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ABSTRACT

Cross-sections for dissociative recombination (DR) and vibrational excitation of the CH,N H;r
ion in collisions with electrons are determined theoretically. The corresponding thermally
averaged rate coefficients are computed and fitted to analytical formulas. The obtained DR
rate coefficient is significantly smaller than the values recently employed in the photochemical
models of the upper atmosphere of Titan, which has an important impact on the models that
aim to reproduce the Titan ammonia abundance. On the other hand, the present results support
the astrophysical models reproducing the abundance of the methanimine (CH,NH) detected
in massive star formation regions. In these models, the CHzNHzr DR is a major route of
formation of this molecule with a high prebiotic potential.

Key words: astrochemistry —molecular data—molecular processes — scattering — planets and

satellites: atmospheres —ISM: molecules.

1 INTRODUCTION

Methanimine, CH,NH, is an interesting prebiotic molecule which
has been detected in several extraterrestrial environments (Woon
2002; Balucani 2012). Its first detection in the interstellar medium
dates back to 1973 (Godfrey et al. 1973), while its presence
in several high-mass hot cores has been the subject of recent
campaigns of detection (Suzuki et al. 2016; Weaver et al. 2017).
Until very recently, however, attempts to detect CH,NH in solar-
type star-forming regions failed and only upper limits were given
(Suzuki et al. 2016). Only this year Ligterink et al. (2018) have
finally detected methanimine towards the solar-type protostar IRAS
16293-2422B, followed by that towards two more young solar-
type protostars, IRAS4A and SVS13A (Lopéz-Sepulcre et al.
submitted), showing that this important small molecule is present
in the environments that will eventually form planets, possibly like
the Earth.

Methanimine has a very high proton affinity (852.9 kJmol~!,
8.84 eV) and, therefore, its most probable fate is to undergo a proton
transfer reaction by interacting with the abundant interstellar ions,
namely HCO", HY, and H;O". In this way, the ion CH,NHJ is
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formed. Other CHZNHZ+ formation routes exist, such as the very
fast reaction CH; + NH; — H + CH,NHJ (Anicich 1993).
Once formed, CH,NH; can undergo dissociative recombination
(DR) and, indeed, this is the only destruction pathway of this ion
considered in the two most popular data base of astrochemical
networks: KIDA (Wakelam et al. 2012) and UMIST (McElroy et al.
2013).

The recommended rate coefficients and relative product branch-
ing ratios are given in Table 1. The overall rate coefficients differ
by a factor of two between the KIDA and UMIST data bases. In
addition, given the different product branching ratios, according to
the UMIST data base, 50 per cent of CH,NHJ is recycled back to
neutral methanimine, while in the KIDA data base only 24 per cent
of CH,NH does so. Therefore, according to the scheme proposed
by the UMIST data base, protonation, and DR mildly affect the
overall amount of neutral methanimine. According to the KIDA data
base, instead, the loss of neutral methanimine is more significant.

Another environment where methanimine and protonated metha-
nimine are important is the upper atmosphere of Titan, the massive
moon of Saturn. The Ion and Neutral Mass Spectrometer (INMS)
on-board Cassini orbiter provided important insights into the iono-
sphere of Titan. Among the detected ions, the signal at the charge-
to-mass ratio of 30 was attributed to the presence of CH,NH;
(Vuitton, Yelle & Anicich 2006). From the detection of protonated
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Table 1. Summary of the recommended reaction rate coefficients and
branching ratios of the DR of CHzNHzJr . The first column reports the
reference of the values quoted in the next three columns: the reaction
products, and the o and B values for the reaction rate coefficient as
a function of the temperature 7, where the usual formalism, k(7) =
a x (T /300)# exp(—y/T), is used. Note that all the quoted reactions are
barrierless, so that y is equal to zero. The references codes are: Y2010
(Yelle et al. 2010); V2018 (Vuitton et al. 2018); K2009 (Krasnopolsky
2009); D2016 (Dobrijevic et al. 2016). The last line reports the overall value
found in this work.

References Products o B
UMIST CH,NH +H 15 x 1077  —05
CH, + NH, 15 x 1077 —05
Overall 30 x 1077 —0.5
KIDA CHoNH +H 15 x 1077 —05
CH; + NH, 15 x 1077 —05
HCN +H +H» 30 x 1077 =05
CN +H, +H, 30 x 1078 —0.5
Overall 63 x 1077 —05
Y2010 and V2018 CH,NH +H 0.5-14 x 10°¢ —0.7
CH, + NH, 05-14 x 1077 —0.7
HCN+H +H, 05-14 x 1077 —0.7
Overall 15-42 x 1077 —0.7
Preferred 21 x 10°%  —0.7
K2009 CH, + NH, 30 x 1077 —05
D2016 CH,NH +H 90 x 1077 —0.7
CH, + NH» 30 x 1077 —0.7
HCN +H + H, 12 x 107  —0.7
HNC +H +H, 30 x 1077 —0.7
H,CN+H +H 30 x 1077 —0.7
Overall 30 x 1076 —0.7
This work Overall, upper limit 465 x 1077 —0.5

methanimine, it has been confirmed that CH,NH is relatively
abundant in the upper atmosphere of Titan, thus substantially
confirming the prediction of the photochemical model by Lavvas,
Coustenis & Vardavas (2008), even though it overestimated its
abundance. Clearly, some destruction pathways were missing in that
model and it was speculated that methanimine can polymerize and
contribute to the formation of the haze aerosols (Lavvas et al. 2008).
This suggestion was later disproved by Skouteris et al. (2015) as
dimeritazion of neutral methanimine was found to be characterized
by high-energy barriers. Barrierless processes, instead, are possible
for its ionic forms, such as methanimine cation (CH,NH") or pro-
tonated methanimine (Skouteris et al. 2015). The reactions between
protonated or ionic methanimine and one neutral methanimine
molecule could also account for the formation of polymethylen-
imine observed in experiments on interstellar or cometary ice
analogues (Bernstein et al. 1995; Vinogradoff et al. 2013; Skouteris
et al. 2015)

Finally, it has been shown that the DR of CH,NHJ is a pivotal
step in the formation of ammonia in the upper atmosphere of Titan
around 950-1500 km of altitude (Yelle et al. 2010). According to
the proposition by Yelle et al. (2010), indeed, ammonia (which
has also been identified via the detection of its protonated form
NH) is formed mainly by the reaction between the NH, and H,CN
radicals. In turn, the main route of NH, formation was suggested
to be the DR of CH,NHj . Since there were no experimental or
theoretical data about the DR of CH,NH, the rate coefficient of
this process was estimated using data on complex hydrocarbon
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ions. The adopted value is quite larger than that used in the
KIDA and UMIST data bases, being 2.1 x 107% cm?® s~!, with
equal probabilities for the three possible branches CH,NH + H,
CH, + NH,, and HCN + H + H; (see Table 1). A sensitivity
analysis was also performed by using values among 1.5 and 4.2
x 1077 (T /300)~°7; the adopted value of 2.1 x 107 is the one that
better reproduces the CH,NH; observed densities. Notably, in the
model of Krasnopolsky (2009), a lower value for the rate coefficient
of the CH,NH; DR was used and ammonia density could not
be reproduced. Also, Dobrijevic et al. (2016) employed a similar
value for the overall rate coefficient, but the product branching ratio
was quite different, with the dominant channel being the formation
of HCN + H + H,. In the various models, the trend with the
temperature is also different, with the f factor varying between
—0.7 and —0.5.

Clearly, a reliable value for the rate coefficient of the DR of
CH,NHj is important and needed. In this paper, we present a
theoretical investigation of this process, which has allowed us to
provide an upper limit for the total rate coefficient of the CH,NH;
DR. The implications of the present calculations in the chemistry
of extraterrestrial environments will also be addressed.

2 THEORETICAL APPROACH

Since CH,NHjJ is a closed-shell ion, it requires a highly energetic
incoming electron to form a doubly excited resonant dissociative
state of the neutral. Consequently, the low-energy electrons are more
likely to be captured into vibrationally excited CH,NH, Rydberg
resonances, which are strongly pre-dissociated. This process is
known as the indirect DR.

Although there are 12 degrees of freedom for the internal motion,
the formalism for indirect DR from Fonseca dos Santos et al. (2014)
can be applied in a straightforward manner. Within this approach,
the rotational structure and couplings are neglected, the propensity
rule for the vibrational electron capture Av = 41 is assumed
(Herzberg & Jungen 1972; Jungen & Pratt 2009), as well as the
fact that, once the electron is captured by the ion, pre-dissociation
is much faster than auto-ionization. These assumptions worked well
for most polyatomic ions so far explored (Mikhailov et al. 2006;
Jungen & Pratt 2009; Schneider, Pop & Jungen 2012; Douguet et al.
2012b). Consequently, the probability of capturing the incoming
electron is equal to the sum of probabilities of vibrational excitation
(VE) of all normal modes of the ionic target by one quanta. However,
when the collision energy is large enough to vibrationally excite
certain normal modes of the ionic target, we assume that the
neutral complex will eject an electron and that we are left with
a vibrationally excited ion, rather than dissociation products of the
neutral.

The computation of the scattering matrix for VE or de-excitation
(VDE) S, relies on the vibrational frame transformation
(Chang & Fano 1972)

Sy = o 1S (D)) ¢h)
v

where S5, is the fixed-nuclei scattering matrix for initial and final
orbital angular momenta /, [, and their projections on a body-fixed
(molecular symmetry) axis A, A at geometry Q.

Based on the propensity rule Av = +1 and on the harmonic
approximation, the cross-section for VE of one quanta for the i
normal mode writes:

Th?

mee

Ou 1 (€) = o (v] + DB(e — hey) P, )
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Table 2. Vibrational frequencies of CHZNH; in cm™! (1073 Hartree). OPB means out-of-plane bending and IPB

means in plane bending.

Mode

w) NH, OPB (B))

wy CHy—NH; antisymmetric IPB (B>)
w3 CHy—-NH; twist (A7)

w4 CHy OPB (By)

ws CHy—NH; symmetric IPB (B>)
we CHj scissor (Ay)

w7 NH) scissor (A1)

wg C=N stretch (A})

w9 C—H symmetric stretch (A})

w19 C-H antisymmetric stretch (B7)
w11 N-H symmetric stretch (A;)
w12 N-H antisymmetric stretch (B,)

This study Thackston & Fortenberry (2018)
954.41 (4.343) 950.8
977.70 (4.45) 965.9

1104.23 (5.025) 1086.1
1182.22 (5.38) 1165.7
1388.64 (6.319) 1368.0
1486.69 (6.765) 1463.1
1629.97 (7.417) 1603.3
1801.85 (8.2) 1769.3
3212.76 (14.62) 3166.2
3337.03 (15.19) 3292.5
3546.23 (16.14) 3500.6
3653.78 (16.63) 3606.9

w B
wn O
—T

NN W
W O
L L |

Eigenphase
— = N
w S O
L L L L)

(=]

Collision energy (eV)

Figure 1. Energy dependence of eigenphases of different irreducible
representations for the CHzNH; + e~ collisions.

Excitation probabilities

L. 1
0 02 04
Collision energy (eV)

Figure 2. Excitation probabilities P; of equation (3). Each normal mode
is indicated by the arrow with the same colour. Due to the smooth energy
dependence, excitation probabilities can be fitted with quadratic functions.
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where V] is the initial vibrational quantum number, m. and ¢ are the
mass and energy of the incoming electron, ¢g; are the dimensionless
normal coordinates, w; are frequencies for different vibrational
modes, and ¢y is the equilibrium geometry of the target. P; can be

Table 3. Coefficients from the curve fitting P; = a; + b;E + ¢;E% (E in
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Hartree).
Mode a; bi (E; Y i (B
P 8.798 x 1072 8.818 x 10! —3.560
P, 5.712 x 1072 5.881 x 107! 1.908
P3 3.000 x 1072 3.703 x 107! 1.441
Py 3.602 x 1072 4.640 x 107! 2.287
Ps 3.675 x 1072 6.819 x 107! 6.551
Ps 7.668 x 1072 4.654 x 107! 8.670
Py 4.995 x 1072 6.389 x 107! 2.370
Pg 8.097 x 1072 7.505 x 107! 4.383
Py 6.710 x 1072 1.362 6.354
Pio 7.298 x 1072 1.499 8.722
Pi 1.586 x 107! 2.275 3.501 x 107!
P> 1.796 x 107! 2.172 7.174
™ T T T bl | ™ ]
IS E
= 3
L
= .
i E
k31
2 3
o
S
m E
@
-16 1 1 1 1

10

=

-3 2

10 10°
Collision energy (eV)

Figure 3. The DR cross-section as a function of the collision energy. For
energies above 0.1 eV several vibrationally excited channels are open. As a
result, the DR cross-section decreases in a stepwise manner.

interpreted as excitation probabilities from the ground vibrational
state. The Heaviside step function 6(e — hw;) opens the VE channel
when the collision energy is larger than one quanta of the vibrational
energy for the i ™ normal mode.
In the case where the ionic target is vibrationally excited, the
cross-section for VDE for the i " normal mode is
2

V{Pl'

4
2mee ' @

O‘v;—l<—v’f(6) =
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Figure 4. The DR (dashed line) and VE (solid lines) rate coefficients for
target ion CHzNH;r in the ground vibrational state. To avoid overcrowded
labelling in the figure, labels for three VE curves are given only. The lines for
all VE rates cross the abscissa in the order of increasing number labelling the
modes (and increasing energy) as in Table 2. For T < 400 K, the DR and VE
rate coefficients behave as 7~'2 and T~"2exp (— hw;/ky,T), respectively. At
higher temperatures, as VE becomes more probable, the DR rate coefficient
decreases faster than 7~ /2,

within the harmonic approximation. There is no Heaviside function
in this formula, since VDE is not subject to energy threshold effect.

Finally, the full DR cross-section, resulting from the temporary
captures in all the accessible Rydberg states, is given by

(obf(e) = —Z( + DO(hw; — )P, )

where {v'} denotes the collection of initial vibrational quantum
numbers of all the normal modes and the Heaviside step function
subtracts the contribution from the normal modes which are ener-
getically allowed to excite.

3 RESULTS AND DISCUSSION

The electronic structure and vibrational frequencies are calculated
using the MOLPRO suite (Werner et al. 2008). The basis set cc-
PVQZ is used for all atoms. The electronic energy is obtained using
multireference configuration interaction method with Hartree—Fock
orbitals. The first two a; orbitals are frozen in the calculation, while
the complete active space has five a;, two by, and three b, orbitals.
CHQNH; has 16 electrons, such that it has a closed-shell ground
state configuration 'A;. Upon optimizing the geometry, we found
that it has C,, symmetry at the equilibrium. C and N atoms are
connected to two H atoms forming an angle with 117° and 121.1°,
respectively, while C—H and N—H bond length are 1.01 and 1.078
A. Cand N atoms are connected with a double bond with bond length
1.271 A. We computed the frequencies of the normal modes using
the same complete active space. Table 2 displays the frequencies
and symmetries of the 12 vibrational modes.

Using the QUANTEMOL-N suite (Tennyson et al. 2007), we
obtained the fixed-nuclei energy-dependent reactance matrices for
the CH,NH; + e~ collisions. The matrices are diagonalized and
eigenphases are derived. Fig. 1 shows the eigenphases sum of the
CH,NH; + e~ system for different irreducible representations
at the equilibrium position of the target ion. The eigenphases are
smooth below 2.5 eV, where the first electronic resonance appears
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for the %A, state. The absence of electronic resonances at low
collision energies justifies the indirect DR approach.

The fixed-nuclei reactance matrices are then used to compute
scattering matrices S. In the next step, the derivatives of S-matrix
in equations (3)—(5) with respect to the normal coordinates are
computed. The derivatives are obtained using the finite difference
method calculated from two values, ¢; = 0.01 and 0.1, for the
displacements in each mode. The obtained excitation probabilities
P; of equation (3) are shown in Fig. 2. Since all P; curves are smooth
with respect to the collision energy, each curve can be fitted with
a quadratic function. Table 3 lists the fitted parameters for each
normal mode.

With the excitation probabilities, we calculated the DR cross-
section according to equation (5). Fig. 3 shows the DR cross-
section for target in its vibrationally ground state as a function
of collision energy. For energies above 0.1 eV, the cross-section
drops in stepwise manner because the scattered electron excites the
vibrational level of the ionic target by one quanta and consequently
leaves with a smaller kinetic energy.

Due to the simple form of the excitation probabilities and
assuming that the collision energy follows Maxwell-Boltzmann
distribution, rate coefficients can be computed analytically as

. h?
(xlf?b(T) =27 v+ 1)7m3/2 { (ai +hw; b; +(hwi)20i) /N kT

T
+(b,-+2hw,-c,-)m+zci(ka)3/z] exp (_ka;) ,
b

(6)

@ PH(T) = Vv { J%+bi\/khr+2ci(khT)3/2], ™
b

and

R(T)— 27 —— 3/2 Z(v +1){20,[ — exp <_k

h Ww; 3/2
ﬁ)} (kpT)

)| VT
o) VRT)

+ |:bi — (bi +2hw;c;) exp (—

+ { — (a; +hw;b; +(haw; ) ci)exp (
(8)

where a;, b;, and ¢; are the fitted parameters from Table 3. Using
the above analytical fits and the parameters of Table 3, the obtained
rate coefficients will be expressed in atomic units. Note that the
temperature k, 7" will also be in atomic units. To convert the obtained
values to the units of cm? s~ the above rate coefficients should be
multiplied by a factor of 6.126159 x 107°.

Fig. 4 displays the thermally averaged VE and DR rate coef-
ficients as functions of temperature for the initial ground vibra-
tional state, v; = 0. For 7' < 400 K, the rate coefficients behave
as 1/4/T. Since the exponent factor exp(— hwi/k,T) is much
smaller than 1, the DR rate coefficient can be approximated as
4.65 x 1077(300/T)*° cm’®s~'. For T > 400 K, the VE rate
coefficients increase rapidly from about 10~'° to 10~% cm?/s, while
the DR rate coefficient decrease faster than 7~'/2.

4 UNCERTAINTY ESTIMATIONS

There are two main identifiable sources of uncertainty in the DR
and VE rate coefficients obtained using the theoretical approach
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Table 4. Parameters of three different scattering models. Different basis and electronic configurations are used for normal modes with different point group
symmetries. The symbols in the parenthesis indicate the number of frozen orbitals and number of active orbitals.

Model Ci(w3) Cs(x = 0)(@2, ws, w10, ®12) Cs(y =0)(@1, w4) Coy(ws, w7, w3, w9, W11)

1 cc-pVTZ,(5a|6a) cc-pvQz,(2d, 0a" |84 , 2d") cc-pvQzZ,2d,0d"7d,3d")  cc-pVQz.(4ay, Oby, by, 0as|2ay, 2b1, 2b, Oar)

2 cc-pVTZ(5a|6a)  cc-pVTZ.(2d,0a"|8a ,2d") cc-pVTZ.(2d,0a"|7a,3d")  cc-pVTZ.(4ay, 0by, 1b;, 0az|2ay., 26y, 2b3, Oay)

3 cc-pVTZ,(5a/6a) cc-pvoz,(2d, 0a"|8d , 2d") cc-pv0z,(2d,0d"7d ,3d")  cc-pVQzZ.(2a1, 0b1, 0by, Oaz|5ay, 2by, 3by, Oay)

F ! T i R are rather modest, they give an idea about the sensitivity of the
DR obtained results with respect to the uncertainty in the choice of the
7z r 1 parameters.

‘”E 10‘7§- E Complete calculations of DR and VE cross-sections and rate
) E 3 coefficients were performed with these changes. The obtained rate
2] [ 1 coefficients are shown in Fig. 5. Relative differences between
5 8 — Model 1 results obtained in the three models are 1-2 percent. Therefore,
:Lg 10°F |- Model 2 VE = the uncertainty associated with the choice of the scattering model
5 F |- Model 3 Zates is negligible compared to the capture-model approximation. This
S r / suggests that the overall uncertainty of the present theoretical rate
% 10'9 3 3 coefficients is below 20 per cent.

[ v, /
-10-| Vi / / 1 5 ASTROPHYSICAL IMPLICATIONS
10100 1000 The value for the DR rate coefficient obtained in this work at T

Electron temperature (K)

Figure 5. The figure shows DR and VE rate coefficients obtained with three
different scattering models. Model 1 is the one used in the final calculations
discussed above. The differences between results obtained in the three
models are very small, about 1-2 per cent, such that the rate coefficients
obtained with the three models are almost indistinguishable in the figure.

described above. The most important source is the approximation
(the capture model) that once the electron is captured into a vi-
brational Rydberg resonance associated with a closed vibrationally
excited channel, the CHZNHEr + e~ system will dissociate with
100 percent probability. In reality, there is a chance that such
vibrational Rydberg resonances will autoionize and will not lead
to dissociation. It is beyond the scope of this study to make a
complete uncertainty assessment of the approximation for the case
of CH2NH§r + e~ collisions, but one can compare with uncertainties
evaluated in previous studies of smaller molecular ions, such as Hy,
HCO™, NHf, H;0", CH* (Mikhailov et al. 2006; Douguet et al.
2012b; Douguet, Kokoouline & Orel 2012a; Fonseca dos Santos
et al. 2014). It was estimated that the probability of autoionization
of vibrational Rydberg resonances in these closed-shell ions is of the
order of 10-20 per cent compared to the probability of dissociation.
For larger ions the probability should be smaller. Therefore, it
is reasonable to assume that the corresponding uncertainty in
the present DR calculations is below 20 percent. The relative
uncertainty in the VE rate coefficients is about the same as the
DR uncertainty.

The second identifiable source of uncertainty is the particular
scattering model used in the calculation. To assess the associated
uncertainty, we vary several parameters of the models. The three
sets of parameters are listed in Table 4. The above results are
obtained using the parameters of model 1. The parameters of
models 2 and 3 are only slightly different from the parameters of
model 1. Calculating the derivatives of the S-matrix of equation (3),
the parameters for w3 mode were unchanged in all three models.
The changes in calculations for other modes are indicated in
Table 4. Although such variations in the parameters of the model

< 400 K is much more in line with the values employed in the
UMIST and KIDA data bases rather than with the new estimates
by Yelle et al. (2010) and Dobrijevic et al. (2016). In Yelle et al.
(2010), the DR rate coefficient has been overestimated by a factor of
three. Moreover, the value obtained with our method is well below
the lower limit value of 1.5 x 107 that still allows the model to
predict with a reasonable approximation the detected abundance of
CH,NHj . Therefore, other processes have to be at work in the Titan
atmosphere.

This characterization does not permit us to derive the product
branching ratio. We note, however, that it is unlikely that all three
dissociation channels have the same branching ratio at low collision
energy as in Yelle et al. (2010). Another energetically possible
dissociation channel, neglected by Yelle et al. (2010) but considered
in Dobrijevic et al. (2016), is H,CN + H,. This can also affect the
rate coefficient of formation of NHj.

Considering the interstellar CH,NH, Suzuki et al. (2016) pub-
lished an extensively modelling of its predicted abundance. They
found that methanimine is mainly formed in the gas phase rather
than on grain surfaces, and that the CHZNHQr DR is a major
formation route, surpassed by the NH + CHj reaction only. The
relative importance of these two reactions depends on the specific
model and evolution time-scale, going from unity to a factor ten at
most. Our new computations substantially confirm the value used
in Suzuki et al. (2016), assuming that the branching ratios used by
these authors are correct.

6 CONCLUSIONS

To summarize, we reported the first value for the total DR cross-
section and thermally averaged rate coefficient of CH,NH", which
is the largest polyatomic ions considered for DR so far.

The value is in line with the suggestions of the two most popular
astrochemical data bases, KIDA, and UMIST, while it is signifi-
cantly smaller than those recently employed in the photochemical
models of the upper atmosphere of Titan (see Table 1). This has
an impact on the models that aim to reproduce the Titan ammonia
abundance (e.g. Yelle et al. 2010; Vuitton et al. 2018).
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On the other hand, models aiming at reproducing the abundance
of the methanimine detected in massive star formation regions show
that the CHZNHQr DR is a major route of formation of this molecule
with a high prebiotic potential (Suzuki et al. 2016). It will then be
important to understand whether it has a similar or even larger role
in the abundance of methanimine in lower mass, solar-type star-
forming regions, where the connection with biotic molecules would
be even more important. The recent discoveries of methanimine in
such regions warrant a further study, where the branching ratios of
the CH,NH; DR should be elucidated too.
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