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ABSTRACT

The complex carbon chemistry necessary for astrobiology in the ISM depends par-

tially on the C + H3
+ reaction. Gas-phase astrochemical models use a classically calcu-

lated thermal rate coefficient for the reaction C+H3
+ forming CH+; additionally, those

models consider the CH2
+ and CH3

+ channels to be closed. However, new laboratory

data have shown the CH2
+ channel to be open; additionally, these data suggest that

the temperature dependence of the two pathways cannot be reproduced by the classical

calculations. We utilize new data for the reaction of C + H3
+ forming CH+ and CH2

+

to update current astrochemical models; here, we report the reduction of uncertainty in

the astrochemical database KIDA. Additionally, we investigate the formation pathways

for CH2NH and CH3NH2, two precursors to the amino acid glycine that depend heavily

on interstellar organic synthesis. We find that our gas-phase model more accurately

reproduces observed abundances of CH2NH and CH3NH2 than do previous gas-grain

models, and we report here the set of reactions that our model predicts to play a major

role in forming CH2NH and CH3NH2.

Subject headings: Astrobiology — Astrochemistry — ISM: molecules — ISM: individual

objects (Sgr B2(N))

1. Introduction

The CH3
+ ion has been identified as a key species in the formation of interstellar complex

organic molecules (COMs; Smith & Spanel 1995). A major pathway in the formation of CH3
+ is

the following reaction:

C + H3
+ −−→ CH+ + H2. (1)

CH+ then rapidly undergoes hydrogen abstraction with the abundant H2 in the cloud to form

CH3
+:

CH+ H2−−→ CH2
+ H2−−→ CH3

+. (2)
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Current astrochemical models use the Langevin rate coefficient for Reaction (1); however,

recent results have shown that the classical value cannot reproduce the true temperature dependence

of the reaction (O’Connor et al. 2015). Additionally, O’Connor et al. (2015) find the following

channel to be open, which is not currently in astrochemical databases:

C + H3
+ −−→ CH2

+ + H. (3)

CH2
+ then enters the hydrogen abstraction chain shown in Reaction (2) to form CH3

+. In general,

CH3
+ can react with various neutral species to produce COM cations, which can undergo dissocia-

tive electron recombination to form neutral COMs. Amino acids are particular COMs of interest,

as they are the building blocks for proteins. They are a group of hydrocarbons each with an amine

group (−NH2), a carboxylic acid group (−COOH), and a side-chain specific to each molecule (−R).

These compounds are vital for the existence of life on Earth, and thus may be biosignatures for the

existence of life elsewhere in the universe (de Marcellus et al. 2011; Holtom et al. 2005; Blagojevic

et al. 2003; Garrod 2013). Reducing the uncertainty on the formation of CH3
+ may allow us to

better understand formation pathways for amino acids.

The simplest amino acid is glycine (NH2CH2COOH). Many attempts have been made to

detect glycine in the interstellar medium (ISM), but none have yielded definitive results (Snyder et

al. 2005). However, possible synthetic precursors to glycine have been detected in the ISM, such

as the Strecker precursor aminoacetonitrile (Belloche et al. 2008).

Another such possible precursor is methylamine (CH3NH2). In the presence of high-energy

electrons or UV radiation, the reaction of CH3NH2 with CO2 on H2O ice has been shown to produce

glycine (Holtom et al. 2005; Lee et al. 2009; Bossa et al. 2009). Various reactions on grain surfaces

leading to the formation of CH3NH2 have been proposed, such as the hydrogenation of HCN put

forth by Theulé et al. (2011):

HCN
H−−→ CH2N

H−−→ CH2NH
H−−→ CH2NH2

H−−→ CH3NH2. (4)

In addition, Garrod et al. (2008) suggested the following grain-surface route to CH3NH2:

CH3 + NH2 −−→ CH3NH2. (5)

Both methylamine and methanimine (CH2NH) are thought to be stable species in the surface

hydrogenation chain (Theulé et al. 2011; Halfen et al. 2013). Reaction (5) was included in the

gas-grain model of Garrod et al. (2008), and typically produced CH3NH2 fractional abundances

of 10−7 relative to H2. These results were in modest agreement with the abundance observed

by Nummelin et al. (2000) in Sgr B2(N). However, more recent surveys of Sgr B2(N) find that

the beam-filling factor used by Nummelin et al. (2000) is too low and thus may overpredict the

column density of CH3NH2 (Halfen et al. 2013; Ligterink et al. 2015). Halfen et al. (2013) report

the fractional abundances of CH2NH and CH3NH2 as 3.0 × 10−10 and 1.7 × 10−9, respectively.

The large discrepancy between the most recent observed abundances and gas-grain models outputs
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for these two species suggests that Reaction (5) may not play a significant role in the synthesis. In

addition, Halfen et al. (2013) find rotational temperatures of 44± 13 K and 159± 30 K for CH2NH

and CH3NH2, respectively. The large discrepancy between the two rotational temperatures may

suggest that these two species are not synthetically linked, lessening the viability of the proposed

surface hydrogenation pathway.

Various gas-phase pathways for the formation of both methylamine and methanimine have

been proposed and studied experimentally (Turner et al. 1999; Bocherel et al. 1996; Halfen et al.

2013). In particular, Halfen et al. (2013) suggested three major pathways in the formation of

CH2NH. The first is the ion-neutral reaction

CH3
+ + NH2 −−→ CH2NH2

+ + H, (6)

followed by dissociative recombination to form CH2NH. The second pathway is the neutral-neutral

reaction

CH3 + NH2 −−→ CH2NH + H2 (7)

and the third pathway is

CH + NH3 −−→ CH2NH + H · (8)

Reactions (6), (7), and (8) are currently included in gas-phase astrochemical models. Additionally,

those authors offer a neutral-neutral pathway currently not included in those models as a synthetic

route to CH3NH2:

CH3 + NH3 −−→ CH3NH2 + H (9)

Here, we demonstrate the reduced uncertainty in the KIDA chemical network using new data

from O’Connor et al. (2015). We model the gas-phase chemistry of Sgr B2(N) hypothesized to lead

to the formation of of methylamine and methanimine, using the data to reduce the uncertainty in

the pathways. We present the astrochemical model in Section 2, as well as the initial parameters

and modified reactions. The results are presented in Section 3, and conclusions from the modeling

are presented in Section 4.

2. Astrochemical Model

2.1. KIDA

To model the chemistry of Sgr B2(N), we use the kida.uva.2014 astrochemical database, along

with the Nahoon public code (Wakelam et al. 2015, 2012). At the time of writing, the database

contains 6992 reactions; these reactions include Reactions (1), (2), (6), (7), and (8). However,

Reaction (3) is not included. Additionally, the temperature dependence of Reactions (1) and (3)

cannot be accurately reproduced by the Arrhenius-Kooij formula:

kKooij(T ) = A

(
T

300 K

)B

exp

(
−C
T

)
(10)
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We have modified Nahoon to accept a modification on the fitting formula of Novotný et al.

(2014), which (using a Levenberg-Marquardt fitting scheme) fits the data of O’Connor et al. (2015)

for Equations (1) and (3) to better than 1%:

kNovotný(T ) = A

(
300 K

T

)n

+ T−3/2
x∑

i=1

ciexp

(
−Ti
T

)
(11)

Additionally, dielectronic recombination (DR) data from Badnell et al. (2003) was included

in the model to more accurately characterize the carbon chemistry. DR is a reaction in which an

electron collisionally excites a cation and is subsequently captured; the system then emits a photon

(Bryans et al. 2009). The DR reaction of interest is:

C+ + e− −−→ C + γ (12)

The reaction is similar to radiative recombination (RR), which is already included in astrochemical

models. The RR rate in KIDA was replaced with the total RR + DR rate from Badnell (2006)

and Badnell et al. (2003). This total rate coefficient can be fit by the Arrhenius-Kooij formula to

within 5%. A summary of the changes to the chemical network are listed in Table 1.

2.2. Initial Parameters

Initial parameters were typical values for hot cores (Rodŕıguez-Fernández et al. 2010; Nummelin

et al. 2000). For each run, the cosmic ray ionization rate ζ was taken to be 10−17 s−1, and the

visual extinction Av was taken to be 30. Initial abundances were taken from Wakelam et al. (2015).

When determining the reduction in uncertainty for the network, 20 runs were taken, each with

different values for temperature (T ) and total number density of hydrogen nuclei (nH) values. For

these runs, nH was varied from 103 to 107 cm−3, and T was varied from 10 to 300 K. When

investigating CH2NH and CH3NH2, 200 runs were taken in a narrower parameter space to provide

better resolution close to observational values. For these runs, nH was varied from 103 to 105 cm−3,

and T was varied from 30 to 200 K.

3. Results

3.1. Reduced Uncertainty in Overall Network

The previous uncertainty on the Langevin coefficient for Reaction (1) was taken as 100%. To

track this uncertainty throughout the chemical network, the following scheme was adopted:

1. The code was run in the upper and lower uncertainty limits.
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2. For each species, the abundances from those upper and lower uncertainty runs were obtained

as a function of time.

3. The difference of the logarithms of the two abundances (log(χupper/χlower)) was plotted as a

function of time for each species.

This served as a heuristic for determining the species in this network that were significantly

impacted by the uncertainty in this reaction. Following the example of Wakelam et al. (2015), a

“significantly” impacted species was taken to mean that the (| log(χupper/χlower)|) was greater than

or equal to 0.3 (as a difference of 0.3 in the dex approximately equates to a factor of two).

O’Connor et al. (2015) report uncertainties of 13% and 18% for their study of Reactions (1)

and (3), respectively. These new uncertainties were tracked using the same scheme as were the old

uncertainties, and the number of significantly impacted species with the old and new uncertainties

are reported in Table 2. Figure 1 is a sample side-by-side comparison of the analysis for the old

and new networks that clearly demonstrates the reduction in uncertainty due to the new data for

Reactions (1) and (3) at astrophysically relevant times for molecular clouds (105 to 106 years).

3.2. Reproducing Observed Methylamine and Methanimine Abundances

The model of Garrod et al. (2008) for hot core formation uses three warm-up timescales: 5×104

yrs, 2 × 105 yrs, and 1 × 106 yrs, respectively. At each of those times in KIDA, the abundance

of methylamine and methanimine were modeled as a function of temperature and density. The

resulting temperature-density-abundance surface was restricted to the density of best agreement,

which was uniformly between 2× 104 and 3× 104 cm−3. The results, shown in Figures 2 and 3, are

the output abundances as a function of temperature for CH2NH and CH3NH2, respectively. The

new temperature dependence of Reactions (1) and (3) helps to better represent the hydrocarbon

abundances in Reactions (6)-(9).

3.3. Relevant Reactions: The Methylamine-Methanimine Reaction Ring

KIDA provides an interface for identifying the dominant pathways in the formation of a species.

This interface was used for both methylamine and methanimine, and the simplified reaction network

is shown in Figure 4. The charge-transfer ring contains CH2NH and CH3NH2, as well as two charged

intermediates, CH2NH2
+ and CH3NH3

+. The HCO+ molecule provides some reverse pathways

within the ring. Contrary to the hypothesis of Halfen et al. (2013), we find a definitive synthetic

connection between CH2NH and CH3NH2.

The difference may be explained by the ammonia-hydrocarbon “pumps”, which can be thought

of as initiators for the ring. At low temperatures, the ion-neutral CH3
+ + NH3 pump will dominate
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over the neutral-neutral pumps; the ion-neutral Reaction (6) is found to be less significant. However,

at higher temperatures, neutral-neutral reactions are able to proceed, and thus the CH3 +NH3 and

CH + NH3 pump are activated. The rate of the proposed CH3 + NH3 −−→ CH3NH2 reaction

could dominate over that of the CH + NH3 −−→ CH2NH reaction at high temperatures; thus,

the abundance of CH3NH2 would be large at higher temperatures, while CH2NH is at comparable

abundances at lower and higher temperatures.

To test the impact of the proposed CH3 + NH3 pump, it was included into KIDA with a rate

coefficient of 10−9 cm3 s−1; the results of this addition are shown in Figure 5. At temperatures

close to 159 K, the updated abundance of CH3NH2 more closely matches the observed abundance,

but there is still a significant drop in the abundance as a function of temperature within the error

bars of the observational datum. This drop is due to the system reaching a lowered steady-state

abundance more quickly due to the higher temperature. The discrepancy indicates the potential

importance of reactions not included in Figure 4; a brief discussion of this fact is included in Section

4.

3.4. Reduced Uncertainty in the Methylamine-Methanimine Reaction Ring

To demonstrate the reduced uncertainty of Reactions (1) and (3) on the reaction ring, a similar

analysis to Section 3.1 was performed for temperatures within the error bounds of the rotational

temperatures reported by Halfen et al. (2013) for CH2NH and CH3NH2. For this analysis, the four

major species in the reaction ring were tracked (CH2NH, CH2NH2
+, CH3NH2, and CH3NH3

+)

along with the other hydrocarbons participating in the network (CH, CH3, CH3
+, and HCO+).

The significance statistic log(χupper/χlower) was plotted for these eight species over time for both

the old and the new networks. Figures 6 and 7 shows the reduced uncertainty in these species at

44 and 164 K, respectively, due to the new data from O’Connor et al. (2015).

4. Conclusion

The experimental results of O’Connor et al. (2015) clearly reduce previous uncertainties in the

carbon chemistry. These new constraints support the viability of the gas-phase network in Figure

4. However, this does not entirely rule out surface chemistry as a contributor to the abundances of

CH2NH and CH3NH2. Halfen et al. (2013) suggested gas-phase synthesis because of the different

rotational temperatures; however, this analysis shows that a synthetic connection between CH2NH

and CH3NH2 is feasible and can reproduce observed abundances within reason. Thus, Reaction

(4) may also be a viable mechanism for the production of CH3NH2. Because the model does not

include surface chemistry, it is difficult to quantify the varying degrees to which Reactions (4) and

(9) make up for the drop in CH3NH2 abundance at high temperatures. Further experimental data

for Reaction (9) would be valuable in further understanding the gas-phase chemistry in action.
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Nummelin, A., Bergman, P., Hjalmarson, Å., Friberg, P., Irvine, W. M., Millar, T. J., Ohishi, M.,

& Saito, S. 2000, ApJS, 128, 213
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Theulé, P., Borget, F., Mispelaer, F., Danger, G., Duvernay, F., Guillemin, J. C., & Chiavassa, T.

2011, A&A, 534, A64

Turner, B. E., Terzieva, R., & Herbst, E. 1999, ApJ, 518, 699

Wakelam, V., Herbst, E., Loison, J.-C., Smith, I. W. M., Chandrasekaran, V., Pavone, B., Adams,

N. G., Bacchus-Montabonel, M.-C., Bergeat, A., Béroff, K., Bierbaum, V. M., Chabot,
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Table 1: Summary of Changes to Chemical Network. For Reaction (1), the old fitting coefficients

were for Equation (10), and the new coefficients are for Equation (11). Reaction (3) was not present

in KIDA and thus did not have old fitting coefficients; the new coefficients are for Equation (11).

For Reaction (12), the old and new fitting coefficients were both for Equation (10).

Reaction; Fitting Function (1); (11) (3); (11) (12); (10)

Aold (cm3 s−1) 2.000E-09 N/A 4.400E-12

Bold (dimensionless) 0.000E+00 N/A -6.100E-01

C old (K) 0.000E+00 N/A 0.000E+00

A (cm3 s−1) 8.490E-10 4.130E-10 7.420E-12

B (dimensionless) N/A N/A -8.860E-01

C (K) N/A N/A 4.710E+00

n (dimensionless) -4.510E-02 3.210E-01 N/A

c1 (K3/2 cm3 s−1) -5.400E-12 -1.020E-11 N/A

c2 (K3/2 cm3 s−1) -3.100E-09 7.130E-09 N/A

c3 (K3/2 cm3 s−1) -1.360E-05 9.690E-06 N/A

c4 (K3/2 cm3 s−1) -1.840E-08 2.910E-08 N/A

c5 (K3/2 cm3 s−1) -2.720E-06 -4.570E-07 N/A

c6 (K3/2 cm3 s−1) -3.510E-07 -2.050E-07 N/A

c7 (K3/2 cm3 s−1) N/A -6.190E-04 N/A

T 1 (K) -2.530E+00 -2.000E+00 N/A

T 2 (K) 2.350E+00 4.960E+00 N/A

T 3 (K) 1.880E+03 4.060E+03 N/A

T 4 (K) 9.930E+00 1.400E+01 N/A

T 5 (K) 5.090E+02 3.010E+02 N/A

T 6 (K) 1.360E+02 7.960E+01 N/A

T 7 (K) N/A 3.950E+04 N/A



– 10 –

Table 2: Impact of O’Connor et al. (2015) Data on Significantly Uncertain Species in Chemical

Model. The number of species with significant uncertainties at astrophysical times (between 105

and 106 years) due to the old data for Reaction (1) and the new data for Reactions (1) and (3) are

reported for each temperature-density pair.

Temperature (K) nH (cm−3) Old Number of Uncertain Species New Number

10 103 59 5

104 13 0

105 1 0

106 0 0

107 0 0

50 103 41 0

104 11 0

105 3 0

106 0 0

107 0 0

100 103 33 1

104 20 0

105 2 0

106 0 0

107 0 0

300 103 0 0

104 0 0

105 0 0

106 0 0

107 0 0
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Fig. 1.— Example uncertainty plot taken at T = 50 K and nH = 104 cm−3, in which the uncertainty

statistic log(χupper/χlower) is expressed as a function of time. Each line represents the uncertainty

of a single species in KIDA. The lighter curves show the old uncertainties of all species in KIDA

due to Reaction (1), while the darker curves show the updated uncertainties of those species due

to the new data for Reaction (1) and Reaction (3).
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Fig. 2.— The circular points indicate CH2NH output from KIDA, and the square indicates the

observational result of Halfen et al. (2013). Green corresponds to output at 5 × 104 yrs, blue to

output at 2× 105 yrs, and red to output at 1× 106 yrs.
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Fig. 3.— The circular points indicate CH3NH2 output from KIDA, and the square indicates the

observational result of Halfen et al. (2013). The triangles indicate previous gas-grain modeling

results from Garrod et al. (2008). Green corresponds to output at 5 × 104 yrs, blue to output at

2× 105 yrs, and red to output at 1× 106 yrs.
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Fig. 4.— A simplified reaction network indicating the major reactions (according to the model) for

the formation of CH2NH and CH3NH2. The dotted reaction is Reaction (9), which is not currently

in the KIDA database.
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Fig. 5.— Impact of the addition of Reaction (9) to CH3NH2 abundances as a function of tem-

perature. All results are taken at 2 × 105 years. The circular points indicate model output. The

solid line represents CH3NH2 abundances from KIDA before the modification, and the dashed line

represents the abundances after the modification. The square indicates the observational result of

Halfen et al. (2013). The triangle indicates the previous gas-grain modeling results from Garrod et

al. (2008).
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Fig. 6.— Uncertainty plots for species shown in Figure 4 taken at T = 44 K - within the error

bars for the rotational temperature data of Halfen et al. (2013) for CH2NH - and nH = 2 × 104

cm−3, in which the uncertainty statistic log(χupper/χlower) is expressed as a function of time. Each

line represents the uncertainty of a single species. The lighter curves show the old uncertainties of

each species due to Reaction (1), while the darker curves show the updated uncertainties of those

species due to the new data for Reaction (1) and Reaction (3).
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Fig. 7.— Uncertainty plots for species shown in Figure 4 taken at T = 164 K - within the error

bars for the rotational temperature data of Halfen et al. (2013) for CH3NH2 - and nH = 2 × 104

cm−3, in which the uncertainty statistic log(χupper/χlower) is expressed as a function of time. Each

line represents the uncertainty of a single species. The lighter curves show the old uncertainties of

each species due to Reaction (1), while the darker curves show the updated uncertainties of those

species due to the new data for Reaction (1) and Reaction (3).


