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Abstract

Recent astronomical observations of both isomers E and Z of imines such as cyanomethanimine, ethanimine, and
2-propyn-1-imine have revealed that the abundances in the interstellar medium (ISM) of these isomers differ by factors
of ∼3–10. Several theories have been proposed to explain the observed behavior, but none of them successfully
explains the [E]/[Z] ratios. In this work we present a detailed study of the kinetics of the one-step E-Z isomerization
reactions of cyanomethanimine, ethanimine, and 2-propyn-1-imine under interstellar conditions (in the 10–400 K
temperature range). This reaction was previously thought to be nonviable in the ISM due to its associated high-energy
barrier (about 13,000 K). In this Letter, we show that considering the multidimensional small curvature tunneling
approximation, the tunneling effect enables the isomerization even at low temperatures. This is due to the fact that the
representative tunneling energy lies in the vibrational ground state of the least stable isomer up to approximately 150 K,
making the reaction constants of the isomerization from the least stable to the most stable isomer basically constant. The
predicted [E]/[Z] ratios are almost the same as those reported from the astronomical observations for all imines
observed. This study demonstrates that the [E]/[Z] ratio of imines in the ISM strongly depends on their relative stability.

Unified Astronomy Thesaurus concepts: Reaction rates (2081); Astrochemistry (75); Pre-biotic astrochemistry
(2079); Interstellar clouds (834)

1. Introduction

Imines are key intermediates in the formation of biologically
important precursors such as nitrogenous bases and amino acids,
which are the main building blocks of nucleic acids and proteins
(Woon 2002). Imines present two different isomers, [E] and [Z],
depending on the orientation of the hydrogen atom of the –NH
group. Observations in the interstellar medium (ISM) of the [E]
and [Z] isomers of imines such as cyanomethanimine, ethanimine,
or 2-propyn-1-imine (hereafter propynimine) have shown different
behaviors for the measured [E]/[Z] abundance ratios: [E]/[Z]∼ 3
ethanimine (Loomis et al. 2013), [Z]/[E]∼ 6 for cyanomethani-
mine (Rivilla et al. 2019), and [Z]/[E]> 2 for propynimine
(Bizzocchi et al. 2020). Due to the high-energy barrier for
isomerization, numerous efforts have been made for explaining
the observed [E]/[Z] ratios of imines, mainly based on their
formation and/or destruction reactions. However, none of the
proposed mechanisms can either explain the observations or do it
consistently for all imines observed (Puzzarini 2015; Quan et al.
2016; Balucani et al. 2018; Melli et al. 2018; Baiano et al. 2020;
Bizzocchi et al. 2020; Lupi et al. 2020; Shingledecker et al. 2020).

Z to E (and vice versa) isomerization of some imines through
nitrogen inversion reactions has been previously studied, as well
as their relative stabilities and their formation (Vazart et al. 2015b;
Balucani et al. 2018; Baiano et al. 2020). These studies concluded
that this transformation is unlikely, due to the high-energy barrier
associated with this isomerization. In addition, the imaginary
frequency of this process has been determined to be relatively low
(of the order of 1100i cm−1; Puzzarini 2015; Vazart et. al 2015b),
which could suggest that quantum tunneling effect is not
significant. However, quantum tunneling is a very important
process at very low temperatures and in enzymatic reactions
(Truhlar 2006), where the energy of the system is not high enough
to overcome the energy barrier of the reaction, but the implied
particle still has a finite probability to pass through the barrier.

The contribution of this quantum effect to the nitrogen
inversion reaction has been previously approximated with a
monodimensional treatment that neglects the reaction path
curvature (Bao & Truhlar 2017). Curvature effects notably can
increase the importance of tunneling, especially at low
temperatures. Reaction path curvature in a multidimensional
system appears as a consequence of the coupling of the motion
to the remaining degrees of freedom along the reaction
coordinate. Because of the curvature, the tunneling paths do
not lie under the minimum energy path (MEP) but, as a result
of centrifugal forces, the system slides to the concave side of
the reaction valley. This enables the tunneling path to “cut a
corner,” increasing the tunneling effect with respect to a
monodimensional treatment (Bao & Truhlar 2017).
In this work we have carried out the first detailed study of

the isomerization of cyanomethanimine, ethanimine, and
propynimine through the nitrogen inversion reaction for
interstellar conditions using a multidimensional treatment of
quantum tunneling (Bao & Truhlar 2017 and references
therein). Our results fully explain the observed [E]/[Z]
abundance ratios of the imines reported in the ISM, and
demonstrate that their final abundances are dominated by
isomerization reactions. We also evaluate the kinetic isotope
effects (KIEs) in this isomerization by substituting NH by ND
in the imines. Deuterated imines, which would form mostly
on grains, could give additional information about the grain
chemistry of the imines.

2. Computational Details

2.1. Electronic Structure Calculations

The isomerization reaction involves the C1–N–H bending
mode of the imine, which connects the E and Z isomers
through a transition structure (TS) where the C1–N–H angle is
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near 180° for the three imines considered in this work
(Figure 1).

All stationary points (namely, the E and Z isomers and the
saddle points (SPs) that link the minima) have been optimized
at the ab initio Møller–Plesset perturbation theory MP2 (Head-
Gordon et al. 1988) in combination with the aug-cc-pVTZ
(Dunning 1989; Kendall et al. 1992) basis set employing the
Gaussian 16 software package (Frisch et al. 2016). Frequency
calculations were computed at the same level of theory
obtaining zero and one imaginary frequency for the minima
and the saddle points respectively. In order to give more
accurate results we corrected the electronic energies of the
MP2/aug-cc-pVTZ-optimized geometries with the coupled
cluster theory for single and double excitations augmented with
perturbative triples (Raghavachari et al. 1989). We also
included correlated basis functions with the F12 correction
(Pavosevic et al. 2016) and resolution-of-identity approach (RI)
for the correlation integrals (Feyereisen et al. 1993) [CCSD(T)-
F12/RI]. The inclusion of this explicit electronic correlation is
a good alternative to the basis set extrapolation since it is
known to give results near the basis set limit with smaller basis
sets. To this purpose we used the cc-pVTZ-F12 as a special
orbital basis set and a near complete auxiliary basis set cc-
pVTZ-F12-CABS. For the coulomb and correlation fitting the
aug-cc-pVTZ basis set was used. This method gives a realistic
estimation for single configuration functions as the cases we
treat here, since the systems are pure closed shell singlets.
For the coupled cluster calculations we used the ORCA
software (Neese 2012; Neese et al. 2020). For the visualization
of the molecular geometries we used the Cylview program
(Legault 2010).

2.2. Kinetic Methods

For computing the reaction rate constants, we used the
canonical variational transition state theory (CVT) with the
multidimensional small curvature tunneling approximation
(SCT). For the sake of comparison, we also computed rate
constants using the widely employed, standard method of
conventional (i.e., nonvariational) transition state theory with
one-dimensional tunneling through Eckart function corrections.
For the canonical variational transition state theory (CVT;

Bao & Truhlar 2017), the reaction rate constants have been
calculated in the temperature range of 10–400 K using the
Pilgrim software (Ferro-Costas et al. 2020). The unimolecular
rate coefficient is given by

k= G
-

K T
K T

h

Q

Q
e , 1

R
CVT SCT SCT CVT B

VT E
K T

VT

B( )( ) ( )

where KB is the Boltzmann constant, h is the Planck constant,
KSCT is the small curvature multidimensional tunneling
transmission coefficient, and ΓCVT is the canonical variational
transition state recrossing coefficient, which is the relationship
between KCVT and the rate coefficient of the conventional
transition state theory KTST. QVT and QR are the total partition
functions of the variational transition state and the reactant,
respectively, and EVT is the potential energy of the variational
transition state.
Dual level calculations were carried out to compute KCVT in

order to correct the MEP energies previously computed at
MP2/aug-cc-pVTZ using the interpolated single-point energy
(ISPE) algorithm (Chuang et al. 1999). For this purpose we
computed single-point energies on the reactant, product, saddle

Figure 1. Optimized geometries of the E, Z, and TS stationary points for the three imines considered in this work, and their relative vibrationally adiabatic energies
with respect to the less stable isomer (E for cyanomethanimine and propynimine, and Z for ethanimine) in units of kcal mol−1.
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point, and six points along the MEP at the coupled cluster
method mentioned above.

As we are working at very low temperatures the SCT was
computed with the quantized-reactant-state tunneling (QRST)
approximation (Wonchoba et al. 1994, 1995), since at low
temperatures molecules on the reaction path are better
described on discrete energy levels instead of a continuous
energy level as is commonly assumed in most tunneling
approximations.

In the computation of conventional transition state theory
(TST) rate coefficients, the KSCT was substituted by the one-
dimensional tunneling transmission coefficient for an Eckart
polynomial function fitted to the reactants, products, and saddle
point energies, KEckart (Johnson & Heickler 1962). In addition,
the recrossing coefficient ΓCVT was set to one and QVT and EVT

were replaced by the total partition functions and potential
energy of the saddle point, respectively, as follows:

k=
-

K T
K T

h

Q

Q
e . 2

R
TST Eckart Eckart B

SP E
K T

SP

B( )( ) ( )

For the computation of the KIEs, we relate the rate constants of
the lighter compound (L) with the heavier isotopologue (H) as

=
K

K
KIE . 3L

H
( )

Finally, we note that forward pathway (i.e., from S< 0 to
S> 0, S being the reaction coordinate in Bohr) hereafter means
the movement along the reaction path from the least stable
isomer to the most stable one. The deuterated isotopologues of
the imines obtained by substituting NH by ND are denoted as
E(D) and Z(D).

3. Results

The energetic data obtained with the above-mentioned
methodology lie close to previous high-level results as inferred
from Table 1, which shows the relative vibrationally adiabatic
energies (i.e., zero-point inclusive potential energies) of the
stationary points with respect to the least stable isomer (E for
cyanomethanimine and propynimine, and Z for ethanimine).

For the three imines, the zero-point energy (ZPE) does not
change notably along the MEP since the frequencies remain
almost constant during the reaction coordinate. This effect
indicates that variational effects should be very small. In fact,
the canonical variational transition state recrossing coefficient
ΓCVT is 1 across the whole temperature range, which means
that these reactions can be well described within the TST, since
transition state recrossing is negligible. These results point out
that the notable differences between the rate constants obtained
with CVT/SCT and TST, especially below 200 K, are due to
the quantum tunneling treatments (see below).

In Figure 2, we plot Log K(T) against T(K ) for the
isomerization reactions of these imines for the two methods
employed in this study (TST/Eckart and CVT/SCT). Table 2
reports the derived values of Log K(T) for the forward and
backward isomerization reactions for the three imines for the
method that best reproduces the observations (CVT/SCT; see
below). This table also reports the [Z]/[E] ratios of the
reactions rates for cyanomethanimine and propynimine, and the
[E]/[Z] ratio of the rates for ethanimine.

From Figure 2, we find that the CVT/SCT calculations are the
ones that best explain the behavior of the [E]/[Z] abundance ratios

for the observed imines in the ISM. The results from the
conventional TST with the one-dimensional Eckart tunneling
correction provide very low reaction rate constants, especially
below 200 K, falling well below from what would be observable
in the ISM. The poor agreement obtained with the TST/Eckart is
due to the fact that we have to approximate the shape of the
potential energy to an Eckart potential in order to obtain the
tunneling probabilities. The parameters obtained with this model
are used to fit the reaction enthalpy at 0 K. In addition, the
magnitude of the second derivative of the energy should be
approximated as 4π2μν‡2, where ν‡ is the magnitude of the
imaginary frequency of the saddle point and μ the reduced mass.
However, in some cases these approximations may not be
accurate enough to give quantitative results, as in the case at hand.
In any case, the shape of the potential is not the only reason for the
poor performance of the Eckart transmission coefficient.
The results obtained with a multidimensional treatment of

the tunneling effect (CVT/SCT) show that the forward and
backward isomerizations are controlled by tunneling from 10 to
∼340 K. In the forward direction, at 10 K the rate constants
with SCT corrections (KCVT/SCT) are 550 orders of magnitude
higher than without taking into account tunneling effects
(KCVT). Note that such large differences between the rate
constant corrected with SCT with respect to the one without
SCT have also been found for other systems at low
temperatures (see the case of the isomerization of carbenes,
with a difference of 152 orders of magnitude at 8 K; Zuev et al.
2003). These results at very low temperatures suggest that the
reaction proceeds without activation energy. In this case the
isomerization occurs exclusively from the vibrational ground
state of the highest energy isomer, at much lower energy than
the activation barrier. This happens up to relatively high
temperatures, where the representative tunneling energies are
very close to ν= 0. This effect is reflected in the plots of
Figure 2 where the rate constants show a plateau up to these
temperatures. After ∼150 K there is a transition from the
ground-state tunneling to the thermally activated reaction,
which can be inferred from the appearance of a slope in the
plots. On the other hand, the representative tunneling energy at
very low temperatures lies above the vibrational ground state of
the least stable isomer; tunneling through the barrier in the
endothermic direction requires an energy that is hard to obtain
at very low temperatures. In this sense, the higher the energy
difference between the isomers, the lower rate for the back
isomerization.
The equilibrium constants computed as the ratios

KCVT/SCT[E·to Z]/KCVT/SCT[Z to E] for cyanomethanimine
and propynimine and KCVT/SCT[Z to E]/KCVT/SCT[E to Z] for
ethanimine (collected in Table 2) show that at low temperatures
almost all the cyanomethanimine and propynimine will be as
the Z isomer, whereas for ethanimine the equilibrium will be
almost totally displaced to the E isomer. Note that, as discussed
in Section 4, the [E]/[Z] ratio will depend on the energy
difference between the isomers, as hinted by Rivilla et al.
(2019), but we can explain this ratio from the relationship of
the kinetic rate constants.
The isotopic substitution (with NH replaced by ND) has a

notable influence in the kinetics of the isomerization for the
three imines. The imaginary frequency of the saddle points
decreases to 861.1i, 884.7i, and 881.9i cm−1 for deuterated
cyanomethanimine, ethanimine, and propynimine, respectively.
This effect widens the MEP and consequently the vibrationally
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Table 1
Vibrationally Adiabatic Energies for the E and Z Isomers and the Transition Structure (TS) that Connects Them

Stationary Cyanomethanimine Ethanimine Propynimine

Points This Work
Shingledecker
et al. (2020)

Puzzarini
(2015)

Vazart et al.
(2015b) This Work

Baiano et al.
(2020)

Melli et al.
(2018)

Quan et al.
(2016)

Balucani
et al. (2018) This Work

Bizzocchi
et al. (2020)

Lupi et al.
(2020)

E 0 0 0 0 −0.65
(−327.09)

−0.68
(−342.19)

−0.66
(−332.13)

−1.1
(−553.50)

−0.69
(−347.22)

0 0 0

Z −0.51
(−256.64)

−0.52
(−261.68)

−0.47
(−236.51)

−0.55
(−276.77)

0 0 0 0 0 −0.86
(−432.77)

−0.85
(−427.74)

−0.81
(−407.61)

TS 26.44
(13,305.20)

L 26.03
(13,098.90)

24.85
(12,505.10)

27.43
(13,803.40)

26.97
(13,571.90)

27.68
(−13929.20)

32.03
(16,118.20)

28.18
(14,180.80)

27.73
(13,753.10)

L L

Note. Relative energies are given with respect to the less stable isomer in units of kcal mol−1 (values in brackets are in Kelvin).
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adiabatic potential, decreasing in turn the quantum tunneling
effects. This is the expected behavior for a tunneling atom
with a mass a factor of 2 higher. Figure 2 indeed shows that
the rate constants of the deuterated imines decrease almost
10 orders of magnitude at low temperatures with respect to
their H-analogous, and remain almost constant in the plateau
region of the plots. When the reactions become thermally
controlled at temperatures >340 K, this difference becomes
negligible. This change of the KIE with temperature can also be
seen in Figure 2 for cyanomethanimine (note that this behavior
is almost the same for ethanimine and propynimine).

4. Comparison with Observations

Our results from Section 3 not only follow nicely the trends
observed for the isomer ratios of the three imines, but they

perfectly match the observed [E]/[Z] ratios observed in the ISM
(Table 3). Millimeter observations carried out toward the giant
molecular cloud G+0.693-0.027 (hereafter G+0.693) located in
the Galactic Center (with Tkin∼ 150 K) reveal that the ratios
[Z]/[E] of cyanomethanimine and [E]/[Z] of ethanimine are ∼6
and ∼10–15, respectively (Loomis et al. 2013; Rivilla et al.
2019; V. M. Rivilla et al. 2021, in preparation). Our CVT/SCT
results give ratios of 6.0 and 8.4, respectively, at 150 K. In
addition, the recently reported detection of Z-propynimine
toward the same source (Bizzocchi et al. 2020) gives a lower
limit >1.9 for the [Z]/[E] ratio, which is consistent with our
predicted [Z]/[E] ratio of 19.0 at 150 K. For ethanimine, the
observed [E]/[Z] ratio toward the molecular cloud SgrB2(N)
(with Tkin∼ 300 K) is ∼3, perfectly matching our results of 2.8
for the predicted [E]/[Z] ratio.

Figure 2. Plots of Log K(T) against T(K ) for the E to Z isomerization (blue lines) and Z to E (orange lines) with the CVT/SCT (solid lines) and TST/Eckart (dashed
lines). Dotted curves are Log K(T) against T(K ) for the deuterated isotopologues of the imines (with NH replaced by ND). As an example, a plot of the KIE for
cyanomethanimine against T (K ) is also shown.
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Table 2
CVT/SCT Reaction Rate Constants (in s−1) for the Forward and Backward Isomerization Reaction of Cyanomethanimine, Ethanimine, and Propynimine and Forward/Backward Ratios

T Cyanomethanimine Ethanimine Propynimine

(K) KCVT/SCT[E to Z] KCVT/SCT[Z to E]
K

K

E to Z

Z to E

CVT SCT

CVT SCT
[ ]
[ ] KCVT/SCT[E to Z] KCVT/SCT[Z to E]

K

K

E to Z

Z to E

CVT SCT

CVT SCT
[ ]
[ ] KCVT/SCT[E to Z] KCVT/SCT[Z to E]

K

K

E to Z

Z to E

CVT SCT

CVT SCT
[ ]
[ ]

10 3.22E−12 2.03E−23 1.59E+11 9.38E−13 6.73E−27 1.39E+14 6.38E−13 1.13E−31 5.65E+18
20 3.22E−12 7.86E−18 4.10E+05 9.38E−13 8.07E−20 1.16E+07 6.38E−13 2.61E−22 2.45E+09
30 3.22E−12 5.73E−16 5.63E+03 9.39E−13 1.85E−17 5.08E+04 6.38E−13 3.45E−19 1.85E+06
40 3.23E−12 4.90E−15 6.60E+02 9.49E−13 2.83E−16 3.36E+03 6.40E−13 1.26E−17 5.09E+04
50 3.26E−12 1.79E−14 1.82E+02 9.75E−13 1.48E−15 6.57E+02 6.50E−13 1.10E−16 5.90E+03
60 3.35E−12 4.32E−14 7.74E+01 1.02E−12 4.62E−15 2.21E+02 6.70E−13 4.78E−16 1.40E+03
70 3.49E−12 8.32E−14 4.20E+01 1.10E−12 1.08E−14 1.02E+02 7.05E−13 1.40E−15 5.03E+02
80 3.72E−12 1.40E−13 2.65E+01 1.20E−12 2.12E−14 5.67E+01 7.57E−13 3.25E−15 2.33E+02
90 4.06E−12 2.19E−13 1.86E+01 1.34E−12 3.73E−14 3.60E+01 8.31E−13 6.49E−15 1.28E+02
100 4.54E−12 3.25E−13 1.40E+01 1.53E−12 6.13E−14 2.50E+01 9.33E−13 1.18E−14 7.94E+01
110 5.20E−12 4.69E−13 1.11E+01 1.79E−12 9.64E−14 1.86E+01 1.07E−12 2.00E−14 5.37E+01
120 6.13E−12 6.70E−13 9.14E+00 2.14E−12 1.48E−13 1.45E+01 1.26E−12 3.26E−14 3.88E+01
130 7.44E−12 9.59E−13 7.76E+00 2.62E−12 2.23E−13 1.17E+01 1.53E−12 5.20E−14 2.94E+01
140 9.36E−12 1.39E−12 6.74E+00 3.31E−12 3.38E−13 9.79E+00 1.91E−12 8.23E−14 2.32E+01
150 1.23E−11 2.06E−12 5.97E+00 4.33E−12 5.18E−13 8.37E+00 2.48E−12 1.31E−13 1.89E+01
160 1.69E−11 3.15E−12 5.37E+00 5.92E−12 8.11E−13 7.30E+00 3.37E−12 2.13E−13 1.58E+01
170 2.30E−11 4.71E−12 4.89E+00 8.01E−12 1.24E−12 6.47E+00 4.83E−12 3.57E−13 1.35E+01
180 3.69E−11 8.20E−12 4.50E+00 1.25E−11 2.15E−12 5.81E+00 7.04E−12 5.99E−13 1.17E+01
190 6.34E−11 1.52E−11 4.18E+00 2.08E−11 3.94E−12 5.27E+00 1.18E−11 1.13E−12 1.04E+01
200 1.18E−10 3.02E−11 3.91E+00 3.72E−11 7.70E−12 4.83E+00 2.12E−11 2.29E−12 9.25E+00
220 5.41E−10 1.56E−10 3.48E+00 1.55E−10 3.72E−11 4.16E+00 8.96E−11 1.18E−11 7.60E+00
240 3.70E−09 1.17E−09 3.16E+00 9.50E−10 2.59E−10 3.67E+00 5.60E−10 8.67E−11 6.46E+00
260 3.61E−08 1.24E−08 2.91E+00 8.44E−09 2.55E−09 3.31E+00 5.08E−09 9.03E−10 5.63E+00
280 4.28E−07 1.58E−07 2.71E+00 9.62E−08 3.19E−08 3.02E+00 5.90E−08 1.18E−08 5.00E+00
300 5.06E−06 1.98E−06 2.55E+00 1.16E−06 4.14E−07 2.79E+00 7.21E−07 1.60E−07 4.51E+00
320 5.25E−05 2.17E−05 2.42E+00 1.26E−05 4.82E−06 2.61E+00 8.01E−06 1.94E−06 4.12E+00
340 4.58E−04 1.98E−04 2.31E+00 1.16E−04 4.73E−05 2.45E+00 7.56E−05 1.99E−05 3.81E+00
360 3.32E−03 1.50E−03 2.21E+00 8.96E−04 3.86E−04 2.32E+00 5.95E−04 1.68E−04 3.55E+00
380 2.03E−02 9.53E−03 2.13E+00 5.82E−03 2.63E−03 2.22E+00 3.94E−03 1.18E−03 3.33E+00
400 1.06E−01 5.15E−02 2.06E+00 3.22E−02 1.52E−02 2.12E+00 2.22E−02 7.05E−03 3.14E+00
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We note that our derived CVT/SCT results show that it is
possible that the imine isomers ratio follow the expected
behavior under thermodynamic equilibrium even at low
temperatures thanks to tunneling. This is shown in Table 3,
where we report both the calculated equilibrium constants
between the E and Z isomers (using Equation (4)) and the ratio
obtained using Equation (5) proposed to explain the isomer
ratios by Rivilla et al. (2019) (see below), for the temperature
range 140–380 K. Both expressions follow the same trend
since the free energy difference (ΔGreacc) between the two
isomers remains almost constant for the whole range of
temperatures:
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We finally note that any dynamical effects such as pumping
or preferential excitation of the bending coordinate would
increase the rate of the reaction helping the equilibrium,
understood as the equilibration between the E and Z isomers, to
be reached faster.

5. Discussion

Several theories have been proposed to explain the observed
[E]/[Z] abundance ratios of the imines studied in the ISM, but
none of them fully explains the observations. The most popular
scenario considers that the observed [E]/[Z] (or [Z]/[E]) ratios are
a consequence of the formation/destruction mechanisms of
imines in the ISM (Herbst et al. 2000; Loomis et al. 2015;
Shingledecker et al. 2019). For cyanomethanimine, Vazart et al.
(2015a) proposed a [Z]/[E] ratio of 1.9 based on its formation
from CN and CH2NH, which lies far from the observed [Z]/[E]
ratio of ∼6 (Rivilla et al. 2019). Shivani et al. (2017) also found a
ratio of 0.9 in the gas phase and 1.0 on grain surfaces assuming
that cyanomethanimine forms from NCCN and H. Using
astrochemical codes, Zhang et al. (2020) estimate a ratio between
1 and 4 for the [Z]/[E] ratio of cyanomethanimine, but the
physical conditions assumed for the C-shocks present in the
Galactic Center (and in G+0.693 in particular) are not realistic,
because they consider cosmic-ray ionization rates that are factors
>100 lower than observed in this region of the Galaxy (see Goto
et al. 2014; Zeng et al. 2018). Other works achieve a [Z]/[E] ratio
of ∼3 (Shingledecker et al. 2020) considering the destruction of
the isomers via ion–molecule reactions. However, the same
argument does not apply to other imines such as propynimine, for
which the predicted [Z]/[E] ratio is ∼1 while the observed [Z]/
[E] ratio is >1.9 (Bizzocchi et al. 2020). Lupi et al. (2020) again
propose a gas-phase formation scenario for the origin of the
observed [Z]/[E] ratio (of ∼1.5), but their predicted ratio lies a bit
short with respect to the lower limit measured in the ISM.

Similar studies have also been carried out to explain the [E]/[Z]
ratio observed for ethanimine. Initially, astrochemical codes
predicted ratios that deviate largely from observations (Quan et al.
2016). Later on, the reaction of the amidogen (NH) and ethyl
radical (CH3CH2) was proposed as a promising formation route
for ethanimine with a predicted [E]/[Z] ratio of 1.2 (Balucani
et al. 2018). However, the revision of the latter theoretical
calculations did not approach the observed values either (predicted
value of 1.4 versus an observed value of 3; Baiano et al. 2020).
In all these previous works, it was assumed that thermodynamic

equilibrium between isomers at the kinetic temperature cannot
explain the observed ratio due to the large activation energy
barriers of the isomerization. However, our results considering a
multidimensional treatment of the tunneling effect reveal that the
relative abundances of the isomers of the imines observed in the
ISM match the values expected from their thermodynamic
stabilities (Table 3). Indeed, the [Z]/[E] ratios predicted for
cyanomethanimine and propynimine perfectly match those
observed toward G+0.693, while the calculated [E]/[Z] ratios
for ethanimine are very similar to those measured toward both G
+0.693 and SgrB2N (Table 3), reproducing the observations not
only for different sources with different kinetic temperatures but
also matching the different trends for the [Z]/[E] or [E]/[Z] ratios
depending on the imine species.
In summary, our results show that the transformation from the

least stable isomer to the more stable one is possible even at very
low temperatures thanks to tunneling, allowing the system to reach
the thermodynamic equilibrium. This demonstrates that, in some
cases, the one-dimensional treatment of the quantum tunneling
notably underestimates the reaction rate constants, and that the
origin of the E/Z ratio of imines in the ISM depends exclusively
on their relative stabilities, with the latter being understood as their
difference in energy as a function of temperature.
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Table 3
Observed [Z]/[E] (or [E]/[Z]) Abundance Ratios of the Imines Considered in This Work, and Predictions from the CVT/SCT and Equation (5)

Source Tkin (K)
Cyanomethanimine [Z]/[E] Ethanamine [E]/[Z] Propynimine [Z]/[E]

Observation
CVT/SCT
Results Equation (5) Observation

CVT/SCT
Results Equation (5) Observation

CVT/SCT
Results Equation (5)

SgrB2(N) ∼300 L L L ∼3 2.8 3.0 L L L
G+0.693 ∼150 ∼6 6.0 5.5 ∼10–15 8.4 8.9 >1.9 19.0 18.0

7

The Astrophysical Journal Letters, 912:L6 (8pp), 2021 May 1 García de la Concepción et al.

https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0001-6484-9546
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0003-4493-8714


José Carlos Corchado https://orcid.org/0000-0002-
8463-3168
Víctor M. Rivilla https://orcid.org/0000-0002-2887-5859
Jesús Martín-Pintado https://orcid.org/0000-0003-4561-3508

References

Baiano, C., Lupi, J., Tasinato, N., Puzzarini, C., & Barone, V. 2020,
Molecules, 25, 2873

Balucani, N., Skouteris, D., Ceccarelli, C., et al. 2018, MolAs, 13, 30
Bao, J. L., & Trulhar, D. G. 2017, Chem. Soc. Rev., 46, 7548
Bizzocchi, L., Prudenzano, D., Rivilla, V. M., et al. 2020, A&A, 640, A98
Chuang, Y.-Y., Corchado, J. C., & Truhlar, D. G. 1999, JPCA, 103, 1140
Dunning, T. H., Jr. 1989, JChPh, 90, 1007
Ferro-Costas, G., Truhlar, D. G., & Fernández-Ramos, A. 2020, Pilgrim-

version 2020.2 (Minnesota, MN and Spain: University of Minneapolis and
Universidade de Santiago de Compostela)

Feyereisen, M., Fitzerald, G., & Komornicki, A. 1993, CPL, 208, 359
Frisch, M. J., Trucks, G. W., Schlegel, H. B., et al. 2016, Gaussian 16

Revision A.03
Goto, M., Geballe, T. R., Indriolo, N., et al. 2014, ApJ, 786, 96
Head-Gordon, M., Pople, J. A., & Frisch, M. J. 1988, CPL, 153, 503
Herbst, E., Terzieva, R., & Talbi, D. 2000, MNRAS, 311, 869
Johnson, H. S., & Heickler, J. 1962, JPhCh, 66, 532
Kendall, R. A., Dunning, T. H., Jr., & Harrison, R. J. 1992, JChPh, 96, 6796
Legault, C. Y. 2010, Comput. Programs Biomed, 18, 99
Loomis, R. A., McGuire, B. A., Shingledecker, C., et al. 2015, ApJ, 799, 34
Loomis, R. A., Zaleski, D. P., Steber, A. L., et al. 2013, ApJL, 765, L9
Lupi, J., Puzzarini, C., & Barone, V. 2020, ApJL, 903, L35

Melli, A., Melosso, M., Tasinato, N., et al. 2018, ApJ, 855, 123
Neese, F. 2012, WIREs: Comput. Mol. Sci., 2, 73
Neese, F., Wennmohs, F., Becker, U., & Riplinger, C. 2020, JChPh, 152,

224108
Pavosevic, F., Pinski, P., Riplinger, C., Neese, F., & Valeev, E. 2016, JChPh,

144, 144109
Puzzarini, C. 2015, JPCA, 119, 11614
Quan, D., Herbst, E., Corby, J. F., Durr, A., & Hassel, G. 2016, ApJ, 824, 129
Raghavachari, K., Trucks, G. W., Pople, J. A., & Head-Gordon, M. 1989, CPL,

157, 479
Rivilla, V. M., Martín-Pintado, J., Jiménez-Serra, I., et al. 2019, MNRAS

Letters, 483, L114
Shingledecker, C. N., Álvarez Barcia, S., Korn, V. H., & Kästner, J. 2019, ApJ,

878, 80
Shingledecker, C. N., Molpeceres, G., Rivilla, V. M., Majumdar, L., &

Kastner, J. 2020, ApJ, 897, 158
Shivani Misra, A., & Tandon, P. 2017, RAA, 17, 1
Truhlar, D. G. 2006, in Isotope Effects in Chemistry and Biology, ed.

A. Kohen & H.-H. Limbach (New York: Marcel Dekker, Inc.), 579
Vazart, F., Latouche, C., Skouteris, D., Balucani, N., & Barone, V. 2015a, ApJ,

810, 111
Vazart, V., Calderini, D., Skouteris, D., Latouche, C., & Barone, V. 2015b,

J. Chem. Theory Comput., 11, 1165
Wonchoba, S. E., Hu, W.-P., & Truhlar, D. G. 1994, in Theoretical and

Computational Approaches to Interface Phenomena, ed. H. L. Sellers &
J. T. Golab (New York: Plenum), 1

Wonchoba, S. E., Hu, W.-P., & Truhlar, D. G. 1995, PhRvB, 51, 9985
Woon, D. E. 2002, ApJL, 571, L177
Zeng, S., Jiménez-Serra, I., Rivilla, V. M., et al. 2018, MNRAS, 478, 2962
Zhang, X., Quan, D., Chang, Q., et al. 2020, MNRAS, 497, 609
Zuev, P. S., Sheridan, R. S., Albu, T. V., et al. 2003, Sci, 299, 867

8

The Astrophysical Journal Letters, 912:L6 (8pp), 2021 May 1 García de la Concepción et al.

https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0002-2887-5859
https://orcid.org/0000-0003-4561-3508
https://orcid.org/0000-0003-4561-3508
https://orcid.org/0000-0003-4561-3508
https://orcid.org/0000-0003-4561-3508
https://orcid.org/0000-0003-4561-3508
https://orcid.org/0000-0003-4561-3508
https://orcid.org/0000-0003-4561-3508
https://orcid.org/0000-0003-4561-3508
https://doi.org/10.1016/j.molap.2018.10.001
https://ui.adsabs.harvard.edu/abs/2018MolAs..13...30B/abstract
https://doi.org/10.1051/0004-6361/202038083
https://ui.adsabs.harvard.edu/abs/2020A&A...640A..98B/abstract
https://doi.org/10.1021/jp9842493
https://ui.adsabs.harvard.edu/abs/1999JPCA..103.1140C/abstract
https://doi.org/10.1063/1.456153
https://ui.adsabs.harvard.edu/abs/1989JChPh..90.1007D/abstract
https://doi.org/10.1016/0009-2614(93)87156-W
https://ui.adsabs.harvard.edu/abs/1993CPL...208..359F/abstract
https://doi.org/10.1088/0004-637X/786/2/96
https://ui.adsabs.harvard.edu/abs/2014ApJ...786...96G/abstract
https://doi.org/10.1016/0009-2614(88)85250-3
https://ui.adsabs.harvard.edu/abs/1988CPL...153..503H/abstract
https://doi.org/10.1046/j.1365-8711.2000.03103.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.311..869H/abstract
https://doi.org/10.1063/1.462569
https://ui.adsabs.harvard.edu/abs/1992JChPh..96.6796K/abstract
https://doi.org/10.1088/0004-637X/799/1/34
https://ui.adsabs.harvard.edu/abs/2015ApJ...799...34L/abstract
https://doi.org/10.1088/2041-8205/765/1/L9
https://ui.adsabs.harvard.edu/abs/2013ApJ...765L...9L/abstract
https://doi.org/10.3847/2041-8213/abc25c
https://ui.adsabs.harvard.edu/abs/2020ApJ...903L..35L/abstract
https://doi.org/10.3847/1538-4357/aaa899
https://ui.adsabs.harvard.edu/abs/2018ApJ...855..123M/abstract
https://doi.org/10.1063/5.0004608
https://ui.adsabs.harvard.edu/abs/2020JChPh.152v4108N/abstract
https://ui.adsabs.harvard.edu/abs/2020JChPh.152v4108N/abstract
https://doi.org/10.1063/1.4945444
https://ui.adsabs.harvard.edu/abs/2016JChPh.144n4109P/abstract
https://ui.adsabs.harvard.edu/abs/2016JChPh.144n4109P/abstract
https://doi.org/10.1021/acs.jpca.5b09489
https://ui.adsabs.harvard.edu/abs/2015JPCA..11911614P/abstract
https://doi.org/10.3847/0004-637X/824/2/129
https://ui.adsabs.harvard.edu/abs/2016ApJ...824..129Q/abstract
https://doi.org/10.1016/S0009-2614(89)87395-6
https://ui.adsabs.harvard.edu/abs/1989CPL...157..479R/abstract
https://ui.adsabs.harvard.edu/abs/1989CPL...157..479R/abstract
https://doi.org/10.1093/mnrasl/sly228
https://doi.org/10.1093/mnrasl/sly228
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483L.114R/abstract
https://doi.org/10.3847/1538-4357/ab1d4a
https://ui.adsabs.harvard.edu/abs/2019ApJ...878...80S/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...878...80S/abstract
https://doi.org/10.3847/1538-4357/ab94b5
https://ui.adsabs.harvard.edu/abs/2020ApJ...897..158S/abstract
https://doi.org/10.1088/1674-4527/17/1/1
https://ui.adsabs.harvard.edu/abs/2017RAA....17....1S/abstract
https://doi.org/10.1088/0004-637X/810/2/111
https://ui.adsabs.harvard.edu/abs/2015ApJ...810..111V/abstract
https://ui.adsabs.harvard.edu/abs/2015ApJ...810..111V/abstract
https://doi.org/10.1103/PhysRevB.51.9985
https://ui.adsabs.harvard.edu/abs/1995PhRvB..51.9985W/abstract
https://doi.org/10.1086/341227
https://ui.adsabs.harvard.edu/abs/2002ApJ...571L.177W/abstract
https://doi.org/10.1093/mnras/sty1174
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.2962Z/abstract
https://doi.org/10.1093/mnras/staa1979
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497..609Z/abstract
https://doi.org/10.1126/science.1079294
https://ui.adsabs.harvard.edu/abs/2003Sci...299..867Z/abstract

	1. Introduction
	2. Computational Details
	2.1. Electronic Structure Calculations
	2.2. Kinetic Methods

	3. Results
	4. Comparison with Observations
	5. Discussion
	References



