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Ethylamine (EA) often serves as a surrogate species to represent aliphatic amines that occur in biofuels. This
contribution reports, for the first time, the thermochemical and kinetic parameters for bimolecular reactions
of EA with three prominent radicals that form in the initial stages of biomass decomposition; namely, H, CHs
and NH,. Abstraction of a methylene H atom from the EA molecule largely dominates H loss from the two
other sites (i.e., methyl and amine hydrogens) for the three considered radicals. We demonstrate that, differ-
ences in bond dissociation enthalpies of methylene C-H bonds among EA, ethanol and propane reflect their
corresponding HOMO/LUMO energy gaps. At low and intermediate temperatures, the rate of H abstraction
from the methylene site in EA exceeds the corresponding values for propane and ethanol. As the temperature
rises, matching entropic factors induce comparable rate constants for the three molecules.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Combustion chemistry of nitrogen content in fuels remains an ac-
tive area of research [1-3]. In particular, interests in chemistry of ni-
trogen conversion in fuels are evident in two areas: (i) developing
comprehensive mechanisms for emission of small nitrogenated pol-
lutants (i.e. HCN, NH3, HNO and HCNO) during combustion processes;
and, (ii) re-evaluating the NOy emission upon introduction of biofu-
els as additives or alternatives to conventional hydrocarbons fuels. In
this regard, aliphatic amines constitute major nitrogen carriers in all
types of biofuels [4]. Since ethylamine (CH;CH,NH, or EA for short)
constitutes one of the simplest amine-containing species, it repre-
sents a surrogate species for aliphatic amines in recent combustion
studies. For example, Lucassen et al. [5] carried out a comprehensive
in-situ analysis of laminar premixed flames of EA for air-fuel equiva-
lence ratios within a range of 0.8-1.3. These authors formulated a de-
tailed reaction mechanism to account for profiles of product species
and identified a large number of small nitrogenated species. Li et al.
[6,7] investigated oxidation and pyrolysis of EA behind reflected
shock waves, measuring time histories of NH, and constructing a
mechanism to track the evolution of NH, emission histories. Rupture
of the C-N bond in the EA molecule initiates its decomposition: [7].

CH3CH;NH, — CH3CH; + NH,

* Corresponding authors:
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m.almatarneh@ju.edu.jo (M.H. Almatarneh).
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In a recent theoretical study [8], we have mapped out path-
ways controlling the unimolecular decomposition of EA. Our
estimated pressure-dependent reaction rate constant, calculated
between 1.2 bar and 2.1 bar for the initiation channel, matches rea-
sonably well the analogous experimental measurements of Li et al.
[7]; i.e., within a factor of 2.4. A mechanistic sensitivity analysis [6]
shows that, the initial C-N scission at low temperatures and C-C bond
dissociation at higher temperatures (1330 K-1790 K) strongly influ-
ence the formation of NH, [6].

CH3CH,;NH; — CH;NH, + CH3

The mechanism of the oxidative decomposition of EA demon-
strates that beside unimolecular pathways and H,/O, reactions,
bimolecular reactions of EA with radicals significantly affect the ig-
nition delay times of EA and profiles of its product species [6]. H,
CH3 and NH; are among the most prominent radicals prevailing in
the decomposition medium of EA. Currently, there are no experimen-
tal measurements or results of theoretical kinetic computations for
reactions of these radicals with EA. In the oxidation mechanism of
Lucassen et al. on morpholine [9] and EA [5] molecules, kinetic pa-
rameters of reactions of EA with these radicals originated from anal-
ogous reactions involving ethanol and propane. In this contribution,
we aim to provide rate constants for reactions of EA with H, CH3 and
NH, radicals, and to assess the influence of -OH, -CH3 and -NH,
functional groups on kinetics of H abstractions from secondary sites
in C3 hydrocarbons.
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2. Theoretical methodology

Gaussian09 suite [10] of programmes facilitates calculations of en-
ergies and structural optimisation at the composite chemistry model
of CBS-QB3 [11]. The KiSThelP code [12] serves to estimate reaction
rate constants according to the conventional transition state the-
ory (TST). A one-dimensional Eckart barrier accounts for quantum-
tunnelling contribution [13]. Corrections for quantum mechanical
tunnelling based on an unsymmetrical Eckart potential energy bar-
rier depend on the magnitude of the imaginary frequencies in tran-
sition states and hence on the theoretical methodology. To test the
reliability of the B3LYP in deriving transmission tunnelling factors,
Fig. S1 in the supplementary information (SI) portrays tunnelling
factors for H abstraction reactions from the secondary site in the
EA molecule by the three title radicals based on the B3LYP/6 -
311 + G(d,p) and the M062X/6-311+G(d,p) level of theories [14]. Es-
timated tunnelling factors through an Eckart barriers by the meta hy-
brid DFT method of M062X noticeably exceed analogous values by
the B3LYP method in the low temperature window, i.e., at temper-
atures lower than 600 K. Above this temperature, tunnelling factors
calculated by the two methods appear very similar, i.e., within fac-
tors of 1.03-1.16. Figure S1 shows minimal contribution from the tun-
nelling effects based on the two theoretical approaches, at elevated
temperatures. Bearing in mind that the reactions investigated herein
become practically important at intermediate and high temperatures,
we elect to implement the B3LYP method (the optimisation step in
the CBS-QB3 model) in accounting for the tunnelling effects.

Hydrogen abstraction reactions are often associated with min-
imal variational effects [15]. In order to provide a benchmark
comparison between rate constants obtained by the TST versus the
corresponding values computed from the variational transition state
theory (VTST), we give in Table S1 in the SI document reaction rate
coefficients calculated by TST and VTST for two selected hydrogen ab-
straction reactions. We calculate reaction rate coefficients from VTST
by considering minimum energy points (MEPs) in the reaction coor-
dinate range of -0.20-0.20 bohr. Tables S2 and S3 assemble the po-
tential energies, moment of inertia and vibrational frequencies of the
considered MEPs, whereas Fig. S3 shows their corresponding energy
profiles. For the reaction EA + H — CH3CHNH, + H,, we found that,
the ratio krsr/kyrst holds constant at 1.16 throughout the entire tem-
perature range. For the reaction EA + H — CH3CHNH, + Hj, values
of krst/kyrst decreases gradually with temperature, i.e., from 1.38 at
300 K to 1.10 at 1000 K. This indicates that deploying VTST in estimat-
ing reaction rate constants does not improve the calculated constants
over those obtained by the conventional TST. However, it is worth-
while mentioning that, variational effects depend on the reaction
under investigation. Certain reactions display significant variational
effects while the influence is minimal for others [16,17].

While it seems straightforward to determine the symmetry num-
bers of reactions, the task becomes challenging in some cases, [18]
i.e., for symmetric reactions, reactions with conformers, in the pres-
ence of chiral transition structures and for symmetric reactions.
Herein, we take into consideration total reaction degeneracies in
each case by multiplying a symmetry number of each reaction (i.e.,
symmetry number of separated reactants/symmetry number of the
transition state) by the number of abstractable hydrogen atoms. We
calculate barrier heights for H abstractions from similar hydrogen
atoms to be comparable (i.e., within 0.1 kJ/mol) enabling to treat
these transition structures as effectively identical. This leads to re-
action degeneracies of 3, 2 and 2 for H abstraction by H atoms from
primary, secondary and amine sites; respectively. Corresponding re-
action degeneracies for H abstraction by CH; and NH, are 18, 12 and
12, and 6, 4 and 4, respectively.

In estimating the kinetic parameters, we treat all internal rota-
tions in reactants and transition structures as hindered rotors. The
KiSThelP code adopts the approach of McClurg et al. [19] in treating
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Fig. 1. Rotor potentials for the internal rotations of methyl (a) and amine (b) groups in
the EA molecule and transition structures.

hindered rotors. This method interpolates between quantum-
mechanical partition function at low temperature and the classical
partition function at elevated temperatures. In this formalism, cor-
rections to thermochemical values are based on three quantities, the
overall rotational barrier of the internal rotors, their assigned vibra-
tional frequencies and their symmetry numbers. The Supplementary
Information (SI) document enlists barrier heights of the rotors (in the
EA molecule and all transition structures) and their corresponding vi-
brational frequencies.

We calculate rotor potentials by performing partial optimisation
around corresponding dihedral angles at an interval of 30° at the
B3LYP/6-311+G(d,p) level of theory. To preserve the geometries of
transition structures, atomic coordinates involved in breaking and
forming bonds remained frozen while allowing the rest of the moiety
to relax. Figure 1 portrays the 3-fold rotor potentials of methyl and
amine groups in the EA molecule and all transition structures. For
a clearer representation of the rotors potentials, we set the dihedral
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Table 1

Calculated reaction enthalpies (AH), activation enthalpies (AH*) at 298.15 K and
reaction rate parameters (A and E,) for reactions of EA molecule with H, CHs,
and NH, radicals. Arrhenius parameters are fitted between 300.0 and 2000.0 K.
Values of AH are in k], AH* and E, in kJ/mol, whereas A in cm?/(molecule s).

Reaction AH AH* A E,

EA + H — CH,CH,NH, + H, -184 375 2.66 x 101 342
EA + H — CH3CHNH, + H, -60.2 145 1.92 x 107 15.0
EA + H — CH3CH,NH + H, -274 315 9.09 x 1072 289
EA + CH3 — CH,CH;NH, + CHy -279 492 9.97 x 1072 52.8
EA + CH3 — CH3CHNH, + CH, -69.7 283 205x10°" 331
EA + CH3 — CH3CH,NH + CH, -369 374 371x10°'2 395
EA + NH, — CH,CH,NH, + NH;  -18.6 349 153 x 10" 393
EA + NH, — CH3CHNH; + NH; -603 8.2 1.33 x 101 19.8
EA + NH, — CH3CH;NH + NH; -276 179 355x 10712 248

angle for each rotor at 0° before carrying out the partial optimisa-
tions. Figure S3 depicts rotor potentials for the CH3 and NH, abstract-
ing radicals in two selected transition structures. Calculated barriers
for the internal rotations of methyl and amine groups in the EA
molecule amount to 13.9 kJ/mol and 9.8 kJ/mol, respectively. The
former value accords with a corresponding experimental measure-
ment of 15.5 kJ/mol [20]. The two minima in the -NH, curve signify
R-trans and R-gauche conformers in the EA molecule. As Fig. 1 (a)
shows, overall barriers of internal rotations of the methyl and amine
groups in transition structures differ from the analogous values
in the EA molecule. This signifies the importance of calculating
internal rotations in transition structures rather than adapting their
corresponding energy potentials from the parent EA molecule.
Among numerous methods estimating atomic charges, Hirshfeld
[21] and Voronoi deformation density (VDD)[22] approaches pro-
vide the most accurate electronic partial charges [22]. Other methods,
such as [22] Mulliken’s charges, are very sensitive to the deployed ba-
sis set, while the Bader’s scheme often yields unrealistic ionic char-
acter, even for covalent bonds. Thus, we calculate partial charges on
EA, methanol, and propane molecules based on Hirshfeld and VDD

schemes. We employ the ADF code [23] to estimate partial atomic
charges. HOMO/LUMO related information (their involved fragments
and energies) are generated automatically during structural optimi-
sation.

3. Results and discussion

EA possess three distinct C-H bonds, methyl (or primary), methy-
lene (or secondary) and N-H bonds. Computed bond dissociation
enthalpies (BDH) at 298.15 K for primary C-H, secondary C-H and
N-H bonds reach 422.4 kj/mol, 380.6 kJ/mol and 413.4 k]/mol, cor-
respondingly. Our calculated BDH for methylene C-H bounds con-
curs very well with the corresponding experimental measurement of
377.0 & 8.4 kJ/mol [24]. The significant difference in BDHs between
the secondary C-H bonds and primary C-H/N-H bonds indicates that,
decomposition of EA mainly passes through the methylidyne-like
radical CH3CHNH,.

Table 1 enlists calculated standard reaction enthalpies (AH), acti-
vation enthalpies (AH*), and fitted Arrhenius rate parameters for H
abstractions from the EA molecule by the three title radicals. Calcu-
lated AH* values correlate with the BDHs. Figure 2 exhibits promi-
nent geometrical features in transition structures for reactions in
Table 1. Abstraction of H atoms from methylene sites incurs signifi-
cantly lower AH* values if compared with H abstractions from the
two other locations for the reaction of EA with the three radicals, see
Table 1. For example, the AH* value for abstraction of methylene H by
an H atom amounts to 14.7 kJ/mol, whereas corresponding values for
abstraction from the methyl and amine sites equate to 37.5 kcal/mol
and 31.6 kJ/mol, respectively. Inspection of calculated reaction rate
constants reveals that, bimolecular reactions of H, CH3 and NH,
radicals largely lead to an H abstraction from the methylene site. Be-
tween 800 and 1600 K, branching ratios for abstraction of methylene
H by H, CH3 and NH, fall in the windows of 0.89-0.79, 0.91-0.81
and 0.85-0.69, respectively. Contributions to the H abstraction by the
three title radicals from methyl and amine sites are very comparable
throughout the considered temperature interval. Our present finding
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Fig. 2. Geometries of transition structures for H abstraction reactions from the EA molecule. Distances are in A.
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of the dominance of H abstractions from the methylene site agrees
with the recent experimental measurements for reactions of OH rad-
icals with the EA molecule [25] and with the kinetic analysis of Lu-
cassen et al. on oxidation of EA [5].

Available experimental values analogous to kinetic parameters
reported in Table 1 are limited for the reaction of EA + CHj3
[26,27]. Figure 5 contrasts our calculated rate coefficients with
analogous experimental values. Our estimated reaction rate con-
stants for the reaction EA + CH3; — CH3CH;NH + CH4 at
400 K (2.57 x 10~17 cm3/(molecule s)) remains in a good agree-
ment with the corresponding experimental value of Brinton [26]
(349 x 10~ cm3/(molecule s)). Between 383 and 453 K, and
by utilising 2CH3 — C,Hg as a reference reaction, Gray and
Jones [27] fitted reaction rate constants for H abstractions from
the methylene and amine sites by CHs radicals to rate expres-
sions of k(T) = 2.49 x 10713 exp[-33 900/(R T)] cm3/(molecule s)

Table 2

Calculated reaction enthalpies (AH), activation enthalpies (AH#) at 298.15 K and re-
action rate parameters (A and E,) for abstraction of methylene H atoms from propane
and ethanol molecules by H, CHs, and NH, radicals. Arrhenius parameters are fitted
between 300.0 and 2000.0 K. Values of AH are in k], AH* and E, in k]J/mol, whereas A
in cm3/(molecule s).

Reaction AH AH* A E.

3.86 x 10" 242
241 x 10712 435
5.67 x 10713 221

CH3CH,CH; + H — CH3CHCH; + H, -268 2638
CH3CH,CH; + CH; — CH3CHCH; + CHy  -270 456
CH;CH,CH; + NH, — CH;CHCH; + NH;  -364  26.8

CH3CH,0H + H — CH3CHOH + H, -419 195 365x10°"" 182
CH3CH,0H + CH3 — CH3CHOH + CH, -421 400 241 x10°2 365
CH3CH,0H + NH; — CH3CHOH + NH; -515 204 427 x10°'2 195

and k(T) = 132 x 10~ exp[-27 100/(R T)] cm3/(molecule s),
respectively. At 400 K, our calculated rate constants overshoot
analogous experimental values by almost one and two order of
magnitudes for abstraction from the methylene and amine sites, cor-
respondingly. Nonetheless, the reliability of the experimental mea-
surements by Gray and Jones [27] can be questioned based on three
focal points. First of all, activation energy for abstraction from the
amine site in experimental rate expressions (i.e. 27.1 k]J/mol) falls be-
low that of the methylene site (33.9 kJ/mol) in contrast to the trend
of BDHs, i.e. 413.4 kJ/mol (amine site) versus 380.6 k]/mol (methy-
lene site). Secondly, the branching ratios based on the experimental
measurements of Gray and Jones [27] seem to contradict the general
consensus [5,25] that, abstraction from the methylene site largely
predominates abstraction from the amine site. At 400 K, branching
ratio for H abstraction from the amine site by a methyl group amounts
to 0.29. Finally, the experimental value of reaction rate constant at
400 K for EA + CH3 — CH3CH,;NH + CH4 of Gray and Jones [27] is
lower by one order of magnitude when compared with the analogous
value of Brinton [26].

Literature provides no experimental measurements or theoreti-
cal estimations for kinetic parameters reactions of the EA molecule
with H and NH, radicals. However, various studies, performed un-
der different operational conditions, report rate constants for reac-
tions of the three title radicals with propane and ethanol. Report-
ing rate constants for reactions of H, CH; and NH, radicals with
propane and ethanol serves two purposes; firstly, to set a bench-
mark of accuracy of our reported kinetic parameters for EA and,
secondly, to gain insights into the effect of the neighbouring func-
tional groups on rate constants for H abstractions from methylene
carbons.
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Methylene C-H bonds in ethanol and propane are weaker than
other H-C/O bonds. Our computed BDHs for methyl H in ethanol and
propane amount to 398.9 kJ/mol and 414.0 kJ/mol, correspondingly.
These two values approach closely the recommended experimental
measurements of 396.6 kJ/mol and 410.5 kJ/mol, respectively [24].
Table 2 provides AH, AH* and Arrhenius rate parameters for abstrac-
tions of methylene H from ethanol and propane by H, CH; and NH,
radicals. BDHs for secondary C-H bonds in ethanol are slightly lower
than the corresponding bonds in propane. Consequently, the calcu-
lated value of AH* for propane marginally exceeds that for ethanol.

Next, we turn our attention to comparing Kinetic parameters in
Table 2 with their analogous literature values with the aim of pro-
viding an accurate benchmark for the title reactions with the EA
molecule. Our calculations of the rate parameters for abstraction of
H by CH3 radicals from ethanol and propane yield satisfactory agree-
ment with experimental measurements available in literature. For
example, Marshall et al. [28] obtained a rate constant k(T) = 1.07 x
10~ exp[—21 800/(R T)] cm3/(molecule s) for the reaction C3Hg +
H — i-C3H; + H, over the temperature range 298-370 K. Our es-
timates of A (3.65 x 10~1! cm3/(molecule s)) and E; (24.2 k]/mol)
for this reaction coincide with the values of Marshall et al. Our es-
timated k(T = 2000 K) value for the reaction CH3CH,CH3 + CH; —
CH3CHCH; + CHy4 (3.08 x 10~ cm3/(molecule s)) is in a very good
agreement with the recommended value of Tsang [29] (1.13 x 10~ 4
cm?3/(molecule s)) and another theoretically-derived value of Hidaka
et al. [30] (2.66 x 10~ cm3/(molecule s)). Finally, Fig. 5¢ contrasts
our calculated rate coefficients for H abstraction from the secondary
site in propane with analogous literature data [28,29] to report a sat-
isfactory agreement.

Due to lower BDHs of methylene H bonds in EA (380.6 kJ/mol)
in reference to corresponding bonds in propane (414.0 kj/mol) and
ethanol (398.9 kJ/mol), AH* for abstractions of secondary H from
EA display lower values. Intuitively, this deviation in BDHs may arise
from distinct charge distributions in the three molecules. Recently,
we have thoroughly investigated the effect of electronic charge dis-
tribution on calculated reaction rate constants for dehydrohalogena-
tion of ethyl halides [31]. In Fig. 3, we record estimated Hirshfeld
and VDD partial charges (in e) and electronic densities (in e/A3) for
EA, propane, and ethanol. Both schemes yield very similar atomic
charges.

Calculated partial charges by the two methods confirm the na-
ture of hydroxyl and amine groups as electron withdrawing groups
by induction (-I). Noticeable difference in BDHs between methylene
C-H bonds in EA and propane coincides with a more ionic character
for methylene C-H bonds in propane in reference to corresponding
bonds in the EA molecule, i.e. 5™ (0.052 e) — §~ (0.106 e) in propane
versus §* (0.031 e) — §~ (0.053 e) in EA based on VDD charges. How-
ever, a lower bond polarisation for methylene C-H bonds in ethanol,
i.e. 7 (0.038 e) — &~ (0.018 e) in comparison with corresponding
values in EA, does not enable drawing a conclusive statement with
regard to the dependence of trends in BDHs values on their corre-
sponding bond polarisation.

Energy gap between HOMO and LUMO (E--H) often serve as an
indicator for relative stability of molecules; the larger the value of
EL-H the greater the stability of molecule toward further chemical
transformations, either via unimolecular or bimolecular reactions
[32]. Figure 4 shows HOMO and LUMO for EA, ethanol, and propane
molecules along with their associated E--H values. Clearly, esti-
mated E--H values for EA (815.0 k]), ethanol (906.8 k]), and propane
(1081.3 kJ) match analogous BDHs values for methylene C-H bonds in
the three molecules; i.e., 373.3 kJ/mol, 392.4 kJ/mol and 407.0 kJ/mol,
respectively.

Along the same line of enquiry, it has been reported that, elec-
tronegative oxygen atoms in ethers facilitate H abstraction by Br from
its adjacent -CH,- sites in comparison to neat hydrocarbon alka-
nes [33].In order to shed light onto this experimental observation,

in view of the interplay between BDHs and E--H values, we calcu-
late ELH for methoxyethane and the BDH for its methylene C-H as
892.7 k] and 394.2 k]/mol, correspondingly. Interestingly, ethanol and
methoxyethane hold very similar values of E--H and the BDH for
methylene C-H bonds. This infers a dependence of BDHs values for
the weakest bonds in molecules on their E--H values. The decrease of
E'-H values in the series propane > ethanol > EA could be attributed
to the fact that the HOMO goes from o CH bonds to tight lone pair on
O atom (ethanol) and to looser pair on the N atom (EA). It is worth-
while mentioning that, while the trends of EL-H values correlate well
with values of BDHs, EL-H values could not explain in their own right
the relative ordering of AH* values. The ordering of both AH* and
BDHs might stem from the resonance ability in transition states and
products. In this regard, the i-propyl radical offers no resonance sta-
bility whereas the strong electron-withdrawing group OH provides
only limited resonance stability of the CH3CHOH radical. More rigor-
ous assessment of various types of bonds is needed to establish defi-
nite correlations between EL-H and values of the BDHs.

To elucidate further a correlation between values of the BDH and
AH*, we show the Evans-Polanyi plots in Fig. S4. A clear linear rela-
tionship only appears for abstraction by H atoms. Evidently, the in-
clusion of only three points has not enabled detailed testing of the
linearity correlation. Nonetheless, the three abstraction reactions in
Fig. S3 hold very comparable slopes (i.e., 0.44-0.54). This in turn in-
dicates that, the values of AH* strongly correlate with the estimates
of BDH across the three abstraction radicals. Moreover, least-squares
slopes are within the expected range of those of the Evans-Polanyi
plots (0.0-1.0), and in accord with analogous values obtained for H
abstraction from alkanes by RO, species, i.e., 0.60-0.65 [34].

Figure 6 compares Arrhenius plots for abstraction of secondary H
by the three title radicals from EA, ethanol, and propane. In this figure,
the energy term in the Arrhenius expression translates to a higher
rate of H abstraction from the EA molecule by H and CHs3 radicals
at temperatures as high as ~ 1000-1200 K. Beyond this temperature
range, matching entropic factors (i.e. similar A factors) induce compa-
rable rate constants for the three molecules as the temperature rises.

Available kinetic models for oxidative decomposition of EA® have
adopted the corresponding bimolecular reactions of ethanol with H
and CHs radicals. In the intermediate temperature range of 600-
800 K (i.e., most relevant to formation of NOy), our estimated rates
of reactions EA/ethanol with the three title radicals are within fac-
tors of 3.8-2.1 (H), 17.4-7.4-(CH3 ) and 14.7-15.2 (NH,). Some of these
ranges most likely falls within the expected accuracy margin of our
estimated E* and the adopted procedure of calculating the reaction
rate constants (i.e., the TST/Eckart/hindered rotor treatment). Within
the same temperature interval, the difference in estimated rate con-
stants for EA + H/CH3 and propane + H/CHj5 is rather more noticeable
as Fig. 5 depicts.

4. Conclusions

Despite noticeable differences in BDHs and AH*, calculated rate
constants for abstraction of methylene H from the EA molecule by
H/CH3/NH, radicals deviate modestly from values for corresponding
reactions involving propane and ethanol, especially at temperatures
higher than 600 K. We have validated our estimated thermochemical
and kinetic parameters against available experimental data in liter-
ature. Estimated Arrhenius parameters for reactions in Table 1 con-
stitute the first kinetic account of rate constants for the bimolecular
reactions of EA with the three title radicals. Reaction rate constants
for H abstractions from the methylene sites in EA deviate consider-
ably from corresponding values for propane at temperatures lower
than 600 K, however, the discrepancy is rather modest between EA
and ethanol at all temperatures. Having established the methylidyne-
like radical CH3CHNH, as the predominant product from the in-
vestigated bimolecular reactions, it would be insightful to map
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out subsequent unimolecular decompositions steps of CH3CHNH,
toward the formation of chief experimental products, such as HCN,
H3C-C=N and H,C=NH.
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