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11 Abstract

12 The formation of methane (CH4), formaldehyde (H2CO), ethylene glycol (HOCH2CH2OH), 

13 methoxymethanol (CH3OCH2OH), dimethyl ether (CH3OCH3), and ethanol (CH3CH2OH) 

14 upon electron irradiation of condensed multilayer adsorbates of CH3OH as model of 

15 cosmic CH3OH ice has been monitored by the combined use of electron-stimulated and 

16 thermal desorption experiments. The energy-dependent relative yields of all products 

17 were measured between 2.5 eV and 20 eV and reaction mechanisms of product formation 

18 deduced. The energy dependences of the yields of HOCH2CH2OH, CH3OCH2OH, 
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19 CH3OCH3, and CH3CH2OH agree closely with their threshold at the lowest electronic 

20 excitation energy of CH3OH. Formation of these products is consequently ascribed to 

21 reactions of radicals formed by dissociation of neutral electronically excited states and, at 

22 higher energy, also by ionization and subsequent proton transfer to an adjacent CH3OH. 

23 These electron-molecule interactions also can contribute to the non-resonant formation of 

24 H2CO and CH4, these latter products are also produced through resonances around 4 eV 

25 reported previously from anion ESD experiments and around 13 eV seen earlier in the 

26 energy-dependent yield of CO. The present results constitute the most complete data set 

27 on the energy dependence of product formation during low-energy electron exposure of 

28 condensed CH3OH so far. They provide a comprehensive picture of the reactions 

29 triggered by electron impact with energies in the range between 2.5 eV and 20 eV as 

30 representative of low-energy secondary electrons that are released from condensed 

31 material, for instance, under the effect of cosmic radiation.

32 Introduction

33 Following carbon monoxide (CO) and water (H2O), methanol (CH3OH) is among the most 

34 common molecules found in interstellar ices.1 There are numerous studies on chemical 

35 reactions in pure CH3OH ices induced by energetic processing. Specifically, energetic 

36 processing has been investigated by low-energy electrons (≤ 20 eV),2–6 higher energy 

37 electrons (5 keV),6–14 X-Ray radiation,15 UV radiation,16–19 and ion irradiation.20–24 The 

38 span of products that were identified encompasses, among others, methane (CH4), 
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39 formaldehyde (H2CO), ethylene glycol (HOCH2CH2OH), methoxymethanol 

40 (CH3OCH2OH), dimethyl ether (CH3OCH3), and ethanol (CH3CH2OH) which are depicted 

41 in Chart 1. These molecules are typically considered to be produced either by 

42 unimolecular decomposition of CH3OH or by radical recombination among the first 

43 generation of dissociation products.7,11,16 Further electron exposure leads to depletion of 

44 these initially formed products yielding CO, carbon dioxide (CO2), acetaldehyde 

45 (HC(O)CH3), methyl formate (HC(O)OCH3), glycolaldehyde (HC(O)CH2OH) (see also 

46 Chart 1), and a number of minor products (not shown in Chart 1).2,11 Considering the high 

47 number of irradiation products, CH3OH is discussed as an important feedstock for the 

48 production of organic compounds in space.13

49

50 Chart 1. Structural formulae of some typically observed first- and second-generation 
51 products. First-generation products are thought to be produced directly by decay of 
52 CH3OH or by radical recombination among the first generation of dissociation products. 
53 In contrast, the second generation of products is thought to be produced by further 
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54 depletion of the initially formed products. All of these compounds have been reported to 
55 form upon electron irradiation of CH3OH ice.2–11 Note that other products might also be 
56 regarded as first- and second-generation products but are not included in this chart.

57 In a typical experiment, multilayer ices of CH3OH are exposed to a radiation source and 

58 changes in composition are monitored by suitable analytical tools. In many of the above 

59 studies, infrared (IR) spectroscopy has been used as the only tool to identify stable 

60 products and intermediates as well as to monitor reaction progress.9,17,20–24 This has 

61 enabled the identification of the formyl (HCO●) and hydroxymethyl (●CH2OH) radicals as 

62 intermediates.16 The downside of IR spectroscopy is that definite band assignment as well 

63 as quantification is difficult to impossible for organics with similar functional groups 

64 because the corresponding bands often lie within a narrow range of wavenumbers and 

65 bands tend to become broad in the condensed phase due to interactions of nearby 

66 molecules. Further complicating is the fact that for some less stable compounds and 

67 intermediates reference IR spectra do not exist. Some of the more recent studies thus 

68 tried to circumvent these limitations in part by using mass spectrometry in combination 

69 with desorption techniques. This approach allowed Harris et al. to identify the previously 

70 unknown radiolysis product CH3OCH2OH and to observe the desorption of CH3● upon 

71 irradiation.13 Much effort has been made to identify less abundant products and to improve 

72 quantification by using more sophisticated techniques including thermal desorption 

73 spectrometry (TDS) combined with single photon ionization reflectron time of flight mass 

74 spectrometry (SPI ReTOF-MS),11,25 gas chromatography coupled to mass spectrometry 

75 (GC-MS),12,19 and laser ablation coupled to time of flight mass spectrometry.26 However, 
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76 while the formation of the molecules depicted in Chart 1 is commonly accepted, the 

77 mechanisms that drive their formation just start to emerge.3,7,10–12,14,16 There are already 

78 a number of publications covering the temporal evolution of product yields and that of 

79 some intermediates during irradiation7–9,15,16,26 as well as upon annealing of the ice.16,26 

80 However, little is still known about the initial dissociation events that underly product 

81 formation. This is because typical experiments with broadband UV lamps or higher energy 

82 radiation like keV electrons do not allow to distinguish between different dissociation 

83 channels of CH3OH, although some attempts have been made to extract information from 

84 the temporal evolution of product yields7 and from isotopic labeling.11,12,14

85 Boyer et al.3 and Lepage et al.4 addressed this issue by investigating the dependence of 

86 product yields on electron energy. This enabled them to identify the primary electron-

87 molecule interactions which is essential to obtain a comprehensive picture of the 

88 underlying reactions responsible for product formation. In particular, they used low-energy 

89 electrons with E0 = 0–20 eV. This energy range is typical of secondary electrons released 

90 in vast numbers when ionizing radiation interacts with solid ices.27 The results of these 

91 experiments are thus also of relevance for experiments with other kinds of radiation 

92 sources. In addition, experiments with low-energy electrons enable one to promote or 

93 supress the formation of specific reactive species by tuning the electron energy. By this, 

94 the number of products can be reduced, which, in turn, facilitates their identification. More 

95 specifically, electrons can induce the formation of reactive species by either of three 

96 mechanisms: Formation of radical cations by electron-impact ionization (EI), of transient 
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97 negative ions (TNI) by electron attachment (EA) or of electronically excited molecules by 

98 electron excitation (EE).27,28

99 Above but near the ionization threshold, EI typically produces intact molecular cations. At 

100 electron energies that exceed the ionization threshold by at least the energy required to 

101 dissociate a chemical bond, dissociative ionization (DI) can produce radical and cationic 

102 fragments of the molecular ion.28 Molecular rearrangement combined with the formation 

103 of new bonds, however, can lower this additional energy.29 The yield of ions produced by 

104 EI and DI typically increases with electron energy once the ionization threshold or a 

105 characteristic appearance energy is reached.27 In contrast, EA processes often occur 

106 below the ionization threshold and are particularly dominant at near-thermal electron 

107 energies. EA only occurs in well-defined, narrow energy ranges called resonances and is 

108 often, but not necessarily, followed by dissociation of the TNI into an anion and one or 

109 more neutral species. This process is called dissociative electron attachment (DEA).28 

110 Following EE, a molecule can dissociate into neutral radicals which is called neutral 

111 dissociation (ND). Similar to EI and DI, ND shows a threshold-type increase of fragment 

112 yields with increasing electron energy.27 The role of ND, however, often remains unclear 

113 because it is difficult to monitor this electron-molecule interaction experimentally, as no 

114 charged species are formed.30

115 Reactive species produced by these electron-molecule interactions can react with other 

116 molecules and thus lead to formation of stable products. The initial electron-molecule 
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117 interactions can then be distinguished by investigating the dependence of product yield 

118 on electron energy. Although Lepage et al.4 and Boyer et al.3 performed such 

119 experiments, only the energy dependences of CO, HOCH2CH2OH and CH3OCH2OH have 

120 been investigated so far. Therefore, we investigate here the formation of CH4, H2CO, 

121 CH3OCH3, and CH3CH2OH and its dependence on the electron energy and revisit also 

122 the formation of HOCH2CH2OH and CH3OCH2OH already reported by Boyer et al.3 In 

123 particular, we focus on low-energy electrons (≤20 eV) which encompasses the 

124 characteristic regimes of all fundamental electron-molecule interactions, namely EA and 

125 DEA, ND, as well as EI and DI. These initiating processes are distinguished by observing 

126 the energy dependence of product formation.

127 Experimental Section

128 The electron-induced chemistry in cryogenic films of CH3OH (VWR, Normapur) was 

129 studied by electron-stimulated desorption (ESD) and post-irradiation TDS. Experiments 

130 were performed in an ultrahigh-vacuum (UHV) chamber evacuated by turbomolecular 

131 pumps. The base pressure inside the UHV chamber was below the detection limit of the 

132 ion gauge (AML) which is about 3×10-11 mbar as stated by the manufacturer. CH3OH was 

133 degassed by several freeze–pump–thaw cycles before leaking it into the chamber. 

134 Condensed films of CH3OH were prepared by introducing defined amounts of gas into the 

135 vacuum chamber from a gas handling manifold allowing them to condense on a 

136 polycrystalline Ta substrate held at a temperature of ~35 K by a closed-cycle helium 
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137 cryostat. The amounts of CH3OH introduced into the chamber were controlled by 

138 monitoring the pressure drop in the gas handling manifold with an MKS Baratron type 

139 622B capacitance manometer. Monolayer calibration for CH3OH was performed using a 

140 set of TDS experiments for various initial surface coverages as controlled by the pressure 

141 drop. 

142 In the range of low amounts of deposited material, a broad monolayer desorption peak of 

143 CH3OH is seen with maximum shifting from 143 K to 137 K. With further deposition of 

144 CH3OH, a second peak at 132 K assigned to formation of a bilayer appears and saturates 

145 for pressure drops in the gas handling manifold around 5 mTorr. At this pressure drop, a 

146 signal assigned to multilayer desorption emerges at 129 K (Figure S1Error! Reference 

147 source not found.). Eventually, multilayer desorption dominates over bi- and monolayer 

148 desorption and the leading edges of the multilayer desorption signals coincide (Figure S2) 

149 which is characteristic of multilayer desorption. For thicker films, a fourth desorption peak 

150 at 132 K emerges which can be assigned to a phase transition from amorphous to 

151 crystalline CH3OH ice which occurs just before desorption. This phase transition was 

152 observed for multilayer ices of CH3OH beforehand by Bolina and et al.31 and is a well-

153 known effect in the case of amorphous solid water.32,33 Note that this phase transition 

154 requires heating of the film31 and that the as-deposited CH3OH in this study is in an 

155 amorphous rather than crystalline state. Because there is no distinct monolayer peak, 

156 accurate calibration of film thickness would require fitting of the monolayer, bilayer and 

157 multilayer peaks to the overall signal. The concomitant phase transition, however, makes 
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158 this task difficult. Comparing the amounts of CH3OH with film thicknesses obtained by 

159 depositing H2O and C2H4 under similar conditions,34,35 however, suggest an approximate 

160 film thickness of 12 ± 4 monolayers for a pressure drop of 30 mTorr in the gas handling 

161 manifold. Taking the density of crystalline CH3OH ice into account (1.01 ± 0.03 g/cm³),36 

162 12 monolayers should correspond to a thickness of about 4.5 nm (see Supporting 

163 Information for calculation). This film thickness was used for all samples throughout the 

164 present study. Note that the uncertainty of the absolute film thickness is not to be confused 

165 with the reproducibility of the film thickness. Analysis of the as-deposited CH3OH films by 

166 TDS revealed that film thickness varies by only about 2 % throughout the experiments 

167 based on the standard deviation of the integrated desorption signals.

168 Electron exposures were carried out with a commercial STAIB NEK-150-1 electron source 

169 with an energy resolution of 0.5 eV. The instrument allows for beam shaping which 

170 ensures that the whole sample is evenly irradiated at all energies. Neutral species that 

171 desorbed during irradiation were monitored using a quadrupole mass spectrometer (QMS) 

172 residual gas analyser (Stanford Research System RGA 200). The QMS has an ion source 

173 operating with electrons of energy E0 = 70 eV. During TDS, the sample is annealed from 

174 35 K to 450 K by resistive heating with a constant heating rate of 1 K/s. In a typical TDS, 

175 no more than four mass-to-charge ratios were monitored simultaneously in order to 

176 maintain a sufficiently high signal-to-noise ratio. Subsequently, the sample temperature 

177 was held at 450 K for another 2 min in order to desorb any remaining adsorbates. Analysis 

178 of the data was performed with Python37 using the NumPy38 and SciPy39 packages. The 
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179 uncertainties of the integral intensities were determined by repeating some of the 

180 experiments and calculating the standard deviation where three or more repititions were 

181 made. Because the experiments are relatively time consuming, three or more repititions 

182 were only performed for a few representative data points.

183 Products were identified based on characteristic fragments in their mass spectra.40 The 

184 identities of HOCH2CH2OH and CH3CH2OH were further verified by comparing the 

185 desorption temperatures of the signals in the irradiated sample with those of the actual 

186 compounds. Because desorption temperatures can be very sensitive to the molecular 

187 environment,41 we typically admix the pure substances to CH3OH and perform TDS of the 

188 resulting film.34,35 CH3CH2OH and HOCH2CH2OH, however, desorb at higher 

189 temperatures than CH3OH. The molecular environment is thus not well represented by a 

190 pure CH3OH matrix because other irradiation products might also influence the desorption 

191 temperature. Therefore, we deviated from this standard procedure and condensed distinct 

192 amounts of HOCH2CH2OH (Sigma Aldrich, 99.8%) and CH3CH2OH (Merck, ≥99.8%) on 

193 top of a CH3OH film after irradiation with 1000 µC/cm² at an electron energy of 20 eV. This 

194 electron dose equates to roughly one electron per molecule in the film.

195 The relative molecular abundance of a specific product was determined by comparing the 

196 areas under its ESD and TDS signals with that of CH3OH in a non-irradiated sample. This 

197 comparison is based on the different cross sections for formation of the observed 

198 fragments inside the ionizer of the mass spectrometer, which are also known as partial 
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199 ionization cross sections. Fragments monitored during ESD and TDS have been chosen 

200 on the basis of characteristic mass-to-charge ratios as deduced from the mass spectra of 

201 the products (Figure S3). The fragment m/z = 16 was selected for CH4, m/z = 30 for H2CO, 

202 m/z = 31 for CH3OH, m/z = 33 for HOCH2CH2OH, m/z = 61 for CH3OCH2OH, m/z = 46 for 

203 CH3OCH3, and m/z = 46 for CH3CH2OH. Note that the m/z = 31 signal of CH3OH was only 

204 used for quantification of the non-irradiated film and thus does not interfere with the 

205 m/z = 31 fragments of other products. For a number of compounds, experimental values 

206 for ionization cross sections have not been reported. Therefore, total ionization cross 

207 sections were calculated by the Binary Encounter-Bethe (BEB) model.42,43 The necessary 

208 orbital properties were obtained by calculation with the GAMESS software package,44,45 

209 while the ionization energies of the target molecules were taken from the NIST Chemical 

210 Webbook.46 This resulted in 4.35 ± 0.05 Å² for CH4, 3.98 ± 0.05 Å² for H2CO, 

211 5.26 ± 0.05 Å² for CH3OH, 10.11 ± 0.05 Å² for HOCH2CH2OH, 9.6 ± 0.3 Å² for 

212 CH3OCH2OH, 8.14 ± 0.05 Å² for CH3OCH3, and 8.30 ± 0.05 Å² for CH3CH2OH. 

213 Uncertainties are largely determined by the errors of experimental ionization energies. 

214 The BEB cross section for CH3OCH2OH has a considerably larger uncertainty than for the 

215 other compounds because the experimental ionization energy has not been reported 

216 which would be required to obtain a more accurate result. This latter cross section was 

217 thus estimated from similar-sized compounds. Partial ionization cross sections were then 

218 obtained by multiplying the absolute ionization cross section with the relative intensity of 

219 the respective ion, as deduced from the mass spectrum, divided by the sum of intensities 
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220 over all ions. In order to account for possible differences in detection efficiencies and 

221 quadrupole transmission factors, mass spectra of pure CH4 (Messer, ≥99.995%), H2CO 

222 (obtained by heating paraformaldehyde; Riedel-de Haën, ≥95.0%), CH3OH, 

223 HOCH2CH2OH, and CH3CH2OH have been recorded with the same mass spectrometer 

224 used for TDS experiments, showing no significant deviations from published mass 

225 spectra.40 In the case of CH3OCH340 and CH3OCH2OH 47, we deduced the relative ion 

226 intensities from published mass spectra because CH3OCH3 and CH3OCH2OH have not 

227 been commercially available, and CH3OCH2OH is a labile compound which makes it 

228 difficult to handle.47 For the relative intensities of CH4, H2CO, CH3OH, HOCH2CH2OH, and 

229 CH3CH2OH we estimate an uncertainty of 15 % due to pressure fluctuations upon 

230 recording the mass spectra. Within these error margins, the intensity ratios for different 

231 fragment signals in the TDS agree with those from the mass spectra. For CH3OCH3, we 

232 assume the uncertainty to be the same. We note, however, that the intensities of higher 

233 mass-to-charge ratios are typically slightly lower than in the NIST spectra. We thus tend 

234 to underestimate the abundance of dimethyl ether. In the case of CH3OCH2OH, it is more 

235 difficult to estimate the uncertainty of the intensities because contributions of thermal 

236 decomposition of CH3OCH2OH into CH3OH and H2CO could not be ruled out in the mass 

237 spectrum reported previously.47 Comparison of the TDS intensitites of the m/z = 61 and 

238 m/z = 33 fragments of CH3OCH2OH, however, suggests that the intensities in the mass 

239 spectrum of CH3OCH2OH have uncertainties of no more than 30 %.
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240 The uncertainties of the partial ionization cross sections were calculated from the 

241 individual uncertainties of the relative intensities in the mass spectrum and that of the 

242 ionization cross section by using standard error propagation. Following this procedure, 

243 the partial ionization cross sections at 70 eV were calculated to be 2.0 ± 0.3 Å² for the 

244 m/z = 16 parent ion of CH4, 1.3 ± 0.2 Å² for the m/z = 30 parent ion of H2CO, 

245 1.57 ± 0.25 Å² for the m/z = 31 fragment of CH3OH, 1.3 ± 0.2 Å² for the m/z = 33 fragment 

246 of HOCH2CH2OH, 1.9 ± 0.6 Å² for the m/z = 61 fragment of CH3OCH2OH, 2.1 ± 0.3 Å² for 

247 the m/z = 46 parent ion of CH3OCH3, and 0.47 ± 0.07 Å² for the m/z = 46 parent ion of 

248 CH3CH2OH. Uncertainties of the relative molecular abundances were then calculated from 

249 the uncertainties of the partial ionization cross sections and those of the integral intensities 

250 using standard error propagation.

251 The Gibbs free Energy of the formation of H2CO from CH3OH by elimination of H2 was calculated 

252 using a method modified from the G3MP2B3 calculations presented by Janoschek and Rossi.48 

253 Differing from their method, the geometry was optimized using the B3LYP functional with an 

254 augmented correlation-consistent polarized Valence-only Triple-Zeta (aug-cc-pVTZ) basis set.49 

255 The energy of the system was evaluated using size-consistent quadratic interactions with unlinked 

256 triples (QCISD(T))50 with the same basis set. The extrapolation to the basis set limit was achieved 

257 by two MP251 calculations, the first with the same basis set, and the second using aug-cc-pV 

258 Quadruple-Zeta.49 The final energy was calculated as the QCISD(T) energy corrected for the 

259 difference between the MP2 calculations, the zero-point energy and a term for higher level 

260 correlation as described in full detail by Janoschek and Rossi48. The Gibbs Free Energy was 

261 calculated as G = H - TS, with the enthalpy H = energy + kT and the entropy S derived from 

262 frequency analysis of the B3LYP geometry optimization at 35 K. All calculations were performed 

263 using the ORCA 4.2.152,53quantum chemistry program package.

264
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265 Results and Discussion

266 Identification of Products

267 To identify products formed by electron-induced reactions, we irradiated multilayer films 

268 of CH3OH with electrons of E0 = 20 eV and electron exposures of 1000 µC/cm². During 

269 irradiation, mass spectra were recorded in the range from m/z = 10 to m/z = 50 which 

270 allows identification of desorbing species. A sudden increase of the mass spectrometric 

271 signals of several mass-to-charge ratios is observed with beginning electron irradiation 

272 due to ESD (Figure 1). The ESD signals at m/z = 31 and 32 revealed the desorption of 

273 CH3OH. Some of the observed signals at lower mass-to-charge ratios (m/z = 15, 16, 28, 

274 30), however, are significantly more intense than is expected from the mass spectrum of 

275 CH3OH (Figure S3) which suggests the formation of new products. This is further 

276 corroborated by careful inspection of the ESD signals which reveals that the increase of 

277 the m/z = 16 and 28 signals is delayed compared to the ESD signals of CH3OH and must 

278 thus stem from an irradiation product.
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279

280 Figure 1. Evolution of ESD mass spectrometric signals with increasing number of scans 
281 during a 1000 µC/cm² electron irradiation of a multilayer CH3OH film at E0 = 20 eV. The 
282 two vertical lines mark the beginning (scannumber 10) and end of irradiation (scannumber 
283 23) as was controlled by a negative bias on the sample. The colour code indicates the 
284 baseline corrected mass spectrometric signal increasing from low intensity (grey) over mid 
285 intensity (blue) to high intensity (red/yellow). The first and last seven scans are not 
286 displayed in order to focus on the actual irradiation.

287 The intensity ratios obtained from the mass spectra in Figure 1 might not reflect the true 

288 ratio of desorbing compounds because it takes about 20 s to record a single mass 

289 spectrum and because ESD signal intensities evolve with time. Thus, we repeated the 

290 irradiation but monitored only those mass-to-charge ratios (m/z = 14, 15, 16, 28, 29, 30, 

291 31, and 32) that showed a significant signal in the ESD in order to achieve a reasonable 

292 time resolution. The so obtained ESD signals (see Figure S4Error! Reference source not 

293 found.) can be integrated over time which yields an averaged ESD mass spectrum 

294 (Figure 2, hollow bars). We think that this averaged mass spectrum reflects the signal 
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295 ratios more accurately than the single mass spectra from Figure 1. The uncertainty of the 

296 so-obtained mass spectrum is mainly determined by the signal-to-noise ratio of the ESD 

297 signals. We estimate this uncertainty to be 10 % with respect to the integrated ESD signal.

298 For deconvolution of the so-obtained spectrum, we used a protocol that was already used 

299 in the Cometary Sampling and Composition (COSAC) experiment.54 We reduced the short 

300 list of candidate molecules to CH3OH, H2CO, CO, and CH4 because these products were 

301 already reported in literature and we did not observe any signals higher than m/z = 32 in 

302 ESD. The fit was performed in order of decreasing mass, starting from m/z = 32. With this 

303 protocol, a good fit to the integrated ESD signals was obtained with exception of the 

304 m/z = 14 and 15 signals (Figure 2). We propose, that intact CH3● radicals desorb from the 

305 sample and thus contribute to these signals. The results of Harris et al.,13 and Warneke 

306 and Swiderek,55 who already observed desorption of intact CH3● radicals during electron 

307 irradiation of CH3OH and acetone, respectively, can be regarded as proofs of principle 

308 that underline our interpretation.
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309

310 Figure 2. Comparison of the mass spectrum obtained from the data recorded during ESD 
311 at 20 eV (hollow bars) and the spectrum reconstructed by fitting the mass spectra of CH4 
312 (red bars), H2CO (orange bars), CH3OH (blue bars), and CO (green bars) to the ESD 
313 mass spectrum. The ESD mass spectrum was obtained by the areas under the desorption 
314 signals of m/z = 14, 15, 16, 28, 29, 30, 31, and 32 monitored during electron irradiation of 
315 multilayer films of CH3OH with 1000 µC/cm² at E0 = 20 eV. The mass spectra of CH3OH, 
316 H2CO, CO, and CH4 were recorded with the same mass spectrometer used for recording 
317 the ESD mass spectrum. Error bars denote the uncertainty of the intergated ESD signals 
318 which has been estimated to be 10 %.

319 Post-irradiation TDS was performed to monitor substances that were retained in the 

320 irradiated film. After an electron exposure of 1000 µC/cm² at 20 eV, depletion of CH3OH 

321 can be observed in the TDS along with the formation of a series of products. In line with 

322 the ESD data, the formation of CO (Figure S5Error! Reference source not found.), H2CO 

323 (Figure 3), and CH4 (Figure 4) indicates electron-induced degradation of CH3OH upon 

324 irradiation. In addition, TDS revealed the formation of more complex molecules not seen 

325 in ESD, namely, HOCH2CH2OH and CH3OCH2OH (Figure 5 and Figure 6), as well as 
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326 CH3OCH3 and CH3CH2OH (Figure 7 and Figure 8). The identification of these products is 

327 supported by the arguments summarized in the following paragraph. Further signals can 

328 be assigned to methyl formate, and possibly glycolaldehyde (Figure S6). All of these 

329 complex molecules are indicative of electron-induced synthesis because multiple 

330 molecules and/or reactive species must be involved in their formation. In the present 

331 study, we focus on the formation of H2CO, CH4, HOCH2CH2OH, CH3OCH2OH, CH3OCH3, 

332 and CH3CH2OH because these molecules are considered to be produced either by 

333 unimolecular decomposition of CH3OH or by reactions of the first generation of 

334 dissociation products.

335 H2CO was identified by its characteristic mass-to-charge ratios m/z = 29, and 30 

336 (Figure S3). It shows a desorption signal at 88 K (Figure 3) which is in line with earlier 

337 experiments.34 

338 CH4 was identified by its characteristic mass-to-charge ratios m/z = 15 and 16 (Figure S3) 

339 and shows two desorption features at 50 K and 104 K (Figure 4). The first of these signals 

340 coincides closely with the multilayer desorption temperature of CH4 and is thus 

341 characteristic of physisorbed CH4.41 The second desorption signal overlaps in part with 

342 that of H2CO. The mass spectrum of H2CO, however, does not show any fragment with 

343 m/z = 15 and only a very weak signal at m/z = 16 (about 2.4% of the m/z = 30 signal 

344 intensity, Figure S3Error! Reference source not found.). The integral intensity of the 

345 m/z = 16 signal at 104 K in the irradiated sample, in contrast, is about three times higher 
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346 than that of the m/z = 30 signal and can thus not stem from fragmentation of H2CO 

347 (Figure 4). We thus assign this second signal to trapping of CH4 in the CH3OH matrix 

348 which either co-desorbs with H2CO or gets released when the CH3OH molecules become 

349 more mobile. This is in line with other studies where significant trapping of CH4 in CH3OH 

350 ice was reported.6,16,26

351 HOCH2CH2OH was identified by its characteristic mass-to-charge ratios at m/z = 31, 33, 

352 and 62 (Figure S3) and desorbs between 186 K and 220 K depending on its amount 

353 (Figure 5). The observed desorption temperature agrees well with those reported by 

354 Boyer et al.3 and Harris et al.13 which is 205 K and that of Boamah et al.2 which is 215 K. 

355 Its identity was further verified by condensing different amounts of pure HOCH2CH2OH on 

356 top of a CH3OH film preirradiated at 20 eV with 1000 µC/cm² and performing TDS on the 

357 resulting film (Figure 6, left panel). In addition to the desorption signal present after 

358 irradiation, the signal intensity increases linearly with the amount of HOCH2CH2OH 

359 condensed on top of the irradiated sample which corroborates our assignment (Figure 6, 

360 right panel).

361 CH3OCH2OH was identified by its characteristic mass-to-charge ratios m/z = 33 and 61 

362 (Figure S3Error! Reference source not found.) and desorbs between 156 K and 175 K 

363 (Figure 5) depending on its amount. The observed desorption temperature is also in good 

364 agreement with that found by Schneider et al.,18 Boyer et al.,3 and Boamah et al.2 who 

365 reported values between 155 K and 170 K.
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366 CH3OCH3 and CH3CH2OH were both identified by their characteristic mass-to-charge 

367 ratios at m/z = 45 and 46 (Figure S3Error! Reference source not found.). The desorption 

368 signal of CH3OCH3 peaks between 95 K and 110 K (Figure 7) and agrees well with the 

369 desorption temperatures found by Boamah et al.2 and Harris et al.13 who reported values 

370 between 95 K and 115 K. The desorption signal of CH3CH2OH peaks between 148 K and 

371 162 K, which is in line with the desorption temperature of 165 K found by Boamah et al.2. 

372 Note that the m/z = 45 fragments of CH3OCH2OH (Figure S3) and HOCH2CH2OH overlap 

373 in part with that of CH3CH2OH as can be seen from the position of the m/z = 61 fragment 

374 of CH3OCH2OH and m/z = 62 fragment of HOCH2CH2OH in Figure 7. We thus used the 

375 m/z = 46 fragment for quantification of CH3CH2OH. The identity of CH3CH2OH was further 

376 verified by condensing different amounts of CH3CH2OH on top of a CH3OH film 

377 preirradiated at 20 eV with 1000 µC/cm² and performing TDS of the resulting film. In 

378 addition to the desorption signal at 152 K present after irradiation, the signal intensity 

379 increases linearly with the amount of CH3CH2OH condensed on top of the preirradiated 

380 film which corroborates our assignment (Figure 8). 
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381

382 Figure 3. Thermal desorption spectra of a multilayer film of CH3OH without electron 
383 exposure (denoted 0 µC/cm²) and after electron irradiation with 1000 µC/cm² at 
384 E0 = 20 eV. The peaks at 88 K in the m/z = 29 and 30 curves (red) are assigned to H2CO. 
385 The signals at 130 K in the m/z = 29 and 30 curves are assigned to fragments of CH3OH, 
386 and the signal at 156 K in the m/z = 30 curve of the irradiated sample has been assigned 
387 to a fragment of CH3OCH2OH. Tick marks on the left and right axis indicate the vertical 
388 offset of the individual curves. The magnification is the same for all curves.389
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390  

391 Figure 4. Thermal desorption spectra of a multilayer film of CH3OH without electron 
392 exposure (denoted 0 µC/cm²) and after electron irradiation with 1000 µC/cm² at 
393 E0 = 20 eV. The peaks at 50 and 104 K in the m/z = 15 and 16 curves (red) are assigned 
394 to CH4. The signals at 130 K in the m/z = 15 and 16 curves are assigned to fragments of 
395 CH3OH. The peak area of the m/z = 16 signal at 104 K is about three times higher than 
396 that of the m/z = 30 signal at 90 K (blue line, see also Figure 3). Comparing the ratio of 
397 these peak areas with the relative intensities of the m/z = 16 and 30 fragments in the mass 
398 spectrum of H2CO (Figure S3) suggest that the signal at 104 K in the m/z = 16 curve does 
399 not stem from H2CO but solely from CH4. Tick marks on the left and right axis indicate the 
400 vertical offset of the individual curves. The magnification is the same for all curves.
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401  

402 Figure 5. Thermal desorption spectra of a multilayer film of CH3OH without electron 
403 exposure (denoted 0 µC/cm²) and after electron irradiation with 1000 µC/cm² at 
404 E0 = 20 eV. The peaks at 130 K in the m/z = 31 and 33 curves of the irradiated and pristine 
405 sample are assigned to the CH3O+ fragment and the 13CH3OH●+ isotopologue of CH3OH, 
406 respectively. The peak at 156 K in the m/z = 33 and 61 curves (red) is assigned to 
407 CH3OCH2OH, and the peak at 192 K in the m/z = 31, 33, and 62 curves (grey) to 
408 HOCH2CH2OH (see also the mass spectra in Figure S3). Noticeably, these peaks are only 
409 present in the irradiated sample which is indicative of electron-induced synthesis. Tick 
410 marks on the left and right axis indicate the vertical offset of the individual curves. The 
411 individual curves are magnified by the denoted factors.
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412

413 Figure 6. Thermal desorption spectra of a multilayer film of CH3OH after electron 
414 irradiation with 1000 µC/cm² at E0 = 20 eV (bottom spectrum in left panel). The peak at 
415 130 K was assigned to the 13CH3OH●+ isotopologue of CH3OH, the peak at 156 K to 
416 CH3OCH2OH (MeMe, red), and the peak at 192 K to HOCH2CH2OH (EG, grey). The 
417 assignment of the peak at 192 K in the m/z = 33 curve to HOCH2CH2OH was further 
418 verified by admixing increasing amounts of HOCH2CH2OH to the irradiated sample (left 
419 panel). This leads to a linear increase of peak area for the second signal at 192 K while 
420 the peak area of the first signal at 156 K remains constant (right panel). Tick marks on the 
421 left and right axis of the left panel indicate the vertical offset of the individual curves. The 
422 magnification is the same for all curves. The horizontal line in the right panel indicates an 
423 integral intensity of zero.
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424

425 Figure 7. Thermal desorption spectra of a multilayer film of CH3OH without electron 
426 exposure (denoted 0 µC/cm²) and after electron irradiation with 1000 µC/cm² at 
427 E0 = 20 eV. The peaks at 100 and 152 K in the m/z = 45 and 46 curves are assigned to 
428 CH3OCH3 (red) and CH3CH2OH (grey), respectively. Note, however, that desorption of 
429 CH3OCH2OH (blue line) and HOCH2CH2OH (green line) contribute to the overall m/z = 45 
430 signal as can be seen by the peak positions of the m/z = 61 and m/z = 62 signals of 
431 CH3OCH2OH and HOCH2CH2OH, respectively (see also Figure 5). Tick marks on the 
432 vertical axis indicate the baseline level. Tick marks on the left and right axis indicate the 
433 vertical offset of the individual curves. The magnification is the same for all curves.
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434

435 Figure 8. Thermal desorption spectra of a multilayer film of CH3OH after electron 
436 irradiation with 1000 µC/cm² at E0 = 20 eV (bottom spectrum in left panel). The peaks at 
437 100 K and 152 K in the m/z = 46 curves have been assigned to CH3OCH3 (DME) and 
438 CH3CH2OH, (EtOH) respectively. The assignment of the peak at 152 K to CH3CH2OH was 
439 further verified by condensing increasing amounts of CH3CH2OH on top of the irradiated 
440 sample (Left panel). This leads to an increase of the peak area for the signal at 152 K 
441 (black) while the peak area of the first signal at 100 K (red) remains constant (right panel). 
442 Tick marks on the left and right axis of the left panel indicate the vertical offset of the 
443 individual curves. The magnification is the same for all curves. The horizontal line in the 
444 right panel indicates an integral intensity of zero.

445 Dependence of Product Yield on Electron Exposure

446 The depletion of CH3OH as well as degradation of the products must be negligible in order 

447 to compare product yields obtained for different electron energies. Within this regime of 

448 initial rates, the product yield increases linearly with electron exposure and formation rates 

449 are reflective of formation cross sections. To identify electron exposures that are within 

450 the regime of initial rates, we performed irradiation experiments at electron energies of 
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451 20 eV with increasing exposures for every product. As an illustrative example, the 

452 dependence of the H2CO yield on electron exposure is shown in Figure 9. The exposure 

453 dependence of the other products is shown in Figure S7–S9. Formation of H2CO was 

454 monitored by adding the amounts of H2CO that desorbed during ESD and TDS. Studies 

455 on the electron-induced decomposition of acetone into CH4 and CO have shown that 

456 integrated ESD and TDS signals for specific mass-to-charge ratios can be directly 

457 compared.55 Note that CH3OH contributes only as a minority species to the m/z = 30 ESD 

458 signal (Figure 2) suggesting that the integrated m/z = 30 signal is roughly reflective of the 

459 H2CO yield that desorbs during electron exposure. On the basis of this analysis, the 

460 product yield of H2CO increases linearly with electron exposure up to 500 µC/cm². At 

461 higher electron exposures, the yield of product retained in the film approaches saturation 

462 as is deduced from the TDS because degradation of H2CO and/or depletion of CH3OH 

463 are no longer negligible while the yield of H2CO that desorbs during ESD still increases.
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464

465 Figure 9. Areas under the m/z = 30 desorption signals of H2CO obtained by ESD (stars) 
466 and TDS (squares) after increasing electron irradiation of multilayer films of CH3OH at 
467 E0 = 20 eV. The sum of ESD and TDS signal areas (filled circles) reflects the overall 
468 amount of H2CO that has been formed. Tick marks on the vertical axis denote an integral 
469 intensity of zero. Error bars represent the estimated error for the intergal intensity.

470 An earlier study on CH3OH/C2H4 mixtures has shown that DEA to CH3OH at 5.5 eV leads 

471 to the formation of ethyl methyl ether.34 In addition, formation of HOCH2CH2OH and 

472 CH3OCH2OH has been reported to occur by ND at electron energies as low as 6 eV.3 We 

473 thus additionally studied the dependence of H2CO yield on electron exposures at an 

474 electron energy of 5.5 eV in order to account for the possible formation of H2CO by DEA, 

475 and at 8 eV in order to account for the possible formation of H2CO by ND. Furthermore, 

476 the dependences of product yields on electron exposure for CH4, CH3CH2OH, CH3OCH3, 

477 and CH3OCH2OH at 8 eV are shown in Figure S12–S15. No dataset is shown for 

478 HOCH2CH2OH because of the poor signal-to-noise ratio at lower electron exposures. We 

479 assume, however, that HOCH2CH2OH shows a similar behaviour as CH3OCH2OH, 

Page 28 of 91

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



480 CH3CH2OH, and CH3OCH3. At these lower energies, considerably higher exposures are 

481 required to obtain any observable signal in the TDS (Figure 10). In contrast to higher 

482 energies, no ESD signals have been observed for electron energies below 9 eV. The 

483 areas under the TDS signals are thus directly reflective of the overall amounts of products. 

484 Both at 5.5 and 8 eV, the H2CO yield increases linearly up to 9000 µC/cm² before it 

485 approaches saturation. This is not surprising since cross sections for DEA, ND, and EI 

486 can vary by several orders of magnitudes.30 In consequence, two sets of irradiation 

487 experiments with different electron exposures are necessary to study the energy 

488 dependence above and below the ionization threshold of CH3OH. 

489

490 Figure 10. Areas under the m/z = 30 desorption signal of H2CO obtained by TDS after 
491 increasing electron irradiation of multilayer films of CH3OH at E0 = 5.5 eV (filled circles) 
492 and 8 eV (hollow squares). Error bars denote the estimated error for the integral intensity. 
493 Product yields obtained at different electron exposures at 20 eV (hollow circles, see 
494 Figure 9) are plotted for comparison. Tick marks on the vertical axis mark an integral 
495 intensity of zero.
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496 In order to make sure that the approximation of initial rates is valid, we studied the 

497 dependence of H2CO formation on electron energy with electron exposures of 500 µC/cm² 

498 in the energy range from 2.5 to 20 eV and with 9000 µC/cm² in the energy range from 2.5 

499 to 9.0 eV. The electron exposures to be used to study the energy dependences of product 

500 formation for other products as derived from the electron exposure dependences are 

501 compiled in Table 1.

502 Table 1. Electron exposures, m/z values, and integration region used to study the energy 
503 dependences of product formation in the range of 2.5–9 eV and 2.5–20 eV.

Electron exposure used in 

energy dependence (µC/cm²)

Parameters used for analysis

Compound Electron 
energies
2.5–9 eV

Electron 
energies

2.5–20 eV

m/z Integration 
region (K)

H2CO 9000 500 30 73–105

CH4 9000 125 16 35–106

CH3OCH3 32000 500 46 80–125

CH3CH2OH 32000 500 46 135–200

CH3OCH2OH 32000 400 61 130–250

HOCH2CH2OH 32000 400 33 175–250

504
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505 Dependence of Product Yield on Electron Energy

506 The yields of CH4, H2CO, HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH were 

507 monitored at electron energies in the range from 2.5 to 20 eV to reveal the initial electron-

508 molecule interactions that are relevant for the formation of these products. The electron 

509 exposure was chosen within the regime of initial rates as deduced from the dependences 

510 of product yields on electron exposure (Table 1). At lower electron exposures, product 

511 formation is observable with an onset at 9 eV in TDS and, in the cases of H2CO and CH4, 

512 also in ESD (Figure 11). This energy roughly coincides with the ionization threshold of 

513 CH3OH in the condensed phase which is located at 9.8 eV.56 ESD has not been observed 

514 for HOCH2CH2OH, CH3OCH2OH, CH3OCH3, or CH3CH2OH (Figure 11). This, however, 

515 is not surprising as the efficiency of ESD decreases with molecular mass.57 Starting from 

516 an onset at 9 eV, ESD of CH4 and H2CO increases steadily with electron energy which 

517 reflects the increasing desorption probability. The majority of CH4 and H2CO, however, is 

518 retained in the film as can be deduced from the ratio between the areas under the ESD 

519 and TDS signals. The overall energy dependences derived by adding the TDS and ESD 

520 signal areas (not shown) thus do not deviate qualitatively from those obtained by TDS 

521 alone.
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522

523 Figure 11. Areas under the m/z = 16 signal of CH4, m/z = 30 signal of H2CO, m/z = 33 
524 signal of HOCH2CH2OH (EG), m/z = 46 signal of CH3CH2OH (EtOH), m/z = 46 signal of 
525 CH3OCH3 (DME), and m/z = 61 signal of CH3OCH2OH (MeMe) obtained by TDS (circles) 
526 and ESD (stars) produced during the stated electron exposures of condensed CH3OH. 
527 Error bars were omitted for clarity. The solid lines serve as guide to the eye. Note that no 
528 ESD was observed for HOCH2CH2OH, CH3CH2OH, CH3OCH3, and CH3OCH2OH. Tick 
529 marks on the left and right axis indicate the vertical offset of the individual curves. The 
530 curves are magnified by the denoted factors.

531 The energy dependences of H2CO, CH4, CH3CH2OH, and CH3OCH3 show resonances at 

532 13 eV pointing to an initiating DEA process. In contrast, resonant behaviour is less obvious 

533 for HOCH2CH2OH and CH3OCH2OH although minor contributions of this resonance to the 

534 overall product yield could explain the plateau-like behavior for energies higher than 
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535 13 eV. For electron energies higher than 13 eV, product yields do not decline to baseline 

536 level indicating that ND or EI also lead to product formation. The highest energy resonance 

537 for the production of anions from CH3OH has been observed at 10.5 eV in the gas 

538 phase58–60 and at 11.0 eV in the condensed phase.3 This, however, is considerably lower 

539 than the resonance observed in the present study and can thus not be responsible for the 

540 formation of products. A similar resonance at 14 eV, however, was observed by Lepage 

541 et al.4 for the production of CO from condensed CH3OH.

542

543 Figure 12. Areas under the m/z = 16 signal of CH4, m/z = 30 signal of H2CO, m/z = 33 
544 signal of HOCH2CH2OH (EG), m/z = 46 signal of CH3CH2OH (EtOH), m/z = 46 signal of 
545 CH3OCH3 (DME), and m/z = 61 signal of CH3OCH2OH (MeMe) obtained from CH3OH 
546 during the stated electron exposures and monitored by TDS. Error bars were omitted for 
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547 clarity. The solid lines serve as guide to the eye. Tick marks on the left and right axis 
548 indicate the vertical offset of the individual curves. The curves are magnified by the 
549 denoted factors.

550 An additional set of experiments with higher electron exposures was performed to study 

551 the formation of products below the ionization threshold (Figure 12). At these lower 

552 electron energies, no ESD is observed for any product. Thus, the amounts of products 

553 derived from TDS after irradiation directly reflect the overall amounts of these products. 

554 Formation of HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH starts from an 

555 onset at ~6 eV which is well below the ionization threshold of CH3OH. The onset, however, 

556 roughly coincides with the excitation threshold of CH3OH which is 6.7 eV in the condensed 

557 phase.61 Starting from this threshold, product yields of HOCH2CH2OH, CH3OCH2OH, 

558 CH3OCH3, and CH3CH2OH increase steadily with increasing electron energies suggesting 

559 that ND is responsible for the formation of these products. Noticeably, no resonances are 

560 observed for the formation of these products here. This suggests that below the ionization 

561 threshold, DEA does not play a role for the formation of these products. Our results thus 

562 agree with those of Boyer et al. who did neither observe any resonances for the production 

563 of HOCH2CH2OH and CH3OCH2OH in this energy regime.3

564 In contrast, formation of H2CO and CH4 is observable at energies as low as 2.5 eV which 

565 is considerably below the excitation threshold of CH3OH and can thus not be triggerd by 

566 ND. The product yield of H2CO increases steadily with electron energy which is typically 

567 more characteristic of a non-resonant process. It is possible, however, that DEA is masked 
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568 by the concomitant onset of ND at ~6 eV. In the case of CH4, a pronounced shoulder at 

569 ~5 eV is observed suggesting that DEA is involved in the formation of CH4. The observed 

570 shoulder does not agree well with known DEA resonances of CH3OH at 6.5 eV in the gas 

571 phase and 6 eV in the condensed phase.3,34,60 Alternatively, the formation of CH4 at these 

572 lower electron energies might be attributed to a resonance yielding O●- between 3 eV and 

573 4 eV which has been observed in condensed phase ESD experiments by Kundu et al.62 

574 but has not been reported by Boyer et al.3 For electron energies higher than 7.5 eV, the 

575 product yield of CH4 increases again suggesting that either another resonance, or ND 

576 contributes to the production of CH4. We note that the electron energy dependence of the 

577 yields of HOCH2CH2OH and CH3OCH2OH has been reported before from TDS 

578 experiments applying exposures of 1900 C/cm2.3 Similar to the larger exposure 

579 experiments of the present study, this work observed an onset between 6 eV and 7 eV 

580 and a continuous increase towards higher energies. Product formation has thus been 

581 ascribed to EE processes.

582 Product yields

583 Relative molecular abundances of the irradiation products have been obtained from the 

584 ESD and TDS data. These can be estimated by comparing the integrated desorption 

585 signals and correcting these for the different partial ionization cross sections of the 

586 observed fragments. Hereinafter, we state all relative molecular abundances with respect 

587 to the initial CH3OH ice abundance.
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588 In order to test the accuracy of our procedure for deriving product yields, we used the data 

589 shown in Figure 6 and Figure 8 where defined amounts of either HOCH2CH2OH or 

590 CH3CH2OH, determined from the pressure drop in the gas handling manifold, were 

591 condensed on top of a preirradiated CH3OH film. This leads to a linear increase of the 

592 respective desorption signal with the amount of material deposited on top of the irradiated 

593 sample. The amount that was initially present after irradiation is then represented by the 

594 intercept of the regression line with the horizontal line that indicates an integral intensity 

595 of zero in the left panels of Figure 6 and Figure 8. The uncertainty of the amounts has 

596 been calculated from the uncertainty of the intercept which, in turn, has been deduced 

597 from the covariance matrix of the linear regression. From those experiments, relative 

598 molecular abundances of 1.4 ± 0.3 % for HOCH2CH2OH, and 0.68 ± 0.08 % for 

599 CH3CH2OH were obtained. These values agree well with those obtained by comparing 

600 the desorption peaks of HOCH2CH2OH and CH3CH2OH with that of CH3OH taking into 

601 account the partial ionization cross sections of the observed fragments. The latter analysis 

602 results in relative abundances of 1.0 ± 0.3 % for HOCH2CH2OH, and 0.57 ± 0.10 % for 

603 CH3CH2OH. We thus consider our results as accurate within the error margins.

604 Integrated desorption signals for electron energies below the ionization threshold were 

605 derived from irradiations with electron exposures of 9000 µC/cm² for CH4 and H2CO, and 

606 with electron exposures of 32000 µC/cm² for HOCH2CH2OH, CH3OCH2OH, CH3OCH3, 

607 and CH3CH2OH. Note that product yields obtained with electron exposures of 

608 32000 µC/cm² are still within the linear regime of initial rates (see Figure S12–S15). In 
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609 order to compare product yields obtained after electron exposures of 32000 µC/cm² and 

610 9000 µC/cm², we scaled the product yields of HOCH2CH2OH, CH3OCH2OH, CH3OCH3, 

611 and CH3CH2OH by a factor of 9/32. Our results reveal that below 6 eV, H2CO and CH4 

612 are the only products (Figure 12). At E0 = 8 eV, relative molecular abundances of products 

613 are 1.1 ± 0.2 % for CH4, 0.6 ± 0.1 % for H2CO, 0.030 ± 0.007 % for HOCH2CH2OH, 

614 0.04 ± 0.01 % for CH3OCH2OH, 0.043±0.008 % for CH3OCH3, and 0.07 ± 0.02 % for 

615 CH3CH2OH (Figure 13, panel A). The value given for CH3OCH3 represents a lower limit, 

616 as it is based on NIST spectra, rather than mass spectra recorded in our experimental 

617 chamber, where we observe slightly lower intensities for higher mass fragments than in 

618 NIST reference data. At E0 = 20 eV, the amounts of products are compared for electron 

619 exposures of 250 µC/cm² because this allows us to compare product yields directly 

620 without scaling. Our results reveal that the amounts of products as a fraction of initial 

621 CH3OH ice abundance are 1.35 ± 0.20 % for CH4, 0.55 ± 0.15 % for H2CO, 0.40 ± 0.13 % 

622 for HOCH2CH2OH, 0.16 ± 0.05 % for CH3OCH2OH, 0.06 ± 0.02 % for CH3OCH3, and 

623 0.24 ± 0.06 % for CH3CH2OH (Figure 13, panel B). Note that the value given for CH3OCH3 

624 represent a lower limit due to the reasons mentioned above. From the reported data by 

625 Lepage et al.4, it can be deduced that the relative molecular abundance of CO after 

626 irradiation with 250 µC/cm² at 20 eV is about 0.65 % (see Supporting information for 

627 calculation). The amount of CO should thus be similar to that of H2CO in the present study. 

628 We note that the loss of CH3OH during irradiation with 250 µC/cm² at 20 eV amount to 

629 roughly 3–5% according to our TDS data (not shown). Considering that the formation of 
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630 each of the observed products apart from CH4, H2CO, and CO requires two molecules of 

631 CH3OH, the product yields account reasonably for the loss of CH3OH suggesting that at 

632 least the majority of the products have in fact been identified.

633

634

635 Figure 13. Amounts of CH4, H2CO, HOCH2CH2OH (EG), CH3OCH2OH (MeMe), 
636 CH3CH2OH (EtOH), and CH3OCH3 (Me2O) in % of the initial CH3OH ice abundance. (A) 
637 Data obtained from TDS after irradiation with 9000 µC/cm² (CH4 and H2CO) and 
638 32000 µC/cm² (others) at E0 = 8 eV, respectively. Abundances of HOCH2CH2OH, 
639 CH3OCH2OH, CH3CH2OH, and CH3OCH3 were scaled by a factor of 9/32 to correct for 
640 the higher electron exposures. (B) Data obtained from ESD and TDS after irradiation with 
641 250 µC/cm² at 20 eV, respectively. Note that the values given for CH3OCH3 represent 
642 lower limits. Error bars denote the estimated uncertainty of amounts.
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643 Discussion of the Reaction Mechanism

644 Overview of Electron-Methanol Interactions

645 In order to unravel the reaction mechanisms leading to the observed products, it is 

646 necessary to identify the reactive species produced by electron-molecule interactions and 

647 to understand their subsequent chemistry. In the investigated CH3OH ices, the initial 

648 interaction of an electron with CH3OH can yield CH3OH●+, CH3OH*, and CH3OH●- after EI, 

649 EE, and EA, respectively.The ionization threshold in the gas phase is 10.84 eV and is 

650 lowered to ~9.8 eV in the condensed phase because of polarization effects.46,56 In the gas 

651 phase, fragmentation of CH3OH by DI already sets in at electron energies of 10.6 ± 0.5 eV 

652 and thus almost coincides with the ionization threshold.63 Experiments with CH3OH 

653 clusters, however, suggest that the CH3OH●+ radical cation is in fact stabilized in the 

654 condensed phase by neighbouring molecules which largely suppresses 

655 fragmentation.64,65 We thus propose that DI does not play a significant role in the 

656 condensed molecular films studied herein. The thresholds for EE of CH3OH are ~6.4 eV 

657 in the gas phase and 6.7 eV in the condensed phase.61,66 Following EE of CH3OH, ND 

658 might produce a variety of fragments by single-bond and/or multi-bond cleavages. 

659 Unfortunately, experimental data on the fragmentation dynamics of CH3OH by ND 

660 following electron impact, i.e., the kind of formed fragments, their formation thresholds, 

661 and formation cross sections are very sparse. Dech et al. reported a threshold of 13 eV 

662 for the production of O(1S) in crossed beam experiments.67 From thermodynamic 

663 considerations, the authors concluded that O(1S) is likely formed by decomposition of 
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664 CH3OH into CH3●, H●, and O(1S). Furthermore, Donohue et al. reported the thresholds for 

665 several excited fragments of CH3OH of which only the thresholds for the production of 

666 HO(A2) at 10.1 eV and that of CH(A2) at 13.2 eV might be relevant in the present study as 

667 other excited fragments are not formed below 20 eV.68 To our knowledge, thresholds have 

668 not been reported for the production of ground state fragments which are especially 

669 relevant for chemical reactions below the ionization threshold of CH3OH. However, as 

670 optically allowed channels are typically dominant in electron-molecule interactions, 

671 important informations on these unknown properties might also be inferred from studies 

672 on photochemistry. Its is known that UV irradiation of condensed CH3OH at 157 nm 

673 (7.9 eV) leads to single bond cleavages yielding ●CH2OH, CH3O●, H●, HO●, and CH3● 

674 radicals as well as to elimination of H2 yielding HCOH and H2CO.69–71 Unimolecular 

675 photodissociation of CH3OH into CH4 and O(1D/3P), on the other hand, has not been 

676 observed.69 As EE equally proceeds via electronically excited neutral states, we propose 

677 that ND of CH3OH produces the same fragments as photodissociation. Finally, DEA to 

678 CH3OH is known to produce CH3O-, H-, and O●- (Table 3), as well as the corresponding 

679 neutral species.3 

680 Table 2. Anions and resonance energies observed for DEA to CH3OH in the gas and 
681 condensed phase.

resonance energies (eV)

fragment gas Phase condensed phase

CH3O- 2.9a
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6.5a, b

8.0a, b

10.5a, b

8.8c

11.5c

H- 6.5a, d

8.0a, d

10.5a, d

6c (shoulder)

7.8c

O●-

7 (weak)b

10.5a, b

3–4e

8.0c

11.0c

682 References: aIbǎnescu et al.60, bKühn et al.58,cBoyer et al.3, dCurtis and Walker59, eKundu et al.62.

683 In addition, a resonance at 14 eV was observed in the yields for the electron-induced 

684 formation of CO from condensed CH3OH.4 Lepage et al. attributed this resonance to EA 

685 yielding CH3OH●-, which quickly decays into electronically excited CH3OH* (reaction 1) 

686 leading to subsequent dissociation into smaller fragments of which only CO has been 

687 monitored.4 

688 (1)CH3OH + e–(E0)→CH3OH•–→CH3OH ∗ + e–(E′)

689 Thus, no ionic fragments are produced which is the reason why this resonance has not 

690 been observed in ESD3 and in crossed-beam experiments.58,72 

691 Reactive species produced by the initial electron-molecule interactions described so far 

692 can then react with neighbouring CH3OH molecules or migrate through the ice film until 
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693 they encounter other reactive species. For instance, HO-, CH-, CH2- and CH3- were 

694 observed, in addition to the products seen in gas phase DEA, in ESD from condensed 

695 CH3OH.3 It was shown that these species are not produced directly by decay of the TNI 

696 but by ion-molecule interactions of O●- and H- with CH3OH.3 This underlines that a 

697 comprehensive understanding of the possible ion-molecule, radical-molecule, and radical-

698 radical reactions is essential to unravel reaction mechanisms that underly the formation 

699 of the stable products formed upon electron irradiation of condensed CH3OH. 

700 From EI of CH3OH clusters, it is known that the CH3OH●+ radical cation is a strong acid 

701 that can transfer one of its protons to a neighbouring CH3OH molecule yielding CH3OH2+, 

702 and a CH3O● or ●CH2OH radical (reactions 2 and 3).64,65 

703 (2)CH3OH• + +CH3OH→CH3OH +
2 +CH3O•

704 (3)CH3OH• + +CH3OH→CH3OH +
2 + •CH2OH

705 In those cluster experiments, the CH3OH2+ cation has been reported to undergo a 

706 nucleophilic displacement reaction with a nearby CH3OH molecule yielding CH3OCH3 and 

707 H2O (see also “Reactions Leading to Molecular Synthesis”).64,65 

708 Considering next ion-molecule reactions induced by DEA, the ions H–, O●-, and CH3O– 

709 can be involved. The reactivity of O●- has been reviewed comprehensively by Lee and 

710 Grabowski.73 The O●- radical anion is a fairly strong base but can also act as radical. 

711 Reaction of O●- with CH3OH yields HO- and CH3O● as well as smaller amounts of HO- and 

712 ●CH2OH, and HO● and CH3O- according to reactions 4–6.73 
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713 (4)O•– +CH3OH→HO– +CH3O•

714 (5)O•– +CH3OH→HO– + •CH2OH

715 (6)O•– +CH3OH→HO• +CH3O–

716 The ion-molecule reactions of H- with CH3OH, in contrast, mainly leads to a proton transfer 

717 yielding H2 and CH3O-.74 

718 (7)H– +CH3OH→H2 +CH3O–

719 H2 is not kept in the film and will thus not participate in subsequent reactions. The HO- 

720 anion is a strong base and can thus undergo proton transfer with CH3OH yielding CH3O- 

721 and H2O, respectively.

722 (8)HO– +CH3OH→H2O + CH3O ―

723 This reveals that ion-molecule reactions following EI and DEA mainly lead to the formation 

724 of smaller products and radicals. In particular, they fail to explain the observed formation 

725 of more complex molecule with the exception of CH3OCH3. This suggests that radical-

726 molecule and radical-radical reactions must be responsible for the formation of the more 

727 complex molecules. Noticeably, the required radicals for those reactions are not only 

728 produced by ND but also by EA, DEA and EI either directly or as a consequence of the 

729 ion-molecule reactions discussed above. Addition reactions of radicals that would form 

730 larger products are limited to compounds that have multiple bonds such as C2H4 or 

731 CO.34,75 Reactions between a radical and a saturated compound, on the contrary, typically 
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732 lead to hydrogen abstraction.76 Therefore, it can be expected that radical-molecule 

733 reactions between CH3OH and CH3●, HO●, CH3O● or ●CH2OH radicals yield CH4, H2O, 

734 and CH3OH, respectively, as well as a new CH3O● or ●CH2OH radical. Unsaturated co-

735 products of electron irradiation like H2CO and CO, however, might also participate in 

736 subsequent radical-molecule reactions if their concentration is sufficiently high. Finally, 

737 reactions between two radicals can lead to either disproportionation (reaction 9) or 

738 recombination (reaction 10). In both cases, closed-shell molecules are produced which 

739 are typically stable. 

740   (9)HR• +HR′•→R + H2R′

741 (10)R• + R′•→R ―R′

742 As the number of possible radical-radical reactions increases drastically with the number 

743 of radical species, the reaction network can become quite complex. However, the energy 

744 dependences of HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH are highly 

745 correlated suggesting that the same electron-molecule interactions are responsible for 

746 their formation. We therefore start by discussing those reactions that lead to molecular 

747 synthesis in the sense that larger products are formed from smaller parent compounds 

748 (see “Reactions Leading to Molecular Synthesis”). In contrast, H2CO and CH4 show rather 

749 unique energy dependences. The formation of these two products is thus discussed 

750 separately in the sections entitled “Reactions Leading to Formaldehyde” and “Reactions 

751 Leading to Methane”.
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752 Reactions Leading to Molecular Synthesis

753 HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH must be formed from two 

754 CH3OH moieties since their molecular mass is higher than that of CH3OH. In CH3OH 

755 clusters, CH3OH2+ cations are formed as a consequence of proton transfer from CH3OH●+, 

756 produced by EI of CH3OH, to a neighbouring CH3OH molecule. Subsequent reaction 

757 between CH3OH2+ and an intact CH3OH molecule can yield protonated CH3OCH3 and 

758 H2O.64,65 Finally, another proton transfer from protonated CH3OCH3 to a neighbouring 

759 molecule yields neutral CH3OCH3 and CH3OH2+ (Scheme 1) which results in a chain 

760 reaction as the latter can again enter the reaction sequence. Noticably, cluster 

761 experiments have not revealed any other products than CH3OCH3 and H2O.64,65

762 Our data show that CH3OCH3 is formed in rather low quantities compared to 

763 HOCH2CH2OH, CH3OCH2OH, and CH3CH2OH (Figure 13). We thus suppose that the 

764 chain-reaction in Scheme 1 does not contribute significantly to the product yield of 

765 CH3OCH3 in the present stuy.
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766

767 Scheme 1. Mechanism for electron-induced formation of CH3OCH3 in CH3OH clusters. 
768 Above the ionization threshold of CH3OH, a CH3OH●+ radical cation is formed by EI, which 
769 can transfer a proton to a nearby CH3OH molecule yielding CH3OH2+ and either CH3O● or 
770 ●CH2OH (blue). The CH3OH2+ cation is subsequently attacked by the oxygen lone pair of 
771 another CH3OH molecule leading to the formation of protonated CH3OCH3 and H2O. 
772 Finally, another proton transfer to a nearby CH3OH molecule yields neutral CH3OCH3 (red) 
773 and CH3OH2+.64,65 The latter can again enter the reaction sequence which results in a 
774 chain reaction.

775 In contrast to the relatively small CH3OH clusters, however, reactions of radicals or ions 

776 in the condensed phase are not limited to molecules in the vicinity as they can diffuse 

777 through the solid ice and encounter product molecules or other reactive species at a 

778 different site. Maity et al. observed that methyl formate and glycolaldehyde are formed 

779 much more efficiently in CO/CH3OH (1:1) ice mixtures than in pure CH3OH ice.10 This 

780 suggests that co-products like CO might undergo radical-molecule reactions and thus 

781 contribute to the overall product yields. Similarly, H2CO might be involved in the formation 

782 of HOCH2CH2OH, CH3OCH2OH, CH3CH2OH, and CH3OCH3. We did, however, not 

783 observe higher product yields upon electron-irradiation of H2CO/CH3OH (1:100–3:100) 

Page 46 of 91

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



784 mixtures compared to films of pure CH3OH (not shown) indicating that reactions between 

785 radicals and the co-product H2CO are negligible in the present study.

786 The most cited mechanism for the production of HOCH2CH2OH, CH3OCH2OH, 

787 CH3CH2OH, and CH3OCH3 is ND of CH3OH into CH3O●, ●CH2OH, and CH3● radicals 

788 followed by recombination among these species.2,3,7,16,18 HOCH2CH2OH is formed by 

789 recombination of two ●CH2OH radicals, CH3OCH2OH is formed by recombination of 

790 ●CH2OH and CH3O●, CH3OCH3 is formed by recombination of CH3O● and CH3● radicals, 

791 and CH3CH2OH is formed by recombination of ●CH2OH and CH3● radicals (Scheme 2).
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792

793 Scheme 2. Electron-molecule interactions lead to the formation of CH3●, ●CH2OH, and 
794 CH3O● radicals which can recombine to yield HOCH2CH2OH, CH3OCH2OH, CH3OCH3, 
795 and CH3CH2OH. The potential recombination products ethane (C2H6) and dimethyl 
796 peroxide (CH3OOCH3) (red) have not been observed in the present study.

797 Statistical recombination among those radicals should also yield dimethyl peroxide 

798 (CH3OOCH3) by recombination of two CH3O● moieties and ethane (C2H6) by 

799 recombination of two CH3● moieties. To our knowledge, formation of CH3OOCH3 has been 

800 reported in only one publication14 where experiments have been performed with a more 

801 sensitive mass spectrometer as well as with much higher film thicknesses. In the present 

802 study, we do not observe CH3OOCH3 as has been inferred by the absence of a second 
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803 signal in the m/z = 62 curve of the TDS beside that of HOCH2CH2OH. We thus suppose 

804 that the amount of CH3OOCH3 formed in the present study is below the detection limit of 

805 the QMS.

806 To our knowledge, C2H6 has not been found in any study.2,6,7,9,11,16,17 Studies by Öberg et 

807 al. revealed that at lower temperatures, CH3● is more mobile than CH3O● and ●CH2OH 

808 radicals. Therefore, they ascribed the absence of C2H6 to a higher abundance of ●CH2OH 

809 and CH3O● radicals compared to CH3● which makes reactions between CH3● and CH3O●, 

810 and CH3● and ●CH2OH more likely than recombination of two CH3● moieties.16 In 

811 agreement with earlier publications, we did not find any evidence for the formation of C2H6 

812 in the present study either. Our data, however, indicate that CH3● radicals are present in 

813 sufficient abundance so that CH3CH2OH is produced in higher yields than, for instance, 

814 CH3OCH2OH, which is formed by recombination of CH3O● and ●CH2OH. This implies that 

815 rapid trapping of CH3● causes the higher abundance of CH3O● and ●CH2OH. Noticeably, 

816 this effect includes not only recombination with other radicals but is most likely enhanced 

817 by the reaction of CH3● with a nearby CH3OH molecule, which yields CH4 and either 

818 CH3O● or ●CH2OH. The latter type of reaction lowers the effective concentration of CH3● 

819 radicals in the ice but increases that of CH3O● and ●CH2OH (see also “Reactions Leading 

820 to Methane”), in line with the interpretation by Öberg.16

821 We conclude that radical recombination is the dominant mechanism responsible for the 

822 formation of HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH in the present 
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823 study and that ion-molecule and radical-molecule reactions are negligible. Our data 

824 suggest, however, that the required radicals are not only formed by ND but also by EI or 

825 EA with subsequent autodetachment. The energy dependences of product yields suggest 

826 that below the ionization threshold of CH3OH, ND is the only electron-molecule interaction 

827 that produces the radicals necessary for product formation. In analogy to 

828 photofragmentation at a wavelength of 157 nm, we propose that ND following electron 

829 impact yields CH3●, CH3O●, and ●CH2OH radicals.69–71 

830 The presence of a second onset at ~9 eV, which coincides roughly with the ionization 

831 threshold of CH3OH, suggests that EI also plays a role at energies above the ionization 

832 energy of CH3OH. We propose that this is due to the proton transfer from CH3OH●+ to a 

833 neighbouring CH3OH molecule which produces CH3O● and ●CH2OH radicals (reactions 2 

834 and 3). 

835 Furthermore, the energy dependences of CH3CH2OH and CH3OCH3 show a resonant 

836 behaviour at 13–15 eV although not as pronounced as for the formation of H2CO. In 

837 contrast, resonant behaviour is not as obvious in the energy dependences of 

838 HOCH2CH2OH and CH3OCH2OH, but the plateau-like behaviour of product yields for 

839 electron energies above 13 eV suggest that there might be minor contributions of EA to 

840 the yields of these products as well. We thus propose that EA to CH3OH followed by 

841 autodetachment, as proposed as explanation for CO formation,4 contributes to some 

Page 50 of 91

ACS Paragon Plus Environment

ACS Earth and Space Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



842 extent the formation of CH3OCH3 and CH3CH2OH, and possibly also the formation of 

843 HOCH2CH2OH and CH3OCH2OH.

844 Reactions Leading to Formaldehyde

845 At electron exposures of 500 µC/cm², H2CO formation shows an onset at 9 eV and a 

846 resonance at 13 eV (Figure 11). At E0 = 13 eV, we further observed desorption of H2 

847 during electron irradiation (Figure S16Error! Reference source not found.). Noticeably, the 

848 on-resonance formation of H2CO occurs in the same range of energies as observed by 

849 Lepage et al. for the production of CO in condensed CH3OH that is thought to proceed via 

850 reaction 1.4 We thus propose that the on-resonance formation of H2CO proceeds by EA 

851 to CH3OH followed by autodetachment and subsequent dissociation of CH3OH into H2CO 

852 and H2.

853 Noticeably, product yields do not decline to baseline level for E0 > 13 eV indicating that EI 

854 and/or ND also lead to formation of H2CO at these higher energies. Both EI (reactions 2 

855 and 3) as well as ND are known to produce ●CH2OH and CH3O● radicals. It is conceivable 

856 that these radicals split off a H● atom in a unimolecular process to produce H2CO. 

857 However, a previous study has shown that H2CO formation from CH3O● produced by an 

858 electron-induced reaction of CH3OH is considerably enhanced in the presence of C2H4 

859 which can act as hydrogen acceptor.34 This suggests that, if at all, only a minor fraction of 

860 CH3O● radicals is able to undergo spontaneous C–H cleavage to form H2CO. In addition, 

861 H2CO might be produced by hydrogen transfer between either ●CH2OH or CH3O● and any 
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862 other radical R●.  We thus conclude that this disproportionation reaction is the more  

863 plausible scenario for the formation of H2CO as observed here. 

864 Disproportionation among radicals that would yield H2CO competes with recombination 

865 that would yield the larger products as discussed in “Reactions Leading to Molecular 

866 Synthesis”. However, the relative yield of H2CO as compared to the larger products is 

867 considerably higher at 13 eV where the resonant channel is open than at 20 eV 

868 (Figure 11). This suggests that the resonant pathway proposed by Lepage4 in fact 

869 predominantly leads to elimination of H2 and not to radical formation. In reverse, it also 

870 supports the conclusion drawn in “Reactions Leading to Molecular Synthesis” that ND and 

871 to some extent EI channels dominate the formation of the the larger products.

872 At higher electron exposures of 9000 µC/cm², H2CO formation is observable down to 

873 electron energies as low as 2.5 eV (Figure 12) which is considerably below the ionization 

874 and excitation thresholds of the parent CH3OH molecule.56,66 This suggests that DEA 

875 initiates the product formation at these low energies. CH3OH has known resonances at 

876 2.9 eV, 6.5 eV, 8.0 eV and 10.5 eV in the gas phase, while in condensed phase ESD 

877 experiments, resonances have been observed at 3–4 eV, 6 eV, 8–9 eV, and 11 eV 

878 (Table 2). The lowest two resonances can contribute to the formation of H2CO in the low-

879 energy regime.

880 It is remarkable that larger products are not formed below 6 eV. This finding can be 

881 rationalized by a more selective formation of CH3O● as the radical species that act as 
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882 precursors to H2CO. In this scenario, only two radical reactions are possible, namely 

883 recombination among CH3O● radicals yielding CH3OOCH3 and disproportionation to 

884 CH3OH and H2CO as products.

885 The DEA resonance at 6.5 eV in the gas phase and at 6 eV in the condensed phase has 

886 been reported to yield mainly H-. From gas phase experiments with isotopically labelled 

887 CH3OH, it is further known that H- stems exclusively from the –OH group which yields 

888 CH3O●.59 In the condensed phase, negative ion ESD experiments have suggested that H– 

889 stems from both the –OH and –CH3 moiety which would lead to both CH3O● and ●CH2OH 

890 radicals.77 This interpretation, however, must be treated with caution as the reaction 

891 between H- or D- with neighbouring CH3OH molecules can lead to isotopic exchange. This 

892 might have occurred in the ESD experiment77 because CH3OH molecules tend to form 

893 hydrogen bonds to each other leading to clustering even at low coverage. 

894 Similarly, the DEA resonance at 3–4 eV, yielding the O●- radical anion, could in principle 

895 produce CH3O● and ●CH2OH radicals by reaction of O●- with a neighbouring CH3OH 

896 molecule (reaction 4 and 5). Experimental studies suggest, however, that the production 

897 of CH3O● is favoured over that of ●CH2OH73 which again explains the lack of larger 

898 recombination products in this energy range as observed in the present study. 

899 In principal, it is also conceivable that H2CO is formed by elimination of H2 from CH3OH 

900 which would equally explain the absence of any recombination products below the 

901 excitation threshold. From an energetic point of view, this reaction might in fact occur as, 
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902 according to our calculations, the difference in Gibbs Free Energy of this process at 35 K 

903 is ΔG = +0.20 eV and thus below the onset we observed in the energy dependence of 

904 H2CO. It is, however, not obvious how such a reaction can be initiated below the energetic 

905 threshold for ND and EI. In the field of photochemistry, dissociation of CH3OH with photon 

906 energies below the excitation threshold is known to occur upon multiphoton absorption.78 

907 Multiphoton absorption, however, yields mainly radical species and unimolecular 

908 elimination of H2 does not occur or is at least inefficient.78 We thus do not believe that 

909 multiple vibrational excitation of a CH3OH molecule by interaction with the impinging 

910 electrons is a straightforward explanation for the observed formation of H2CO below the 

911 excitation threshold.

912 The observed linear increase of H2CO yield is thus ascribed to overlapping contributions 

913 of the DEA resonances at 3–4 eV and at 6 eV as well as of ND starting from an onset at 

914 ~6 eV.

915 Reactions Leading to Methane

916 The energy dependence of CH4 formation at electron exposures of 125 µC/cm² reveals 

917 an onset at 9 eV which is similar to that of HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and 

918 CH3CH2OH but also shows contributions of a resonant process around 13 eV (Figure 11). 

919 As mentioned above, DI of CH3OH is largely surpressed in the condensed phase. It is 

920 thus not obvious, how EI can yield CH4, because the C–O bond must be cleaved. 

921 Therefore, we propose that EE, EA with subsequent autodetachment, or both are 
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922 responsible for the production of CH4 seen in the low-exposure regime as both produce 

923 electronically excited CH3OH molecules. On the basis of kinetic fits, it has been proposed 

924 that CH3OH decays in a unimolecular reaction into CH4 and O(1D).7 To our knowledge, 

925 however, this fragmentation channel has not been reported upon electron irradiation in 

926 any study. Furthermore, this dissociation channel has been reported to not occur upon 

927 photofragmentation of CH3OH.69 Since kinetic fits do not allow to infer unambiguous 

928 information on a reaction mechanism, we conclude that there is lack of clear evidence for 

929 this mechanism in the present study.

930 In contrast, we have clear evidence for the formation of CH3● radicals upon electron 

931 irradiation at 20 eV as has been shown by the deconvolution of the ESD integral intensities 

932 (see Figure 2). In addition, we have shown that CH3CH2OH and CH3OCH3 are formed as 

933 co-products (Figure 7) which are associated with the production of CH3● radicals (Scheme 

934 2). We thus propose that CH4 is formed by a number of two-step reaction pathways where 

935 the first step in each case is the dissociation of the electronically excited CH3OH into CH3● 

936 and HO● radicals (reaction 11) where the initial excitation can be either resonant at 

937 energies around 13 eV or direct.

938 (11)CH3OH + e ― (E0)→CH3OH ∗ + e ― (E′)→CH•
3 +HO• + e ― (E′)

939 (12)CH•
3 +CH3OH→CH4 +CH3O•

940 (13)CH•
3 +CH3OH→CH4 + •CH2OH
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941 (14)CH•
3 + H•→CH4

942 (15)CH•
3 + RH•→CH4 +R

943 The initially released CH3● radical can abstract a H● atom from a nearby CH3OH molecule 

944 (reactions 12 and 13), recombine with a H● atom (reaction 14), or undergo 

945 disproportionation with any other radical RH● which leads to the formation of CH4 (reaction 

946 15). Reactions 12–15 can contribute to the effective lowering of the concentration of these 

947 CH3● radicals proposed in “Reactions Leading to Molecular Synthesis” as reason for the 

948 absence of C2H6 formation. On the basis of our experimental data, we cannot clearly 

949 deduce branching ratios between the different reaction channels. However, based on the 

950 excess of CH3OH present in the reaction mixture, we propose that, above the ionization 

951 threshold, CH4 is predominantly formed by reaction of CH3● with a nearby CH3OH 

952 (reactions 12 and 13).

953 The dependence of CH4 yield on electron energy after electron exposures of 9000 µC/cm² 

954 shows an onset for product formation at 2.5 eV and a pronounced shoulder between 4 

955 and 7 eV suggesting an underlying resonant process. We propose that the on-resonance 

956 formation of CH4 around 4 eV proceeds via reaction 16 and is due to the DEA channel 

957 yielding O●- reported previously to proceed around 3–4 eV.62 

958 (16)CH3OH•–→CH4 + O•–

959 In fact, the fragmentation described by reaction 16 is the only DEA channel leading to O●- 

960 that is thermodynamically accessible in this energy range3,58,59 with the predicted 
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961 thermodynamic threshold of 2.4 eV coinciding well with the onset of CH4 formation in the 

962 present work. The additional onset for CH4 formation at E0 ~ 7.5 eV roughly coincides with 

963 the excitation threshold of CH3OH. We thus propose that ND of CH3OH yields CH3● and 

964 HO● radicals, the first of which subsequently react with a nearby CH3OH molecule to yield 

965 CH4 and either CH3O● or ●CH2OH (reactions 12 and 13). In addition, the onsets of the 

966 higher energy O●- resonances (Table 2) might also contribute to the further increase of 

967 CH4 yield as they produce either intact CH4 or CH3● radicals.

968 Conclusion

969 The formation of CH4, H2CO, HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH 

970 in condensed multilayer adsorbates of CH3OH upon electron irradiation has been 

971 monitored by the combined use of electron-stimulated and thermal desorption 

972 experiments. The energy dependences of the yields were simultaneously measured for 

973 all products between 2.5 eV and 20 eV. From this, reaction mechanisms leading to each 

974 product have been deduced. In particular, the close agreement between the energy 

975 dependences of the yields of HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH 

976 together with the characteristic thresholds behaviour indicates that these products 

977 predominantly result from recombination of CH3●, CH3O● and ●CH2OH radicals that are 

978 formed by ND or, above the ionization threshold, by EI and subsequent proton transfer to 

979 an adjacent CH3OH. Radical chemistry also contributes to the non-resonant formation of 

980 CH4 by reaction of a CH3● radical with a nearby CH3OH molecule.
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981 In contrast, the formation of H2CO and, to a smaller extent, also of CH4 is resonantly 

982 enhanced around 13 eV. This process conincides with the previously reported resonant 

983 production of CO which was ascribed to EA and subsequent rapid autodetachment that 

984 leaves CH3OH in a highly excited electronic state.4 This neutral reactive intermediate state 

985 most likely decays directly to H2CO by loss of H2. Most interestingly, another resonant 

986 channel is clearly visible around 4 eV in the energy dependent yield of CH4. This reaction 

987 must be initiated by DEA to CH3OH which yields O●- as observed previously around 3–

988 4 eV by ESD.62 From thermodynamic arguments, O●- formation at such low energies can 

989 only be realized together with CH4. The same resonance also accounts for the onset of 

990 H2CO formation near 2.5 eV. The lack of larger products in this energy range is explained 

991 by the formation of CH3O● as the only radical species upon reaction of O●- with CH3OH. 

992 Upon encounter, two CH3O● radicals can then disproportiate to yield H2CO and recover 

993 one molecule of CH3OH.

994 Our results constitute the most comprehensive study of the energy dependence of product 

995 formation during electron exposure of condensed CH3OH reported so far. Together with 

996 previous studies on the electron-induced formation of CO4 as well as HOCH2CH2OH and 

997 CH3OCH2OH3 from condensed CH3OH, our study provides a comprehensive picture of 

998 the reactions triggered by electron impact with energies in the range between 2.5 eV and 

999 20 eV as representative of low-energy secondary electrons released from condensed 

1000 material, for instance, under the effect of cosmic radiation. Our results reveal that not only 

1001 ND, but also DEA as well as EI contribute to the overall product yield which might help to 
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1002 refine current astrochemical models. We note, however, that DEA to CH3OH might be 

1003 underestimated in the present as well as in previous studies as most of the larger 

1004 recombination products depend on the production rates of two different radical species. 

1005 Thus, selective dissociation channels yielding specific radicals might not be reflected in 

1006 the energy dependences of these recombination products. This hypothesis needs to be 

1007 investigated more comprehensively in future studies. This could be achieved, for example, 

1008 by mixing CH3OH with additives like CO that are capable of reacting with specific radicals 

1009 produced by DEA to CH3OH. 

1010 In contrast to IR spectroscopy, ESD and TDS do not allow to track the temporal evolution 

1011 of products during irradiation or upon annealing. This drawback, however, is 

1012 counterbalanced by the high sensitivity of mass spectrometry and the possibility to identify 

1013 products by specific fragments which are often more characteristic than absorption bands. 

1014 Thus, both methods provide complementary information that can be used to obtain a more 

1015 comprehensive picture.

1016 Associated Content

1017 Supporting Information

1018 Figure S1–S2, Thermal desorption spectra for various amount of deposited CH3OH which 

1019 were used for monolayer calibration; Figure S3, Mass spectra used to identify 

1020 characteristic mass-to-charge ratios for the discussed products; Figure S4, ESD spectra 

1021 used for the integrated signals in Figure 2; Figure S5, Identification of CO; Figure S6, 
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1022 Identification of methyl formate and glycolaldehyde; Figure S7–S11, dependence of the 

1023 formation of CH4, CH3CH2OH, CH3OCH3, HOCH2CH2OH, and CH3OCH2OH on electron 

1024 exposure at 20 eV; Figure S12–S15, dependence of the formation of CH4, CH3CH2OH, 

1025 CH3OCH3, and CH3OCH2OH on electron exposure at 8 eV; Figure S16, ESD of H2 upon 

1026 electron exposure of CH3OH at 13 eV.
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Scheme 2. Electron-molecule interactions lead to the formation of CH3
●, ●CH2OH, and CH3O● radicals which 

can recombine to yield HOCH2CH2OH, CH3OCH2OH, CH3OCH3, and CH3CH2OH. The potential recombination 
products ethane (C2H6) and dimethyl peroxide (CH3OOCH3) (red) have not been observed in the present 

study. 
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