
 

 

Supporting Information 

Accessing the Nitromethane (CH3NO2) Potential Energy Surface in 

Methanol (CH3OH)–Nitrogen Monoxide (NO) Ices Exposed to Ionizing 

Radiation: An FTIR and PI-ReTOF-MS Investigation 

Sándor Góbi
1,2

, Parker B. Crandall
1
, Pavlo Maksyutenko

1,3
, Marko Förstel

1,4
, Ralf I. Kaiser

1,* 

1
 Department of Chemistry, University of Hawai‘i at Mānoa, Honolulu, HI 96822, USA 

W.M. Keck Laboratory in Astrochemistry, University of Hawai‘i at Mānoa, Honolulu, HI 96822, USA 
2
 Present address: Department of Chemistry, University of Coimbra, 3004-535, Coimbra, Portugal 

3
 Present address: Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA, 02138, USA 

4
 Present address: Berlin Institute of Technology, IOAP, Hardenbergstrasse 36, 10623 Berlin, Germany 

ralfk@hawaii.edu 

mailto:ralfk@hawaii.edu


 

S1 
 

 

Figure S1. Calibration EI-QMS TPD curve of 1 fringe of neat CH3OH ice deposited on a silver substrate at 5.5 K.
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Table S1. Physical quantities connected to the 

CH3OH ice. 

Physical quantity Value 

Refractive index 1.3284 

Thickness (nm) 240 

Density (g cm
–3

) 1.02 

Mass (g) 2.43 × 10
–5

 

Molar mass (g mol
–1

) 32.04 

Amount (mol) 7.59 × 10
–7

 

Avogadro’s number 6.02 × 10
23

 

Number of molecules 4.57 × 10
17

 

Integrated EI-QMS signal (kcps) 1.36 × 10
9
 

Conversion factor 3.37 × 10
8
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Figure S2. Calibration EI-QMS TPD curve of 1 fringe of neat NO ice deposited on a silver substrate at 5.5 K.
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Table S2. Physical quantities connected to the 

NO ice. 

Physical quantity Value 

Refractive index 1.22 

Thickness (nm) 260 

Density (g cm
–3

) 1.25 

Mass (g) 3.25 × 10
–5

 

Molar mass (g mol
–1

) 30.01 

Amount (mol) 1.08 × 10
–6

 

Avogadro’s number 6.02 × 10
23

 

Number of molecules 6.52 × 10
17

 

Integrated EI-QMS signal (kcps) 5.52 × 10
9
 

Conversion factor 1.18 × 10
8
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Figure S3. Calibration EI-QMS TPD curve of 2 fringes of (a) CH3OH, (b) NO 

in a CH3OH–NO ice mixture deposited on a silver substrate at 5.5 K. 
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Table S3. Physical quantities connected to the CH3OH–NO ice 

mixture. 

Physical quantity Value 

Refractive index 1.16
a
 

Thickness (nm) 540
b
 / 540

c
 

Average density (g cm
–3

)
a
 1.12 

Mass (g) 2.85 × 10
–5

 
d
 / 3.23 × 10

–5 e
 

Average molar mass (g mol
–1

)
a
 30.93 

Amount of substances (mol) 8.90 × 10
–7 d

 / 1.08 × 10
–6 e

 

Avogadro’s number 6.02 × 10
23

 

Number of molecules 5.36 × 10
17 d

 / 6.48 × 10
17 e

 

Integrated EI-QMS signal (kcps) 1.59 × 10
9 d

 / 5.49 × 10
9 e

 

Ratio
b
 1.2 ± 0.1 : 1.0 

a
 Calculated by using the equations shown in Figure S7. 

b
 Calculated from calibrated EI-QMS signals. 

c
 Calculated from laser interferometry. 

d
 CH3OH 

e
 NO 
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Figure S4. Equations used to calculate the refractive index of the CH3OH–NO ice mixture.1
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Table S4. Summary of the electron irradiation experiments of neat NO, CH3OH, and CD3OH ices at 

5.5 K. 

Ice NO CH3OH CD3OH 

Average molar mass of the ice, M (g mol
–1

) 30.01 32.04 35.06 

Average density of the ice, ρ (g cm
–3

)
a
 1.22 1.02 1.12 

Irradiated area, A (cm
2
) 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 

Angle of incidence,  (
o
) 70 70 70 

Irradiation time, t (s) 3600 ± 2 3600 ± 2 3600± 2 

Applied electron current, I (nA) 15 ± 2 15 ± 2 15 ± 2 

Total number of electrons generated (×10
14

) 3.4 ± 0.3 3.4 ± 0.3 3.4 ± 0.3 

Initial kinetic energy of the electrons, Einit (keV) 5.0 5.0 5.0 

Average kinetic energy of backscattered electrons, Ebs (keV)
b
 3.4 ± 0.1 3.2 ± 0.1 3.2 ± 0.1 

Fraction of backscattered electrons, fbs (%)
b
 39 ± 2 33 ± 2 33 ± 2 

Average kinetic energy of transmitted electrons, Etrans (keV)
b
 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Fraction of transmitted electrons, ftrans (%)
b
 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Simulated average penetration depth, l (nm)
b
 270 ± 10 260 ± 10 240 ± 10 

Total number of molecules exposed (×10
17

) 6.5 ± 0.7 5.0 ± 0.5 4.5 ± 0.5 

Dose per molecule, D (eV) 1.9 ± 0.3 2.7 ± 0.4 2.9 ± 0.4 
a
 As the density values for the deuterated species is not available, it was assumed that the same number of 

molecules occupies equal volume for both the CH3OH and CD3OH samples.  

b
 Values from CASINO simulations. 
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VUV generation details 

10.20 eV (121.6 nm) VUV light was generated by resonant four-wave mixing (ωVUV = 2ω1 − 

ω2) in 1.5 × 10
−4

 Torr of krypton (99.999%, Specialty Gases of America) as the nonlinear 

medium. In order to do this, 606.948 nm (2.04 eV) light was produced by the first dye laser 

(Sirah Lasertechnik, Cobra-Stretch) using a mixture of Rhodamine 640 and Rhodamine 610 dyes 

(Exciton). This was pumped by the second harmonic of the fundamental of an Nd:YAG laser 

(532 nm, 2.33 eV, Spectra Physics, PRO-270-30) and tripling the dye laser output frequency 

using β-BaB2O4 (BBO) crystals (44° and 77°). This resulted in ω1 to be 6.13 eV (202.3 nm), 

which were mixed with ω2 = 2.05 eV (604.80 nm) light that was generated by the second dye 

laser (Sirah Lasertechnik, PrecisionScan) using a mixture of Rhodamine 640 and Rhodamine 610 

dyes. The second dye laser was pumped by the second harmonic of the fundamental of the second 

Nd:YAG laser.  

Krypton was utilized as well to obtain VUV photons with an energy of 9.80 eV (126.5 nm). 

For this, mixing ω1 = 6.13 eV (202.3 nm) photons with ω2 = 2.46 eV (504.00 nm) photons 

generated by the second dye laser using Coumarin 503 (Exciton) dye was done.  

Xenon was necessary as a nonlinear medium to generate the 9.15 eV (135.50 nm) 

photoionization energy, which needed the third harmonic of the first Nd:YAG laser (355 nm, 3.49 

eV). This pumped the first dye laser using Coumarin 450 dye to produce 445.132 nm (2.79 eV), 

which was frequency doubled to obtain ω1 = 5.57 eV (222.66 nm). Then it was mixed with ω2 = 

1.99 eV (623.04 nm) VUV photons generated by using a mixture of Rhodamine 640 and 

Rhodamine 610 in the second dye laser pumped by the second harmonic of the fundamental of 

the second Nd:YAG laser. The generated VUV light was then separated by the LiF biconvex lens 

and directed to the main chamber.  
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Figure S5. FTIR spectra of neat (a) NO, (b) CH3OH, and (c) CD3OH ices before 

(black) and after irradiation (red).  
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Table S5. Assignment of the FTIR data of the neat NO ice electron 

irradiation experiment.
a
 

Wavenumber (cm
–1

)
b
 Change 

upon 

irrad.
c
 

Vibr. 

mode 
Assignment

d
 Reference Before 

irrad. 

After 

irrad. 

3588m 3588m – 1 + 5 cis-(NO)2 2 

2232w 2232m + 1 N≡N (N2O) 3 

1860s 
1860m – 1 sN=O (cis-(NO)2) 

4, 5 

1847sh + 1 N=O (N2O3) 

1775sh,  

1749vs 

1775s,  

1749vs,b 
– 5 asN=O (cis-(NO)2) 

– 1597m + 2 asNO2 (N2O3) 

– 1299m + 3 sNO2 (N2O3) 

– 1287sh + 3 N–O (N2O) 3 

780vw 780w + 4 NO2 (N2O3) 4, 5 
a
 Radiolysis products are highlighted in bold.  

b
 vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; b, 

broad; −, no signal 

c
 −/+, decrease/increase of signal; b, broadening upon irradiation 

d
 : stretching, : bending, s: symmetric, as: antisymmetric vibrations

 

  



 

S12 
 

Table S6. Assignment of the FTIR data of the neat CD3OH ice electron 

irradiation experiment.
a,b

 

Wavenumber (cm
–1

)
c
 Change 

upon 

irrad.
d
 

Vibr. 

mode 
Assignment

e
 Reference Before 

irrad. 

After 

irrad. 

3377sh,  

3230vs 

3377sh,  

3230vs 
–, b 1 O–H (CD3OH) 6,7 

2877sh,  

2783s,b 

2877sh,  

2783s,b 
–, b 26 2O–H (CD3OH) 7 

2233m,  

2214m 

2233m,  

2214m 
– 2, 9 asCD3 (CD3OH) 6,7 

2140w 2140w – 210 2asCD3 (CD3OH) 7 

2070s 2070s – 3 sCD3 (CD3OH) 6,7 

2009vw 2009vw – 24 2asCD3 (CD3OH) 7 

1958vw 1958vw – 28 2C–O (CD3OH) 7 

– 1676vw + 2 C=O (D2CO) 8 

1414m,b 1414m,b –, b 6 OH (CD3OH) 6,7 

– 1220vw,b + 6 C–O (CD2OH) 8,9 

1123s 1123m –, b 5 sCD3 (CD3OH) 6,7 

– 1099sh + 3 CD2 (D2CO) 8 

1067w 1067w – 

4, 10 asCD3 (CD3OH) 6,7 1033vw, 

1028vw 
1032vw +

f
, b 

987s 987s – 8 C–O (CD3OH) 6,7 

– 949sh + 6 CD2 (D2CO) 8 

898w, 

880sh 

898w, 

880sh 
– 7, 11 CD3 (CD3OH) 6,7 

a
 For the assignment of electron irradiated CH3OH ices, see reference 10. 

b
 Radiolysis products are highlighted in bold. 

c
 vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder; b, 

broad; −, no signal 

d
 −/+, decrease/increase of signal; b, broadening upon irradiation 

e
 : stretching, : bending, : rocking, : wagging, s: symmetric, as: antisymmetric 

vibrations 

f
 Increase in signal strength due to overlapping with the 6 vibrational mode of the 

forming CD3H product molecule. 
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Figure S6. Three-dimensional visualization of the PI-ReTOF-MS data of the (a) blank and (b) irradiated neat NO ice samples at 

the photoionization energy of 10.49eV. 
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Figure S7. Three-dimensional visualization of the PI-ReTOF-MS data of the (a) blank and (b) irradiated neat CH3OH ice samples at 

the photoionization energy of 10.49eV. 
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Figure S8. Three-dimensional visualization of the PI-ReTOF-MS data of the (a) blank and (b) irradiated neat CD3OH ice samples at 

the photoionization energy of 10.49eV. 
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Figure S9. Three-dimensional visualization of the PI-ReTOF-MS data of the blank (a) CD3OH–NO and (b) CD3OH–NO ice samples 

at the photoionization energy of 10.49eV. 

  



 

S17 
 

 

Figure S10. EI-QMS data of selected species subliming from the (a) blank and (b) irradiated neat NO ices. Data 

in (c) and (d) show the respective PI-ReTOF-MS profiles at the photoionization energy of 10.49eV.
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Table S7. Signals detected by the PI-ReTOF-MS technique in the irradiated 

neat NO ice at the photoionization energy of 10.49 eV. 

m/z Species Fragment of Tsublim. (K) IE (eV) References 

76 N2O3 – 127 N/A – 

46 NO2 N2O3 127 N/A – 

30 
14

N
16

O
a
 

N2O3,  

N2O (co-subl.),  

(NO)2 (co-subl.?),  

– 

127,  

75,  

66,  

59 

N/A, 

N/A, 

N/A, 

9.2643 ± 0.0002 

– 

– 

– 

11 
a
 Isotopologues at m/z = 31, 32, 33 can be observed as well. 

Table S8. Signals detected by the PI-ReTOF-MS technique in the irradiated neat CD3OH ice at 

the photoionization energy of 10.49 eV.
a
 

m/z Species Tsublim. (K) IE (eV) References 

96 CD3OCD2OCDO 256 ? – 

95 CD3OC(O)CD2OH 255 10.42 12 

94 
HOCD2CD(OH)CDO 

HOCD2C(O)CD2OH 
257 

? 

? 
– 

84 
CD3OC3D7 

C2D5OC2D5 
174 

? 

? 
– 

83 

CD3(CD2)3OH 

CD3CD2CD(OH)CD3 

(CD3)2CDCD2OH 

(CD3)3COH 

CD3O(CD2)OH 

C2D5OCD2OH 

171 

9.99 ± 0.05 

9.88 ± 0.03 

10.02 ± 0.05 

9.90 ± 0.03 

? 

? 

13 

80 

C3D7CDO 

(CD3)2CDCDO 

C2D5C(O)CD3 

221, 244 

9.83 

9.72 

9.52 

14 

14 

15 

CD3C(O)OCD3 175 10.25 16 

79 

CD3(CD)2CD2OH 219 9.13 14 

CD3C(O)CD2OH 

CD3CD(OH)CDO 

HO(CD2)CDO 

C2D5COOH 

177, 245 

10.0 ± 0.1 

? 

? 

10.51 

17 

– 

– 

15 

76 
CD3C(O)CDO 

ODCCD2CDO 
223 

9.6 

? 

12 

– 

75 

ODCC(OH)CD2 

HO(CD)2CDO 
229 

? 

? 
– 

C3D4O2
b
 256 ? – 

68 C2D5OCD3 122, 148, 171, 207 9.72 ± 0.07 18 
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67 
C3D7OH 

(CD3)2CDOH 
171, 207 

10.22 ± 0.04
 

10.12 ± 0.03 
19 

66 HO(CD2)2OH 171, 206 10.16 

Error! 

Reference 

source not 

found. 

65 C2D4HO2
c
 170, 205, 248 ? – 

64 

C2D5CDO 

CD3COCD3 
207, 248 

9.96 

9.695 ± 0.006
d
 

15 

21 

C2D4O2?
c
, C4D8

e
 170 ? – 

63 

HOCD2CDO 205, 223 10.2 12 

CD2=CDCD2OH 

C3D5HO isomers 
174, 186 

9.67 ± 0.05 

? 
22 

62 HO(CD)2OH 208 9.62 ± 0.04 23 

52 CD3OCD3 120, 148 10.025 ± 0.025 24 

51 C2D5OH 121, 151 10.47 ± 0.02 19 

48 CD3CDO 121, 149 10.22 ± 0.01 25 

47 CD2=CDOH 120, 151, 171, 209, 244 9.33 ± 0.01 26 

44 CD2C=O 120, 190 9.6130 ± 0.0003
d
 27 

a
 For the signals detected in the irradiated CH3OH ice, see reference 12. 

b
 Fragment of an C3D6O3 isomer. 

c
 Fragment of D5-methoxymethanol (CD3OCD2OH). 

d
 Photoionization energies of the deuterated species, in all other cases the IEs of the non-deuterated 

counterparts are shown due to lack of available data. 

e
 Fragment of C4H10O isomer. 

Table S9. Mass balance of the neat NO ice as well as that of the irradiation 

products determined from their experimental IR Decay/Growth Curves. 

Process Decay product # of molecules produced / 

decomposed during irradiation 

NO  X  (5.1 ± 1.4) ×10
17

 

Fraction of NO degraded  76 ± 14% 

# of products in sample 

after irradiation 

N2O3 (1.5 ± 0.6) ×10
16

 

N2O (3.5 ± 0.1) ×10
15

 

Nitrogen balance
a
 7 ± 5% 

Oxygen balance
a
 9 ± 6% 

a
 Fraction of nitrogen or oxygen atoms originating from NO destruction that are needed for 

radiolysis product formation 

  



 

S20 
 

Table S10. Mass balance of the neat CH3OH ice as well as that of the irradiation 

products determined from their experimental IR Decay/Growth Curves. 

Process Decay product # of molecules produced / 

decomposed during irradiation 

CH3OH  X  (4.6 ± 0.9) ×10
17

 

Fraction of CH3OH degraded  92 ± 4% 

# of products in sample after 

irradiation 

H2CO (6.8 ± 2.1) ×10
15

 

CH4 (2.3 ± 0.1) ×10
15

 

CH2OH (2.1 ± 0.1) ×10
15

 

CO (1.3 ± 0.1) ×10
15

 

HCO (1.3 ± 0.2) ×10
14

 

Carbon balance
a
 3 ± 1% 

Oxygen balance
a
 2 ± 1% 

a
 Fraction of carbon or oxygen atoms originating from CH3OH destruction that are needed for 

radiolysis product formation. 

Table S11. Mass balance of the neat CD3OH ice as well as that of the irradiation 

products determined from their experimental IR Decay/Growth Curves. 

Process Decay product # of molecules produced / 

decomposed during irradiation 

CD3OH  X  (4.1 ± 0.9) ×10
17

 

Fraction of CH3OH degraded  89 ± 5% 

# of products in sample after 

irradiation 

D2CO
a
 (7.7 ± 3.7) ×10

15
 

CD2OH (2.4 ± 0.4) ×10
14

 

Carbon balance
b
 2 ± 1% 

Oxygen balance
b
 2 ± 1% 

a
 Absorption coefficients were assumed to be the same as for the normal isotopologue. 

b
 Fraction of carbon or oxygen atoms originating from CD3OH destruction that are needed for 

radiolysis product formation. 
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Table 12. Mass balance of the CD3OH–NO system as well as that of the irradiation 

products determined from their experimental IR Decay/Growth Curves.
a
 

Process Decay product # of molecules produced / 

decomposed during irradiation 

CD3OH  X  (2.4 ± 0.5) ×10
17

 

Fraction of CD3OH degraded  87 ± 5% 

NO  X  (2.2 ± 0.4) ×10
17

 

Fraction of NO degraded  71 ± 1% 

# of products in sample after 

irradiation 

c-CD3ONO (9.0 ± 0.1) ×10
16

 

t-CD3ONO
b
 (8.5 ± 0.1) ×10

16
 

N2O (7.0 ± 0.6) ×10
15

 

CD3H (5.1 ± 0.1) ×10
15

 

D2CO (3.2 ± 0.1) ×10
15

 

N2O3 (1.5 ± 0.1) ×10
15

 

CD2OH (8.4 ± 0.7) ×10
14

 

CO
c
 (8.1 ± 0.3) ×10

14
 

CO2 (5.0 ± 0.3) ×10
13

 

Carbon balance
d
 82 ± 19% 

Oxygen balance
d
 81 ± 10% 

Nitrogen balance
d
 42 ± 6% 

a
 Absorption coefficients – where absent – were assumed to be the same as for the normal 

isotopologues. 

b
 The absorption coefficient was assumed to be the same as for the cis isomer. 

c
 The column density of CO was assumed to be the same as for the CD3OH–NO mixture 

sample. 

d
 Fraction of carbon atoms originating from CD3OH or oxygen/nitrogen atoms from 

CD3OH/NO destruction that are needed for radiolysis product formation. 

Table S13. Reactions used for the kinetic fitting of the neat NO system along 

with the determined rate constants (ki, in s
–1

). 

no. Equation Rate constant Value 

E1 (NO)2 + (NO)2 → N2O3 + N2O k1 (2.4 ± 0.5) × 10
–6

 

E2 (NO)2 + (NO)2 → N2O3 + X k2 (7.5 ± 0.7) × 10
–6

 

E3 (NO)2  → 2NO k3 (3.5 ± 0.2) × 10
–4
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Figure S11. Experimental decay curves of the (a) (NO)2 as well as the growth 

curves of (b) N2O3 and (c) N2O, respectively. The theoretical decay/growth 

curves are represented by the lines overlaid in red. 
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