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Supplementary Methods 
 

1. Calculations of column densities of methylamine (CH3NH2) and oxygen (O2) in the ice mixture.  

 

The column density of methylamine (𝑁𝐶𝐻3𝑁𝐻2
) in the ice mixture was determined to be 5.3 ± 0.5 × 1016 

molecules cm-2 using the integrated area of the IR absorption band ν3 (2794 cm-1) of methylamine and its 

corresponding integral absorption coefficient (Aexp) of 1.0 × 10-18 cm molecule-1 in equation 1;1  

 

𝑁𝐶𝐻3𝑁𝐻2
=  

ln 10 ∫ 𝐴𝜈𝑑𝜈
𝜈2

𝜈1

𝐴𝑒𝑥𝑝

cos(𝜃)

2
       (1) 

where ∫ 𝐴𝜈𝑑𝜈
𝜈2

𝜈1
 is the integrated peak area of the absorbance in the region ν1-ν2 cm-1, Aexp is the 

integrated absorption coefficient and θ is the angle of incidence (45°) of the IR beam. On the other hand, 

the column density of the oxygen molecule cannot be directly determined from the FTIR spectrum 

because its vibrational mode is IR inactive. To determine the column density of O2, we first calculated the 

thickness of methylamine (CH3NH2) in the ice mixture (CH3NH2 + O2) using equation 2 

𝑑𝐶𝐻3𝑁𝐻2
=  

ln 10 𝑀 ∫ 𝐴𝜈𝑑𝜈
𝜈2

𝜈1

2𝑁𝐴𝜌𝑛 𝐴𝑒𝑥𝑝
√𝑛2 − 𝑠𝑖𝑛2𝜃        (2) 

where M is the molecular weight, NA is the Avogadro’s number, ρ is the density of methylamine ice (0.85 

g cm-3)1 and n is the refractive index of methylamine (n = 1.40)1. From equation 2, the thickness of 

methylamine ice in the ice mixture was determined to be 39 ± 4 nm. The total thickness of the ice mixture 

(dt = 239 ± 24 nm) was determined using equation 3. 

𝑑𝑡 =
𝑚𝜆

2√𝑛2−sin2 𝜑
          (3) 

Where, m is the number of interference fringes (m= 1) observed after reflection of the He-Ne laser light 

(λ = 632.8 nm) from the silver substrate and ice surface, φ (= 4°) is the incidence angle of the laser, and n 

is the average refractive index. Next, we determined the O2 ice thickness (𝑑𝑂2
) to be 200 ± 20 nm, by 

subtracting the methylamine ice thickness (𝑑𝐶𝐻3𝑁𝐻2
) from the total thickness (dt) of the ice mixture 

(equation 4). 

 

𝑑𝑂2
=  𝑑𝑡 − 𝑑𝐶𝐻3𝑁𝐻2

                  (4) 

 

𝑁𝑂2
=

𝑑𝑂2
2𝑁𝐴𝜌𝑛

𝑀√𝑛2 − 𝑠𝑖𝑛2𝜃
 
cos(45°)

2
        (5) 
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Using thickness ( 𝑑𝑂2
= 200 𝑛𝑚), density (ρ = 1.54 g cm-1)2 and refractive index (n = 1.25)2 of O2 ice in 

eq. 5, the column density of the oxygen in the ice mixture is determined to be 49 ± 5 × 1016 molecules cm-

2. 

 

2. Generation of VUV light 

(I) 9.50 eV – The second harmonics (532 nm) of a pulsed ND:YAG laser (Spectra Physics, PRO-250-30; 

30 Hz, 10 ns) was used to pump a dye laser (Sirah Cobra Stretch) having Rhodamine 610/640 dye 

mixture. The fundamental output of the dye laser (606.948 nm) undergoes frequency tripling to generate 

202.316 nm (ω1) light. Two photons of ω1 is required to access the resonant transition of Krypton. The 

third harmonics (355 nm) of a second ND:YAG laser (Spectra Physics, PRO-250-30; 30 Hz, 10 ns) was 

used to pump another dye laser (Sirah Cobra Stretch) containing Coumarin 450 dye to generate 449.794 

nm (ω2) light. The 202 nm and 449.794 nm lights were spatially and temporally overlapped on pulsed jet 

of Krypton (80 µs, 30 Hz) which act as a non-linear medium. Difference frequency mixing of two 

photons of ω1 and one photon of ω2 in Krypton (2ω1-ω2) results in the generation of 130.51 nm (ωVUV = 

9.50 eV) light. A LiF biconvex lens is used to separate the 130.51 nm light from residual 202 nm and 

449.794 nm lights.  

 

(II) 9.10 eV – The 136.24 nm (9.10 eV) light was generated via difference frequency mixing of two 

photons of 222.566 nm (ω1) and one photon of 579.014 nm (ω2) light in xenon. To produce ω1, the 

fundamental output of a dye laser (445.132, Coumarin 450), pumped by the third harmonics (355 nm) of 

an ND:YAG laser (Spectra Physics, PRO-250-30; 30 Hz, 10 ns), was frequency doubled through a BBO 

crystal. The second harmonics (532 nm) of a pulsed ND:YAG laser was used to pump another dye laser 

having Pyrromethane 593 dye to generate ω2 (579.014 nm).    The ω1 and   ω2 lights were spatially and 

temporally overlapped on the pulsed jet of Krypton for difference frequency generation of 136.24 nm 

light. The generated VUV light ( 136.24 nm) is eventually separated from the residual 222.566 nm and 

579.014 nm lights by the help of a LiF biconvex lens and directed at about 2 mm above the sample to 

ionize the subliming molecules. 
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Supplementary Figures 

 

 

Supplementary Figure 1. Schematic top view of the ultra-high vacuum chamber including the 

electron source, analytical instruments (FTIR, UV-VIS, ReTOF), and cryogenic target (point of 

convergence lines).3,4 Adapted with permission from ref. 3. Copyright (2013) American 

Chemical Society.  
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Supplementary Figure 2. Infrared spectra of methylamine and oxygen ice mixture (a) before 

and (b) after irradiation at 5 K. Vibrational modes of methylamine (ν1 – ν11) are labeled in (a). 

New absorption bands observed after irradiation are labeled in (b). The calculated and scaled -

OH (3659 cm-1) and -NH2 (3146 cm-1) stretching vibrations of aminomethanol (1) are marked 

with asterisks. Scaling factors of 0.96 and 0.95 were used to scale the calculated -OH and -NH2 

stretches of 1, respectively. These scaling factors were determined by dividing experimental -OH 

(3656 cm-1) and -NH2 (3312 cm -1) vibrational frequencies of N-methylhydroxylamine5 (4) by 

corresponding calculated frequencies. The unscaled vibrational frequencies of aminomethanol 

isomers are provided in Supplementary Data 2. Source data are provided as a Source Data file.     
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Supplementary Figure 3. PI-ReTOF mass spectrum measured as a function of temperature 

during the TPD phase of non-irradiated methylamine (CH3NH2) and oxygen (O2) ice mixture at a 

photon energy of 10.49 eV. The dark colored purple lines indicate ion counts. Source data are 

provided as a Source Data file.      
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Supplementary Figure 4. PI-ReTOF mass spectra measured at m/z = 49, 80 and 91 during the 

sublimation phase of irradiated CH3NH2 – 18O2 ice mixture along with the mass spectrum 

recorded at m/z = 47 in non-isotopic system (CH3NH2 – O2) at a photon energy of 9.50 eV. 

Source data are provided as a Source Data file.      
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Supplementary Figure 5. Decomposition pathways of aminomethanol calculated at the 

CCSD(T)/CBS//MP2/aug-cc-pVTZ level of theory. Coordinates of the transition states are 

provided in Supplementary Table 5.    
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Supplementary Tables 

 

 

Supplementary Table 1. Data applied to calculate the average dose per molecule. 

  

Initial Kinetic energy of the electrons 5 keV 

Irradiation current (I) 100 ± 10 nA 

Irradiation time (t) 3600 s 

Average penetration depth, l 202 ± 20 nm 

Average kinetic energy of backscattered electrons, Ebs
a 3.3 ± 0.3 keV 

Fraction of backscattered electrons, fbs
a 0.35 ± 0.04 

Average kinetic energy of transmitted electrons, Etrans
a, 0.0 keV 

Fraction of transmitted electrons, ftrans
a 0 

Average density of the ice mixture, ρ 1.20 g cm-3 

Irradiated area, A 1.0 ± 0.2 cm2 

total number of molecules processed 4.5 ± 0.5 × 1017 

dose per molecule, D  methylamine: 18.3 ± 0.2 eV 

oxygen: 18.9 ± 2.3 eV 

Total number of electrons  2.2 ± 0.2 × 1015 

 

a Values from CASINO simulations.  
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Supplementary Table 2. (a) Infrared features of methylamine-oxygen ice mixture before 

irradiation and (b) new vibrational bands appeared after irradiation at 5 K.  

(a) Before Irradiation  

wavenumber  

observed (cm-1) 

wavenumber  

literature (cm-1)1 

assignments carrier Ref. 

3376 3332 ν10 NH2 asymm. stretch (1) 

3274 3260 ν1 NH2 symm. stretch (1) 

3185 3191  H-bonding (1) 

2950 2942 ν11 CH3 stretch (1) 

2886 2881 ν2 CH3 stretch (1) 

2794 2793 ν3 CH3 symm. stretch (1) 

1623 1651 ν4 NH2 scissor (1) 

1479 1467 ν5 CH3 deformation (1) 

1459 1441 ν6 CH3 deformation (1) 

1149 1182 ν7 CH3 rocking (1) 

1043 1048 ν8 C-N stretch (1) 

900 955 ν9 NH2 wagging (1) 

 

(b) After Irradiation 

 

3680-3000 3700-3000 ν (-OH/-NH-) O-H/N-H stretch (6) 

3000-2800 3000-2800 ν (-CH3/-CH2-) C-H stretch (6) 

2343 2343 ν3 (CO2) C=O stretch (7) 

2169 2137 ν1 (CO) C≡O stretch (7) 

1693 1662 ν (-C=N-) C=N stretch (8) 

1612 1616 δ (-NH-) N-H deformation (9) 

1556  δ (-OH) O-H bending  

1039  ν (C-N/N-N) C-N/N-N stretch  
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Supplementary Table 3. Parameters for the vacuum ultraviolet (VUV) light generated in the 

present study 

Photon energy (eV)  9.50 9.10 

Nd:YAG (ω1) Wavelength (nm) 532 355 

Dye laser (ω1) Wavelength (nm) 606.948 
445.132 

 

Dye  Rh 610/ Rh 640 Coumarin 450 

ω2 Wavelength (nm) 449.794 579.014 

Nd:YAG (ω2) Wavelength (nm) 355 532 

Dye laser (ω2) Wavelength (nm) 449.794 
579.014 

 

Dye  Coumarin 450 Pyrromethane 593 

 Nonlinear medium Kr Xe 

  



12 
 

Supplementary Table 4. Calculated adiabatic ionization energies (IE) and relative energies 

(Erel) of distinct CH5ON isomers. Values calculated at the CCSD(T)/CBS//CCSD(T)/aug-cc-

pVTZ level of theory (blue color text) are considered for comparison with the experiment 

 

  DFT/CCSD(T) CCSD(T) 

Structure Name IE 

(eV)a 

Erel  

(kJ mol−1)b 

IE 

(eV)c 

IE range 

(eV)d 

Erel  

(kJ mol−1)e 

 

Cs-aminomethanol  

(1a) 
9.39 0.00 9.28 

 

9.30 – 9.23 0 

 

C1-aminomethanol  

(1b) 
9.41 2.28 9.30 

 

9.32 – 9.25 2 

 

methanamine oxide 

(2) 
8.97 243.05 8.82 

 

8.84 – 8.77 239 

 

O-methylhydroxylamine 

(3) 
8.74 181.28 8.70 

 

8.72 – 8.65 173 

 

E-N-

methylhydroxylamine 

(4a) 

8.63 156.63 8.55 

 

8.57 – 8.50 151 

 

Z-N-

methylhydroxylamine 

(4b) 

8.49 169.79 8.41 

 

8.43 – 8.36 165 

 

(methyloxonio)amide  

(5) 
7.69 434.24 7.58 

 

7.60 – 7.53 420 

 

a Adiabatic ionization potential by CCSD(T)/CBS with B3LYP/aug-cc-pVTZ ZPVE correction in eV. 
b Relative energy by CCSD(T)/CBS with B3LYP/aug-cc-pVTZ ZPVE correction in kJ mol−1. 
c Adiabatic ionization potential by CCSD(T)/CBS from the CCSD(T)/aug-cc-pVTZ geometry and with 

ZPVE correction in eV. 
d IE range is determined by including the error limits (-0.05 to +0.02 eV) from ref. 10 in the calculated 

(CCSD(T)/CBS//CCSD(T)/aug-cc-pVTZ) IE values and subtracting 0.03 eV to correct for the electric 

field effect. 
e Relative energy by CCSD(T)/CBS from the CCSD(T)/aug-cc-pVTZ geometry with ZPVE correction in 

kJ mol−1. 
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Supplementary Table 5. Coordinates of the transition states depicted in Supplementary Figure 5 

TS (1a →formaldehyde + ammonia) 

 X Y Z 

C -0.258986 0.615775 0.000000 

O -1.108789 -0.428744 0.000000 

H 0.206646 -1.007593 0.000000 

H -0.244251 1.249930 -0.898680 

H -0.244251 1.249930 0.898680 

N 1.063102 -0.211535 0.000000 

H 1.631315 -0.140041 0.838061 

H 1.631315 -0.140041 -0.838061 

 

TS (1a →methanimine + water) 

 X Y Z 

          C -0.086560 -0.097928 -0.103223 

O 0.025315 0.088776 1.674187 

H 1.064594 -0.217021 1.094081 

H 0.082160 1.036320 1.877013 

H -0.581014 0.800034 -0.471556 

H -0.724120 -0.971654 -0.044800 

N 1.241594 -0.313321 -0.249228 

H 1.702148 0.546533 -0.536568 
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