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Abstract1

The recent discovery of the nature and behavior2

of carbon atoms interacting with interstellar ices3

has prompted a number of investigations on the4

chemistry initiated by carbon accretion on icy in-5

terstellar dust. In this work, we expand the range6

of processes promoted by carbon accretion to the7

chemistry initiated by the interaction of this atom8

with ammonia (NH3) using quantum chemical cal-9

culations. We found that carbon addition to the10

ammonia molecule forms a rather stable radical,11

CNH3, that is easily hydrogenated. The complete12

hydrogenation network is later studied. Our cal-13

culations reveal that, while conversion to simpler14

molecules like HCN and HNC is indeed a possi-15

ble outcome promoted by H-abstraction reactions,16

methylamine is also easily formed (CH3NH2). In17

fact, the stability of methylamine against hydro-18

gen abstraction, makes this molecule the preferred19

product of the reaction network. Our results serve20

as a stepping stone towards the accurate modeling21

of C-addition reactions in realistic astrochemical22

kinetic models.23

1 Introduction 24

In the broad definition of interstellar com- 25

plex organic molecules (COMs), we include all 26

molecules with six or more atoms, of which at 27

least one of them is a carbon atom.1 Given the 28

conditions found in molecular clouds, cold re- 29

gions of the interstellar medium (ISM) with tem- 30

peratures as low as 10 K and a low gas density, 31

e.g. 1×104 cm−3, the formation of COMs takes 32

place under certain constraints. The formation of 33

COMs may occur in the gas and on top of ice- 34

covered dust grains. Generally speaking, we can 35

separate the formation of COMs on dust grains 36

occurring at low temperatures (10 K), dominated 37

by hydrogenation, for example of solid CO,2,3 and 38

reactions that take place through diffusion of heav- 39

ier radicals once the temperature starts to rise after 40

the formation of a protostar (T> 30 K).4,5 In re- 41

cent years, several additions to the hydrogenation 42

of CO for the formation of COMs have appeared. 43

For example, COMs synthesis through gas phase 44

reactions,6–10 non-thermal reactions on ice,5,11 the 45

emergence of kinetic barriers on water-rich ice 46

surfaces,12,13 or the topic under investigation in 47
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this article, condensation of atomic carbon ((3P)-48

C, abbreviated C) on interstellar ices.14–20
49

A long-standing assumption for the field of as-50

trochemistry is that atoms (C, N, O), or small51

molecules (CO, N2, C2H) physisorb on ice sur-52

faces, i.e., interact weakly with the surface.21 This53

assumption has been found in recent years not54

to be generally true, with certain species being55

able to chemisorb and strongly interact with the56

surface.15,19,22–27 Exploring the range of chemical57

processes derived from ice surfaces is a worth-58

while effort to discover previously ignored chemi-59

cal routes to COMs.60

The carbon atom has proven to be an ex-61

cellent promoter of chemistry. Several works62

found that C chemisorbs in amorphous solid water63

(ASW),15,24,25 the most abundant ice phase in the64

ISM, following an Eley-Rideal mechanism.28 The65

resulting C-H2O complex from the chemisorp-66

tion is better described as 3COH2, a very reactive67

chemical species that can spontaneously evolve to68

H2CO, as evinced by quantum chemical calcu-69

lations and experiments.15,20 Alternatively, C can70

also adsorb on physisorption sites, being able to71

diffuse until trapped in chemisorption sites, or re-72

act with other preadsorbed molecules, at around73

22 K under ISM conditions.20 Another abundant74

ice species with whom C is able to chemisorb and75

react is carbon monoxide, CO. Upon accretion, C76

chemically converts to CCO, a transient species77

easily hydrogenated to ketene H2CCO and beyond78

under ISM conditions.17,19 In this study we con-79

sidered the interaction of C with ammonia (NH3),80

another molecule that is abundant in interstellar81

ice. Krasnokutski et al. 18 performed co-deposition82

experiments of NH3:CO:C, observing the forma-83

tion of aminoketene (NH2HCCO), and its poly-84

merization. Using gas-phase calculations, Kras-85

nokutski et al. 18 , reported the formation of the86

CNH3 adduct without a barrier, which is also sup-87

ported by other works.29,30 The evolution of the88

CNH3 adduct in the codeposition experiments of89

Krasnokutski et al. 18 requires sufficient residence90

times on the surface to overcome the kinetic bar-91

riers proposed by these authors or another alter-92

native mechanism conducive to NH2HCCO. Fur-93

thermore, due to the lack of a H2O matrix in Kras-94

nokutski et al. 18 , the resilience of CNH3 in ASW95

has not yet been determined.96

Another important implication of the resilience 97

of CNH3 radicals concerns their chemical conver- 98

sion pathways. At 10 K, very few chemical species 99

can diffuse on interstellar dust grains, for exam- 100

ple, H atoms, He atoms, and H2 molecules. It is 101

not clear whether other species, such as CO, N 102

or O, can diffuse at 10 K, although if they could, 103

they should diffuse slowly.31–34 In addition to fast 104

diffusion, both H atoms and H2 molecules can 105

penetrate potential energy barriers due to quan- 106

tum tunneling. Because H2 is a stable closed- 107

shell molecule, its related chemistry is restricted 108

to just a few, but very important reactions.35–37 H 109

atoms, however, are very reactive and are the most 110

important reagent on the surface of dust grains. 111

The reason for this assertion is not only based 112

on quantum chemical arguments, like the above- 113

mentioned quantum tunneling effect, but also on 114

astrochemical arguments. Hydrogen atoms are 115

very abundant in molecular clouds owing to an ef- 116

ficient destruction of H2 molecules by cosmic rays. 117

Abundances are typically ∼2×10−4 with respect 118

to H2 for canonical cosmic ray ionization rates in 119

molecular clouds.38 Hydrogen atoms participate 120

in the hydrogenation reactions responsible for an 121

increase in chemical complexity through hydro- 122

gen addition reactions,2,39,40 but also in the reduc- 123

tion of chemical complexity through H-abstraction 124

reactions.41–43 While the cited studies are only a 125

small portion of the plethora of studies on the hy- 126

drogenation of ISM molecules, a quick look into 127

the literature reveals a prevalence of H-addition 128

studies, because they are more easily validated by 129

experiments. 130

In this work, we construct the complete reaction 131

network for the reactivity of CNH3 with H atoms. 132

We study hydrogen addition and hydrogen abstrac- 133

tion reactions in an effort to determine whether 134

the evolution of CNH3 leads to the formation of 135

COMs, most notably methylamine (CH3NH2) or, 136

if, in contrast, H-abstraction reactions can also 137

produce highly unsaturated molecules, such as 138

HCN or HNC. We achieve our goal by performing 139

quantum chemical calculations of the reactions in 140

the reaction network on a (H2O)14 cluster to which 141

we add a single NH3 molecule upon which we 142

study the adsorption of a C atom. A proportion 143

of 1:14 is chosen to mimic the ratio found in the 144

ice observations of molecular clouds.44
145
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Figure 1: Optimized geometry for the (H2O)14−NH3
cluster on which C adsorption and the subsequent hy-
drogenation reactions are studied. The dotted lines rep-
resent the H-bond network where proton transfer reac-
tions are sampled. Red dots indicate the interactions
a H-donor and blue dots indicate those where water is
a H-acceptor. Solid molecules are used for the NH3
and its direct H2O neighbors. The code of colours em-
ployed throughout the article is: Red: Oxygen; Blue:
Nitrogen; White: Hydrogen.

The structure of the article is as follows. In Sec-146

tion 2 we present the quantum chemical formal-147

ism for the study of the reactions, along with the148

caveats of treating such an extensive reaction net-149

work under a unified formalism. In Section 3 we150

study the reaction network. First, we focus on the151

study of the adsorption of C on NH3. Secondly,152

we study in detail the ca. 40 reactions included in153

the reaction network. In Section 4 we discuss the154

implications on our findings in an astrochemical155

context, as well as compare with further results in156

the literature. We conclude with a brief summary157

of our results in Section 5.158

2 Methods 159

The (H2O)14 cluster used for the ice structural 160

model is taken from Molpeceres et al. 15 . After op- 161

timizing the cluster, we placed a NH3 molecule on 162

top of it. In particular, the physisorption arrange- 163

ment that we selected involves the interaction of 164

a dangling -OH bond that forms an H bond with 165

the NH3 molecule, and the -H donor interaction 166

between the NH moiety of NH3 and a contigu- 167

ous H2O molecule (see dashed red and blue lines 168

in Figure 1). The donor acceptor motiff that we 169

use is chosen to mimic the characteristic arrange- 170

ment found for NH3 on H2O at the most likely 171

binding sites, according to Tinacci et al. 45 . This 172

is visually confirmed by the bond distances found 173

for the adsorption of NH3 in our cluster (Figure 1) 174

and the ones found for average and deep binding 175

sites in Tinacci et al. 45 (See their Figure 9). More- 176

over, the binding energy of NH3 is ∼ 20 kJ mol−1 177

that is close to the most likely value found in the 178

Maxwell-Boltzmann fit (µ=17.8 kJ mol−1 Figure 8 179

of Tinacci et al. 45) of the binding energy distribu- 180

tion for the NH3-H2O system. In this arrangement, 181

we also find a complementary four-center water 182

H-bond network (four lowest dashed red lines in 183

Figure 1), where we later test proton transfer re- 184

actions. After optimization of the (H2O)14−NH3 185

cluster, we place a C atom forming an adduct with 186

the NH3 molecule, and begin to study all possible 187

H addition and H-abstraction reactions following a 188

common scheme. This scheme includes a potential 189

energy surface (PES) scan, transition state search, 190

and optimization of reactant and product from the 191

end points of the potential energy scan, refining the 192

geometries in the case the latter protocol reveals 193

not to be a global minimum in the PES. For every 194

stationary point on the PES that we obtain, we cal- 195

culated its molecular Hessian. Reaction energies 196

(∆UR) and activation energies (∆U‡) are obtained 197

as energy differences, inclusive of zero-point vi- 198

brational energy (ZPVE), of the product-reactant 199

and the transition state-reactant, respectively. Ev- 200

ery reaction is studied in the most stable spin mul- 201

tiplicity of the products, which is singlet for most 202

of the closed-shell molecules, doublet for the rad- 203

icals, or triplet in the case of CNH3 and H3CN. 204

The spin multiplicity of all reactants and products 205

in this work is indicated in the detailed discussion 206
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of every reaction.207

Finally, to compare with the results on the ice,208

we repeated our study without the ice cluster to re-209

port the energetics of the gas-phase reactions along210

with the ones in the ice. It is important to note that211

the products of gas-phase reactions in this work212

do not directly translate into the products of these213

reactions at the low pressures of the ISM, espe-214

cially for H-addition reactions. The notation ‘Gas215

Phase” is used to reflect the fact that a water clus-216

ter was not employed in the study. The only dif-217

ference in the protocol used in the gas phase study218

is that for barrierless reactions in the gas phase,219

the energetic parameters are computed from the220

bimolecular system (e.g. reactant + H) rather than221

the preadsorbed H and reactant on the ice cluster.222

Compared to Molpeceres et al. 15 , for the223

DFT method in this work we increased the ba-224

sis set and added the D3BJ dispersion correc-225

tion term to the MPWB1K functional, i.e., the226

MPWB1K-D3BJ/ma-def2-TZVP method.46–51
227

The parameters for the D3BJ dispersion correc-228

tion in that functional are taken from Goerigk229

et al. 52 All DFT calculations use a large inte-230

gration grid (defgrid3 in ORCA 5.0.4 53,54).231

The selection of this functional and basis set232

follows the recommendation found in our pre-233

vious work for the C−H2O system.15 Elec-234

tronic energies for open-shell singlets, as well235

as a couple of radical-radical reactions in the236

doublet channel are not refined further. How-237

ever, for all the rest of reactions, we refined the238

electronic energies of the stationary points of239

the reaction using the DLPNO-CCSD(T)/jun-cc-240

pV(T+d)Z method using a tightPNO localiza-241

tion scheme.55–57 The latter cases are referred as A242

e.g. systems treated with DLPNO-CCSD(T)/jun-243

cc-pV(T+d)Z//MPWB1K-D3BJ/ma-def2-TZVPi
244

level and the former, B, e.g. systems treated at245

the MPWB1K-D3BJ/ma-def2-TZVP level. We246

indicate in the text and accompanying tables when247

results are reported at one level or the other. It is248

important to recall that although DFT is a bet-249

ter choice than single reference wavefunction250

theory methods to study open-shell singlet sys-251

tems, caution is advised when interpreting the252

iThe “1//2” notation is used to indicate that single point
calculations at the 1 level are carried out on top of level 2
geometries.

results, in particular for the prediction of reac- 253

tions not involving radical-radical couplings (e.g. 254

H-abstraction reactions in the open-shell singlet 255

channel). For this reason, we also confirm that 256

several key reactions labeled “barrierless” later in 257

the text are indeed barrierless using multireference 258

calculations. The results are shown in the Supple- 259

mentary Information. All calculations use the 260

ORCA code (v 5.0.4),58–60 except for the multiref- 261

erence calculations shown in the Supplementary 262

Information. Reactions involving a biradical sys- 263

tem are investigated following a broken-symmetry 264

formalism converging the high-spin state and us- 265

ing those orbitals to converge the low-spin state, 266

using the FlipSpin directive in ORCA. 267

We constructed our reaction network model, 268

which is meant to be used for the rate equations, 269

i.e. without tracing the positions of species on 270

the ice surfaces. Although more sophisticated 271

methods, e.g. microscopic Monte Carlo (e.g. 272

Cuppen et al. 61), can consider site-dependent re- 273

actions, their computational cost is significantly 274

higher than the rate equation method. This com- 275

promise implies three caveats in our reaction net- 276

work. First, it is important to note that the acti- 277

vation energies and reaction energies in our cal- 278

culations depend on the binding mode of the HxC- 279

NHy molecule. Because our reaction network con- 280

tains species that are formed from different reac- 281

tion routes, the binding modes of some species 282

vary depending on the reaction route under con- 283

sideration. This implies that there must be some 284

variability for the activation and the heat of re- 285

action. Second, when several H-abstraction reac- 286

tions were available at the same atomic center, we 287

selected the least impeded one in the ice model. 288

Third, one species in the reaction network presents 289

trans-cis isomerism (HCNH). For this species, we 290

have studied the chemistry of cis-HCNH, which, 291

despite being the highest energy isomer, is the 292

one that is formed from H-addition reactions, ob- 293

served from intrinsic reaction coordinate calcula- 294

tions (IRC). We observed the same behavior in the 295

hydrogenation of the OCS molecule yielding the 296

cis-OCSH radical.39 Accepting these approxima- 297

tions, we reduce the extensive computational cost 298

associated with this work and simplify the reac- 299

tion network for easier inclusion in astrochemical 300

models. The main drawback associated with these 301
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shortcomings is that we lose statistical insight on302

the variability of activation energies and reaction303

and report a single value out of a distribution of304

possible values.62
305

3 Results306

A summary of the reaction network investigated in307

this work is shown in Figure 2, and Tables 1 and308

2. In the following subsection, we describe the309

analysis of the chemical reactions. An important310

note during the section is that we adopt a common311

notation on the molecules like HxCNHy with the312

exception of HCN and HNC. This was done to vi-313

sually identify the differences in the coordination314

of both C and N in the involved molecules. All315

reactions include the spin multiplicity of the reac-316

tants to better track the chemical reactions under317

investigation.318

3.1 Barrierless association of C + NH3319

Our first test focuses on determining whether the320

addition of 3C on NH3 is barrierless on H2O ice,321

i.e. the reaction:322

3C + 1NH3 −−→ 3CNH3 · (1)

Recently, Krasnokutski et al. 18 and Agúndez323

et al. 30 demonstrated, using gas-phase calcula-324

tions, that the insertion of C into a NH3 molecule325

is barrierless. However, it is worth checking to see326

if the same behavior is expected on ices. In Figure327

3 we show a scan of the elongation of the C-N co-328

ordinate in the pre-adsorbed 3C−NH3 adduct. It is329

important to note that due to the reactivity of the330

carbon atom with H2O, the scan must be carried331

out fixing the cartesian positions of the nitrogen332

atom of NH3, and the two nearest oxygen atoms333

of H2O at the binding site. Otherwise, during re-334

laxation of the different coordinates from the C–335

N coordinate, C would condense on neighboring336

H2O molecules. The reaction of C with nearby337

water molecules is a consequence of the calcula-338

tion setup that does not imply a preference for ad-339

sorption of C on H2O rather than on NH3. Be-340

cause during the scan the C-N coordinate is fixed341

by a constraint, the optimizer explores other low-342

energy situations, being the formation of COH2343

one of them. Fixing the coordinates has an effect 344

on the reaction energy ∆Er.ii In Figure 3, the reac- 345

tion energy is around -175 kJ mol−1, but this value 346

is lower than the real one, that is ∆UR,1
Ice = -153.5 347

kJ mol−1 at the B level and ZPVE inclusive. In 348

reality, if the NH3 and neighbor H2O molecules 349

could relax, the adsorption asymptote would shift 350

towards lower values, as a consequence of the for- 351

mation of an ideal NH3-2 H2O binding configura- 352

tion. Following the same reasoning, if chemisorp- 353

tion entrance barriers were present, they would be 354

higher in the constrained scan than in the full re- 355

laxed scan. Therefore, we confirm that the addi- 356

tion of C to NH3 on an ice is barrierless, which 357

is the most important information extracted from 358

Figure 3. 359

Gauging which substrate for the C insertion is 360

more favorable on real mixed interstellar ices is a 361

very complex task. Intuitively, from our knowl- 362

edge on gas-phase reactions, the preference of 363

adsorption should depend on electrostatic magni- 364

tudes like the (local) dipole moment on the sur- 365

face, because a stronger dipole would result in a 366

larger long-range interaction, resembling a “cap- 367

ture” event. Under these considerations, NH3 and 368

H2O should not have a preferential reactivity, be- 369

cause their dipole moments are similar. However, 370

there is a simpler way of determining which ad- 371

sorption events is more likely for equivalent dipole 372

moments. Eley-Rideal rate constants, such as the 373

ones of these adsorptions, depend on the surface 374

coverage like: 375

kiER = θifacc = θiSTνngrainπr
2
grainng,

where θi is the surface coverage of a molecule, 376

facc is the frequency of accretion, ST is the stick- 377

ing coefficient, ν the average thermal velocity of 378

the gas and r2grain and ng the grain average radius 379

and number density, respectively. Because all pa- 380

rameters other than θi are equal between ices, θi 381

is the determining factor. In molecular clouds, θi 382

is normally an order of magnitude larger for H2O 383

than for NH3, making reaction 1 less effective than 384

3C + 1H2O −−→ 3COH2 (but possibly more ef- 385

fective than 3C + 1CO −−→ 3CCO, at least in 386

iiNote that the points along the scan are not ZPVE cor-
rected, hence the ∆Er notation.
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Table 1: Summary of all reactions considered in this work (Continues in Table 2). BL means “barrierless”.

Label Reaction Level Structural Model ∆UR (kJ mol−1) ∆U‡ (kJ mol−1)
1 3C + 1NH3 −−→ 3CNH3 B Ice -153.5 BL
2 3CNH3 −−→ 3HCNH2 A Ice -141.9 50.3∗

B Ice -363.9 BL3 3CNH3 + 2H −−→ 2HCNH3 B Gas -337.7 BL

4 3CNH3 + 2H −−→ 2CNH2 + 1H2
B Ice -388.6 BL
B Gas -405.4 BL

5 2HCNH3 −−→ 2H2CNH2 A Ice -217.7 BL
B Ice -385.5 BL6 2H2CNH2 + 2H −−→ 1H3CNH2 B Gas -372.6 BL
B Ice N/A N/A7∗∗ 2H2CNH2 + 2H −−→ 1HCNH2 + 1H2 B Gas -108.7 BL
B Ice N/A N/A8∗∗ 2H2CNH2 + 2H −−→ 1H2CNH + 1H2 B Gas -252.4 BL
A Ice -37.6 37.39 1H3CNH2 + 2H −−→ 2H2CNH2 + 1H2 A Gas -48.7 34.2
A Ice -21.4 44.810 1H3CNH2 + 2H −−→ 2H3CNH + 1H2 A Gas -24.4 39.5

11 2CNH2 −−→ 2HCNH A Ice -67.9 88.8
B Ice -312.7 BL12 2CNH2 + 2H −−→ 1HCNH2 B Gas -332.1 BL
A Ice -43.9 66.413 2CNH2 + 2H −−→ 3CNH3 A Gas -23.8 74.2
B Ice -368.7 BL14 2CNH2 + 2H −−→ 1HNC + 1H2 B Gas -368.7 BL
A Ice -48.3 55.615 1HNC + 2H −−→ 2CNH2 A Gas -38.9 59.1
A Ice -101.9 8.116 1HNC + 2H −−→ 2HCNH A Gas -110.8 11.9
B Ice -417.1 BL17 2HCNH + 2H −−→ 1H2CNH B Gas -406.0 BL
B Ice -284.5 BL18 2HCNH + 2H −−→ 1HCNH2 B Gas -261.6 BL
B Ice -311.4 BL19 2HCNH + 2H −−→ 1HNC + 1H2 B Gas -298.3 BL
B Ice -344.2 BL20 2HCNH + 2H −−→ 1HCN + 1H2 B Gas -350.6 BL
A Ice -127.7 15.121 1H2CNH + 2H −−→ 2H3CNH A Gas -127.9 15.8
A Ice -150.6 19.422 1H2CNH + 2H −−→ 2H2CNH2 A Gas -152.4 17.6
A Ice -14.5 45.023 1H2CNH + 2H −−→ 2HCNH + 1H2 A Gas -15.6 46.4
A Ice -62.9 23.824 1H2CNH + 2H −−→ 2H2CN + 1H2 A Gas -73.2 19.5

25 1HCNH2 −−→ 1H2CNH A Ice -122.7 22.7
A Ice -268.8 BL26 1HCNH2 + 2H −−→ 2H2CNH2 A Gas -298.5 BL
A Ice -55.5 101.927 1HCNH2 + 2H −−→ 2HCNH3 A Gas -26.9 73.8
A Ice -109.3 3.528 1HCNH2 + 2H −−→ 2CNH2 + 1H2 A Gas -91.1 5.8

(*) - Upper limit
(**) - There is evidence for these reactions to be non competitive with Reaction 6 (See section 3.2.2)
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Figure 2: Reaction network investigated in this work showing our main findings. Dashed boxes on HNC, HCN,
H2CNH and H3CNH2 denote these molecules as the stable nodes in the reaction network. The colors of the arrows
used in the reaction network have been selected according to ∆U ‡ obtained in the (H2O)14 cluster. Blue thick
arrows denote barrierless reactions. Yellow and green arrows denote reaction with 10 < ∆U ‡ < 30 kJ mol −1

and ∆U ‡ < 10 kJ mol −1. Red small arrows indicate reactions with high ∆U ‡ (> 30 kJ mol −1). Solid lines
are used for H-addition and H-abstraction reactions whereas dashed lines are used for proton transfer reactions.
The HNC −−→ HCN isomerization is taken from Baiano et al. 63 . The legend RX above every reaction arrow
corresponds to the numerical values shown in Tables 1 and 2. Note that 10 kJ mol−1 equals 1202 K.

young molecular clouds). However, we note that387

this does not disqualify the importance of the for-388

mation of CNH3, because it could be a new for-389

mation path for N-bearing COMs, as discussed in390

Section 3.2.2.391

It is also interesting to compare the adsorption392

energies (i.e. reaction energies) between the dif-393

ferent adsorbates that have been recently studied394

in the literature. Such a comparison is held in Ta-395

ble 3. We observe a high variability between the396

reaction energies for the three species considered397

H2O / CO /NH3, with the highest reaction energy398

corresponding to CO. This is probably attributable399

to the formation of a formal double bond in the400

case of CCO, in comparison with the other two.401

More complex to explain is the difference between402

NH3/H2O and H2O ice clusters, but in this case the403

differences are also subtler. We note that in order 404

to carry a proper comparison, reaction 1 should 405

be studied on pure NH3 ice, and not in a diluted 406

mixture such as the one of this work. It is impor- 407

tant to note that the thermodynamic stability is not 408

a good estimator of the larger viability of C con- 409

densation in any substrate and that preference for 410

adsorption comes from different factors, such as 411

surface coverage and attractive C-X potential (See 412

above). Overall, we find that all adsorption en- 413

ergies forming these chemisorbates are very high 414

when comparing with e.g. the barrier for diffusion. 415

Hence all these species should remain immobile in 416

molecular clouds. 417
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Table 2: Continuation of Table 1. BL means “barrierless”.

Label Reaction Level Structural Model ∆UR (kJ mol−1) ∆U‡ (kJ mol−1)
A Ice -171.2 22.729 1HCNH2 + 2H −−→ 2HCNH + 1H2 A Gas -163.2 29.4
B Ice -403.3 BL30 2H3CNH + 2H −−→ 1H3CNH2 B Gas -400.3 BL
B Ice -288.2 1.831 2H3CNH + 2H −−→ 1H2CNH + 1H2 B Gas -281.3 1.3
A Ice -76.3 12.932 2H3CNH + 2H −−→ 3H3CN + 1H2 A Gas -85.8 8.8
A Ice -43.0 37.333 1HCN + 2H −−→ 2HCNH A Gas -52.1 41.3
A Ice -110.0 20.134 1HCN + 2H −−→ 2H2CN A Gas -108.5 25.4
A Ice -140.6 9.035 2H2CN + 2H −−→ 3H3CN A Gas -142.7 11.1
B Ice -357.5 BL36 2H2CN + 2H −−→ 1H2CNH B Gas -350.9 BL
B Ice -291.3 BL37 2H2CN + 2H −−→ 1HCN + 1H2 B Gas -296.2 BL
B Ice -346.8 BL38 3H3CN + 2H −−→ 2H3CNH B Gas -335.7 BL
B Ice -269.9 BL39 3H3CN + 2H −−→ 2H2CN + 1H2 B Gas -264.6 0.5

2 3 4 5
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Figure 3: Potential energy scan for the C-N reaction
coordinate in the 3C + 1NH3 −−→ 3CNH3 reaction at
the (B) level of theory. The points along the scan are
not ZPE corrected.

3.2 Hydrogenation reactions418

In this section we delve into the reaction of CNH3419

and its associated products with H atoms, due to420

the importance of this species as we presented421

in the introduction. We note that hydrogena-422

tion in this work refers to reactions with H, a423

nomenclature not distinguishing H-addition or H-424

Table 3: Comparison between ∆UR (in kJ mol−1) for
different C condensation reactions.

Ice Cluster ∆UR References
Pure H2O 96.0∗/113.7∗∗ 15 /27

Pure CO 207.5∗∗∗ 64 /19

NH3/H2O 153.5 This work
∗Average of a distribution of values (60–133 kJ mol−1)
∗∗Average of three values (110.2–116.2 kJ mol−1)
∗∗∗MRCI+Q gas phase values

abstraction reactions. 425

3.2.1 Evolution of 3CNH3 426

Establishing a parallelism with the chemisorption 427

of C on H2O that produces HCOH (and H2CO) 428

after adsorption on some binding sites, it is rea- 429

sonable to think that 3CNH3 may undergo a uni- 430

molecular conversion to 3HCNH2. Another possi- 431

ble conversion pathway involves an initial decay to 432

the singlet state (1CNH3) promoted by an intersys- 433

tem crossing and subsequent evolution to 1HCNH2 434

by a proton transfer. 435

We checked both outcomes at the (B) level of 436

theory, finding that 3CNH3 is stable in the triplet 437

state and the singlet 1CNH3 is 50.3 kJ mol−1 438
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higher in energy. Furthermore, we investigate439

whether the −NH3 moiety can transfer a proton440

to a neighboring water molecule and evolve to441

3HCNH2 spontaneously through the following re-442

action on a water surface:443

3CNH3 −−→ 3HCNH2, (2)

Finding the transition state for the reaction 2 was444

challenging and we needed to loose the conver-445

gence criteria on the optimization procedure. We446

finally converged to a structure shown in Figure 4447

with a large transition frequency (approximately448

650i cm−1) corresponding to the reaction mode449

but also with two imaginary low-frequency modes450

not associated with the reaction mode. This struc-451

ture has a high activation energy (at the A level452

of theory) of ∆U‡,2Ice = 50.3 kJ mol−1 (∆UR,2
Ice = -453

141.9 kJ mol−1), which given the subpar nature of454

the structure, we consider as an upper limit for the455

real activation energy. Because other proton trans-456

fer reactions studied in this work were found to be457

viable (see the next sections), we then determine458

that our activation energy for this reaction must be459

high enough to consider reaction 2 not important460

in astrophysical environments. We note that these461

proton transfer reactions depend on the local wa-462

ter arrangements15,27,63 and that different barriers463

could be present at different binding sites. How-464

ever, the value we obtained of the activation en-465

ergy is much higher than the highest one found for466

3COH2 −−→ 3HCOH (around 11.5 kJ mol−1 as a467

maximum), which prompts us to consider 3CNH3468

as a more stable molecule on the surface. The469

chemical reason for this is probably found in the470

electronegativity of N with respect to O, which471

makes NH2 polarize the C atom less, making it less472

prone to proton transfer.473

As the unimolecular reactions have very high474

activation barrier, the most probable reaction for475

3CNH3 on ice surface is hydrogenation through the476

following reactions:477

3CNH3 + 2H −−→ 2HCNH3 (3)
3CNH3 + 2H −−→ 2CNH2 + 1H2 (4)

The first reaction (3) is a barrierless addition re-478

action that we studied in the double channel using479

Figure 4: Geometry of the transition state correspond-
ing to reaction 2. Color labels are equivalent to the
ones in Figure 1 with the addition of Teal for the carbon
atom.

the FlipSpin feature in ORCA. First, we con- 480

verge the quartet state solution, and then we con- 481

verge the doublet one from the previous orbitals. 482

We found the reaction to be barrierless, with a re- 483

action energy on ice of ∆UR,3
Ice = -363.9 kJ mol−1 484

and in the gas of ∆UR,3
Gas = -337.7 kJ mol−1 indi- 485

cating a strong influence of the binding energy on 486

the water ice of reactant and product. These results 487

are at the B level of theory. The reaction studied 488

without the water cluster is also barrierless. 489

The H-abstraction reaction 4, calculated using 490

the same method and protocol as above, is also 491

very exothermic ∆UR,4
Ice = -388.6 kJ mol−1 (∆UR,4

Gas 492

= -405.4 kJ mol−1), although the difference be- 493

tween the surface and gas values is less pro- 494

nounced. Interestingly, for both the reaction on 495

ice and the reaction in the gas, we find tiny acti- 496

vation energies of < 2 kJ mol−1 that vanish upon 497

inclusion of ZPVE, making the reaction effectively 498

barrierless. 499

Therefore, the hydrogenation reactions 3 and 4 500

are barrierless, fast reactions that readily convert 501

the 3CNH3 adduct at low-temperature H-rich en- 502

vironments. Because unimolecular reactions from 503

CNH3 are unlikely due to the high barriers, these 504

first hydrogenation reactions (Reactions 3 and 4) 505

lock the hydrogenation route towards the forma- 506
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tion of small isocyanic (HNC) and cyanic (HCN)507

acids, or toward the formation of more hydro-508

genated products like methylamine CH3NH2 or509

methanimine CH2NH. The reactions leading to510

one or the other outcome are explicitly considered511

in the following sections.512

3.2.2 Formation of H3CNH2 from CNH3513

Once 3CNH3 is formed and hydrogenated, the514

nodes in the reaction network can evolve toward515

the formation of H3CNH2 (methylamine, com-516

monly writen as CH3NH2). The simplest pathway517

connecting hydrogenated 3CNH3 and H3CNH2:518

2HCNH3 −−→ 2H2CNH2, (5)

through a sequential proton transfer reaction.519

More details about this reaction are given in the520

supplementary information. Reaction 5 it is then521

followed by hydrogenation to CH3NH2 via:522

2H2CNH2 + 2H −−→ 1H3CNH2 (6)

In addition to the above reaction, another possi-523

ble reaction is the H-addition at the −NH2 moiety524

that generates a −NH3 group, e.g. δ+ on the nitro-525

gen atom, that quickly isomerizes to the more sta-526

ble H3CNH2 isomer. We carried out PES scans for527

the 2H2CNH2 + 2H −−→ 1H2CNH3 reaction at the528

B level observing a direct conversion to H3CNH2.529

Hence, H2CNH2 + H −−→ H2CNH3 is equivalent530

to reaction 6.531

Reaction 5 presents a submerged barrier ∆U‡,5Ice532

= -2.3 kJ mol−1 upon inclusion of ZPVE, and a533

reaction energy of ∆UR,5
Ice = -217.7 kJ mol−1. Be-534

cause the reaction occurs in the doublet channel,535

the above results are at the A level of theory. Re-536

action 5 occurs before HCNH3 undergoes addi-537

tional hydrogenation. Although different binding538

sites for HCNH3 can inhibit direct isomerization539

through reaction 5, the absence of a barrier for540

proton transfer strongly suggests a very reactive541

nature. In light of these results, we do not expect542

HCNH3 a dectectable species in the ISM.543

Concerning reaction 6, the addition to C pro-544

duces H3CNH2. In both the gas phase and the ice,545

we found that the reaction 6 was barrierless, with546

reaction energies of ∆UR,6
Ice = -385.5 kJ mol−1 and547

∆UR,6
Gas = -372.6 kJ mol−1 at the B level of theory548

because the reaction takes place in the open-shell 549

singlet channel. 550

These paths do not compete with hydrogen ab- 551

straction reactions, because back proton transfer 552

reactions are endothermic and the following reac- 553

tions: 554

2H2CNH2 + 2H −−→ 1HCNH2 + 1H2 (7)
2H2CNH2 + 2H −−→ 1H2CNH + 1H2 (8)

are found to be non-viable on the ice cluster. 555

These reactions are very complex to study on the 556

ice model from a technical point of view, due to 557

competition with reaction 6, which drives in many 558

cases the geometry optimizer to the addition prod- 559

uct (H3CNH2). This leads us to conclude that reac- 560

tions 7 and 8 are not competitive against reaction 561

6 even though in the gas phase these reactions are 562

barrierless (see below). The reason for our con- 563

clusion is that the geometry optimizer behavior in- 564

dicates an easier reaction channel in reaction 6, at 565

least in a water environment. From the perspec- 566

tive of the astrochemical models, the picture left 567

by these reactions suggests that only the reaction 568

6 should be included in models with a branching 569

ratio of 1.0 in the subset of reactions 6–8. How- 570

ever, our conclusion requires experimental valida- 571

tion or, in its absence, a theoretical study involv- 572

ing larger sampling at different binding sites, es- 573

pecially when looking at the reaction in the gas 574

reported below. 575

It is worth noting that, in the gas phase, Joshi and 576

Lee 65 found that the reactions 7 and 8 are barrier- 577

less. Our gas-phase calculations show the same re- 578

sult, confirmed by Nudget Elastic Band (NEB) cal- 579

culations66 using an open-shell singlet reference 580

with a reaction energy of ∆UR,7
Gas = -108.7 kJ mol−1 581

and ∆UR,8
Gas = -252.4 kJ mol−1. We note, however, 582

that our own MRCI+Q calculations for reaction 7 583

(Supplementary Information) show an activation 584

barrier while Reaction 8 is still found barrierless. 585

3.2.3 Destruction of CH3NH2 586

The fully saturated methylamine molecule can still 587

be processed by H atoms back to the precursor rad- 588

icals. The abstraction reactions that we have con- 589

sidered are: 590
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1H3CNH2 + 2H −−→ 2H2CNH2 + 1H2 (9)
1H3CNH2 + 2H −−→ 2H3CNH + 1H2 (10)

Both systems can be treated with the (A) level591

of theory. The reaction 9 has an activation en-592

ergy ∆U‡,9Ice = 37.3 kJ mol−1 whereas reaction 10593

presents an activation energy of ∆U‡,10Ice = 44.8 kJ594

mol−1. The reaction energies were found to be595

∆UR,9
Ice = -37.6 kJ mol−1 and ∆UR,10

Ice = -21.4 kJ596

mol−1 for reactions 9 and 10, respectively.597

The energetic parameters for reaction 9 in the598

gas phase are ∆U‡,9Gas = 34.2 kJ mol−1 and ∆UR,9
Gas599

= -48.7 kJ mol−1 while for reaction 10 they are600

∆U‡,10Gas = 39.5 kJ mol−1, ∆UR,10
Gas = -24.4 kJ mol−1.601

Therefore, we found that the activation energy gap602

between reaction 9 and 10 increases on ice, further603

confirming that reaction 9 is the preferred abstrac-604

tion channel in H3CNH2. We note excellent agree-605

ment with the preceding work of Joshi and Lee 65
606

and Kerkeni and Clary 67 , which reports activation607

energies of 33.4/36.8 and 39.7/39.2 kJ mol−1 for608

reactions 9/10 in the gas phase. The activation609

energies that we report for H3CNH2 are too high610

to represent an effective reaction path. However,611

we note that both Joshi and Lee 65 experiments in612

para-hydrogen and Oba et al. 68 in a methylamine613

matrix found plausible hydrogen abstraction, so614

we continue to recommend including reaction 9615

and 10 in astrochemical reaction networks.616

3.2.4 Formation of HNC617

In section 3.2.2 we showed the least impeded618

channel from CNH3 to H3CNH2, but as we showed619

in Section 3.2.1, 3CNH3 can also experience H-620

abstraction reactions (Reaction 4), forming CNH2621

(Aminomethylidyne). Similarly, CNH2 can react622

in our reaction network in four different ways:623

2CNH2 −−→ 2HCNH (11)
2CNH2 + 2H −−→ 1HCNH2 (12)
2CNH2 + 2H −−→ 3CNH3 (13)
2CNH2 + 2H −−→ 1HNC + 1H2. (14)

Reaction 11 is a proton transfer reaction for the624

spontaneous evolution of CNH2. We sought the625

transition state of the reaction using NEB cal- 626

culations, as in the previous examples. These 627

NEB calculations were very difficult to converge 628

on and required an increase in optimization toler- 629

ance. When a transition state was finally found, 630

we refined it with a TS search using the dimer 631

method69 and standard convergence criteria. As 632

in the case of CNH3 described above, after this 633

procedure we managed to converge on a station- 634

ary point in the PES. However, this transition state 635

shows an additional spurious imaginary frequency 636

of low magnitude (12i cm−1) that, after inspec- 637

tion, corresponds to a motion outside of the reac- 638

tion center, and therefore we consider the TS that 639

we found not ideal, but sufficiently reliable. Reac- 640

tion 11 is exothermic (∆UR,11
Ice = -67.9 kJ mol−1) 641

but shows a rather high activation energy, ∆U‡,11Ice 642

= 88.8 kJ mol−1. Therefore, we determine that the 643

reaction 11 should not contribute significantly to 644

the reaction network investigated in this work. We 645

note that the product of the reaction 11 is trans- 646

HCNH, but given the null viability of this reaction 647

in the ISM, the choice of cis-HCNH isomer in fur- 648

ther reactions in this work remains valid. 649

Reactions 12 and 14 are studied at the B level 650

of theory because they are radical couplings in the 651

singlet channel. On the other hand reaction 13 652

is studied at the more accurate A level because it 653

takes place in a triplet PES. Reaction 12 is barri- 654

erless in both ice and gas, with a reaction energy 655

of ∆UR,12
Ice = -312.7 kJ mol−1 (∆UR,12

Gas = -332.1 656

kJ mol−1). In contrast, the reaction 13 back to the 657

CNH3 shows an activation energy of ∆U‡,13Ice = 66.4 658

kJ mol−1 (∆U‡,13Gas = 74.2 kJ mol−1) and is barely 659

exothermic ∆UR,13
Ice = -43.9 kJ mol−1 (∆UR,13

Gas = - 660

23.8 kJ mol−1). Thus, return to CNH3 from CNH2 661

is inhibited, which combined with the reaction 662

3CNH3 + 2H −−→ 2HCNH3 (Reaction 3) shows 663

that the destruction via hydrogenation of CNH3 is 664

irreversible. 665

Finally, the H-abstraction reaction 14 is also bar- 666

rierless with reaction energies ∆UR,14
Ice = -368.7 kJ 667

mol−1 (∆UR,14
Gas = -368.7 kJ mol−1). This reaction 668

forms HNC, one of the endpoints of the reaction 669

network (Figure 2). 670

The CNH2 radical is very reactive although it is 671

detected in the ISM,70,71 as shown by the barrier- 672

less nature of the reactions that we studied. How- 673

ever, we found that the return to CNH3 through 674
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the reaction 13 is not efficient, which indicates that675

evolution to the closed shell end points of the re-676

action network is the expected behavior after C677

chemisorption on NH3.678

3.2.5 HNC hydrogenation: Conversion to679

HCN and hydrogenation pathways to680

H3CNH2681

After HNC is formed, several possibilities for682

reactions appear. The most immediate one in-683

volves direct isomerization to HCN through a pro-684

ton transfer reaction, HNC −−→ HCN (in real-685

ity an equilibrium), Baiano et al. 63 investigated686

this reaction finding very low reaction rate con-687

stants at 10 K, not competitive with hydrogena-688

tion, considering an accretion rate of H under ISM689

conditions of one atom per day.72 Morever, the690

HNC + H −−→ CN + H2 reaction is endothermic.691

Thus HNC can further react through the following692

reactions:693

1HNC + 2H −−→ 2CNH2 (15)
1HNC + 2H −−→ 2HCNH. (16)

Beginning with reaction 15, the reaction has a694

barrier of ∆U‡,15Ice = 55.6 kJ mol−1 (∆U‡,15Gas = 59.1695

kJ mol−1) and ∆UR,15
Ice = -48.3 kJ mol−1 (∆UR,15

Gas696

= -38.9 kJ mol−1). This is due to the lower ther-697

modynamic stability of the CNH2 radical versus698

H2CN. However, resistance to reaction 15 is coun-699

teracted by reaction 16, which presents activation700

energies of only ∆U‡,16Ice = 8.1 kJ mol−1 (∆U‡,16Gas701

11.9 kJ mol−1), that is, very small activation en-702

ergies that can be easily surmounted by quantum703

tunneling. The reaction energy of reaction 16 is704

∆UR,16
Ice = -101.9 kJ mol−1 (∆UR,16

Gas = -110.8 kJ705

mol−1). Therefore, hydrogen addition to HNC706

must proceed through reaction 16707

The two resulting radicals of reactions 15 and708

16, can continue reacting. We turn our focus ini-709

tially to cis-HCNH, that, as a central species of the710

reaction network, can evolve in four different di-711

rections:712

2HCNH + 2H −−→ 1H2CNH (17)
2HCNH + 2H −−→ 1HCNH2 (18)
2HCNH + 2H −−→ 1HNC + 1H2 (19)
2HCNH + 2H −−→ 1HCN + 1H2. (20)

Proton transfer reactions, 2HCNH −−→ 2CNH2 713

and 2HCNH −−→ 2H2CN cannot proceed in the 714

binding sites that we encountered. Moreover, 715

2HCNH −−→ 2CNH2 is endothermic. Regarding 716

hydrogenation reactions, 17 and 18 were found to 717

be barrierless both in ice and gas. The reaction 718

energies show two very exothermic reactions with 719

∆UR,17
Ice = -417.1 kJ mol−1 (∆UR,17

Gas = -406.0 kJ 720

mol−1) for reaction 17 and ∆UR,18
Ice = -284.5 kJ 721

mol−1 (∆UR,18
Gas = -261.6 kJ mol−1) for reaction 18. 722

The abstraction reactions 19 and 20 are also 723

found to be barrierless with reaction energies of 724

∆UR,19
Ice = -311.4 kJ mol−1 (∆UR,19

Gas = -298.3 kJ 725

mol−1) and ∆UR,20
Ice = -344.2 kJ mol−1 (∆UR,20

Gas = 726

-350.6 kJ mol−1) for reactions 19 and 20, respec- 727

tively. Interestingly, reaction 19 is less exother- 728

mic in the gas-phase, whereas reaction 20 is more 729

exothermic in the gas-phase. This hints at a higher 730

relative affinity of HNC with the surface compared 731

to HCN. Nevertheless, HCN is still the favored 732

isomer. It is worth mentioning that we found a 733

transition state in the electronic energies in reac- 734

tion 20, and in the ice. Barriers that are absent 735

in the gas phase but present in the ice are nor- 736

mally attributed to the break of interactions be- 737

tween substrates with the surface, i.e. hydrogen 738

bonds, restricted rotations, and have been carefully 739

characterized lately.13 These barriers are less com- 740

mon in reactions with H, due to weak interactions 741

of H with the surface. Although the behavior of 742

the reaction 20 is indeed interesting from a chem- 743

ical point of view, for the purpose of this work, 744

we find that the barrier submerges upon inclusion 745

of ZPVE, rendering the reaction barrierless. The 746

combination of reactions 16 and 20 results in the 747

facile H mediated isomerization of HNC to HCN. 748

Because cis-HCNH has several barrierless 749

branches when reacting with hydrogen there are 750

other possibilities than the formation of HCN 751

and HNC. One is conversion to the more com- 752

plex species, H2CNH (methanimine), the simplest 753
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imine and one of the first precursors of nitrogen-754

bearing COMs that were assumed to be present755

in the ISM.73 The other is hydrogenation at the756

NH moiety to form the higher-energy isomer of757

H2CNH, aminomethylene (HCNH2), that has re-758

cently been spectroscopically characterized.74 Be-759

ginning with the chemistry of the former, we find760

the following reactions:761

1H2CNH + 2H −−→ 2H3CNH (21)
1H2CNH + 2H −−→ 2H2CNH2 (22)
1H2CNH + 2H −−→ 2HCNH + 1H2 (23)
1H2CNH + 2H −−→ 2H2CN + 1H2. (24)

Starting our analysis of the reactions with the762

additions, reaction 21 has an activation energy of763

∆U‡,21Ice = 15.1 kJ mol−1 (∆U‡,21Gas = 15.8 kJ mol−1)764

and an exothermicity of ∆UR,21
Ice = -127.7 kJ mol−1765

(∆UR,21
Gas = -127.9 kJ mol−1). Reaction 22 shows766

slightly higher activation energies ∆U‡,22Ice = 19.4767

kJ mol−1 (∆U‡,22Gas = 17.6 kJ mol−1) and similar768

reaction energies, i.e. ∆UR,22
Ice = -150.6 kJ mol−1769

(∆UR,22
Gas = -152.4 kJ mol−1). The reaction 22 was770

studied in the gas phase by Joshi and Lee 65 find-771

ing an activation energy of 12.7 kJ mol−1, slightly772

lower than our values reported above.773

The H abstractions (reactions 23 and 24) present774

higher activation energies. In particular, reaction775

23 has an activation energy of ∆U‡,23Ice = 45.0 kJ776

mol−1 (∆U‡,23Gas = 46.4 kJ mol−1) and a reaction777

energy of ∆UR,23
Ice = -14.5 kJ mol−1 (∆UR,23

Gas = -778

15.6 kJ mol−1), so the reaction has a very high779

activation energy and is barely exothermic. In780

contrast, the activation energy for reaction 24 is781

∆U‡,24Ice = 23.8 kJ mol−1 (∆U‡,24Gas = 19.5 kJ mol−1)782

and ∆UR,24
Ice = -62.9 kJ mol−1 (∆UR,24

Gas = -73.2783

kJ mol−1). Although the hydrogenation of H2CN784

is later shown to be easier than that of H2CNH785

(Section 3.2.6), the reaction 24 may permit some786

degree of interconversion and evolution to other787

nodes of the reaction network. In conclusion, re-788

action 24 might be plausible, whereas the high ac-789

tivation energy of reaction 23 makes it unlikely in790

astrophysical environments.791

Returning to the high energy isomer HCNH2, its792

reactivity with H is as follows:793

1HCNH2 −−→ 1H2CNH (25)
1HCNH2 + 2H −−→ 2H2CNH2 (26)
1HCNH2 + 2H −−→ 2HCNH3 (27)
1HCNH2 + 2H −−→ 2CNH2 + H2 (28)
1HCNH2 + 2H −−→ 2HCNH + H2. (29)

The investigation of reaction 25 was carried out 794

using a combination of NEB calculations and TS 795

refinement using the dimer method.69 We use DL- 796

FIND/CHEMSHELL 53,54 for this task. The isomer- 797

ization via the proton transfer presents a barrier 798

at the A level of ∆U‡,25Ice = 22.7 kJ mol−1 and is 799

exothermic with a reaction energy of ∆UR,25
Ice = - 800

122.7 kJ mol−1. This reaction is only possible 801

on ice. Interestingly, the reaction shows an ab- 802

normally low transition frequency of ∼ 70i cm−1. 803

An inspection of the transition mode confirms that 804

it is associated with the formation of the product. 805

The activation energy for this reaction is in reason- 806

able agreement with that found in Ferrero et al. 27 , 807

of 14 kJ mol−1. Because proton transfer reactions 808

depend sensitively on the local topology of the H- 809

bond network, both our values and Ferrero et al. 27
810

are likely valid and represent different points of a 811

distribution of values. Although 22.7 kJ mol−1 is 812

not a very high barrier, dedicated calculations that 813

include nuclear quantum effects are desirable to 814

check whether the reaction is fast enough to con- 815

sider HCNH2 as a transient species. For all these 816

reasons, we consider that the safest option in astro- 817

chemical models is to explicitly include HCNH2. 818

This is the approach that we are taking in future 819

works. 820

Once the proton transfer reaction is discussed, 821

we can focus on the reactions with atomic hydro- 822

gen. The reaction 26 is the only reaction inves- 823

tigated in this work that is barrierless in the dou- 824

blet spin channel. The chemical rationale for this 825

finding is that being a singlet carbene, HCNH2 is 826

extremely reactive in the carbon center. The as- 827

sociated reaction energy is consequentially also 828

the highest among all reactions that occur in the 829

doublet channel, of ∆UR,26
Ice = -268.8 kJ mol−1 830

(∆UR,26
Gas = -298.5 kJ mol−1), which is a value 831

closer to those found for radical-radical reactions, 832

especially in the case of the gas-phase reaction. 833
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The DFT results are supported by our own mul-834

tireference calculations (See Supplementary Infor-835

mation). Therefore we exclude aminomethylene836

from being a stable node in the reaction network.837

Contrary to what happens in reaction 26,838

the other hydrogenation reaction (reaction 27)839

presents a very high activation energy, ∆U‡,27Ice =840

101.9 kJ mol−1. Interestingly, this reaction in the841

gas phase presents a moderately lower activation842

energy, ∆U‡,27Gas = 73.8 kJ mol−1. Due to the geom-843

etry of the TS, reaction 27 in ice requires breaking844

hydrogen bonds in addition to the intrinsic bar-845

rier. We find a similar gap in the reaction energies,846

again associated with the strength of the hydrogen847

bonds in the reactant and product, ∆UR,27
Ice = -55.5848

kJ mol−1 and ∆UR,27
Gas = -26.9 kJ mol−1. Overall,849

the importance of this reaction in the entire reac-850

tion scheme simulated here must be negligible.851

The study of the reactivity of HCNH2 concludes852

with the abstraction reactions 28 and 29. Begin-853

ning with the reaction 28 on the H2O ice, we find854

a small barrier of ∆U‡,28Ice = 3.5 kJ mol−1. In the855

gas phase, this barrier is ∆U‡,28Gas = 5.8 kJ mol−1.856

The reaction energy is also slightly different be-857

tween ice and gas for the reaction 28, i.e. ∆UR,28
Ice858

= -109.3 kJ mol−1 vs ∆UR,28
Gas = -91.1 kJ mol−1.859

Finally, for the reaction 29, we also found a dif-860

ferent behavior between ice and gas. However,861

for this particular reaction, barriers emerge in both862

cases with activation energies ∆U‡,29Ice = 22.7 kJ863

mol−1 and ∆U‡,29Gas = 29.4 kJ mol−1 and reaction864

energies ∆UR,29
Ice = -171.2 kJ mol−1 and ∆UR,29

Gas =865

-163.2 kJ mol−1. The viability of the reaction 29866

must be measured against the alternative reactions867

discussed in the preceding paragraphs. Because868

this reaction competes with barrierless and low869

barrier channels (Reactions 26–28), we consider870

it to be not relevant in the chemistry of HxCNHy871

molecules.872

Summarizing, the hydrogenation of HNC can ei-873

ther lead to a H-mediated isomerization to HCN874

or evolve to more complex molecules through875

HCNH2 or H2CNH; the latter is a rather stable876

node in the reaction network. Further hydrogena-877

tion of these species leads, among other prod-878

ucts, to H2CNH2 and H3CNH. While chemistry of879

H2CNH2 was discussed in Section 3.2.2, H3CNH,880

can be easily hydrogenated to H3CNH2 through:881

2H3CNH + 2H −−→ 1H3CNH2, (30)

which is an alternative way to form H3CNH2. For 882

the sake of completeness we consider alternative 883

reaction branches, 884

2H3CNH + 2H −−→ 1H2CNH + H2 (31)
2H3CNH + 2H −−→ 3H3CN + H2. (32)

From this set of reactions, reaction 31 is studied at 885

the B level of theory while reaction 32 is studied 886

at the A level, because it occurs in the triplet state 887

(see below). 888

Reaction 30 is barrierless in both ice and gas 889

with ∆UR,30
Ice = -403.3 kJ mol−1 (∆UR,30

Gas = -400.3 890

kJ mol−1), which is one of the highest reaction en- 891

ergies in the present work. This is due to the for- 892

mation of the totally saturated and stable H3CNH2 893

molecule. The abstraction reactions 31 and 32 894

were studied in different spin channels because hy- 895

drogenation reactions were studied in the most sta- 896

ble channel. For H2CNH this is clearly the singlet 897

one, but H3CN is revealed to be stable in the triplet 898

channel. Reaction 31 has a small activation en- 899

ergy on ice and gas of ∆U‡,31Ice = 1.8 kJ mol−1 and 900

∆U‡,31Gas = 1.3 kJ mol−1. Such barriers are minute 901

and easily overcome by quantum tunneling. The 902

reaction energy for reaction 31 is ∆UR,31
Ice = -288.2 903

kJ mol−1 (∆UR,31
Gas = -281.3 kJ mol−1). Finally, re- 904

action 32 also has an activation barrier of ∆U‡,32Ice = 905

12.9 kJ mol−1 (∆U‡,32Gas = 8.8 kJ mol−1) and a lower 906

reaction energy than the other reactions studied for 907

this species, ∆UR,32
Ice = -76.3 kJ mol−1 (∆UR,32

Gas = 908

-85.8 kJ mol−1). Because reaction 32 takes place 909

in the triplet channel it does not compete with re- 910

actions 30 or 31. 911

3.2.6 Hydrogenation of HCN 912

In Section 3.2.5 we showed how HCN can be 913

formed from HNC. The reactivity of HCN is dif- 914

ferent to the one of HNC, because reaction 915

1HCN + 2H −−→ 2HCNH, (33)

has activation energies of ∆U‡,33Ice = 37.3 kJ mol−1 916

(∆U‡,33Gas = 41.3 kJ mol−1) and reaction energies 917

of ∆UR,33
Ice = -43.0 kJ mol−1 (∆UR,33

Gas = -52.1 kJ 918
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mol−1).919

Alternatively, addition of H to HCN in the HC920

moiety towards H2CN:921

1HCN + 2H −−→ 2H2CN. (34)

Reaction 34 shows an activation energy and re-922

action energy on ice of ∆U‡,34Ice = 20.1 kJ mol−1923

and ∆UR,34
Ice = -110.0 kJ mol−1. The values in the924

gas phase are slightly different, ∆U‡,34Gas = 25.4 kJ925

mol−1 and ∆UR,34
Gas = -108.5 kJ mol−1, indicating a926

stabilization of the transition state on the surface.927

On ice, the activation energy is significant, there-928

fore confirmation of its viability with calculations929

including nuclear quantum effects (e.g. including930

quantum tunneling) is required.931

The product of the reaction, H2CN (methylene932

amidogen), is a radical that has gained recent at-933

tention, along with the CNH2 radical discussed934

previously, due to the fact that the abundance ra-935

tio between the two in the gas-phase can serve as936

a possible temperature tracer of interstellar envi-937

ronments.70,71 The interaction of H2CN with H on938

dust grains can take place through the following939

three reactions:940

2H2CN + 2H −−→ 3H3CN (35)
2H2CN + 2H −−→ 1H2CNH (36)
2H2CN + 2H −−→ 1HCN + 1H2. (37)

Of these reactions, both reactions 36 and 37 are941

studied with the B level of theory as it corre-942

sponds to open-shell singlet radical-radical cou-943

plings, while reaction 35 is studied at the A level944

of theory, because it proceeds in the triplet channel945

(H3CN is a triplet in the ground state). All proton946

transfer reactions are endothermic, because H2CN947

is the global minimum of the HxC-NHy; x + y = 2948

system.949

The addition reaction 35 has an activation barrier950

that we estimate in ∆U‡,35Ice = 9.0 kJ mol−1 (∆U‡,35Gas951

= 11.1 kJ mol−1) and a reaction energy of ∆UR,35
Ice952

= -140.6 kJ mol−1 (∆UR,35
Gas = -142.7 kJ mol−1).953

We also found a barrier in the reaction 36, but in954

this case it is so small that it submerges after the955

correction for ZPVE. This submerged barrier is to-956

tally absent in the gas-phase, even for electronic957

energies, showing that it is a barrier ineherent to958

the H2O matrix (see above and Enrique-Romero 959

et al. 13 for an in-depth discussion of such barriers 960

appearing in radical recombination in ices). The 961

reaction energy for reaction 36 is ∆UR,36
Ice = -357.5 962

kJ mol−1 (∆UR,36
Gas = -350.9 kJ mol−1). 963

In the case of the abstraction reaction 37, we 964

again observe the presence of small electronic en- 965

ergy barriers that are present both in the gas and 966

in the ice, and that submerge after inclusion of 967

ZPVE. Submerged barriers are only below -1.9 968

and -0.6 kJ mol−1 for ice and gas, respectively. 969

The values of these barriers are below the sensitiv- 970

ity of the B level of theory. Nevertheless, if the re- 971

action would have a barrier, it would be small and 972

easily to overcome by quantum tunneling. Finally, 973

the reaction energies of reaction 37 are ∆UR,37
Ice = 974

-291.3 kJ mol−1 (∆UR,37
Gas = -296.2 kJ mol−1). 975

Among the reactions studied for this species we 976

see that addition to H2CNH (reaction 36) and the 977

abstraction back to HCN (reaction 37) are the most 978

likely pathways, although addition to C in the 979

triplet channel (reaction 35) has a moderately low 980

barrier and proceeds in a different PES, meaning 981

that there is no competition for the reaction. In 982

general, H2CN has been revealed to be a transient 983

radical that forms closed shell molecules such as 984

HCN or H3CNH2. It is also a good example of a 985

transient species detectable in the ISM.70,71
986

After reaction 36, further hydrogenations on 987

H2CNH proceed as explained in Section 3.2.5. 988

When the product of the reaction is HCN (Re- 989

action 37), the subsequent reactions are the ones 990

considered in this section. Finally, H3CN, formed 991

through reaction 35, can be hydrogenated as: 992

3H3CN + 2H −−→ 2H3CNH (38)
3H3CN + 2H −−→ 2H2CN + 1H2. (39)

These reactions are investigated at the B level of 993

theory. Reaction 38 is barrierless with a reaction 994

energy of ∆UR,38
Ice = -346.8 kJ mol−1 (∆UR,38

Gas = 995

-335.7 kJ mol−1). The reaction 39 is not intrinsi- 996

cally barrierless, since it sports a barrier in elec- 997

tronic energy. Such a barrier vanishes upon in- 998

clusion of ZPVE in the ice model, but remains in 999

the gas model. However, the activation energy for 1000

the gas is very low (∆U‡,39Gas = 0.5 kJ mol−1). The 1001

reaction energies for the ice and gas models are 1002
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very similar, ∆UR,39
Ice = -269.9 kJ mol−1 (∆UR,39

Gas1003

= -264.6 kJ mol−1). The small barriers or lack1004

thereof for H3CN indicate that H3CN must be a1005

transient species in the reaction network and in1006

the chemistry of the ISM. Finally, we also looked1007

for possible proton transfer mechanisms starting1008

from H3CN, finding endothermic and thus nonvi-1009

able paths.1010

As in the case of HCN, if H3CN is reverted1011

back via a hydrogen abstraction reaction, it re-1012

forms H2CN, resulting in a net zero sum after two1013

reactions with hydrogen. On the other hand, when1014

reaction 38 takes place, it forms H3CNH, that, as1015

we showed in Section 3.2.5, most likely forms1016

H3CNH2, the endpoint of our network, via reac-1017

tion 301018

4 Discussion1019

A summary of the reaction energies and activa-1020

tion energies in the ice phase and in the gas phase,1021

when applicable, is provided in Tables 1 and 2.1022

These tables, along with Figure 2 serve as the basis1023

for the text.1024

The relative stability of 3CNH3 to unimolecu-1025

lar processes (i.e. proton transfer reactions and1026

triple-singlet decay), combined with its high reac-1027

tivity for hydrogenation, makes the reaction net-1028

work that we study in this work particularly com-1029

plicated. The reaction network is characterized1030

by four nodes, which are closed-shell molecules1031

whose further reactivity requires a surmount or1032

tunneling through kinetic barriers. These nodes1033

are HNC, HCN, H2CNH, and H3CNH2. Among1034

them, H3CNH2 shows the highest activation ener-1035

gies for its destruction (Section 3.2.3). Besides,1036

the activation energies required to hydrogenate1037

HNC are relatively low. Similar arguments can1038

be given for H2CNH and HCN, although these1039

molecules are significantly more resilient to hy-1040

drogenation than HNC. Therefore, we conclude1041

that in the steady state, such as the conditions1042

found in hydrogenation experiments with high H1043

fluxes, the abundance of H3CNH2 must domi-1044

nate.75
1045

It is also important to note that the route to1046

H3CNH2 can be experimentally tractable by iso-1047

topic substitution. Because the routes directly1048

connecting CNH3
D−−→ HD2CNH2/D3CNH2 are 1049

barrierless, the addition of deuterium would also 1050

be facile, in contrast to deuteration starting from 1051

HCN. The latter has at least two steps with a bar- 1052

rier and consequentially a reduced quantum tun- 1053

neling efficiency. Moreover, starting from HCN 1054

necessarily requires reactions at the N center, un- 1055

like in the case starting from CNH3. For instance, 1056

N-D infrared bands could be used to trace the dom- 1057

inant reaction pathway. 1058

We note that HCN/HNC partake in many other 1059

reaction networks apart from the one studied here, 1060

including gas phase synthesis, which increases 1061

their abundances. In astronomical environments, 1062

recent observations and chemical modeling of 1063

H3CNH2 toward different cold and hot cores sup- 1064

port that HCN hydrogenation must be an impor- 1065

tant source of H3CNH2.76 Although this rational- 1066

ization is useful to visualize the most abundant 1067

final product of the network, it is also simplis- 1068

tic because under ISM conditions there is an in- 1069

terplay between gas and grain processes; e.g gas 1070

phase synthesis77,78 feeds molecules onto icy dust. 1071

We also note that the H accretion rate (e.g. H 1072

fluxes) on interstellar dust are lower under ISM 1073

conditions than in experiments. Astrochemical 1074

rate equation models are fundamental to contex- 1075

tualize atomistic data to interstellar environments. 1076

The expansion of widely used reaction networks 1077

with the reaction schemes presented here and other 1078

recent work15,19,27 is in our immediate plans. 1079

Another discussion pertaining to astrophysical 1080

environments concerns how the chemical network 1081

presented here can modify isomeric ratios, and 1082

most significantly the H2CN/CNH2 ratio recently 1083

discussed in the literature.30,70 At low tempera- 1084

tures and in the gas phase, this ratio is close to 1.0 1085

due to the dominance of gas chemistry, which does 1086

not produce a preferential isomer.30,70,71,77 This is 1087

similar to the well studied HCN/HNC ratio that 1088

depends markedly on gas temperature,79 due to 1089

preferential destruction reactions in the gas, e.g 1090

HNC + H −−→ HCN + H. The dependence 1091

of H2CN/CNH2 on temperature is not yet well 1092

understood. In cold environments, both isomers 1093

should form without particular preference, and the 1094

H2CN/CNH2 ratio is close to one in the Taurus 1095

Molecular Cloud (TMC-1).30 However, at the cen- 1096

ter of our galaxy, in G+0.693-0.027, this ratio in- 1097
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creases. In this work, we show that the conver-1098

sion of HCN to H2CN through reaction 34 pro-1099

ceeds with a moderate activation energy. On the1100

contrary, the conversion of HNC to CNH2 (Re-1101

action 15) has a very high activation energy and1102

therefore is not a suitable formation pathway. Be-1103

cause both HCN and HNC are stable nodes in1104

our reaction network, we hypothesize that a higher1105

hydrogenation of HCN may lead to an excess of1106

H2CN in grains, which is later reflected in obser-1107

vations after desorption by a non-thermal mecha-1108

nism such as shock-induced desorption, character-1109

istic of G+0.693-0.027. Although this preferential1110

increase of the H2CN/CNH2 may be behind the ob-1111

servations,70 definitive confirmation requires dedi-1112

cated astrochemical modeling, including gas phase1113

reactions.1114

An interesting conundrum derived from our cal-1115

culations is the comparison with the previous work1116

of Talbi and Ellinger 80 , where the activation en-1117

ergies of reactions 33 and 16 were found to be1118

significantly different from those presented here,1119

of 74.5 and 17.6 kJ mol−1, respectively. We be-1120

lieve that the reason behind the disagreement is1121

that the authors of Talbi and Ellinger 80 consid-1122

ered that both reactions 33 and 16 led to trans-1123

HCNH, rather than cis-HCNH. We confirmed that1124

the correct product of the hydrogenation must be1125

cis-HCNH by performing IRC calculations from1126

the TS in the gas phase for both reactions. There-1127

fore, we may explain the disagreement based on1128

this argument, where in Talbi and Ellinger 80 some1129

torsion energy may be added to the transition state.1130

More difficult to explain is the disagreement with1131

reaction HCN + H −−→ H2CN (reaction 34, dis-1132

cussed above), where Talbi and Ellinger 80 found1133

an activation energy of 63.6 kJ mol−1. This high1134

barrier is in contradiction with the experiments1135

shown in Theule et al. 75 where sequential hydro-1136

genation of HCN ice reportedly yields H3CNH2,1137

something that would be impossible considering1138

the low temperatures of the experiment (15 K) and1139

the high hydrogenation barriers predicted in Talbi1140

and Ellinger 80 . Our new calculations align bet-1141

ter with the experiments of Theule et al. 75 We1142

also note that our calculations agree very well with1143

those shown in Majumdar et al. 81 , which report1144

gas-phase activation energies of 28.3 kJ mol−1 for1145

reaction 34, for example, 2.9 kJ mol−1 lower than1146
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Figure 5: Energy differences (∆∆Ux
Ice - Gas for the re-

action energies (blue dots) and activation energies (red
dots) for the reactions studied in this work using a gas
phase model and a (H2O)14 cluster model. Omitted re-
actions include proton transfers, that are exclusive of
the cluster model, and reactions that we deem not rele-
vant on the cluster model (See text).

our own values (25.4 kJ mol−1), strengthening the 1147

accuracy of our results. 1148

From a chemical perspective, it is interesting to 1149

evaluate the differences in the chemistry that arise 1150

from the reactions on ice and in the gas. Unsigned 1151

differences for the relevant reactions are plotted in 1152

Figure 5. As expected, we observe a higher vari- 1153

ability in the reaction energies (∆UR) compared 1154

to the activation energies (∆U ‡). This is due to 1155

the difference in the binding of the product and 1156

reactant to the surface, i.e., the change in bind- 1157

ing energies. For the transition state, the binding 1158

energy is close to that of the reactants and there- 1159

fore the change in ∆U ‡ is less pronounced. The 1160

only exception in ∆U ‡ is found for the reaction 1161

27, because on ice this reaction involves the ad- 1162

dition of an H to the -NH2 moiety and the break 1163

of the associated H bond. The same explanation 1164

also holds for the second reaction with the high- 1165

est difference in ∆U ‡ between ice and gas, reac- 1166

tion 13. In general, we find that for hydrogena- 1167

tions and H abstraction reactions, ∆U ‡ does not 1168

increase or decrease dramatically on the surface, 1169

and a gas phase model is suitable in many cases. A 1170

gas-phase model can be useful to determine intrin- 1171

sic activation energies in complex cases, e.g. the 1172

three reactions 6–8 in this study, for which the TS 1173

on the cluster model were difficult to determine. 1174
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From the point of view of astrochemical mod-1175

els, the most important magnitude is ∆U ‡, with1176

∆UR being important in the study of chemical1177

desorption (See below).82 The similarity in ∆U ‡1178

between the gas-phase values and cluster is also1179

helpful in determining the impact of using a sin-1180

gle water cluster in our study, a necessity imposed1181

by the computational constraints associated with1182

the large number of chemical reactions considered.1183

As we said in Section 2, using a single cluster1184

is a caveat of our simulations, because not only1185

different dilutions can be present in different as-1186

tronomical sources (for example, between 3–101187

% in Young Stellar Objects , YSO), according to1188

Boogert et al. 44 , but also several binding sites are1189

possible for NH3 and C adsorption. The limited1190

variability between gas-phase and cluster values in1191

our calculated quantities, which represent an ex-1192

treme case in the description of the reaction ma-1193

trix, indicates also a small variability for binding1194

sites and dilutions. We note that this is not gen-1195

erally the case, depending on each system under1196

consideration. Finally, we also note that proton1197

transfer reaction do depend on the local environ-1198

ment, and a study similar to Baiano et al. 63 or Per-1199

rero et al. 26 for key proton transfer reaction (i.e.1200

neither barrierless nor having a high barrier) like1201

reaction 25 can be helpful to predict barriers.1202

Atomic carbon condensation has recently been1203

proven to be an alternative source to explain1204

the surge of COMs in cold interstellar environ-1205

ments.14,15,17–20,83 Briefly summarizing the results1206

in the literature, Potapov et al. 16 and Molpeceres1207

et al. 15 showed that carbon atoms associate with-1208

out a barrier with ASW. A fraction of them re-1209

main chemisorbed,15 others react further with H2O1210

to form formaldehyde (H2CO) through reactions1211

mediated by proton shuttles,16,27,84 and finally1212

some others remain physisorbed and can diffuse1213

to chemisorption sites or react with molecules.20
1214

On CO ices, the accretion of C atoms forms1215

the CCO radical that upon hydrogenation forms1216

ketene (H2CCO),17,19 that can further react even-1217

tually forming acetaldehyde (CH3CHO).19 Be-1218

cause there is no H-bonding network on CO ices,1219

CCO requires the action of H atoms to react,1220

unlike the case of ASW. Recently, Krasnokutski1221

et al. 18 performed codeposition experiments of1222

CO:NH3:C finding the formation of aminoketene1223

(NH2HCCO) and its spontaneous polymerization. 1224

In between the cases of H2O and CO we find NH3, 1225

which is a major component of the interstellar dust 1226

surface, with a relative abundance to water of 3– 1227

10%,44 Using a cluster model that mimicks such 1228

composition (∼ 1/14), we observed that 3CNH3 is 1229

formed without a barrier through reaction 1, and 1230

that it is more resilient than COH2 on the ASW 1231

ice matrix, something coherent with the experi- 1232

ments of Krasnokutski et al. 18 on CO (apolar ma- 1233

trix). The resilience of CNH3 compared to COH2 1234

is important, because the formation of H2CO is 1235

irreversible and acts as the beginning of the for- 1236

mation of oxygen-bearing COMs. In this work, 1237

we found that C accretion on NH3 and subsequent 1238

hydrogenation is an efficient way of forming N- 1239

bearing COMS. ForCNH3, the formation of COMs 1240

and their precursors, for example methylamine 1241

(H3CNH2) and methanimine (H2CNH) compete 1242

with hydrogenation through H-abstraction reac- 1243

tions to HNC/HCN, reducing the budget of N- 1244

bearing COMs. However, our results also show 1245

that HCN and HNC can be hydrogenated under 1246

high H fluxes, in agreement with the literature.75
1247

Finally, we dedicate some words to the possibil- 1248

ity of the return of the synthesized grain molecules 1249

to the gas phase of the ISM, where they can be 1250

detected using radiotelescopes. One of the postu- 1251

lated mechanisms for the return of molecules to 1252

the gas at shallow temperatures is chemical des- 1253

orption, i.e. the use of the reaction energy to 1254

promote desorption before thermalization of the 1255

nascent molecule. Several studies have already ad- 1256

dressed the topic of chemical desorption on inter- 1257

stellar grains,85–88 all pointing to the reaction en- 1258

ergy ∆UR, the number of vibrational degrees of 1259

freedom of the formed molecule, and the binding 1260

energy as crucial factors for its occurrence. The 1261

radical coupling reactions in this study are promis- 1262

ing candidates for efficient chemical desorption, 1263

due to the large ∆UR. However, this factor must 1264

be weighed against the other two factors men- 1265

tioned above. A meticulous study of binding en- 1266

ergy distributions of the moleculesof this reaction 1267

network can shed some light on the viability of 1268

chemical desorption for the reactions studied here. 1269

It is also important to highlight that chemical des- 1270

orption depends on dynamic aspects such as en- 1271

ergy redistribution to the surface or other internal 1272
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molecular modes,87,89–92 which are less straight-1273

forward to determine for each species. Overall,1274

from the point of view of chemical models, in ab-1275

sence of a specific study on energy transfer for the1276

molecule, we suggest to continue using the avail-1277

able analytic expressions in the literature,85–87 that1278

in all cases constitute an advantage over the use of1279

constant desorption probabilities.1280

5 Conclusions1281

Using quantum chemical calculations, we stud-1282

ied the HxC-NHy hydrogenation reaction network1283

starting from the 3CNH3 chemisorbate that is1284

formed barrierlessly on a water cluster including1285

an ammonia molecule. Because 3CNH3 is stable, it1286

can stay long enough on the surface to react with H1287

atoms, opening a new way to synthesize N-bearing1288

COMs. The hydrogenation reaction network is1289

shown to be rather complex and hints at a com-1290

petition between the formation of methylamine, a1291

relatively abundant N-bearing COM,76 and the for-1292

mation of simpler triatomic acids (HCN / HNC).1293

However, hydrogenation of HCN / HNC is eas-1294

ier than abstraction of H in methylamine, which1295

supports the notion that methylamine must be the1296

end point of the reaction network. Our results also1297

help to rationalize the formation of aminoketene1298

from CO + NH3 + C in recent experiments,18 by1299

ensuring that CNH3 should survive in the surface1300

long enough to experience reactivity in the ab-1301

sence of H atoms and in apolar environments. Fi-1302

nally, the reaction network studied here provides1303

data to be incorporated into astrochemical mod-1304

els, which can be used in combination with recent1305

efforts in the literature to unravel the importance1306

of carbon-driven chemistry.16,17,19,20,27,84 A study1307

of the impact of carbon chemistry on the forma-1308

tion, evolution, and segregation of COMs will be1309

presented in a subsequent work using astrochemi-1310

cal rate equation models. Finally, we remark that1311

deepening into the description of quantum tunnel-1312

ing for borderline reactions in our reaction net-1313

work remains a crucial step to discard some of the1314

reactions with moderate activation energies.1315
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cepción, J. Garcı́a,; Maté, B.,; Oliveira, R.,; 1555
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