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Materials and Methods 

Experimental  

Experiments were conducted in an ultrahigh vacuum chamber evacuated to a base pressure 

of a few 10-11 torr using turbo molecular pumps backed by dry scroll pumps.1, 2 To prepare each 

ice mixture, gases of methane (CH4; 99.95% Sigma Aldrich) and nitrogen monoxide (NO; 

99.95% Sigma Aldrich) were premixed and deposited at 5×10-8 torr via glass capillary onto a 

silver substrate which is mounted on a cold finger made from oxygen free high conductivity 

copper. The temperature of the cold finger was maintained at 4.9 ± 0.2 K using closed cycle 

helium refrigerator (Sumitomo Heavy Industries, RDK-415E) during deposition of the gases. 

The ice mixtures of 13C-methane (13CH4) and nitrogen monoxide (NO) as well as deuterated-

methane (CD4) and NO were prepared in the similar way. The thickness of each ice of 743 ± 50 

nm was determined in situ via laser interferometry (for details see Figure S5). The infrared 

spectra of the ice mixtures were collected in the 6000-600 cm-1 region using a Fourier Transform 

Infrared Spectrometer (Nicolet 6700) operated at a resolution of 4 cm-1. The ratio of nitrogen 

monoxide (NO) to methane (CH4) in the ice mixture was found to be 1.1 ± 0.4 :1, based on the 

column densities of NO and CH4 calculated using a modified Lambert-beer law equation.3 The 

column densities of nitrogen monoxide (NO; 1.29 ± 0.3 × 1017 molecules cm-2) and methane 

(CH4; 1.23 ± 0.2 × 1017 molecules cm-2 )  were  determined using integrated area of the ɜ1 band 

(1860 cm-1) of NO and  ɜ4 band (1297 cm-1) of CH4  with their absorption coefficients of 9.2 × 

10-18 and 1.40 × 10-17  cm molecule-1, respectively.4, 5 Then, each ice mixture was exposed to 5 

keV energetic electrons at an angle of 70º to the normal of the substrate at an electron current of 

20 ± 2 nA for 15 min. IR spectra of the ices were measured in situ during irradiation to monitor 

the changes induced by ionizing radiation. Using Monte Carlo simulations via CASINO 2.42 

software,6 the average penetration depth of the electrons in the ice mixture was found to be 317 ± 

30 nm and the average energy deposited was calculated to be 0.44 ± 0.04 eV molecule-1 for 

methane and 0.82 ± 0.08 eV molecule-1 for nitrogen monoxide (Table S6). Hereafter, ices were 

annealed at a rate of 1 K min-1, and molecules subliming from the substrate were ionized and 

detected using photoionization along with reflectron time-of-flight mass spectrometry (PI-

ReTOF-MS). Pulsed VUV light is utilized for the photoionization of the molecules. Five VUV 

energies at 10.49 eV, 9.95 eV, 9.92 eV, 9.50 and 9.00 eV were used to differentiate between 
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isomers of oxaziridine (Table S7). The ions formed are extracted and eventually separated based 

on their mass-to-charge (m/z) ratio before reaching to microchannel plate (MCP) detector. The 

MCP detector generates a signal when ions reach to the detector. This signal is amplified using a 

preamplifier (Ortec 9305) and shaped with a 100 MHz discriminator. The discriminator sends the 

signal to a computer based multichannel scaler, which records the signal in 4 ns bins triggered at 

30 Hz by a pulse delay generator. 3600 sweeps were collected for each mass spectrum per 1 K 

increase in the temperature during the TPD phase.  

 

Computational  

The reactions between carbene (CH2) and nitrosyl hydride (HNO) proceeding on the triplet 

and singlet potential energy surfaces (PESs) are investigated. Collision complexes were 

identified, their mutual conversion and subsequent isomerization of cyclo-H2CONH (1) were 

characterized. The geometries of these species and transition states were optimized along with 

the harmonic frequencies by utilizing coupled cluster CCSD/cc-pVTZ calculations. Their 

CCSD(T)/cc-pVDZ, CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ energies were computed and 

extrapolated to complete basis set limits, CCSD(T)/CBS, with CCSD/cc-pVTZ zero-point energy 

corrections.  These energies are expected to be accurate within 4 kJ mol-1.7  The triplet - singlet 

minimum energy crossing points (MSX) were located with CPMCSCF8/TZVPP method with 

energy refined via CCSD(T)/CBS. The intrinsic reaction coordinate (IRC) calculations at 

CCSD/cc-pVTZ//CCSD(T)/CBS level were carried out to probe the entrance of singlet CH2 + 

HNO Ą 1, 2, 7 channels. The GAUSSIAN 16 program9 was employed in coupled cluster 

calculations, and MOLPRO8 was used for the surface-crossing. 

 

Generation of VUV light 

1. 10.49 eV ïThe third harmonics (355 nm) of a pulsed ND:YAG laser (Spectra Physics, 

PRO-250-30; 30 Hz) is exploited for generating 10.49 eV VUV light. The 355 nm light was 

focused on pulsed jet of Xenon (80 µs, 30 Hz) which results in generation of 118 nm light (10.49 

eV) via non-linear mixing. The 10.49 eV light was separated from 355 nm light by a LiF 

biconvex lens (ISP Optics) and directed 2 mm above the sample to ionize the subliming 

molecules.    
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2. 9.95 eV ï 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 (ɤ1) light. Two photons of ɤ1 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 540 A dye to generate 537.550 nm (ɤ2) light. The 202 nm 

and 537.550 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 ɤ1 

and one photon of ɤ2 in Krypton (2ɤ1-ɤ2) results in the generation of 124.61 nm (ɤVUV = 9.95 

eV) light. A LiF biconvex lens is used to separate the 124.61 nm light from residual 202 and 

537.550 nm lights.  

3. 9.92 eV ï The 124.98nm (9.92 eV) light was generated via difference frequency mixing 

of two photons of 202.316 nm (ɤ1) and one photon of 532 nm (ɤ2) light in krypton. The process 

of producing 202.316 nm light has been discussed in the generation of 9.95 eV light. The 532 nm 

light is generated by frequency doubling the fundamental output (1064 nm) of a pulsed ND:YAG 

laser. The 202.316 nm (ɤ1) and 532 nm (ɤ2) lights were spatially and temporally overlapped on 

pulsed jet of Krypton for difference frequency generation of 9.92 eV light, which is eventually 

separated from the residual ɤ1 and ɤ2 through a LiF biconvex lens. The generated 9.92 eV light 

is directed at about 2 mm above the sample to ionize the subliming molecules. 

4. 9.50 eV ï Difference frequency mixing of two photons of 202.316 nm (ɤ1) and one 

photon of 449.794 nm (ɤ2) in Krypton results in generation of 130.51 nm (9.70 eV) light. The 

process of producing 202.316 nm is identical to that of described in the generation of 9.95 eV 

light. To generate 449.794 nm light, a dye laser containing Coumarin 450 dye was pumped by 

the third harmonics (355 nm) of a ND:YAG laser. Both ɤ1 and ɤ2 were spatially and temporally 

overlapped on the pulsed jet of Krypton for difference frequency generation of 130.51 nm light. 

The 130.51 nm light generated is eventually separated from the residual 202.316 nm and 449.794 

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

ionize the subliming molecules.  

 



5 
 

5. 9.00 eV ï  The 124.98 nm (9.92 eV) light was generated via difference frequency mixing 

of two photons of 222.566 nm (ɤ1) and one photon of 579.014 nm (ɤ2) light in xenon. To 

produce ɤ1, 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 ɤ2 

(579.014 nm).    The ɤ1 and   ɤ2 lights were spatially and temporally overlapped on the pulsed 

jet of Krypton for difference frequency generation of 124.98 nm light. The 124.98 nm light 

generated 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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Fig. S1. 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)1, 10. 
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Fig. S2. (a) FTIR spectra of the methane (CH4) and nitrogen monoxide (NO) ice mixture before 

and after the irradiation. Spectral regions 3000-2000 and 2000-1400 cm-1 are magnified in (b) 

and (c) respectively for better visibility. Detailed assignments of the bands are provided in Table 

S2. New bands observed after irradiation are indicated in red color.      
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Fig. S3. (a) FTIR spectra of the 13C-methane (13CH4) and nitrogen monoxide (NO) ice mixture 

before and after the irradiation. Spectral regions 3000-2000 and 2000-1400 cm-1 are magnified in 

(b) and (c) respectively for better visibility. Detailed assignments of the bands are provided in 

Table S3. New bands observed after irradiation are indicated in red color.      
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Fig. S4. (a) FTIR spectra of the D4-methane (CD4) and nitrogen monoxide (NO) ice mixture 

before and after the irradiation. Spectral regions 2400-2000 and 2000-1400 cm-1 are magnified in 

(b) and (c) respectively for better visibility. Detailed assignments of the bands are provided in 

Table S4. New bands observed after irradiation are indicated in red color.      
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Fig. S5. Interference pattern measured during the deposition of a CH4 + NO gas mixture for a 

632.8 nm laser at an angle of incidence of 4°. Number of fringes are labelled below the signal 

minima.  

The thickness of the ice (d) was determined using laser interferometry. A He-Ne laser of 632.8 

nm  wavelength (ɚ) has been used at an angle of incidence (ɗ) equal to 4Á to measure the 

interference. Three interference fringes (m = 3) was observed during the deposition of the ice as 

shown in Figure S5.   

The average refractive index of the ice mixture (nice = 1.28) was determined from the refractive 

indices of the neat nitrogen monoxide (n = 1.25)4 and methane ices (n = 1.33)5 reported in the 

literature. Using the equation given below 

Ὠ
Ѝ

       (1) 

the thickness of the NO + CH4 ice mixture was determined to be 743 ± 50 nm. 
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Fig. S6. PI-ReTOF mass spectra measured at photon energies of (a) 9.95 eV and (b) 9.92 eV   

during the TPD phase of irradiated methane (CH4) and nitrogen monoxide (NO) ice mixture. 
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Fig. S7. PI-ReTOF mass spectrum measured at a photon energy of 10.49 eV during the TPD 

phase of non-irradiated methane (CH4) and nitrogen monoxide (NO) ice mixture i.e. blank 

experiment. 

 

  


