 27 and m/z = 29
are due to the daughter HCN™ and parent CH;N* ions formed
in the electron impact ionizer from the same neutral parent
molecule(s) with gross formula CH;N. Because of the better
signal-to-noise ratio, all the final measurements were carried
out at m/z = 27. The m/z = 27 laboratory angular distributions,
N(®), were obtained by taking at least six scans of 50 s counts
at each angle. An attempt to detect products from channel lc
failed, as both NH and CHj products are characterized by a
parent ion at m/z = 15 where a strong interfering signal was
caused by both the atomic nitrogen (through the isotope '°N)
and methane (through dissociative ionization to CH;%) beams.

The nominal angular resolution of the detector for a point
collision zone is 1°. The secondary target beam (CH4 beam)
was modulated at 160 Hz with a tuning fork chopper for
background subtraction. Velocity analysis of the beams was
carried out by conventional “single-shot” time-of-flight (TOF)
techniques, using a high-speed multichannel scaler and a
CAMAC data acquisition system controlled by a personal
computer. Velocity distributions of the products were obtained
at selected different angles using the cross-correlation TOF
technique with four 127-bit pseudorandom sequences. High-
time resolution was achieved by spinning the TOF disk, located
at the entrance of the detector, at 393.7 Hz corresponding to a
dwell time of 5 us/channel. The flight length was 23.6 cm.
Counting times varied from 30 to 160 min depending upon
signal intensity.

The scattering measurements have been carried out in the
laboratory (LAB) system of coordinates, while for the physical
interpretation of the scattering process it is necessary to
transform the data (angular, N(®), and time-of-flight, N(©®,r)
distributions) to a coordinate system which moves with the
center-of-mass (CM) of the colliding system. Because of the
finite resolution of experimental conditions, i.e., finite angular
and velocity spread of the reactant beams and angular resolution
of the detector, the LAB-CM transformation is not single-valued,
and therefore, analysis of the laboratory data is carried out by
the usual forward convolution procedure, i.e., trial CM angular
and velocity distributions are assumed, averaged and trans-
formed to the LAB for comparison with the experimental data
until the best fit of the LAB distributions is achieved.

3. Computational Details

The potential energy surface of the system N(°D) + CH,4 was
investigated by locating the lowest stationary points at the
B3LYP* level of theory in conjunction with the correlation
consistent valence polarized set aug-cc-pVTZ.*! At the same
level of theory we have computed the harmonic vibrational
frequencies to check the nature of the stationary points, i.e.,
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minimum if all the frequencies are real, saddle point if there is
one, and only one, imaginary frequency. The assignment of the
saddle points was performed using intrinsic reaction coordinate
(IRC) calculations.*? Finally, the energy of all the stationary
points was computed at the higher level of calculation CCS-
D(T)*® using the same basis set aug-cc-pVTZ. Both the B3LYP
and the CCSD(T) energies were corrected to 0 K by adding the
zero point energy correction computed using the scaled harmonic
vibrational frequencies evaluated at B3LYP/aug-cc-pVTZ level.
The energy of N(*D) was estimated by adding the experimental'®
separation N(*S)—N(’D) of 230.0 kJ/mol to the energy of N(*S)
at all levels of calculation. Thermochemical calculations were
performed at the W1 level* of theory. All calculations were
performed using Gaussian 03* while the analysis of the
vibrational frequencies was performed using Molekel.*

4. RRKM Calculations

We have performed RRKM calculations on the N(D) + CH,
system, using a code developed for this purpose. In accordance
with the RRKM scheme,*’ the microcanonical rate constant for
a specific reaction at a specific total energy (hereby denoted by
k(E)) is given by the expression

Nrs(E)
pLE)

k(E) =

where Nps(E) stands for the number of states (orthogonal to
the reaction coordinate) open at the transition state at an energy
E, and p,(E) denotes the reactant density of states at the same
energy. Regarding the total angular momentum (J), the system
was assumed to be described by a distribution of J states
between 0 and 30, where each value of J is weighted by a factor
proportional to its corresponding density of states at the energy
concerned. We have noted that, even though the J distribution
can influence considerably the absolute value of the rate
constants, it only has a minimal effect on the BR.

The rotational densities of states, both for the reactants and
for the transition states, were calculated using an inverse Laplace
transform of the corresponding partition functions. Subsequently,
the rotational densities of states were convoluted with the
corresponding vibrational ones using a direct count algorithm.
Finally, the density of states for the transition state was
appropriately integrated with respect to the energy to produce
the sum of states required. Given the high energies used with
respect to all transition states, no tunneling contributions were
included.

In the cases of “loose” transition states (monotonic dissocia-
tion channels), we performed ab initio and RRKM calculations
at various points along the reaction coordinate, choosing as a
transition state the point yielding the minimum value of the rate
constant in accordance with the variational (VTST) approach.
However, for the present system, spurious barriers were noted
near the exit channels of some dissociation processes, which
were due to interference of the first excited doublet electronic
state. With this in mind, we have also performed calculations
where the transition state was assumed to be the products at
infinite separation.

5. Results and Analysis of Reactive Scattering
Experiments

In Figures 1—5 are shown the m/z = 27 angular distributions in
the LAB system obtained at the collision energies E.; = 22.2 kJ/
mol, E, = 29.7 kJ/mol, E; = 37.2 kl/mol, E.4 = 46.4 kJ/mol
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Figure 1. Laboratory angular distributions recorded at m/z = 27 for
the reaction N(?°D) + CH, at E. = 22.2 kJ/mol. Error bars, when visible
outside the dots, represent 1 standard deviation from the mean. The
circles in the Newton diagram delimit the maximum velocity that the
CH,NH (dotted), CHNH, (dashed-dotted), and CH3N (dotted) products
from channels 1a, 1b, and 1d, respectively, can attain if all the available
energy is channeled into product translational energy. The solid line is
the total N(®) calculated when using the best-fit CM angular and
translational energy distributions of Figure 9; the separated contributions
of channel la (dotted line) and channel 1b and 1d (dashed line) are
also indicated.
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Figure 2. Same as Figure 1, but at E. = 29.7 kJ/mol.

and E.s = 65.1 kJ/mol with the corresponding Newton diagrams.
The error bars (representing £1 standard deviation) are also
reported when they exceed the size of the dots indicating the
intensity averaged over the different scans. In the Newton diagrams
of Figures 1—5 are also shown the Newton circles relative to the
three possible isomers CH;N (channel 1d, dashed lines), CHNH,
(channel 1b, dashed-dotted lines), and CH,NH (channel 1a, dotted
lines) in the assumption that all the available energy is converted
into product translational energy. The Newton circles delimit the
LAB angular range within which each specific isomer can be
scattered. The quite different exothermicity of the three channels
imply a different extension of the Newton circles and of the relative
scattering angular ranges.

TOF spectra at m/z = 27 were measured at selected LAB
angles at E; = 29.7 kJ/mol, E; = 37.2 kJ/mol, and E.4 = 46.4
kJ/mol (see Figure 6—8), while no TOF spectra were recorded



11142 J. Phys. Chem. A, Vol. 113, No. 42, 2009

— T —
0 I ® m/z=27
‘1.0 — best-fit
S5 - — - CHyN+H
I N R T CH,NH+H
@©
~05 -
’®‘ N CH,
Z ol I

0.0 —

0 30 60 90

LAB scattering angle, © /deg

500 m/s
—
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Figure 4. Same as Figure 1, but at E. = 46.4 kJ/mol.

at £, = 22.2 kJ/mol and E.s = 65.1 kJ/mol because of the
lower signal-to-noise ratio of these sets of data (~30 as opposed
to ~70—80 of the other experiments).

At first view, the LAB angular distributions reported in
Figures 1—5 appear to be quite different, but such a difference
is largely related to the different kinematics of the five
experiments. Particularly, the acceleration of the CH4 beam,
achieved either by heating the pure gas or by using a CH4/H,
mixture, drastically modifies the kinematics of the experiments
and hence the position of the center-of-mass velocity vector,
the extent of the Newton circles and the width of the angular
distributions. In spite of the apparent differences, the angular
distributions share substantial similarities. In all cases the
product flux is distributed on both sides of the CM angle, Ocy.
This feature by itself might suggest that the reaction mechanism
is dominated by the formation of bound intermediates. The LAB
angular distributions recorded at E.; and E., exhibit a clear
preference for forward scattering, which diminishes with the
increase of E. until it disappears at the highest collision energy
investigated. Also, if one refers to the extent of the Newton
circles of each experiments, it can be noted that the width of
the angular distributions is more in line with the most exothermic
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Figure 6. Time-of-flight distributions of the CH3;N products (open
circles) detected at m/z = 27 for the reaction N(?D) + CH, at E. =
29.7 kJ/mol at the indicated LAB angles. Solid lines represent the TOF
distributions calculated from the best-fit CM functions reported in Figure
9. The separated contributions of channel (1a) (dotted lines) and channel
(1b)/(1d) (dashed lines) are also indicated.
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Figure 7. Same as Figure 6, but at E. = 37.2 kJ/mol.

channel 1a at the low collision energy of 22.2 kJ/mol, while it
becomes progressively more in line with the least exothermic
channel 1d with the increase of the collision energy. The
observed trends imply that two different reaction mechanisms
are at play, which can be attributed to at least two different
reaction channels and the importance of which is varying with
the available energy. In particular, the most exothermic channel
predominates at the lowest collision energies and is characterized
by some forward scattering preference, while the least exother-
mic channel dominates at the highest E. investigated and is
characterized by more isotropic angular distributions. Similar
features are also reflected in the TOF data, where the TOF
spectra recorded at angles smaller than ©Ocy have a fast
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Figure 8. Same as Figure 6, but at E. = 46.4 kJ/mol.

TABLE 2: Best Fit Relative Weights, o. = w;/w,, of the Two
Contributions Associated with the CH;N/CHNH, and
CH,NH Channels”

best-fit a values uncertainty E. (kJ/mol)
1.33 +10% 22.2
0.8 +10% 29.7
0.25 +20% 37.2
0.1 +20% 46.4
0.03 +100% 65.1

¢ See text for details.

components which is absent for those recorded at the right of
®cy for the experiments at E, and E.3, while they are essentially
unimodal for the experiment at E.4.

The presence of two contributions has been confirmed during
the data analysis, as the fit of the LAB distributions could not
be obtained unless two different sets of CM functions were used.
In the forward convolution trial and error fitting procedure the
CM product flux was expressed according to

Icpn(0, (E'p) = w T(0), P(E'p), + w,1(0), P(E';),

where T(0),, T(6), and P(E'1)1, P(E'1), are the CM angular and
translational energy distributions associated, respectively, to the
two contributions. The coefficients w; and w, are the relative
weights of the two contributions and were treated as adjustable
parameters during the fitting procedure. The best-fit wy/w,
values, indicated with the symbol a in the rest of the paper, are
reported in Table 2. As can be seen, they vary significantly with
E. and the contribution of the more exothermic channel
significantly decreases with increase of collision energy. Ac-
cording to the energetics of the reaction channels, the more
exothermic contribution is clearly attributable to CH,NH forma-
tion channel 1a, while the less exothermic contribution can be
attributed to either the CH;N or CHNH, formation channel. In
Figures 1—8 the continuous curves represent the global best-fit
of the experimental data, while the dashed and the dotted lines
represent the contributions of the CH;N/CHNH, + H and
CH,NH —+ H channels, respectively. The best-fit CM distribu-
tions are reported in Figure 9 (dotted lines refer to the CH,NH
channel, dashed line to the CH3N + H/CHNH, + H channel).

The best-fit CM angular distributions associated to channel 1b
and 1d are isotropic at all collision energies investigated. Slightly
polarized backward—forward symmetric CM angular distributions
still afford an acceptable fit of the experimental distributions. This
feature is consistent with the formation of a bound intermediate.
Also the best-fit product translational energy distributions associated
to this channel exhibit about the same characteristics. The fit of
both angular and TOF distributions was particularly sensitive to
the rise and peak shape of P(E’r), while it was less sensitive to its
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Figure 9. Best-fit CM product (left column) angular and (right column)
translational energy distributions at the indicated collision energies.
Dotted lines refer to channel (1a); dashed lines refer to channels (1b)
and (1d). The arrows in the right panels indicate the total energy
available to the products for the three channels leading to the isomers
CH;N, CHNH,, and CH,NH.

high energy cutoff. This is an important issue for the attribution of
these sets of CM functions to channel 1b rather than 1d. All the
best-fit P(E'r)’s end within the maximum available energy of
channel 1d, but we have performed some sensitivity tests and found
that if we add a tail with an intensity less than 0.1 up to the
maximum energy available for channel 1b, the fit of the experi-
mental distributions is not particularly affected. Nevertheless, even
though we cannot exclude that channel 1b contributes to some
extent, the global shapes of the P(E’r)s are more in line with the
energetics of channel 1d. In the assumption that only channel 1d
contributes, the average product translational energy, defined as
(E'ty = ZP(E'T)E't/ZP(E'7) corresponds to a fraction, fr, of the
total available energy (Ew = E. — AH®,, where the theoretical
value of AH®, = —94.5 kJ/mol is used) of 0.40 at E.; and E.,,
which rises up to 0.47 at E, E4, and Ecs.

The best-fit CM angular distributions derived for the CH,NH
channel are quite different, as they show a distinct preference
for the forward hemisphere. Interestingly, the best-fit 7(6) at
the lowest E; has some intensity in the entire angular range
and is characterized by a sharp peak at = 0°. At E,, the best-
fit 7(0) has a tail extending up to 150° and the forward peak
becomes more rounded. At E., the tail extends only up to
110—120°, while at E.4 and Es the tails extend up to 90° and
the forward peak is quite rounded. The sensitivity to the shape
of the CM angular distribution is quite high for the low E;
experiments, where this contribution dominates or is quite
important, while it is much lower at the highest E. where the
its importance becomes much smaller. As far as the best fit
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P(E’r)’s for the CH,NH channel are concerned, they are quite
similar for the experiments at E,, — E.s, while in the best-fit
P(E’7) for the experiment at E.; there is a shift in the peak
position toward lower E’r values. We recall, however, that at
this low E. we did not record TOF spectra because of the low
signal-to-noise ratio, and therefore, the determination of the
product CM translational energy distribution is affected by some
uncertainty. The fraction, fr, of the total available energy (where
the theoretical value of AH°y = —321.2 kJ/mol is used) is 0.34
at E.; and 0.47 for the experiments at the other collision energies.

The best-fit a values reported in Table 2 are also affected by
some uncertainty. They might vary by +=10% at the two lowest
E. investigated and +20% at E ; and E4. The sensitivity at the
highest collision energy investigated is relatively small and the
best-fit value of o can be varied by £100%. The previously
reported”!? best-fit value of o at 37.2 kJ/mol was affected by a
numerical error in the determination of the relative weights. It
should be noted that we have derived the relative importance
of the two channels from the LAB scattering measurements at
mlz = 27, that is from the distribution of the daughter ion HCN™
originating from CH,NH and CH;N/CHNH, parent molecules.
The fragmentation pattern of CH,NH, CH;N, and CHNH, are
not known. Nevertheless, the observation that the m/z = 27 and
29 angular distributions are superimposable implies that the
fraction of CH,NH and CH;N/CHNH, which ionize to HCN*
in the ionizer is the same and that the branching ratios derived
at m/z = 27 are representative of the BR of the neutral parent
molecules.

6. Computational Results

The potential energy surface of N(*D) + CH, has been
investigated at the ab initio level. The lowest stationary points
localized on this surface have been reported in Figure 10, where
the main geometrical parameters (distances/A and angles/deg)
are shown together with the energies computed at B3LYP/aug-
cc-pVTZ, CCSD(T)/ aug-cc-pVTZ and W1 level, relative to
that of CH,NH,, which is the most stable isomer at all levels
of calculation. The energy changes and barrier heights computed
at 0 K with inclusion of the zero point energy correction for
the main isomerization and dissociation processes are reported
in Table 3, while a schematic representation of the potential
energy surface of the N(*D) + CH, system is shown in Figure
11. For the sake of simplicity in Figure 11 we have reported
only the relative energies computed at the W1 level, while in
Table 3 we have reported the values computed at all levels of
calculation for comparison purposes. The total energies, the
geometrical parameters, and the vibrational frequencies of all
the stationary points (minima and saddle points) are provided
as Supporting Information (Table S1). Many of the stationary
points of interest in this work have been previously reported
by Kurosaki et al.*! and Jursic.>* Kurosaki et al. optimized the
geometries at MP2(full)/cc-pVTZ level of theory and computed
the energies at PMP4(full,SDTQ)/cc-pVTZ level while Jursic
performed mainly CBS-Q calculations. The products methylni-
trene*® and methanimine® have also been previously character-
ized at different levels of calculations. The agreement of our
work with previous results is generally good, the differences
being due to the different methods employed in this work.

In the following paragraph we will discuss our results; for
simplicity we will refer only to the most accurate results, i.e.,
W1 results. The B3LYP and CCSD(T) values, however, are
reported in Figure 10 and Table 3. From Figure 11 we can see
that the interaction of N(>D) with CH, gives rise to the species
CH;NH, which is more stable than the reactants by 445.9 kJ/
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Figure 10. B3LYP optimized geometries (A and deg) and relative
energies (kJ/mol) at 0 K of minima and saddle points localized on the
PES of N(>D) + CH,. CCSD(T) and W1 relative energies are reported
in parentheses.

mol at W1 level. For this insertive approach we have found a
saddle point that is, however, below the reactants at both B3ALYP
and CCSD(T) levels of calculation. We were not able to
compute the energy of this point at the W1 level. The presence
of saddle points below the reactants has already been observed
for very exothermic reactions, in particular involving methane.>
However, since we were not successful in localizing a stable
initial complex, the energy of this saddle point does not seem
to be very meaningful. We tried also to localize this saddle point
at the MP2 level of calculations, but we did not succeed.
Notably, this saddle point was computed at several levels of
calculations by Takayanagi et al.>'*? and their best estimate for
the barrier height was calculated to be 5.3 kJ/mol above the
reactants.’> Such a barrier height, however, is still too high to
account for the rate constant of reaction 1.2 Once formed after
N(*D) insertion into a C—H bond, CH;NH either can isomerize
to species CH,NH,, which is the most stable isomer of the NCH,4
PES, with a barrier of 152.6 kJ/mol or can directly dissociate
to CH,NH('A’) and H products through a slightly lower barrier
of 137.0 kJ/mol. The other CH3;NH dissociation channels, i.e.,
those leading to CH; + NH or CH3N + H, are both barrierless,
but they are very endothermic with respect to CH;NH, the
dissociation energies being 319.8 and 351.4 kJ/mol, respectively.
In principle, CH3N can be formed in either a triplet or a singlet
state. According to the present calculations, however, only the
triplet state is formed because singlet methylnitrene in its ground
state rearranges without any barrier to methanimine. This is in
agreement with previous experimental’' and theoretical results.>?
Also, singlet methylnitrene (a 'E) is too high in energy (AE =
1.352 & 0.011 eV)’! to be produced in the conditions of the
present experiment. The products CH; + NH can also be
reached directly from N(*D) + CH, through a hydrogen
abstraction process with a saddle point, which lies 76.6 kJ/mol



Figure 11. Schematic representation
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TABLE 3: Enthalpy Changes and Barrier Heights (kJ/mol, 0 K) Computed at the B3LYP/aug-cc-pVTZ, CCSD(T)/

aug-cc-pVTZ, and W1 Levels of Theory for Selected Dissociation and Isomerization Processes for the System N(*D) + CH,

325

AH® barrier height
B3LYP CCSD(T) W1 B3LYP CCSD(T) Wl
N(D) + CH, — CH3;NH -466.0 —427.6 -445.9 -79.3 -31.8 -
N(D) + CH, — CH; + °NH -153.2 -120.7 —-126.1 -102.0 -60.4 -76.6
CH;3;NH — CH,NH, -28.1 -24.4 -29.2 154.3 154.2 152.6
CH;NH — 'CH,NH + H 136.9 126.6 124.7 145.8 141.4 137.0
CH;NH — *CH,NH + H 387.9 398.5 402.2
CH;NH — 3CH;N + H 345.7 343.0 3514
CH;NH — CH; + *NH 312.8 306.9 319.8
CH,NH, — 'CH,NH + H 165.0 151.0 153.9 169.1 163.8 165.5
CH,NH, — 3CH,NH + H 416.0 422.9 431.4
CH,NH, — 'CHNH, + H 309.0 299.0 303.1
CH,NH, — 3CHNH, + H 439.5 437.7 445.0
CH,NH, — 3CH, + NH, 413.1 404.5 420.5
CH,NH, — 'CH, + NH, 458.8 443.6 459.1
CH2NH + H — CHNH + H, H, -50.7 -34.7 -36.4 6.2 34.2
below the reactants. Also in this case we were not able to
localize any stable initial complex. The geometry of this saddle

point is comparable to that obtained by Jursic.>* Once formed
by CH;NH isomerization, CH,NH, can also lose an H atom,
giving rise to the isomers CH,NH('A’) (with an exit barrier of
165.5 kJ/mol) or CHNH,(*A”) (in a very endothermic, 303.1
kJ/mol, barrierless process). On energetic grounds, both CH,NH
and CHNH, can also be formed in their excited triplet states
(channels 1f and 1g). Nevertheless, these excited states are
formed adiabatically along the first excited doublet CH4N PES,
the entrance barrier of which has been found to be quite higher
than that of the ground state doublet PES.3?> With the present
methods of calculations, we are not able to derive the excited
PESs and characterize the possible reactive channels along it.
CH,NH, can also dissociate into CH,(°B;,'A;) + NH,: these
barrierless dissociation channels are endothermic by 420.5 and
459.1 kJ/mol for triplet and singlet CH, formation, respectively.
Finally, we have located a small barrier (32.5 kJ/mol) for
the reaction of the CH,NH product with its cofragment H to
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produce CHNH + H,. This reaction is exothermic by 36.4 kJ/
mol. The situation appears to be quite similar to that of the
isoelectronic system O + CHj, where the products H,CO and
H formed by the dissociation of the methoxy radical intermediate
can interact further and produce HCO + H, in frustrated H loss
trajectories.>® Nevertheless, differently from the case of the O
+ CH; reaction for which indirect experimental evidence exists
that HCO + H, are formed,” we did not gain any evidence

that an H,-loss channel is contributing to the measured distribu-
tions at m/z = 27.
7. RRKM Results

RRKM calculations have been carried out for eight values
of the total energy (the zero of energy is assumed to be the
reactants N(°D) + CHy, at infinite separation). Three of these
(0.78, 1.65, and 1.45 kJ/mol) correspond to the surface tem-
perature of Titan (94 K), to the stratospheric temperature of

Titan (175 K), and to room temperature, while the other five

-16.0 'CH, + NH,

-30.1 3CHNH, + H
/-43.7 3CH,NH + H

7 -54.6 3CH, + NH,

-94.5 CH;N+H

?//C§€1cm+mH

7172.0 'CHNH, + H

1CH,NH + H

357.6 CHNH + H,

For simplicity, only the W1 relative energies (kJ/mol) are



11146 J. Phys. Chem. A, Vol. 113, No. 42, 2009

Balucani et al.

TABLE 4: Microcanonical Rate Constants for Reaction Channels of the CH;NH Intermediate, in Units of 1/s*

energy (kJ/mol) CH,NH, CH,NH + H CH; + NH(A) CH; + NH(D) CH;N + H(A) CH:N + H(D)
0.78 426 x 10" 4.28 x 10" 1.38 x 10 3.09 x 10! 1.57 x 10* 6.38 x 1010
1.45 4.28 x 101! 4.30 x 102 1.44 x 10 3.13 x 10" 2.10 x 10* 6.53 x 100
2.49 4.32 x 101 4.34 x 102 1.53 x 10 3.20 x 10! 2.68 x 10* 6.75 x 1010
222 5.03 x 10" 5.07 x 102 4.52 x 10° 4.68 x 101! 6.11 x 10° 1.23 x 101
29.7 5.32 x 10" 5.36 x 102 6.46 x 108 5.33 x 10" 1.38 x 10° 1.51 x 101
372 5.61 x 10" 5.66 x 102 9.02 x 108 6.04 x 10! 2.89 x 106 1.83 x 101
46.4 5.98 x 10" 6.03 x 102 1.32 x 10° 6.98 x 10! 6.32 x 106 2.30 x 10!
65.1 6.76 x 10" 6.82 x 102 2.63 x 10° 9.15 x 10" 2.40 x 107 3.51 x 10!

“(A) and (D) denote, respectively, the adiabatic and the diabatic assumption (see text for details).

TABLE 5: Same as Table 4, for the Reactions of the CH,NH, Intermediate

energy (kJ/mol) CH;NH CH,NH + H CHNH, + H 3CH, + NHa(A) 3CH, + NHy(D)
0.78 2.16 x 10! 3.66 x 1012 7.00 x 101° 2.01 x 10* 1.76 x 10!
1.45 2.17 x 10! 3.69 x 1012 7.09 x 101 2.35 x 10* 1.81 x 10!
2.49 2.19 x 101! 3.72 x 1012 7.21 x 101 3.39 x 10* 1.88 x 10!
222 2.60 x 101! 4.40 x 102 9.97 x 101 2.06 x 10° 3.90 x 10%°
29.7 2.77 x 10! 4.68 x 102 1.12 x 101 5.37 x 10° 4.98 x 10!
37.2 2.94 x 101! 4.96 x 102 1.25 x 101 1.20 x 107 6.26 x 10!
46.4 3.16 x 101! 532 x 1012 143 x 101 2.79 x 107 8.11 x 10%°
65.1 3.63 x 101! 6.08 x 1012 1.83 x 101 1.13 x 108 1.30 x 10!

(22.2, 29.7, 37.2, 46.4, and 65.1 kJ/mol) correspond to the
collision energies used in the present CMB experiments.

According to the present PES calculations, the H-displace-
ment channels are opened by N(?°D) insertion into a C—H bond
forming a CH;NH intermediate. This intermediate, subsequently,
can rearrange to form CH,NH,. All subsequent channels of the
reaction proceed from one or both of these intermediates, and
therefore, we have found it convenient to classify the rate
constants according to the original intermediate.

In Table 4 are shown the rate constants for the reactions
originating from CH3;NH. It can be seen that, at all energies,
the dominant channel is dissociation into CH,NH + H followed
by rearrangement into the second intermediate, CH,NH,. This
result can be easily explained by the fact that the energy barriers
for these processes are the lowest ones. As far as the other two
channels are concerned, i.e., dissociation into CH; + NH or
CH:N + H, we are faced with two possibilities. As mentioned
earlier, the calculation of intermediate points along the reaction
coordinate (for variational purposes) presents us with spurious
barriers that are due to the avoided crossing between the ground
and first excited doublet states. We have termed the results of
these calculations as “adiabatic”. On the other hand, the fact
that spin—orbit coupling has not been taken into account in our
calculations means that we are neglecting the possibility of
crossing into the quartet manifold at the point of intersection
(which lies in the product valley), thus avoiding the barrier.
Hence, we have also performed RRKM calculations where the
transition state has been assumed to lie at an infinite separation
of the products. We have termed these results as “diabatic”.

In the adiabatic case, both (1c) and (1d) channels are
negligibly slow. The BR for rearrangement into CH,NH, and
dissociation into CH,NH + H are 0.09 and 0.91, respectively,
at all energies. In the diabatic case, while the BR for rearrange-
ment into CH,NH, remains 0.08 at all energies, the BR for
dissociation into CH,NH + H moves from 0.84 at the lowest
energy to 0.81 at 37.2 kJ/mol up to 0.78 at 65.1 kJ/mol. At the
same time, BRs for the CH; + NH and CH3;N + H dissociations
move from 0.06 and 0.01 at the lowest energy to 0.09 and 0.03
at 37.2 kJ/mol up to 0.10 and 0.04 at 65.1 kJ/mol. The absolute
rate constants are qualitatively in line with those calculated by
Kurosaki et al.*! The predominance of the CH,NH + H channel
is confirmed, with a rate constant of 4.3 x 10'? s™! (compared

to 6.0 x 102! of Kurosaki et al.>"), while, in our case, the
tendency to rearrange to CH,NH, is less than in their calcula-
tions (4.3 x 10" s7! as opposed to 1.6 x 102 s™! by Kurosaki
et al.®!), leading to a smaller branching ratio for rearrangement.
Our diabatic rate constants for dissociation into CH; + NH and
CH;N + H are again in line with those of Kurosaki et al.,’!
confirming the small preference for dissociation into CHj; +
NH (reflecting the higher exothermicity of this channel com-
pared to CH;N + H).

In Table 5 can be seen the rate constants for the reactions
proceeding from the CH,NH, intermediate. As in the case of
the CH;NH intermediate, the most important of these reactions
is dissociation into CH,NH + H due to the relatively low barrier
involved. On the other hand, dissociation into the very endo-
thermic channel, CH, + NH,(*B,) is negligible at all energies,
reaching a BR of 0.01 at the three highest energies in the diabatic
case. Given the high endothermicity of this channel, a low rate
constant for its formation is in line with what is expected. Since
the only other dissociation of this intermediate, the one into
CHNH, + H, does not present any barriers due to avoided
crossings, it can be considered a “loose” transition state.
Variational RRKM calculations have been performed at various
points along the reaction coordinate and the lowest rate constant
obtained has been chosen. Dissociation into CH,NH + H largely
dominates all other channels. The branching ratio for this step
remains 0.93—0.92 at all energies. It is followed by rearrange-
ment back into CH;NH, with a constant branching ratio of 0.05.
Finally, dissociation into CHNH, + H has a branching ratio of
0.02 at all energies apart from the highest one, 65.1 kJ/mol,
where it reaches a value of 0.03. Also in this case, the absolute
rate constants are qualitatively in line with Kurosaki et al.,?!
where dissociation into CH,NH + H is seen to predominate.
The rate constant for rearrangement into CH;NH is more than
1 order of magnitude lower than that of the CH,NH + H
dissociation, whereas the ratio is around 0.5 in the case of
Kurosaki et al.! Dissociation into CHNH, + H and CH,(°B))
+ NH, are confirmed to be minor channels, with the former
one being favored. However, our absolute rate constant for the
latter channel turns out to be an order of magnitude lower than
the one predicted by Kurosaki et al.! A probable origin of this
is the higher energy associated with this channel in our
calculations.
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TABLE 6: Global Branching Ratios

CH;N + H CH,NH + H CH; + NH
energy (kJ/mol) A D A D A D

0.78 0.01 1 0.92 0.07
1.65 0.01 1 0.92 0.07
2.49 0.01 1 0.92 0.07
222 0.02 1 0.90 0.08
29.7 0.02 1 0.90 0.08
37.2 0.03 1 0.89 0.08
46.4 0.03 1 0.88 0.09
65.1 0.04 1 0.86 0.10

In Table 6 are reported the global BR for all reaction channels,
obtained by combining rearrangement and dissociation rate
constant. The BR for channels (1b), and (1d) are not reported
in the Table 6, because once we take into account the
rearrangement from the initial intermediate CH;NH to CH,NH,,
they become negligibly small.

If we compare the RRKM BR with the experimental
determinations, it is clear that both the CH;N-to-CH,NH BR
determined in the present experiments and the absolute NH yield
a room temperature determined by Umemoto et al.*® are not
correctly reproduced by RRKM calculations in none of the
approaches used. This is an additional confirmation of the
nonstatistical nature of the CH3;NH and CH,NH, dissociation
processes, previously suggested by other authors.?*3%34 In
particular, the nascent NH rovibrational distributions have been
found to be in line with the formation of an insertion intermedi-
ate (CH3;NH), which decomposes before sufficient intramolecu-
lar vibrational energy redistribution (IVR) occurs.??3%3 Since
an efficient IVR is a prerequisite for an RRKM treatment, it is
not surprising that RRKM BRs are not in line with the
experimental ones. Interestingly, also in the RRKM BRs there
is a trend with increasing E., which is qualitatively in line with
the present experimental determinations.

8. Discussion on the Reaction Mechanism

The reactive scattering results clearly indicate that products
of general formula CH;3N are formed through a N/H exchange
reaction and that the reaction mechanism is dominated by the
formation of one or more bound intermediates. The analysis of
the reactive scattering distributions demonstrated that two
reactive channels leading to CH3;N isomeric forms are active,
the importance of which varies with the total available energy.
According to the product energy release, the two contributions
can be associated with channel 1a and 1b and 1d. While the
attribution of the more exothermic contribution to the CH,NH
+ H channel is doubtless, the less exothermic contribution can
be consistent with either CH3;N formation or CHNH,, or both.
The CM angular distribution associated to channels 1b and 1d
is isotropic at all E.’s investigated, while the CM angular
distribution associated to channel la exhibits an increased
preference for forward scattering with increasing collision
energy.

Our experimental findings gain support from the character-
istics of the calculated NCH,4 PES. According to our calculations,
that are at variance with the predictions of Kurosaki et al.,?!
Takayanagi et al.,*>** and Jursic,? neither the N(?D) insertion
into one of the CH bonds of methane nor the direct H-abstraction
are characterized by an energy barrier. The dominance of an
insertion reaction mechanism, however, has been invoked to
explain previous experimental results. In particular, the nascent
NH rovibrational distributions are in line with an insertion
mechanism rather than abstraction,?*3%>* while the large absolute
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yield associated to the H-displacement channel®* can only be
explained if N(*D) mostly inserts into a CH bond of methane.
An indirect evidence of the dominance of the insertion mech-
anism comes also from the rate constants measurements’ and
product yields®® for the reactions with methane isotopomers.
Therefore, the insertion mechanism appears to be the dominant
one. An explanation for the dominance of the insertion mech-
anism can be that, even though both insertion and H-abstraction
are barrierless at the present level of calculations, the insertion
pathway is much more exothermic (leading to the CH;NH
intermediate, stabilized by 445.9 kJ/mol), while the abstraction
pathway leading to NH + CHj products is exothermic by only
126.1 kJ/mol. Notably, the insertion intermediate CH;NH resides
in a potential well that is very deep with respect to the reactants,
but not with respect to the very exothermic channel leading to
CH,NH + H. In these conditions, it is reasonable to expect that
the channel (1a) proceeds through the formation of an osculating
complex. A small exit barrier (12.3 kJ/mol with respect to
the product asymptote) is present along the minimum energy
path and this feature can account for the sizable fraction of
energy (0.37—0.42) released as product translational energy.

On the other side, our experimental findings strongly point
to a large contribution of another channel leading either to CH;N
+ H or to CHNH, + H, which cannot be reproduced by the
statistical RRKM estimates. The characteristics of the second
contribution are in line with the observation of an isotropic
backward-forward symmetric angular distribution because, due
to the reduced exothermicity of both channels 1b and lc, the
system will experience longer the potential energy well associ-
ated with the CH3NH intermediate. We have already commented
on the P(E’r) high energy cutoff, which cannot discriminate with
certainty between the two channels. Nevertheless, we note that
a large yield of the CH3N isomer and its increase with collision
energy can be adequately explained by dynamical effects. The
excess energy released during the formation of the intermediate
CH;NH, in fact, will be concentrated mainly on the two new
bonds formed by N(?D) insertion, that is, N—H and C—N. The
fission of one C—H bond—not directly involved in the insertion
process—to produce CH,NH + H requires an efficient energy
redistribution, which is not necessary in the case of N—H/C-N
bond breaking. In other words, even though the C—H bond is
weaker than the newly formed N—H and C—N bonds, the
energy released after N(°D) insertion is so high that there is a
significant probability that the stronger N—H or C—N bonds
break apart before an efficient IVR occurs. In conclusion, a
significant fraction of the CH;NH intermediates have a lifetime
that is long enough for several rotations to occur (so generating
a backward-forward symmetric angular distribution), but not
long enough for a complete IVR. Other experimental observa-
tions relative to channel 1b have suggested that the insertion
intermediate that leads to the production of NH is short-lived
and decomposes before IVR occurs.?3%* For instance, the
substantial similarity of the NH product rovibrational distribu-
tions when the reactive partner is a larger alkane (C,Hs, C3Hsg,
C(CH3;)4) has demonstrated that the NH internal states are quite
insensitive to the structure of the alkyl radical and are consistent
with the formation of a short-lived insertion intermediate.>* In
this view, both CH; + NH and CH3N + H channels become
more favored over CH,NH + H with increasing E. and total
available energy. This is exactly what we have observed in the
relative BR between CH3N and CH,NH production. Interest-
ingly, Klippenstein®® has performed some direct dynamics
simulations with the forces directly determined from B3LYP/
6-31G* evaluations at two energies comparable to those of the
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present experiments. According to these calculations, the BR
of channel 1c and 1d are much larger than those predictable on
statistical grounds and are qualitatively in line with those
reported here. The analysis of the trajectories indicates that the
increased production of CH3;N + H is related to a correlation
between the insertion and dissociation processes and that the
average time scale for the H atom loss is quite short (in
the range of 50 fs) when CH;N is formed. If the lifetime of the
intermediate is so short, other explanations for the isotropic CM
angular distribution are in order. One possibility is that the light
atomic hydrogen is frenetically wandering around while leaving
the CH;N cofragment, so that there is not a specific fission
direction. An alternative explanation is that the isotropic
distribution actually arises from the combination of several direct
micromechanisms associated to small and large impact param-
eters. This explanation appears to be less probable, because the
CM angular distribution remains isotropic in the wide range of
collision energies investigated. In conclusion, the second
contribution derived in our CMB experiments is attributable to
the methylnitrene isomer, which is formed in a fast, nonstatistical
process. The formation of CHNH, cannot be ruled out, but no
argument, either statistical or dynamic, appears to be in favor
of this reaction channel.

A comparison between our data and previous experimental
results can be made for the product translational energy release
of the H-displacement channels. The average translational
energy of ~80 kJ/mol determined by Umemoto et al.** corre-
sponds to roughly 22% of the total available energy of the most
exothermic channel (1a), that is, quite lower than the fraction
we have derived for the lowest E. experiment. Notably, if we
consider our data at E., the global average translational energy
for channels 1d and la (weighted by w; and w,, respectively)
is 88.7 kJ/mol. The experiment by Umemoto et al.** was
performed at room temperature, and therefore, both the relative
weights of the two contributions and the details of their P(E'r)’s
can be different because of the observed trend with collision
energy. Nevertheless, the agreement is such that we can argue
that also at room temperature both channels 1d and 1a contribute
to the H-displacement mechanism.

8. Implications for the Atmosphere of Titan

We now focus on the role of N(°D) and reaction la in the
chemistry of the atmosphere of Titan and on the implications
of the present experimental and theoretical results.

The atmosphere of Titan is mainly composed of molecular
nitrogen, while the second most abundant molecule is methane.”
In those conditions, it is intuitive that the formation of nitriles
(observed in trace amounts) is initiated by some reactions of
active forms of nitrogen, such as nitrogen atoms or ions, which
can be formed in the upper atmosphere from the dissociation
and ionization of the abundant parent molecule N,. Nitrogen
ions are expected to play a significant role in the ionosphere of
Titan,>*% which has recently revealed a rich chemistry,®' but
below that, since there are practically no radicals that are able
to react with undissociated N, molecules, a major role in the
formation of C—N bonds has to be played by atomic nitrogen.
The strong N, triple bond (bond energy is 9.76 V) is extremely
difficult to break and, furthermore, there are no optically allowed
excitation paths from the ground N, electronic state, X12g+, into
repulsive electronically excited states. N, dissociation occurs
by indirect paths and energetic solar photons can cause N,
photodissociation via a quite complex mechanism. The absorp-
tion of extreme ultraviolet (EUV) radiation by the N, molecule,
in fact, induces dipole-allowed excitation from the ground
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gerade state to several singlet ungerade states that undergo
strong predissociation, mainly through the crossing with dis-
sociative triplet states (see for instance refs 62—71). Detailed
information about the predissociation probabilities and product
state distributions for the excited states of N, is therefore
fundamental to establish the role of these processes in producing
atomic nitrogen in the atmosphere of Earth and other N,
dominated atmospheres, like that of Titan. At the excitation
energies of interest (between 100000 cm™!' and the first
ionization limit of 125 666 cm™!) molecular nitrogen exhibits
a complex and congested spectrum and the predissociation
mechanisms are not well characterized. Because of the different
reactivity of ground S and excited 2D atomic nitrogen and the
long radiative lifetime of the excited state, it is quite important
to characterize the N, predissociation yield to quantify the
relative concentration of the two states and their role in the
atmospheric chemistry of Titan. Unfortunately, the N(°D) and
N(*S) production yields have been measured only for few
specific rovibrational of several electronic states of N, by Walter
et al.”! and Helm and Cosby.”> The observations are therefore
sparse and do not allow us to derive a general model that can
describe quantitatively the predissociation products of No.
Neverthelss, even though the few states investigated cannot
alone account for the complex phenomenology occurring in the
upper atmospheres of Earth and Titan, some observations of
the authors can help in drawing more general conclusions. They
have observed that the predissociation of the above-mentioned
levels always produces one ground state atom and one excited
atom, in either the 2D or 2P states. The energetic limit of the
N(D) 4+ N(®D) channel is quite high and it was never observed
in the above-mentioned experiments. Remarkably, no dissocia-
tion was observed to ground state N(*S) + N(*S). With the
limited experimental information available, probably the best
scheme is the one recently suggested by Bakalian’ in modeling
the production of hot nitrogen atoms in the martian thermo-
sphere. According to it, the N, photodissociation proceeds along
three possible channels:

N, + ho — N(*S) + N(*S) (2a)
N, + hv — N(*S) + N(*D) (2b)
N, + hv — N(*S) + N(*P) (2¢)

where the threshold dissociation energies are 9.76, 12.14, and
13.33 eV, respectively, for channels 2a, 2b, and 2c. For photon
energies between 9.76 and 12.14 eV, photodissociation (if it
occurs at all) has been taken to proceed along channel 2a, the
only accessible channel at these energies. For photon energies
between 12.14 eV, the threshold dissociation energy for channel
2b, and 14.0346 eV, the upper absorption limit observed for
this channel,”! the photodissociation proceeds through channel
2b, while at photon energies between 13.886 and 14.52 eV it
can proceed along channel 2c. At photon energies greater than
14.52 eV, the photodissociation of N, proceeds along the N(*S)
+ N(®D) and N(*S) + N(*P) pathways. Since the 2P state rapidly
decays to the 2D state, in the modeling of the atmosphere of
Titan this approach is not expected to produce results signifi-
cantly different from those obtained by simply assuming that
N, dissociation produces one nitrogen atom in the ground *S
state and one atom in the D state. This choice has been made
in the models by Wilson and Atreya,?® Lavvas et al.,** and
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Strobel.” Less realistic appears to be the assumption that two
N(’D) atoms are produced, as done in the models by Toublanc
et al.,?° Lara et al.,>! and Lebonnois et al.?> We recall that in
the model of Yung et al.'” the photodissociation of N, was not
included at all.

In addition to EUV photodissociation, in the upper atmosphere
of Titan N, molecules are subject to significant bombardment
both by energetic (200 eV) magnetospheric electrons and by
lower energy electrons produced by photoionization processes.
Since the energy involved is high, electron impact can induce
ionization, dissociative ionization, excitation and dissociation.
It has been widely demonstrated,”’® that the N, electron impact
excitation followed by dissociation gives essentially the same
results as those induced by EUV photon absorption. This is not
surprising because the N, singlet state levels populated by optical
absorption or electron impact excitation of the ground X'Z,*
state are the same and their lifetimes are so long that their
formation (excitation) and decay (fluorescence and predisso-
ciation) can be considered independent processes.”>’® The
electron impact dissociation of N, has been characterized in a
crossed beam experiment at electron energies between 18.5 and
148.5 eV. The observed translational energy release was
consistent with the formation of N(*D) + N(*S), which can
therefore be considered the primary dissociation channel. N(*S)
+ N(*S) and N(*P) + N(*S) channel were considered to give
only a small contribution, outside the sensitivity of the
experimental method.

In conclusion, the two main processes leading to the break-
up of N, molecules in the upper atmosphere of Titan equally
produce N(*S) and N(®D). In addition to them, nitrogen atoms
in the 2D state can also be formed in the electron impact
dissociative ionization process

N, +e — NCD) + N" + 2¢” 3)

when using high electron energies, and the channel leading to
N(’D) + N'(®P) has been found to be the main one in
dissociative photoionization of N, at photon energies higher than
26.55 eV.”

In addition, N(*D) can be formed by N,' dissociation
recombination. All the observed channels produce one or more
nitrogen atoms in the D or 2P state

N," + e — N(*S) + N(D) (4a)
N," 4+ e~ — N(*S) + N(°P) (4b)
N," + e~ — N(D) + N(°D) (4¢)

where the experimental BR for channels 4a, 4b, and 4c have
been determined to be, respectively, 0.37, 0.11, and 0.54 by
Peterson et al.”® and 0.46, 0.08, and 0.46 by Kella et al.”
Finally, penetrating galactic cosmic rays have also been
considered a potential source of energy down to the lower
atmosphere of Titan: the cosmic ray spectrum is such that a
large fraction of the total energy flux is carried by particles
(mostly protons, with 10—15% a. particles and heavier nuclei)
with kinetic energies in excess of 1 GeV. The absorption of
these high-energy particles will produce electromagnetic and
particle cascades that can dissociate N, in the lower atmosphere
of Titan. Even though the modeling of the interaction between
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the galactic cosmic rays and the most abundant component of
the atmosphere of Titan N is quite complex, the net result has
been predicted to be dissociation, excitation, ionization, and
dissociative ionization.®’ All these processes then contribute to
the generation of N(*D) similarly to what seen previously.

After settling the N(*D) formation routes in the upper
atmosphere of Titan, we now turn our attention to the role of
reaction la. Since the first photochemical model by Yung et
al.,'” reaction 1la has been recognized to be an important one,
because of the relatively large abundance of methane and the
small rate constant associated to the collisional deactivation of
N(D) by N, (the room temperature recommended value'* is k
= 1.7 x 107" cm® molecule™! s7'). Reaction 1a was included
in the model of Yung et al.!” with the rate constant value of 3
x 1072 cm® molecule ™! s7! determined at room temperature
by Black et al.> Since the main products were unknown until
recently, they were assumed to be NH + CHj so that the N(°D)
+ CH,—NH + CHj reaction was at the same time the main
mechanism of NH formation (thus determining the odd nitrogen
budget of the atmosphere), and the main mechanism of CHj
formation (that because, erroneously, the photolysis of methane
was not considered to produce directly CHj at that time). In
addition, the N(°D) + CH,—NH + CHj reaction was considered
an important step toward the formation of HCN in a complex
scheme involving five elementary reactions (scheme 2 in Yung
et al.'?). In the more recent photochemical models of Toublanc
et al.?° and of Lara et al.’! the reaction N(*D) + CH, was
maintained with the same value of the rate constant and with
the same reaction products. In any case, the importance of the
N(*D) + CH; — NH + CH; reaction was diminished in the
models developed after that of Yung et al., as other HCN
formation mechanisms were envisaged and an alternative
photolysis scheme of CH, introduced. In the most recent models
of Wilson and Atreya® and Lavvas et al.2* the more recent rate
constant values determined by Umemoto et al.?” and Takayanagi
et al.”® are referred to and the absolute yield of NH and H
determined by Umemoto et al.*® introduced, with the assumption
that H is produced exclusively in conjunction with CH,NH.

In view of the present and previous detailed experimental
results, a fairly complete characterization of the reaction la is
now available. The most important implications are here
summarized.

The early assumption that only NH + CHj are the products
of the N(?D) + CH, reaction is not correct: that reactive channel
accounts only for about 30% in the room temperature laboratory
experiment and, by analyzing the trend of the BR as a function
of the available energy for the dynamically similar CH;N + H
channel, we can presume that it will be even minor under the
low temperature conditions of Titan’s atmosphere. Unfortu-
nately, since this reactive system deviates remarkably from
statistical behavior, we cannot refer to our RRKM calculations
performed at the energy of relevance to the atmosphere of Titan
to evaluate the product BRs. Furthermore, even though they
are performed at collision energies higher than those achievable
at the low temperature typical of the atmosphere of Titan, the
present crossed molecular beam results confirm that the reaction
N(*D) + CHy is an active route of formation of methanimine,
a closed-shell molecule containing a novel C—N bond. That
demonstrates that such a bond can be generated directly by a
reaction involving an active form of N,, the main constituent
of the atmosphere of Titan, and CHy, the second most abundant
species. CH,NH has not been observed directly in Titan’s
atmosphere so far, but its protonated form, CH,NH,*, has been
invoked to reproduce the peak at m/z = 30 recorded by the ion
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neutral mass spectrometer (INMS) on the Cassini spacecraft.?!
The presence of a double CN bond renders CH,NH a very
reactive molecule, and similarly to the entire family of imines,
methanimine easily undergoes polymerization, oxidation, and
hydrolysis. The characterization of this transient species in the
laboratory has been possible only by producing it in situ from
the pyrolysis of amines, methyl azide and other azido
compounds.’?83 Therefore, it is reasonable to assume that in a
relatively dense medium such as the upper atmosphere of Titan,
methanimine quickly reacts with radicals or undergoes polym-
erization and copolymerization. Alternatively, it could photo-
dissociate to HCNH/CH,NH + H or HCN/HNC + H,. The
absorption cross section of CH,NH has been measured in the
235—260 nm range,®? but the photodissociation product yield
has not been characterized. Nevertheless, it is known that
CH,NH can dissociate***% to HCNH/CH,NH + H or HCN/
HNC + H, along the ground state PES via quite large energy
barriers,*®¢ which can certainly be overcome after UV absorption
to an excited state and internal conversion to the ground
electronic state. In conclusion, an efficient HCN formation route
can be envisaged on the basis of the sequence

N(*D) + CH, — CH,NH + H (1a)
CH,NH + hv — HCN + H, (5a)
CH,NH + hv — H,CN + H (5b)

H,CN + H — HCN + H, (6)

This HCN formation sequence could be as efficient as other
routes already included, such as that based on the reaction N(*S)
+ CH;, which involves ground state nitrogen atoms but requires
a reactive encounter between two radicals, a relatively rare event
in a dense medium such as the atmosphere of Titan.
Interestingly, most of the above-mentioned processes have
been included in the very recent photochemical model of Titan
by Lavvas et al.,>* who were the first to consider the possible
transformation that CH,NH undergoes after its formation.
Because of the lack of experimental parameters, the effect of
some processes, such as the formation of CH,NH dimer or the
copolymerization with other nitriles, could only be estimated.
Nevertheless, several interesting considerations have been made.
For instance, if the main photolysis product is assumed to be
the H,CN radical rather than HCN, there are no significant
changes in the HCN profile, since the H,CN is readily converted
to HCN by reaction with H. As a matter of fact, the model by
Lavvas et al.>* appears to predict a larger quantity of CH,NH
than necessary to reproduce the INMS observation, so implying
that there is an overestimate of CH,NH production or an
underestimate of CH,NH loss. In this respect, the use of the
present experimental results could be of help, as Lavvas et al.*
have used for channel la a yield of 0.8 in accord with the
suggestion of Umemoto et al.,® while also methylnitrene is
formed. They have also used the rate constant temperature
dependence derived in a T range that does not comprise the
range of temperatures typical of the atmosphere of Titan. Other
k(T) measurements at the relevant temperature are in order.
Finally, laboratory measurements of CH,NH photoabsorption
cross section in a wider range of wavelengths and photoproducts
yields, as well as the determination of the rate constants for
CH,NH reactions with species (including ions) abundant in the
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atmosphere of Titan, can help to understand the role of this
species in the nitrile chemistry of Titan. Other desiderata include
the experimental investigation of CH,NH polymerization and
copolymerization with other N-containing species. In this
respect, it is interesting to note that the model by Lavvas et
al.>* has confirmed an important contribution of nitriles chem-
istry in the formation of Titan’s haze, the analysis of which by
the aerosol collector and pyrolyser during the Huygens probe
descent revealed a large content of nitrogen.®*

9. Conclusion

In summary, we have investigated the H-displacement
dynamics of the reactions N(?D) + CH, at different collision
energies by the CMB method complemented by ab initio and
RRKM calculations. The CMB results have identified two
distinct isomers as primary reaction products, methanimine and
methylnitrene, the yield of which significantly varies with the
total available energy. From the derived CM product angular
and translational energy distributions the reaction micromecha-
nisms, the product energy partitioning and the relative branching
ratios of the competing reaction channels leading to the two
isomers have been obtained. Differently from previous theoreti-
cal studies, both insertion and H-abstraction pathways have been
found to be barrierless at all levels of theory employed in the
present calculations. The comparison with RRKM predictions
of the relative branching ratio confirms the highly nonstatistical
nature of the N(°*D) + CHy, reaction, with the production of the
CH;N isomer dominated by dynamical effects. The implications
for the chemical models of the atmosphere of Titan, and possibly
of objects where both N, and methane are present, such as Triton
and Pluto, have been discussed.
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