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Abstract

In this work, we investigated the formation of protonated hydrogen cyanide HCNH™ and methylene amine cation CHzNH;
(both identified in Titan’s upper atmosphere) from three different pathways which stem from the interaction between CHy
and N*(P). As a mechanistic tool, we used the Unified Reaction Valley Approach (URVA) complemented with the Local
Mode Analysis (LMA) assessing the strength of the CN bonds formed in these reactions. Our URVA studies could provide
a comprehensive overview on bond formation/cleavage processes relevant to the specific mechanism of eight reactions R1-
R8 that occur across the three pathways. In addition, we could explain the formation of CH,NH,* and the appearance
of HCNH™ and CHNH, ™" along these paths. Although only smaller molecules are involved in these reactions including
isomerization, hydrogen atom abstraction, and hydrogen molecule capture, we found a number of interesting features, such
as roaming in reaction R3 or the primary interaction of H, with the carbon atom in HCNH™ in reaction R8 followed by
migration of one of the H, hydrogen atoms to the nitrogen which is more cost effective than breaking the HH bond first; a
feature often found in catalysis. In all cases, charge transfer between carbon and nitrogen could be identified as a driving
force for the CN bond formation. As revealed by LMA, the CN bonds formed in reactions R1-R8 cover a broad bond
strength range from very weak to very strong, with the CN bond in protonated hydrogen cyanide HCNH™ identified as the
strongest of all molecules investigated in this work. Our study demonstrates the large potential of both URVA and LMA to
shed new light into these extraterrestrial reactions to help better understand prebiotic processes as well as develop guidelines
for future investigations involving areas of complex interstellar chemistry. In particular, the formation of CN bonds as a
precursor to the extraterrestrial formation of amino acids will be the focus of future investigations.

Keywords Vibrational spectroscopy - Unified reaction valley approach - Local mode analysis - Titan - Formation of
extraterrestrial CN bonds

Introduction

Marek Freindorf and Nassim Beiranvand contributed equally to
this work.

At least 200 specific molecular constituents including
neutral molecules and charged species have been identified
so far in the interstellar medium (ISM) [1-5]. The number
is constantly increasing because of advanced detection
techniques onboard space crafts such as the Cassini [6, 7],
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and space-based and terrestrial telescopes (ranging from
the Spitzer Space Telescope [8], Hubble Space Telescope
[9], the James Webb Telescopes [10], to the planned Giant
Magellan Telescope [11] (just to name a few)), being
complemented with sophisticated terrestrial experimental
investigations [12—14]. The interstellar chemistry involving
these species, which is often triggered by intense UV light,
has recently attracted a lot of attention [15-19]. One area
of interest pertains to the formation of organic aerosols
(tholins) [20], as such molecules have been considered
possible prebiotic precursors of nucleic acids, proteins,
amino sugars, and other compounds [17, 21-23]. It is
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assumed that early earth was a tholin-rich place [24] with
thiolin-like materials having been found on Saturn’s largest
moon, Titan [4, 25-27], Neptune’s largest moon, Triton
[20], and on smaller icy bodies [12, 28].

Titan’s dense atmosphere consists primarily of Nj
and a small percentage of CHy [29] which have been
presumed to have formed thiolins. In Titan’s upper
atmosphere, Cassini’s Ion and Neutral Mass Spectrometer
(INMS) detected neutral and positive ion signatures [30]
primarily for protonated hydrogen cyanide (i.e., HCNH™,
iminomethyl cation) [31, 32], the methylene amine cation
(i.e, CH,NH, 1) [33-35], the methanimine cation (i.e.,
CH,NH1), and its isomer the aminomethylene cation
(i.e., CHNH;r ) [36]. A key component for the formation
of HCNH* has been attributed to the ionic dissociation
of N, into Nt (3P) via extreme ultraviolet radiation
[15], ions, and energetic electrons [31, 32]. High-pressure
mass spectrometry experiments, in combination with
computational studies, have revealed that N (3P) reacts
with CHy to form HCNHT [37]. However, the formation
of CHZNH; and the appearance of HCNH™ and CHNH;'
along this path have yet to be comprehensively understood.

From the reaction between CH4 (1) and Nt P) (2),
three different pathways for the synthesis of HCNH™
(7) and CH,NH, (4S) result (see Fig. 1). In this work,
we investigate these three pathways. Path 1 includes the
reactions R2, R3, R4, and R8; path 2 includes reactions RS,
R6, and R8. In addition to these two paths, we also consider
path 3 which starts from the singlet state of CH3NH™
(3S), resulting from intersystem crossing of the triplet state

CH3;NH (3T), and includes reactions R7 and R8. The main
focus of this study is to explore the detailed mechanism
of the formation of HCNH* (7) and CH,NH, " (4S) using
the Unified Reaction Valley Approach (URVA) [38] and to
quantitatively assess and compare the strength of the CN
bonds formed in these reactions through local vibrational
mode analysis [39]. Our results will give new insights into
these extraterrestrial reactions to help better understand
prebiotic processes as well as develop guidelines for
future investigations involving areas of complex interstellar
chemistry.

Computational methods

The main tool applied in this work is URVA [38, 40,
41]. A comprehensive review can be found in Ref. [38];
therefore, in the following, only the key essentials will
be summarized. URVA analyses the curvature of the
reaction path traced out by the reaction complex (i.e.,
the union of reacting molecules) on the potential energy
surface (PES) moving from the entrance channel up
to the transition state (TS), from here, down into the
product channel. Any electronic structure changes including
bond breaking/forming processes, re-hybridization, charge
polarization and transfer, etc., lead to distinct curvature
peaks which are directly reflected in the scalar reaction path
curvature calculated at each path point, whereas regions
of minimal electronic change are reflected by curvature
minima where the region from one curvature minimum to
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Fig. 1 Reaction pathways investigated in this work
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the next embedding a curvature peak is called a reaction
phase. Each chemical reaction has a unique pattern of
curvature maxima and minima with a different number of
reaction phases, which can be used as its characteristic
fingerprint [38]. We then decompose the reaction curvature
along the reaction path into individual components such as
bond lengths, bond angles, and dihedral angles or puckering
coordinates to get a deeper understanding of each chemical
event [40]. The sign of a component indicates if the
parameter in question supports the chemical event (positive
sign) or if it resists the chemical change (negative sign) [40].
For a detailed mathematical derivation and recent advances
of URVA, interested readers are referred to Ref. [38].

Another important tool used for the assessment of the CN
bond strength in molecules 3—7 and TSs TS1-TS6 and TS8
of the corresponding reactions R1-R6 and R8 investigated
in this work is the local vibrational mode analysis (LMA).
A comprehensive review of the underlying theory can
be found in Ref. [39]. Therefore, in the following, only
some essentials are summarized. Normal vibrational modes
are generally delocalized as a result of kinematic and
electronic coupling [42—44]. In other words, if one considers
a particular normal stretching mode between two atoms
of interest, it can be coupled to other normal modes
such as bending or torsion, which inhibits the direct
correlation between stretching frequency and bond strength
as well as the comparison between stretching modes in
related molecules. As a consequence, the normal stretching
force constant cannot be used as a direct bond strength
measure. One needs to derive local counterparts that are
free from any mode-mode coupling. Konkoli, Cremer,
and co-workers solved this problem by solving the mass-
decoupled analogue of Wilson’s equation of vibrational
spectroscopy [45-49] leading to local vibrational modes,
associated local mode frequencies, and local mode force
constants. Zou and Cremer showed that the local stretching
force constant k¢ reflects the curvature of the PES in
the direction of the bond stretching [50]. This important
result qualifies the local stretching force constants k¢ as
unique quantitative measures of the intrinsic strength of
chemical bonds and/or weak chemical interactions based
on vibrational spectroscopy, which has been extensively
applied in previous work as documented in Ref. [39]. For
some more recent works, see also Refs. [51-57].

Geometry optimizations and frequency calculations
including a local mode analysis for all stationary points (i.e.,
reactants, products, and TSs) of each reaction R1-R8 were
performed with second Mgller-Plesset perturbation theory
(MP2) [58, 59] and complete active space perturbation
theory of second order (CASPT2) [60-62] using Dunning’s
aug-cc-pVTZ basis set [63] as well as with Coupled
Cluster theory [64—66] at the CCSD(T) level [67-69] using
Dunning’s cc-pVDZ basis set [63]. The active space in the

CASPT?2 calculations included 4-electrons with 4-orbitals,
5-electrons with 5-orbitals, and 6-electrons with 6-orbitals,
depending on the molecular system. For the reaction
path calculations and URVA analysis, MP2/aug-cc-pVTZ
was applied. For the reaction path, the intrinsic reaction
coordinate (IRC) of Fukui [70] was used with a step size of
s = 0.03 amu'/? Bohr, applying the improved reaction path
following the algorithm of Hratchian and Kraka, enables
one to follow a chemical reaction far out into entrance and
exit channel [71]. All IRC calculations were performed with
the Gaussian16 program package [72] at the MP2/aug-cc-
pTZ level of theory using a tight convergence criterion. The
CASPT?2 calculations were performed with MOLPRO [73-
75]. For the CCSD(T) calculations, the CFOUR program
package [66] was utilized. The URVA analysis was carried
out with the program pURVA [76] and the local mode
analysis with the program LModeA [77]. The computation
and analysis of atomic charges were done with the NBO
program of Weinhold and co-workers [78—80].

Results and discussion

In the following, the energetics of reactions R1-R8, their
specific mechanism as revealed by URVA, and the bond
strength of all CN bonds formed during these reactions
via local vibrational force constants will be discussed. In
addition to tables and figures presented in the manuscript,
further information on geometries, NBO charges, and
reaction movies are collected in the Supporting Information.

Energetics results

Table 1 presents activation energies E“, activation enthalpies
H¢, and activation free energies G“, as well as reaction
energies E,, reaction enthalpies H,, and reaction free
energies G,, calculated with CASPT2/aug-cc-pVTZ and
CCSD(T)/cc-pVDZ model chemistries. The corresponding
MP2/aug-cc-pVTZ results can be found in the Supporting
Information. The energetics presented in Table 1 were
calculated in each case relative to the reactant of the
corresponding reaction. Although both model chemistries
have a different focal point, i.e., CASPT2 on multireference
character [81] and CCSD(T) on dynamic correlation
[64—-66], results are quite similar, confirming that both
approaches lead to a reliable description of reactions R1-
R8. The following discussion is limited to the CCSD(T)
results.

Reaction R1 starts from an intermediate (as shown
in Fig. 2a) which is formed directly from methane (1)
and NT(CP) (2) in a barrier less, strongly exothermic
reaction with a reaction energy of —88.34 kcal/mol.
From the intermediate, the product 3T is formed with
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Table 1 Activation energies E“, enthalpies H?, and free energies G*; frequencies calculated at the CASPT2/aug-cc-pVTZ and CCSD(T)/cc-
reaction energies E,., enthalpies H,, and free energies G, (kcal/mol) of the pVDZ levels of theory
reactions R1-R8 investigated in our study. Optimal geometries and

CASPT2/aug-cc-pVTZ CCSD(T)/cc-pVDZ

Reaction E“ E, H¢ H, G* G, E¢ E, H¢ H, G? G,

R1! 1.62 —68.5 0.72 —66.83 0.62 —66.57 3.78 —66.14 1.97 —64.64 3.08 —63.95
R2 42.62 —7.82 39.42 —7.46 40.13 —7.49 46.12 —4.31 42.89 —3.91 43.53 —3.51
R3 42.50 40.09 38.58 36.10 39.07 29.46 41.20 37.39 37.19 31.56 37.35 26.26
R4 49.55 38.69 42.97 32.35 42.56 26.07 50.93 37.84 44.46 31.56 44.06 25.27
RS 39.50 39.24 34.16 33.84 34.26 27.00 40.86 38.61 35.6 33.29 35.73 26.50
R6 35.48 31.72 30.51 27.15 30.09 21.05 38.14 32.21 33.26 27.61 32.87 21.48
R7 - -72.53 - —74.00 - —81.37 - —67.94 - —71.61 — —73.24
R8 42.23 —54.86 45.64 —46.02 53.16 —38.35 39.60 —55.87 43.18 —47.14 50.70 —39.50

'Values relative to the intermediate

a small activation energy of only 3.78 kcal/mol. The 3T from 1 and 2 leads to an overall energy gain of 155
reaction energy with —66.14 kcal/mol indicates the strong  kcal/mol; this large amount of excess energy facilitates all
exothermic character of R1. In summary, the formation of  following reactions and counterbalances activation energies
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in the range of 40-50 kcal/mol as found for R2-R6 and
RS.

As shown in Fig. 1, 3T serves as a reactant for three
different pathways, which start either on a triplet (path
1 and path 2) or directly on a singlet potential energy
surface (PES) after intersystem crossing (path 3). Reaction
R2 is the first reaction of path I where 3T undergoes
isomerization to 4T with an activation energy of 46.12
kcal/mol, and a reaction energy of —4.31 kcal/mol. By
losing a hydrogen atom 4T transforms in reaction R3 into
5 with an activation and reaction energy of 41.20 and
37.39 kcal/mol, respectively, i.e., this reaction is strongly
endothermic. The next step of this pathway is reaction
R4, in which 5 loses another H atom transforming into
7 with an activation and reaction energy of 50.93 and
37.84 kcal/mol, respectively, revealing again the strong
endothermic character of this reaction.

The alternative path 2, starting from 3T, proceeds
directly to losing a hydrogen atom and transforming into 6
in reaction R5. The activation and the reaction energies are
40.86 and 38.14 kcal/mol, respectively, comparable with the
energetics found for reaction R3. The next step along path
2 is reaction R6, where the loss of another hydrogen atom
from 6 leads to 7, with the activation and reaction energy
values of 38.61 and 32.21 kcal/mol. Comparing the number
of reactions in both pathways, the cumulative activation
energies, and endothermicities, path 2 seems to be more
favorable.

In contrast to path 1 and path 2, path 3 starts on a
singlet PES. 3T undergoes intersystem crossing forming
3S. However, 38 is unstable (ST splitting: 35.59 kcal/mol)
and transforms directly into 7 via Hy abstraction in barrier-
less reaction R7 with a reaction energy —67.94 kcal/mol,
definitely favoring path 3 as the most likely path.

Protonated hydrogen cyanide 7, one of the key species
found in Titan’s atmosphere being formed in all three
pathways, can then transform into the methylene amine
cation 4S, another key species in Titan’s atmosphere via
the addition of H, in reaction R8. The activation and
the reaction energies are 39.60 and —55.87 kcal/mol,
respectively, revealing the strong exothermic character of
this chemical transformation. Whereas the discussion of the
energetics provides valuable overall trends, it cannot lead
to specific insights into the actual reaction mechanism, due
to the nature of the energy being a cumulative property
[82-87]. Therefore, in the following, a detailed mechanistic
study will be presented based on URVA.

Reaction mechanisms
The mechanism of each of the reactions R1-R8 will be

described in detail, in particular in terms of the energy
profiles, curvature profiles, and their decomposition as

well as changes of important geometry parameters and
changes of the NBO charges monitoring charge trans-
fer along the reaction parameter s. The decomposition
of the reaction path direction along the reaction param-
eter s for each reaction can be found in the Support-
ing Information. In addition, reaction movies following
the changes of the reaction complex along the reac-
tion parameter s for each of the reactions are included
in the Supporting Information, facilitating the discus-
sions.

Reaction R1 describes the isomerization of the inter-
mediate originally formed from 1 and 2 to methylamino
radical cation 3T. As shown in Fig. 2a in the intermediate
the migrating methyl hydrogen atom H3 is in a bridg-
ing position between carbon atom C2 and nitrogen atom
N6 (R(C2N6) = 1.693 A, R(C2H3 = 1.308 A, R(N6H3)
=1.183 A. During the reaction (see reaction movie SR1,
Supporting Information), H3 swings around to the nitro-
gen atom, the C2H3 bond is cleaved, and the new C2N6
and N6H3 bonds are formed. Furthermore, the molecules
rotate from an eclipsed into a more stable staggered confor-
mation. Figure 2b shows the changes of the most relevant
geometry parameters along with the reaction parameter s.
It is interesting to note that the distance of the C2N6 bond
to be formed first increases, reaching a maximum value
of 1.818 A at s= 0.4 amu'/? Bohr, i.e., shortly after the
TS before decreasing to its final value of 1.386 A at s=
3.7 amu!/? Bohr. Another interesting feature of the reaction
is the rotation from an eclipsed into the staggered form start-
ing at s= 3.8 amu'/? Bohr and being completed at the end of
the reaction path at s= 4.7 amu'/? Bohr. Figure 2b shows the
corresponding reaction profile. As expected from the small
barrier, the entrance channel is relatively short (stretching
only over 1 path unit) compared to the exit channel of this
strongly exothermic reaction (stretching over almost 5 path
units). Figure 2c shows the scalar curvature along s, result-
ing in 5 curvature minima, which divide the reaction path
into 6 reaction phases with phase 3 containing the TS. Only
chemical events before the TS account for the reaction bar-
rier, i.e., the large curvature peak in phase 2 is composed of
the events determining the barrier which are further charac-
terized by decomposition of the reaction path curvature into
components. The cleavage of the already weakened C2H3
bond starts here, characterized by supportive contributions
(positive values) of the C2H3 bond length and N6C2H3
angle, whereas the formation of the new C2N6 and N3H3
bonds is resisting (negative values). Interesting to note is
that there is no pronounced peak at the TS, in accordance
with our frequent findings that important chemical changes
do not necessarily occur at the TS, they may occur in the
entrance [88, 89] or exit channel of a reaction [40, 90]. The
smaller curvature peaks in phases 3 and 4 are dominated
by CNH angle contributions describing the migration of the
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H3 atom accompanied with the bond breaking/forming pro-
cesses. The large curvature peak in phase 5 far out in the
exit channel characterizes the simultaneous finalization of
the C2H3 bond breaking and C2N6 and N6H3 bond for-
mation events, accompanied by the rotation of the molecule
into the final staggered conformation. Stretching over the
whole reaction rather than occurring in an abrupt fashion is
more energy conserving, a phenomenon which we also have
frequently observed for other chemical reactions, in particu-
lar catalysis reactions [91, 92]. Changes of the NBO charges
as a function of s, reflecting charge-transfer, are shown in
Fig. 2d. At the beginning and at the end of the reaction,
the N atoms have a positive charge of 0.2e¢, i.e., the remain-
ing 0.8e are distributed over the methyl group, the carbon
atom has a negative charge of —0.5¢ (compared to —0.7¢ in
methane), each of the spectator hydrogen atoms has a posi-
tive charge of 0.3e (compared to 0.18¢ in methane), and the
migrating H atom has the largest positive charge of 0.4e.
Whereas the charges on the H-atoms remain fairly constant
during the course of the reaction, there is a transfer of neg-
ative charge from the C to the N atom with a maximum
reached at s= 0.4 amu'/? Bohr (charge on C2: —0.le and
on N6: 0.3e with A(NBO) = 0.4e compared to A(NBO)
= 0.7¢ at the start). This weakens the electrostatic inter-
action between the two atoms. s = 0.420 amu'!/? Bohr is
also the point where the maximum CN distance is reached.
After that point, negative charge is transferred back to the
C atom, A(NBO) and with that the bond polarity increases
again supporting the formation of the CN bond. Figure 1
depicts the central role of the methylamino radical cation
3T which serves as a starting point for each of the following
3 pathways leading to the formation of protonated hydro-
gen cyanide HCNH 7; path 1 with reactions R2-R4, path
2 with reactions RS and R6, and path 3 with reaction R7.
Reaction R2 describes the isomerization of the methy-
lamino cation 3T to the methylene amino cation 4T. The
reaction is only slightly exothermic by about 6 kcal/mol
leading to entrance and exit channels of about the same
lengths (2.3 amu'/? Bohr). During this reaction, the H4
atom of the methyl group migrates from the C3 to the N2
atom, the C3H4 bond is cleaved, and a new N2H4 bond is
formed (see Fig. 3a and reaction movie SR2, Supporting
Information). The carbon atom changes from sp® to sp?
hybridization. However, since the methyl and amino hydro-
gen atoms of the resulting 4T are arranged almost perpen-
dicular to each other (HIN2C3H5=81°), the formation of a
CN double bond is not possible. As shown in Fig. 3b, the
CN bond distance remains fairly constant during the whole
reaction (1.386 A in 3T compared to 1.396 A in 4T), which
corresponds to a typical CN single bond distance. Most
changes are observed for the N2H4 distance starting from
2.025 A in 3T and reaching its final value of 1.031 A at s=
1.1 amu!/2 Bohr and the C3H4 distance, starting from 1.094

@ Springer

A in 3T and reaching its final value of 2.118 A at the end
of the reaction at s= 2.3 amu'/?> Bohr. At TS2, the migrat-
ing hydrogen atom is in a bridging position, with a C3H4
distance of 1.358 A, a N2H4 distance of 1.239 A, and a
C3N2H4 angle of 62°. Figure 3c presents the scalar reaction
path curvature and its decomposition into components along
s, which are characterized by six reaction phases. Interest-
ing to note that also for this reaction, there is no significant
curvature at the TS; major events occur in both entrance and
exit channel. The large curvature peaks in phase 1 as well
as in phase 6 are predominantly characterized by rotations
of the methyl hydrogens H5 and H6 adjusting to the rehy-
brizidation, at the carbon atom. The cleavage of the C3H4
bond stretches over phases 3-5, starting with a small sup-
porting contribution of the C3H4 component in phase 3, a
small resisting contribution in phase 4, and a larger resisting
contribution in phase 5 in which the C3H4 distance of 2.117
A is reached as confirmed by Fig. 3b. With the breakage of
the C3H4 bond, the new N2H4 bond starts to form, reaching
the final distance of 1.023 A already in phase 4. As reflected
by the large curvature contributions shown in Fig. 3c, the
HIN2C3 angle plays a central role for the reaction. Chang-
ing from 147° to 122° helps push the carbon hydrogens H5
and H6 into an sp? position and make room at the nitrogen
for the incoming H4. This is also visualized in the reaction
movie SR2 of the Supporting Information. Figure 3d shows
the changes of the NBO charges as a function of s. Start-
ing in phase 2, there is a large transfer of negative charge
from the C to the N atom. The original difference A(NBO)
decreases from 0.74¢ to O at the TS, where both C and N
have a negative charge of —0.25¢. After that point, the nega-
tive charge of N is slightly increasing and that of the C atom
is slightly decreasing to the final values of —0.23¢ for N and
—0.13¢ for C in 4T, where the positive charge is equally dis-
tributed among the hydrogen atoms (charges on HS and H6
0.25¢, respectively, and on H1 and H4 0.43¢, respectively).

In reaction R3, the methylene amino cation 4T loses
one hydrogen atom at the carbon atom and transforms into
the planar aminomethylene cation 5 with a CN double
bond. C2H6 bond breakage is initiated by a rotation of
both the carbon and nitrogen hydrogens from an almost
perpendicular to planar arrangement plane (see Fig. 4a
and reaction movie SR3, Supporting Information). As
revealed by Fig. 4b, the largest geometry changes in the
entrance channel include the dihedral angles HIC2N3H4
approaching 180° and HIC2N3HS approaching 0° during
the course of the reaction. At s= —1.5 amu!/? Bohr, the
rotation has reached a critical point (HIC2N3H4= 138° and
HI1C2N3H5=50°) and the C2H6 bond starts to lengthen
almost linearly. The C2N3 bond distances decrease from
1.396 A in 4T to its final value of 1.250A at the path
endpoint s= 2.0 amu'/? Bohr. Figure 4c shows the reaction
path curvature which is composed of 6 reaction phases and
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Fig. 3 Reaction R2; a energy profile; b changes in geometry param-
eters; ¢ reaction path curvature profile (black solid line) and its
decomposition into components; d changes in NBO charges as a func-
tion of the reaction path parameter s. Reaction phases are indicated

its decomposition into components. The curvature peaks in
phase 1 are characterized by methyl and amino hydrogen
rotations which are complemented in phase 2 by changes
of the HIC2N3 and at the end of this phase by changes
of the H6C2N3 bond angle. In phase 3, the cleavage
of the C2H6 bond takes place as indicated by a large
supporting contribution of the C2H6 component with a
smaller contribution from C2N3. The curvature maximum
occurs at s = —1.3 amu!/2 Bohr, where the C2H6 distance
starts to increase (see Fig. 4b). In summary, the energy-
demanding cleavage of a CH bond is assisted by methyl
and amino hydrogen rotations guiding the CH, group in
a position facilitating the bond breaking process. Phase
4 including TS3 and phase 5 show only small curvature
enhancements predominately made up from C2N3 bond
adjustments and further hydrogen bond rotations. Phase 6 is
dominated by final H6C2N3 changes and rotations about the
CN bond needed to achieve the planar structure of resulting
5. Figure 4d depicts changes of the NBO charges along s.
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Major changes occur for the carbon and nitrogen atoms. In
phase 3, negative charge is transferred from C2 to N3 where
at the end of phase 3 N3 almost reaches its final charge
of —0.7¢ and C2 adapts a positive charge of 0.25¢. In the
following phases 4-6, i.e., to the end of the reaction, an
additional negative charge is transferred from the C2 atom to
the leaving H6 atom bringing its charge to 0, a small portion
is also transferred to H1. At the end of the reaction with
NBO charges of —0.7¢ on N and 0.54¢ on C2, a strongly
polar CN double bond results in 5.

In reaction R4, the aminomethylene cation S loses an
additional amino hydrogen atom leading to the protonated
hydrogen cyanide 7. In resemblance with reaction R3, here
the NH bond breakage is assisted by rotating the C2H1
bond and the N3H4 bonds into a linear arrangement which
facilitates the cleavage of the N3HS bond (see Fig. 5a
and reaction movie SR4, Supporting Information). The
reaction movie also shows an interesting feature of this
reaction. Hydrogen atom HS5 orbits around the NH end
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Fig. 4 Reaction R3; a energy profile; b changes in geometry param-
eters; ¢ reaction path curvature profile (black solid line) and its
decomposition into components; d changes in NBO charges as a func-
tion of the reaction path parameter s. Reaction phases are indicated

instead of leaving on a more straight pathway (i.e., so-called
roaming) which causes the long exit channel of almost
eight s units. For a recent review on the phenomenon of
roaming reactions, their experimental capture and potential
importance of astrochemistry, see e.g. Refs. [93-95].
Figure 5b depicts changes of bond lengths and bond
angles as a function of s. The HIC2N3 angles starts to
widen from 133° in 5 with a steep incline until s =
—1.1 amu!/? Bohr, where a value of 162° is reached. After
that path point, the HIC2N3 angle slowly increases to its
final value of 180°. Starting from a value of 121°, the
C2N3H4 angle first moves through a shallow minimum,
then steeply increases and reaches the value of 178° at
$=2.0 amu'/? Bohr. The N3H5 bond length starts to linearly
increase at s = —1.2 amu!/? Bohr until it reaches a
maximum value of 3.111 A at s=3.3 amu!/? Bohr, where
the C2N3HS5 angle adapts a value of 120°. From there on,
the roaming of HS5 starts, leading to a small decrease of
the N3HS5 distance to 2.896 A and a steep incline of the
C2N3HS angle to its final value of 180°. The C2N3 bond
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Reaction parameter s (amu”2 Bohr)

by vertical dashed lines at curvature minima M1, M2, ..., Mn, and
are labeled by blue numbers. The TS is indicated as a dotted line.
MP2/aug-cc-pVTZ level of theory

decreases slightly in the entrance channel and shortly after
TS4 at s=0.5 amu'/? Bohr attains its final value of 1.144
A corresponding to a typical CN triple bond. In addition to
roaming, reaction R4 has another interesting feature, more
frequently observed in transition metal catalysis [96], the
involvement of formation of a dihydrogen interaction [97,
98] in the reaction mechanism. The H4HS distance first
decreases to 1.687 A at s = —1.1 amul!/? Bohr, the point
where N3HS5 bond breakage starts, adapts a maximum value
of 2.767 A at s=3.0 amu!/? Bohr, and then decreases again
caused by the roaming motion of the H5 atom (see reaction
movie SR4, Supporting Information). The reaction path
curvature profile and its decomposition shown in Fig. 5¢
quantify these observations. The reaction is composed of
seven distinct phases. Phase 1 is characterized by angle
rotations, then in phase 2 the N3HS5 bond starts to break,
supported by H4H5 interactions leading to a large curvature
peak. Another important contribution to this curvature peak
is negative contribution of the HIC2N3 angle, resisting to
become linear. The curvature peak in phase 3 shortly after
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decomposition into components; d changes in NBO charges as a func-
tion of the reaction path parameter s. Reaction phases are indicated

the TS is dominated by the C2N3 contribution. In phase
6, the cleavage of the N3HS5 bond is finalized with a large
resisting contribution of the N3HS and H4H5 components
and supported by the C2N3HS angle contribution. From
there, one HS roaming is taking place, which does not lead
to any pronounced curvature. Figure 5d presents the changes
of the NBO charges along s. Most pronounced is the transfer
of charge from the nitrogen atom (—0.7e at the start of the
reaction, —0.3e at the end) to the leaving H5 atom, which
starts with a positive charge of 0.5¢ and becomes neutral at
around s=1.0 amu'/? Bohr.

Reaction RS is the first reaction of path 2 which leads
to (7) in only two reaction steps. Starting from 3T, the
planar methylene amine cation 6 is formed via the loss of
one methyl hydrogen atom (see Fig. 6a and reaction movie
SRS, Supporting Information). As is revealed in Fig. 6b, the
C3H4 bond starts to elongate at s = —1.8 amu!/2 Bohr, then
the C3H4 increases linearly over the remaining reaction
until at s=2.0 amu'/? Bohr where the final value of 2.936 A
is reached. The N2C3 bond length decreases from 1.386 to

are labeled by blue numbers. The TS is indicated as a dotted line.
MP2/aug-cc-pVTZ level of theory

1.221 A to transform from a single into a double bond. The
most notable additional change is that of the HIN2C3H6
dihedral angle decreasing from 60° to 0° accompanied with
the rehybridization of the carbon atom from sp? to sp? and
the planarization of the molecule. Overall, most changes
occur at the methyl group as shown in the reaction movie.
Figure 6¢ shows the reaction path curvature profile and
its decomposition. In contract to previous reactions, the
curvature profile is relatively simple. There are 5 phases
with two enhanced curvature peaks in phases 2 and 3, then
a long phase 4 including TS5 without noticeable curvature,
i.e., without any major chemical events, and phase 5 with
a pronounced curvature peak characterizing the finalization
of this reaction. Phase 2 is characterized by HIN2C3 and
N2C3HS angle changes helping to get the C3H4 cleavage
started, which occurs in phase 3, denoted by supporting
C3H4 components the C3N2 bond changes its character,
denoted by a supporting C3N2 component. C3H4 cleavage
is completed in phase 5 characterized by a large resisting
C3H4 contribution and a supporting N2C3H4 contribution.
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Fig. 6 Reaction R5; a energy profile; b changes in geometry param- by vertical dashed lines at curvature minima M1, M2, ..., Mn, and
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tion of the reaction path parameter s. Reaction phases are indicated

In Fig. 6d, changes of the NBO charges along s are shown.
As in reaction R3, negative charge is transferred from the
carbon atom the nitrogen and to H4, which has to become
neutral. However, compared to reaction R3, the resulting
CN double bond in 6 is less polar with 0.09¢ on C3 and
—0.15¢ on N.

Reaction R6 can be considered as a counterpart of
reaction R4, both aiming at the formation of protonated
hydrogen cyanide 7; the difference is that in this reaction the
methylene loses a hydrogen atom. The CH bond breakage
is assisted by rotating the HIN2 and the C3H4 bonds
into a linear arrangement which facilitates the cleavage
of the C3HS5 bond (see Fig. 7a and reaction movie SR6,
Supporting Information). As shown in Fig. 7b, the HIN2C3
angle increases from 151° and the N2C3H4 angle from 120°
in 6 to reach their final values of 180° at s=2.1 amu'/? Bohr.
The C3HS bond starts to elongate at s = —1.2 amu!/2 Bohr,
the C3HS distance increases linearly until reaching the value
of 3.1 A at s=2.8 amu!/? Bohr, which is close to the final
bond length. Interesting to note again is the assistance of
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are labeled by blue numbers. The TS is indicated as a dotted line.
MP2/aug-cc-pVTZ level of theory

a dihydrogen interaction. The H4H5 distance of 1.901 A
in 6 first decreases to a minimum value of 1.812 A at
s = —1.0 amu'/? Bohr, then increases to a maximum
value of 2.944 A at s=2.8 amu!/? Bohr and then decreasing
again, showing the onset of a roaming motion which is
however less pronounced than in reaction R4, as shown
in the reaction movie, which is also reflected by a much
smaller change of the N2C3HS5 angle compared to the more
drastic C2N3HS5 angle changes in reaction R4. The reaction
path curvature patterns of both reactions look quite similar;
there are three distinct curvature peaks, two in the entrance
and one in the exit channel. The big difference is that
reaction R6 has only six reaction phases and a shorter exit
channel of 3.5 s units (see Fig. 7c) than R4 because of the
less pronounced roaming. Phase 1 is characterized by angle
rotations, then in phase 2 the C3HS5 bond starts to break,
supported by H4HS5 interactions leading to a large curvature
peak. Another important contribution to this curvature peak
is negative contribution of the HIN2C3 angle, resisting to
become linear. The curvature peak in phase 3 shortly after
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Fig. 7 Reaction R6; a energy profile; b changes in geometry param-
eters; ¢ reaction path curvature profile (black solid line) and its
decomposition into components; d changes in NBO charges as a func-
tion of the reaction path parameter s. Reaction phases are indicated

the TS is dominated by the N2C3 contribution. In phase
6, the cleavage of the C3HS5 bond is finalized with a large
resisting contribution of the C3H5 and H4HS5 components
and supported by the N2C3HS5 angle contribution. The short
phase 6 describes the onset of a roaming motion of the
leaving HS atom. Figure 6d presents the changes of the
NBO charges along s. In contrast to reaction R4 here the
neutralization of the leaving hydrogen atom HS occurs via
transfer of negative charge from the carbon atom.

Path 3 offers an attractive alternative for the formation of
R7 on the singlet PES via just one barrier-less reaction. As
sketched in Fig. 1, after intersystem crossing of 3T into 38,
7 is formed via the loss of H,. The out of plane HS and H6
methyl atoms (see Fig. 8a) leave simultaneously as depicted
in reaction movie SR7 (see Supporting Information) and
combine to a hydrogen molecule. The process is initiated by
the amino hydrogen atom, which moves towards the carbon
atom helping to kick out HS and H6 before swinging back
into its final linear position in R7. As shown in Fig. 8b, both
C3HS5 and C3H6 distances change simultaneously, up to

Reaction parameter s (amu"? Bohr)

by vertical dashed lines at curvature minima M1, M2, ..., Mn, and
are labeled by blue numbers. The TS is indicated as a dotted line.
MP2/aug-cc-pVTZ level of theory

$=2.0 amu'/? Bohr more gradually, and thereafter in a steep
linear fashion, until reaching their final value of 2.976 A
at s=8.4 amu!/2 Bohr. At s=1.8 amu!/? Bohr, the HIN2C3
angle reaches a minimum of 114° before steadily increasing
again reaching its final value of 180° at s=6.9 amu'/? Bohr.
The C2C3 single bond of 3S decreases smoothly from 1.386
to 1.144 A, the triple bond distance of 7, which is reached
after s=5 amu!/? Bohr. The HIN2C3HS5 and HIN2C3H6
dihedral angles of 60° approach a zero value upon leaving
the newly formed H, as documented by the decreasing
H5H6 distance which reaches the HH distance of 0.742 A
already at s=5.0 amu'/> Bohr before the final departure
from the carbon atom. The reaction path curvature profile
and its decomposition is shown in Fig. 8c. The reaction
consists of seven distinct reaction phases with four distinct
curvature peaks, in line with our previous findings that
also reactions without a barrier possess detailed mechanistic
features [99—101]. Phases 1 and 2 are dominated by a large
negative HSH6 components resisting first the formation of
H; which is balanced in phase 2 by a large supporting
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Fig. 8 Reaction R7; a energy profile; b changes in geometry param-
eters; ¢ reaction path curvature profile (black solid line) and its
decomposition into components; d changes in NBO charges as

contribution of the HIN2C3 angle. The actual cleavage of
the C3HS5 and C3H6 bonds and the combination of both
leaving hydrogen atoms to form H; molecules start in a
concerted fashion in phase 3 with supporting components.
Interesting to note is that, as already predicted in Fig. 8b, the
Hj formation is completed at the end of phase 4, whereas the
final CH bond cleavage occurs in phase 6, as denoted by the
large resisting C3H5 and C3H6 components supported by
large N2C3HS5 and N2C3H6 contributions. The shoulder in
phase 5 is characterized by adjustments of the N2C3H4 and
HIN2C3 angles to become linear, which again is achieved
before final CH bond cleavage. As denoted by the small
N2C3 curvature components, the transformation from CN
single to triple bond occurs mainly in phases 2 and 3 and is
completed at the end of phase 4. Figure 8d shows the change
of the NBO charges along s. There is a large transfer of
negative charge from the carbon to the nitrogen atom as well
as to the leaving hydrogen atoms which both have a zero
charge in the H, molecule. C3 starts with a negative charge
of —0.5¢ and ends with a positive charge of 0.5¢, whereas
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N2 starts with a positive charge of 0.1e and negative charge
of —0.31e in R7.

Protonated hydrogen cyanide 7 formed in each of the
three paths can recombine with molecular hydrogen and to
the methylene amine cation 4S which is planar in contrast to
4T, and therefore can form a CN double bond; see Fig. 1. As
shown in reaction movie SR8 (see Supporting Information),
a hydrogen molecule approaches 7 at the carbon end and
causes the HCN and CNN bonds to bend into the opposite
direction. In the first part of the reaction, H; is attached
to the carbon atom resembling a reversion of reaction R7.
In the second part, one of the H, hydrogen atoms migrates
to the nitrogen forming 4S. Obviously, this mechanism,
which has been found, e.g., in transition metal catalysis
[96] is more energy effective than starting via breaking the
hydrogen bond in Hj, which costs more than 100 kcal/mol.
As denoted by the small shoulder in energy profile at about
—2.0 amu'/? Bohr (see Fig. 9a), reaction RS is at
the onset for the two-step reaction mechanism. Figure 9b
shows the geometric changes of reaction R8 as a function

S =
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decomposition into components; d changes in NBO charges as a func-
tion of the reaction path parameter s. Reaction phases are indicated

of 5. The H4H6 distance of 0.740 A between the hydrogen
atoms of the incoming H, molecule does not change for
more than 3 s units, confirming that the H, molecule is
captured by the carbon atom. At s = —2.5 amu'/? Bobhr,
the H4H6 distance slowly starts to increase; after s
—0.8 amu!/2 Bohr, this distance is more pronounced as the
split of H> and the migration of H4 to the nitrogen atom
proceeds. At s=4.0 amu'/? Bohr, the final H4H6 distance
of 2.331 A is reached. The C2H4/C2H6 distance linearly
decrease from 2.977 A. At s —0.15 amu!/? Bohr,
the C2H6 distance further decreases to the value of 1.164
A, whereas the C2H4 distance starts to increase from
the value 1.201 A in accordance with the starting H-
migration. The N3H4 distance steadily decreases, until the
final value of 1.016 A is reached at s=3.8 amu!/? Bohr.
Another interesting parameter is the H4N3C2H6 dihedral
angle. Before reaching its final value of 0° in 4S, the
H4N3C2H6 dihedral angle adapts a maximum of 66° at
s=1.1 amu'/? Bohr denoting that the migration of H4
occurs out the molecular plane. Further details about this

are labeled by blue numbers. The TS is indicated as a dotted line.
MP2/aug-cc-pVTZ level of theory

complex reaction mechanism, including a quantification of
the geometry discussion, can be gained by inspection of
Fig. 9c showing the reaction path curvature profile and
its decomposition. The reaction proceeds in 10 distinct
phases, with TS8 included in phase 7, i.e., several important
chemical events occur before the TS. The large curvature
peak in phase 2 is characterized by the adjustment of the
incoming Hj as reflected by supporting N3C2H6/N3C2H4,
H4N3C2H6, and H4N3C2 resisting contributions. Phase
3 is dominated by the bending of 7, resisting HSN3C2
and N3C2H1 components and a supporting C2H6/C2H4
component. The smaller curvature enhancement in phase 4
predominately results from changes in the CN bond and a
start of H4H6 elongation. In phase 5, more drastic changes
take place as reflected by the large curvature peak. The
cleavage of the H4H6 bond and the migration of H4 start
with a strongly resisting H4H6 component and supportive
C2H6 and C2H4 components. Phase 6 is dominated by HH
bond cleavage (supportive H4H6 component) and hydrogen
migration (supportive H4N3C2H6 component). After the
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Fig. 10 Bond strength order BSO n as a function of the local mode force constant k for the CN bonds of all stationary points reactions R1 — R8
and some reference compounds (see legend). a CASPT2/aug-cc-pVTZ level of theory; b CCSD(T)/cc-pVDZ level of theory

TS, in phase 8, the final N3H4 distance is reached, denoted
by large N3H4 and C2H4 components as well as the
final C2H6 distance. There is still resistance to bring
the molecule in its final planar form, i.e., large negative
H4N3C2H6, which is then completed in phase 10 together
with final bond angle adjustments. Figure 9d shows the
NBO charges as a function of s. It is interesting to note
changes of the NBO charges start only at the beginning of
phase 4, where both hydrogens of the H pick up positive
charge predominately from C2 and to a lesser extent from
N3. At s = —1.4 amu'/? Bohr, H4 starts to adapt more
positive charge than H6 in accordance with its migration to
the nitrogen atom. At the end of the reaction, the H4 and
HS5 hydrogens on N3 adapt a positive charge of 0.44e and
the HI and H6 hydrogens on carbon a positive charge of
0.23e. Interesting to note is that shortly after the TS, both
carbon and nitrogen are equally charged with —0.26¢. After
that point, negative charge is transferred back from C2 to
N3 resulting in a polar CN double bond in 4S with 0.18¢ on
C2 and —0.52 on N3.

CN chemical bond analysis

The URVA analysis of chemical reactions R1-R8 in
this study was complemented by the assessment of the
strength of all CN bonds formed during R1-R8. For this
purpose, we calculated local mode force constants k¢ with
the CASPT2/aug-cc-pVTZ and CCSD(T)/cc-pVDZ model
chemistries utilizing the LmodeA program [77].

In order to facilitate the discussion, local mode force
constants k“ can be transformed into bond strength orders
(BSO n) via a power relationship derived from the
generalized Badger rule [82, 102]: BSO n = A * (k“)B;
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where the constants A and B are determined by two
reference molecules with known BSO n and k% values
and the requirement that for a zero force constant k¢ the
corresponding BSO n value is also 0. We used in this work
as a reference CH3NH, with a CN bond order of 1 and
CH,;NH with a CN bond order of 2. This led to constants
A =0.291 and B = 0.826 for CASPT2/aug-cc-pVTZ with
k%(C-N) of CH3NH, = 4.467 mDyn/A and k*(C=N) of
CH,NH = 10.339 mDyn/A and A = 0.275 and B = 0.852
for CCSD(T)/cc-pVDZ with k*(C-N) of CH3NH, = 4.555
mDyn/A and k*(C=N) of CH,NH = 10.278 mDyn/A.

The (BSO n, k%) power relationship for all stationary
points of reactions R1-R8 and some reference compounds
is shown in Fig. 10a for CASPT2/aug-cc-pVTZ and in
Fig. 10b for CCSD(T)/cc-pVDZ. Bond distances R(CN),
local mode force constants k“(CN), and corresponding bond
strength orders BSO n(CN) of all CN bonds in molecules
3-7, TSs, and some reference compounds, calculated at the
CASPT2/aug-cc-pVTZ and CCSD(T)/cc-pVTZ levels of
theory are collected in Table 2. Noteworthy is the broad CN
bond order spectrum observed in our study, ranging from
almost 0 for the intermediate and TS1 to 3.7 found for the
protonated hydrogen cyanide 7 in accordance with previous
work comparing the strength of the CN bond in 7 with that
of the triple bond of double-protonated carbon monoxide
[103]. In the following, we will limit the discussion to the
CCSD(T)/cc-pVDZ results.

According to Fig. 1, we expect a very weak CN bond in
both the intermediate formed from methane (1) and N* (3 P)
as well as in the TS1 which is confirmed by the BSO n
values of 0.059 and 0.384, respectively (see Table 2 and
Fig. 10b). Next follows a group of molecules with CN bonds
in the single bond range, 3S and 3T and 4T with BSO n
values of 0.834, 0.939, and 1.059, respectively, followed



J Mol Model (2021) 27:320

Page 15 0f 20 320

Table 2 Bond distances R(CN) in A, local mode force constants
k%(CN) in mDyn/A, and bond strength orders B.SO n(CN) for molecules

3-7, TS1-TS6, TS8, and some reference compounds, calculated at the
CASPT2/aug-cc-pVTZ and CCSD(T)/cc-pVDZ levels of theory

CASPT?2/aug-cc-pVTZ

CCSD(T)/cc-pVDZ

Molecule R(CN) k9(CN) BSO n(CN) R(CN) k“(CN) BSO n(CN)
vdW CH;NH* (A”) 1.825 0.257 0.095 2.027 0.163 0.059
3T CH;NH* (GA”) 1.388 4.200 0.950 1.409 4.231 0.939
3S CH3NH* ('A)) 1.388 3.129 0.745 1.409 3.678 0.834
4T CHNH2* (3A”) 1.392 5.127 1.121 1.413 4872 1.059
4S CHoNH2* (1A)) 1.280 10.789 2,072 1.290 10.930 2.108
5 CHNH,* (2A) 1.239 10.954 2.098 1.272 11.496 2.201
6 CH,NHT (2AY) 1.261 11.096 2.120 1.252 11.520 2.205
7 CHNH* (' T+) 1.139 21.171 3.615 1.155 20.736 3.637
TS1 CA) 1.838 0.445 0.149 1.610 1.480 0.384
TS2 3A”) 1.379 6.041 1.283 1.394 6.068 1.277
TS4 A) 1.165 17.068 3.026 1.180 17.289 3.115
TS5 GA) 1.251 10.107 1.963 1.266 10.370 2.016
TS6 (A") 1.239 10.954 2.098 1.167 19.032 3.381
TS8 (1A) 1313 7.623 1.555 1.332 7.585 1.544
CH;NH; ('A)) 1.465 4.467 1.000 1.473 4.555 1.000
CH,NH ('A)) 1.275 10.339 2.000 1.289 10.278 2.000
CH,NH, (A% 1.390 6.132 1.299 1.413 5.852 1.238
CHNH (A) 1.239 12.144 2.284 1.255 12.035 2.288
HCN ('=+) 1.165 17.175 3.042 1.175 18.140 3.246
CNH ('z+) 1.170 17.119 3.033 1.192 16.529 2.998

by TS2 (BSO n= 1.277) which has a slightly shorter CN
bond than found in 3T and 4T (see Table 2). TS8 has with
BSO n=1.544 a somewhat weaker CN bond than expected
from inspection of Fig. 1, which is the result of a widening
of the CN bond caused by the migrating hydrogen atom,
as underlined in the reaction movie SR7 (see Supporting
Information). The third group of CN bonds are in the CN
double bond range, TSS with BSO n= 2.016, followed by
4S where in contrast to 4T the CN double can be formed,
as reflected by a BSO n value of 2.108. 5§ and 6 with
BSO n values of 2.201 and 2.205 respectively also belong
to this group. The final group contains molecules in the
CN triple bond range. The first member of this group is
TS4 with a BSO n value of 3.115 which is somewhat
smaller than the BSO n value of the CN bond in CNH,
followed by TS6 which has a somewhat stronger CN bond
than the CN bond in the HCN molecule (BSO n values
of 3.381 and 3.246, respectively). 7 has with BSO n
= 3.637 the strongest CN bond found in this study. As
discussed in a previous study [103], protonated hydrogen
cyanide 7 belongs to the strongest bonds found in chemistry.
In order to assess the effect of protonation on the bond
strength, we calculated the CN bond strength in CHNH
radical and CH;NH, radical, the counterpart of 4. In both

cases, we observed a drastic decrease in the CN bond
strength (BSO n values of 2.288 compared to 3.637 in
7 and 1.238 compared to 2.108 in 4, respectively, see
Table 2), confirming the influence of protonation which
strongly increases the electronegativity of the heavy atom
involved.

Popular strategies to assess the strength of a chemical
bond or weak chemical interaction often refer to bond
distances [104—106]. However, a caveat is appropriate. A
number of cases have been reported illustrating that a
shorter bond is not always a stronger bond [107-109]. In
the following, we discuss the situation for the CN bonds
of this study using local mode force constants as a suitable
assessment tool. In Fig. 7a, R(CN) and k“(CN) values are
correlated for CASPT2/aug-cc-pVTZ level of theory and
in Fig. 7b for CCSD(T)/cc-pVDZ level of theory. For both
model chemistries, similar trends are obtained and a good
correlation between R(CN) and k%(CN) with R%=0.964
and R?=0.967, respectively. We also see the separation
into clusters as denoted in Fig. 7b, very weak and long
CN bonds, one cluster in the CN single bond, one in the
CN double bond, and one in the CN triple bond range,
confirming that for the CN bonds investigated in this study
the bond length-bond strength relationship is valid (Fig. 11).
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Fig. 11 Correlation between the CN bond length and local mode force constant k(CN) for all stationary points of reactions R1-R8 and some
reference compounds (see legend). a CASPT2/aug-cc-pVTZ level of theory; b CCSD(T)/cc-pVDZ level of theory

Conclusions and outlook

In this work, we investigated the formation of protonated
hydrogen cyanide HCNH™ (7) and methylene amine cation
CH,NH,* (4S) from three different pathways which
stem from the interaction between CHy4 (1) and Nt(3 P)
(2). Our URVA studies could provide a comprehensive
overview on bond formation/cleavage processes relevant
to the specific mechanism of eight reactions R1-R8 that
occur across the three pathways. In addition, we could
explain the formation of CH,NH,™" and the appearance of
HCNH™ and CHNH;r along these paths. Although only
smaller molecules are involved in these reactions including
isomerization, hydrogen atom abstraction, and hydrogen
molecule capture, we found a number of interesting
features, such as roaming in reaction R3 or the primary
interaction of Hy, with the carbon atom in 7 in reaction R8
followed by migrating of one of the H, hydrogen atoms
to the nitrogen, which is more cost-effective than breaking
the HH bond first; a feature often found in catalysis. In all
cases, charge transfer between carbon and nitrogen could
be identified as a driving force for the CN bond formation.
Among the three possible pathways, the path via the singlet
potential energy surface is the shortest, and therefore most
favorable path for the formation of 7 and 4. Several new
specific insights emerged from our study.

1. For reactions R1 and R2, no pronounced peaks were
observed at the corresponding TS and significant che-
mical changes were seen to occur in both the entrance
and exit channels revealing that major chemical events
do not always take place at the TS.

2. From reaction R4, we observed the hydrogen atom HS5
to orbit around the NH molecule rather than exiting on
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a straight pathway which resulted in a long exit channel
due to this so-called roaming mechanism. Alongside
roaming, R4 involves the formation of a dihydrogen
interaction during the reaction mechanism which is
more commonly observed in transition metal catalysis.
We note that the during the reaction R6 there is similar
assistance of such a dihydrogen interaction, where R6
has one less phase and a much shorter exit channel in
contrast to 4 due to a lesser extent of roaming.

Path 3 was shown to be an appealing alternative for
the formation of R7 through one barrier-less reaction
which involves intersystem crossing of the triplet state
CH;NHT into the singlet state CH3NH* and a loss of
H,. Furthermore, R7 was shown to consist of seven
reaction phases and four curvature peaks demonstrating
that reactions with a barrier also possess elaborate
mechanistic features, where notably, at the end of phase
4 the H, formation is finished and the final CH bond
cleavage takes place in phase 6 and the change from a
C-N bond to a C=C bond happens during phases 2 and
3 and is completed by phase 4.

Reaction R8 is a complicated reaction mechanism that
takes place across 10 distinct phases where the TS is
within phase 7 with various important chemical events
taking place prior to the TS, this reaction also fea-
tures the formation of a dihydrogen interaction. An inte-
resting feature of this reaction pertains to the start of
phase 4 where the Hp atoms (H4 and H6) collect posi-
tive charge mainly from C2 where H4 becomes more
positive than H6 as it migrates towards the N atom.

As revealed by LMA, the CN bonds formed in reactions
R1-R8 cover a broad bond strength range from very
weak (BSO n values < 0.06) to very strong (BSO n
values > 3.5) with the CN bond in protonated hydrogen
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cyanide HCNH?' (7) identified as strongest of all
molecules investigated in this work.

In summary, our study shows the large potential of both
URVA and LMA to shed new light into these extraterrestrial
reactions to help better understand prebiotic processes
as well as develop guidelines for future investigations
involving areas of complex interstellar chemistry. In
particular, the formation of CN bonds as a precursor to the
extraterrestrial formation of amino acids [110, 111] will be
the focus of future investigations.
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tary material available at https://doi.org/10.1007/s00894-021-04917-8.
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