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ABSTRACT: The D1-methanimine molecule (CHDNH; X'A’)—the simplest (deuterated)
imine—has been prepared through the elementary reaction of the D1-methylidyne (CD; X*IT)
with ammonia (NHj; X'A,) under single collision conditions. As a highly reactive species with
a carbon—nitrogen double bond and a key building block of biomolecules such as amino acids
and nucleobases, methanimine is of particular significance in coupling the nitrogen and carbon
chemistries in the interstellar medium and in hydrocarbon-rich atmospheres of planets and
their moons. However, the underlying formation mechanisms of methanimine in these extreme
environments are still elusive. The directed, low-temperature gas-phase formation of D1-
methanimine will deepen our fundamental understanding of low-temperature molecular
growth processes via carbon—nitrogen bond coupling. Considering the recent detection of the
interstellar D1-methylidyne radical, the investigation of the CD—NHj system also suggests a
promising pathway for future astronomical observations of D1-methanimine as a molecular

tracer of gas phase deuterium enrichment in deep space.

O ne of the fundamental questions about the origins of life
on early Earth is the untangling of key reaction pathways
in the prebiotic chemical evolution from small to complex,
often biologically relevant molecules." Methanimine (CH,NH,
X'A’")—the simplest imine—has received particular attention
since this molecule represents a fundamental building block of
biomolecules like amino acids and nucleobases.”® Extra-
terrestrial sources of amino acids have been highly debated.”
The simplest amino acid, glycine (NH,CH,COOH), has not
been detected in the interstellar medium (ISM) to date,” but
the existence was confirmed in the coma of comet 67P/
Churyumov-Gerasimenko.® Here, methanimine (CH,NH) has
been implicated as a vital intermediate in the formation of
aminoacetonitrile (NCCH,NH,) and glycine via the Strecker
synthesis.” Therefore, an experimental study of the in situ
synthesis of methanimine (CH,NH) via carbon—nitrogen
bond coupling might unveil the fundamental mechanisms of
the formation of amino acids in deep space.

Methanimine is a highly reactive molecule carrying a
carbon—nitrogen double bond with a bond length of 128.3
pm;8 similar to carbon—carbon double bonds,”'° the carbon—
nitrogen double bond is prone to attack by unsaturated
hydrocarbons radicals® or polymerize with unsaturated imines
forming complex structures such as hexamethylenetetramine
((CH,)¢N,).” In the ISM, more complex imines have also
been observed astronomically: ethanimine (CH;CHNH),"
ketenimine (CH,CNH),'” 3-imino-1,2-propadienylidene
(CCCNH)," cyanomethanimine (HNCHCN),'*" Z-prop-
argylimine (HCCCHNH),'® and allylimine
(CH,CHCHNH)."” As the simplest representative, methani-
mine plays a central role in the formation of more complex
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imines through molecular mass growth processes upon
reactions with reactive radicals such as methylidyne (CH),
cyano (CN), and ethynyl (C,H).” The reaction between the
cyano radical and methanimine may account for the formation
of cyanomethanimine,18 an important intermediate to the
adenine (C;H3N;)—a purine nucleobase in the nucleic acids
of deoxyribonucleic acid (DNA)."”

Gas-phase methanimine was first detected in the molecular
cloud of Sagittarius B2 (Sgr B2) in 1973.%° High fractional
abundances of 3.3 X 107 were also noticed in massive
protostellar envelopes of Orion KL*' and of 8.1 X 107'* in the
cold core of L183.”* The presence of methanimine was also
inferred in Titan’s upper atmosphere from Cassini’s Ion and
Neutral Mass Spectrometer (INMS) data with a mole fraction
of 1 X 107° at 1100 km.”** Considering the rapid reactions
with unsaturated hydrocarbons and nitriles, methanimine
represents an excellent candidate and initiator of the complex
chain of reactions ultimately leading to the formation of
nitrogen-rich aerosol layers of Titan.””* However, despite the
importance of methanimine (CH,NH) in the ISM and in
hydrocarbon-rich atmospheres of planets and their moons, the
underlying formation pathways of methanimine (CH,NH) are
still in their infancy. Previous works observed the methanimine
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Figure 1. Laboratory angular distribution (A) and time-of-flight spectra (B; data collected at m/z = 30 (CHDNH")) collected in the reaction of the
D1-methylidyne radical (CD) with ammonia (NH;). The circles represent the experimental results; the red lines, the best fits. Colors of the atoms
are carbon (gray), deuterium (light blue), nitrogen (blue), and hydrogen (white).

transient in the pyrolysis of methyl azide (CH;N;)*° and
methylamine (CH;NH,).”**” In the contemporary astrochem-
ical modelings, methanimine is speculated to be produced via
the neutral—neutral gas-phase reactions of N(’D) with
methane (CH,) or ethane (C,H)—although excited state
nitrogen atoms do not live sufficiently long enough in the ISM
to react,”®?’ there are unstudied radical—radical reactions of
imidogen (NH) with methyl (CH,),”" successive hydro-
genation of hydrogen cyanide (HCN),” and/or postulated
dissociative electron recombination with CH,N* ions.*”
However, predicted fractional abundances of methanimine
(CH,NH) in cold molecular clouds, which are defined through
temperatures of about 10 K, fall 1 to 2 orders of magnitude
shorter than observed astronomically as in, e.g, the molecular
cloud L183.>**° Therefore, critical pathway(s) to methanimine
(CH,NH) are clearly lacking. The methylidyne (CH)-—
ammonia (NH,) gas phase reaction represents such a pathway.
Only recently, the D1-methylidyne (CD) radical was detected
in the ISM.>' Thus, the DI1-methylidyne (CD)—ammonia
(NH;) pathway is also promising for future astronomical
observation of D1-methanimine (CHDNH). Kinetic measure-
ments were conducted by Zabarnick et al.* and Bocherel et
al.** exploiting the PLP (pulse laser photolysis)—LIF (laser-
induced fluorescence) method; these works revealed fast
reaction rates of 2.21 X 1071 cm® s™! at 23 K. In 2012, Blitz et
al.’>* determined the hydrogen atom yield to be 0.89 + 0.07
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and combined these studies with high-level ab initio
calculations. More recently, this reaction was investigated
under multiple collision conditions at 373 K and 4 Torr in a
flow reactor with the predominant formation of methanimine
inferred.*®

To shed light on the role of the methylidyne—ammonia
system in the gas phase preparation of methanimine
(CH,NH), we conducted the gas phase reaction of the DI-
methylidyne (CD; XIT)) radical with ammonia (NH;; X'A,)
under single collision conditions in a crossed molecular beam
machine. Merged with electronic structure calculations, these
studies provide compelling evidence of the facile, barrierless
formation of D1-methanimine (CHDNH, 30 amu). This work
affords a viable route to methanimine (CH,NH) in low
temperature extraterrestrial environments such as in L183 and
Titan’s upper atmosphere, thus deepening our fundamental
understanding of the prebiotic chemistry and the low-
temperature molecular growth processes through carbon—
nitrogen coupling in our galaxy.

To eliminate the background signal at a mass-to-charge (m/
z) of 29, the reaction was conducted by exploiting the D1-
methylidyne radical (CD; 14 amu). The reactive scattering
signal was observed at m/z = 30 (H,DCN*/HD"CN*/
H,;"CN"); within our signal-to-noise limits, no signal could be
detected at m/z = 31 (H,DCN*/H,D*CN*/H,D3CN").
These findings indicate that no H;DCN adducts survived the

https://doi.org/10.1021/acs.jpclett.3c02360
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Figure 2. CM translational energy (A), angular (B) flux distributions, and the associated flux contour map (C) for the reaction of a D1-methylidyne
radical (CD) with ammonia (NH,). The red lines indicate the best fit; shaded areas represent the error limits.
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Figure 3. Potential energy surface (PES) for the reactions of the D1-methylidyne radical (CD) with ammonia (NH;). The energies of the
intermediates, transition states, and the products are extracted from Blitz et al. 3

flight time from the interaction region to the detector and that
H,D"CN isotopologues were not synthesized in sufficiently
high number densities to be detected under our experimental
conditions. Consequently, angular resolved time-of-flight
(TOF) spectra were accumulated at m/z = 30 in 5° intervals
from 6° to 64° and integrated and normalized to the TOF at
the center-of-mass (CM) angle of 38.2°; this procedure yielded
the laboratory angular distribution (LAD) as depicted in
Figure 1. The LAD shows a forward—backward symmetry and
peaks at a CM angle of 38.2°, suggesting indirect reaction
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dynamics and the existence of long-lived H;DCN complex(es).
It should be noted that the data collected at m/z = 30 could be
fit with an atomic hydrogen loss (1 amu) channel forming the
heavy H,DCN (30 amu) counter fragment; all attempts to
replicate the experimental data with molecular-hydrogen (H,,
2 amu) or atomic deuterium (D, 2 amu) elimination pathways
failed. Therefore, our experimental data alone reveal the
formation of H,DCN isomers in the CD—NH; reaction with
the hydrogen atom ejected from the NH; reactant.

https://doi.org/10.1021/acs.jpclett.3c02360
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CD (14 amu) + NH; (17 amu)

— H,DCN (30 amu) + H (1 amu) (1)
CH (13 amu) + NH; (17 amu)
— H,CN (29 amu) + H (1 amu) ()

While the experimental data provide compelling evidence for
the formation of products with the molecular formula H,DCN
along with atomic hydrogen emitted from ammonia, a forward
convolution approach is required to obtain critical information
on the underlying reaction dynamics, mechanism(s), and
isomer(s) prepared. This is achieved by transforming the data
from the laboratory frame to the CM frame.’>*” This yields the
CM translational energy, P(E;), and angular T(0) flux
distributions (Figure 2). Best fits of the experimental data
are achieved with a single channel involving the DI-
methylidyne (CD) versus atomic hydrogen (H) exchange
pathway with a product mass combination of 30 amu
(H,DCN) plus 1 amu (H; reaction 1). A detailed inspection
of P(Er) reveals a maximum translational energy release (E,,,,)
of 262 + 18 kJ mol ™}, which denotes the sum of the reaction
exoergicity plus the collision energy E. (16.9 + 0.3 kJ mol™")
for those products formed without rovibrational excitation.
Therefore, the reaction energy can be determined to be 245 +
18 kJ mol™" under our experimental conditions. Furthermore,
the average translational energy of the products is calculated to
be 81 + 6 kJ mol™, revealing that 31 + 5% of the available
energy is transformed into the translational degrees of freedom
of the products. The P(E;) distribution peaks at 45 + 3 kJ
mol ™" suggesting that the reaction intermediate decomposes
via a tight exit transition state, i.e., a process which involves a
significant electron rearrangement. Last, the best fit T(6)
distribution is forward—backward symmetric and reflects
nonzero and isotropic flux over the complete scattering range
from 0° to 180°; this finding reveals that the reaction proceeds
with indirect reaction dynamics through the formation of a
H,DCN complex(es) holding a lifetime longer than the
rotational period(s).”” This information is also visualized in the
flux contour map (Figure 2c), which presents a complete
image of the reaction.

Having elucidated the atomic hydrogen loss pathways
forming H,DCN in the bimolecular gas-phase reaction of
D1-methylidyne with ammonia under single collision con-
ditions, we are now merging our experimental data with
electronic structure calculations®** (Figure 3) to further
unveil the underlying reaction dynamics and the nature of the
isomer formed. Note that our experiments utilized the D1-
methylidyne radical, but calculations were conducted for the
methylidyne radical. However, as proposed in multiple
reactions,”*”*” due to the difference in zero point energies,
the difference in energetics of the intermediates, transition
state, and products of reaction systems with (partially)
deuterated or nondeuterated reactants should be less than §
k] mol™!; this discrepancy lies within the experimental
uncertainties of our results. Two products can be formed in
exoergic reactions: pl (CHDNH; D1-methanimine; —239 kJ
mol™’; X'A’) and p2 (CDNH,; D1-aminomethylene; —90 kJ
mol™'; X'A’). A comparison of the experimentally derived
reaction energy of —245 + 18 kJ mol ™' reveals that at least p1
is formed in the CD—NHj reaction. The calculations suggest
that the reaction of the D1-methylidyne radical (CD) with
ammonia is initiated on the doublet surface through the
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barrierless addition of CD to the nonbonding electron pair of
the nitrogen atom of ammonia leading to the formation of
carbon—nitrogen bond along with a datively bound inter-
mediate DCNH; (il) residing 112 kJ] mol™ below the
separated reactants. Intermediate il can isomerize to DI-
methanamine (i2; CHDNH,; —389 kJ mol™), which
represents the global minimum of the CDNHj; PES, via a
transition state residing 74 kJ mol™" above il via a hydrogen
(H) shift from nitrogen to carbon. Alternatively, il can
undergo unimolecular decomposition to thermodynamically
less stable isomer p2 through hydrogen emission from the
NH; moiety. Intermediate il and p2 are connected with a
transition state lying only 1S kJ mol™' below the separated
reactants. How can the most stable isomer p1 be formed? First,
intermediate i2 can eliminate a hydrogen from the amino
(NH,) moiety through a tight exit transition state. Second, i2
can further isomerize to i3 (CH,DNH; D1-methylamino;
—362 kJ mol™") passing a barrier of 180 kJ mol™" followed by
atomic hydrogen loss from the methyl group. Overall, two
pathways to p1 and a single mechanism to p2, i.e., il — i2 —
pl, il — i2 — i3 — pl, and il — p2, are identified. Recall
that our experimental data were collected at m/z = 30, which
could be replicated only with an atomic hydrogen loss channel;
this pathway was verified in the electronic structure
calculations as well. The atomic deuterium (D) loss pathway
from the CH,D group of i3 forming p1 is not included in the
PES. Which of these pathways is dominant to form p12 The
Rice—Ramsperger—Kassel—Marcus (RRKM) calculations by
Blitz et al.’* reveal that methanimine represents the dominant
product in the CH—-NH; reaction contributing 96%
throughout the temperature range from 20 to 320 K. Only
4% of the datively bound intermediate il were suggested to
lose one hydrogen atom to p2 considering the unfavorable
barrier of H elimination of il to p2 (97 k] mol™") compared to
that of the competing process of il to i2 (74 kJ mol™).
Bourgalais et al.”> also observed the absence of the deuterium
loss channel in the flow reactor experiment of D1-methylidyne
with ammonia suggesting that the ratio of the second hydrogen
transfer from the nitrogen atom to the carbon atom (i2 — i3)
is minimal compared to the hydrogen elimination forming p1
from i2. If i3 carrying a CH,D group is formed, then the
subsequent H/D elimination from the carbon atom should
lead to CHDNH and CH,NH.

Overall, the highly reactive closed-shell molecule DI-
methanimine (CHDNH) was synthesized from the “bottom
up” through the barrierless elementary reaction of DI-
methylidyne (CD; X*IT) with ammonia (NHj; X'A;). Under
single collision conditions, the primary reaction products “fly
away” unperturbed without consecutive reactions like dimeri-
zation.”® The advantages of the crossed molecular beam
experiments in studying the reaction mechanisms are
demonstrated in the formation of a molecule (D1-methani-
mine) with a highly reactive carbon—nitrogen double bond.
The reaction dynamics of the CH—NH; system are quite
distinct from those of the isovalent SiH—NHj; system. In the
SiH—NHj, reaction, aminosilylene (HSiNH,; 'A’) is formed
via hydrogen atom loss from the nitrogen atom of the initial
collision complex silyleneammonia (HSiNH;); any hydrogen
shift from nitrogen to carbon is hindered considering a
significant barrier of 110 kJ mol™'; further, the prospective
silanimine (H,SiNH; 'A’) product—the isovalent species of
methanimine—is 70 kJ mol™" higher in energy than amino-
silylene (HSiNH,; 'A’). These results reflect a favorable z-type

https://doi.org/10.1021/acs.jpclett.3c02360
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back-donation into the empty p, orbital of the silicon atom
from the nonbonding electron pair of nitrogen.®

The facile formation of the carbon—nitrogen double bond
via the reaction of methylidyne with ammonia—two abundant
reactants in cold molecular clouds with fractional abundances
of 3.5 X 107 and a few 107° in the dense core of the Orion
molecular cloud, respectively, relative to molecular hydro-
gen”' " —holds important implications for extraterrestrial
chemistry,”* with the DI-methylidyne (CD) radical only
detected recently with a CD/CH ratio of 0.016 + 0.003.*
Thus, the potential role of the CH—NH; system in the
formation of methanimine (CH,NH) in low-temperature
interstellar environments is supported by the crucial
prerequisites of abundant reactants, the absence of entrance
barriers in the exoergic bimolecular reactions, and rapid low-
temperature rate coeflicients. Methanimine represents an
important precursor to build up chemical complexity in deep
space. As depicted in Figure 4, cyanomethyl (1, H,CCN),* Z-

Figure 4. Central role of methanimine (CH,NH) leading to complex
interstellar molecules (1—8) in the gas phase. Barrierless reactions
with black arrows lead to molecules already identified in the
interstellar medium, while reactions color coded with red arrows
produce hitherto unidentified molecules in deep space.

propargylimine (2, HCCCHNH),lé cyanomethanimine (3,
HNCHCN),'*'* and ketenimine (4, CH,CNH),'* which have
been identified in molecular clouds, can be formed via the
hydrogen atom elimination pathways in the reactions of
methanimine (CH,NH) with atomic carbon (C), ethynyl
(C,H), cyano (CN), and methylidyne (CH), respectively.
More complex molecules like methylpropargylimine (S,
CH;CCCHNH), 3-cyanopropargylimine (6, NCCCCHNH),
iminopropynylidene (7, HCCCNH), and 2,4-pentadiynyli-
mine (8, HCCCCCHNH) are predicted to be formed via
bimolecular reactions of 1-propynyl (CCCHj), cyanoethynyl
(C3N), dicarbon (C,), and butadiynyl (C,H) and represent
promising candidates for astronomical detections utilizing, e.g.,
the Atacama Large Millimeter/submillimeter Array (ALMA)
or the Robert C. Byrd 100 m Green Bank Telescope
(GBT)."”*® Overall, the preparation of the carbon—nitrogen
double bond under low-temperature conditions deepens our
understanding of the exotic chemistry in extreme environments
and sheds light on fundamental molecular mass growth
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processes involving methylidyne, ammonia, and methanimine
in our universe.
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