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Quantification of S8 by reflectron time-of-flight mass spectrometry 

To quantify the amount of octasulfur produced in each ice, the reflectron time-of-flight mass 

spectrometer (ReToF-MS) was calibrated by using an experiment that ionizes both H2S and S8 at 

10.49 eV.(41)  

First, the molecules of H2S (𝑁𝐻2𝑆) were calculated in the infrared spectrum before irradiation

utilizing the Fourier transform infrared (FTIR) spectrometer and the corresponding band strength 

of H2S (Equation (1); Supplementary Table 8).  

𝑁𝐻2𝑆 = 
ln (10) ∫ 𝐴(𝜈̅ )𝑑𝜈̅   cos(𝛽)

𝜈̅ 2
𝜈̅ 1

2 𝐴𝑒𝑥𝑝

(1) 

Where, ∫ 𝐴(𝜈̅ )𝑑𝜈̅  
𝜈̅ 2
𝜈̅ 1

 is the integrated peak area in wavenumbers, 𝐴𝑒𝑥𝑝 is the band strength of 

the corresponding vibrational mode, and 𝛽 is the angle at which the refracted light passes through 

the ice relative to surface normal calculated through Snell’s Law (Equation (2)). 

𝛽 = sin−1
𝑛𝑣
𝑛𝑖𝑐𝑒

sin (𝜃) (2) 

Snell’s law relates the angle of incidence of the infrared beam (𝜃 = 43°) to surface normal 

based on the ratio of refractive index between vacuum (𝑛𝑣 = 1) and the refractive index of the 

corresponding ice (𝑛𝑖𝑐𝑒; Supplementary Table 1). 

Since the total number of H2S molecules is known we can relate this to the integrated counts of 

the H2S in the mass spectrum (∫ 𝜒𝐻2𝑆𝑑𝑇
𝑇2
𝑇1

) during temperature programmed desorption. This 

integration of the counts in the mass spectra (𝜒) over the desorbing temperatures (T1 and T2) 

provides the total signal from the ReToF-MS. The relation (𝜏) between the integrated counts 

detected by the ReToF-MS and FTIR provides a conversion factor between the two instruments 

(Equation (3)). 

𝜏 =
𝑁𝐻2𝑆

∫ 𝜒𝐻2𝑆𝑑𝑇
𝑇2
𝑇1

(3) 

Since the photoionization cross section of each molecule is dependent on the wavelength of 

vacuum ultraviolet light, Equation (3) must be corrected for differences in these cross sections by 

applying a ratio (ξ) of photoionization cross sections of H2S at 10.49 eV (𝜎1) and S8 at 9.34 eV 

(𝜎2) (Equation (4)). 



ξ =
𝜎1
𝜎2

(4) 

Combining Equation 3 and 4 with the integrated counts of S8 (∫ 𝜒𝑆8𝑑𝑇
𝑇2
𝑇1

) in the mass spectrum 

of each ice experiment provides the total S8 produced within the ice (Equation (5)). 

𝑁𝑆8 = 𝜏ξ∫ 𝜒𝑆8𝑑𝑇
𝑇2

𝑇1

(5) 

With the amount of octasulfur (S8) produced upon electron irradiation known, further 

calculations were performed to determine the percent yield and conversion yield for each 

experiment. A correction for electron penetration depth (δ), calculated using CASINO v2.42, was 

applied to estimate the fraction of sulfur-bearing reagents (H2S and SO2) exposed to energetic 

electrons. This correction relates the total ice thickness (𝑑𝑖𝑐𝑒) to the maximum electron penetration 

depth (de) (Equation (6); Supplementary Tables 1 and 9). 

𝛿 =
𝑑𝑒
𝑑𝑖𝑐𝑒

 (6) 

Combining Equations (1), (2), and (6) gives the total number of reactants (𝑁𝑟𝑐𝑡) exposed to 

energetic electrons (Equation (7)). 

𝑁𝑟𝑐𝑡 =  
ln (10) ∫ 𝐴(𝜈̅ )𝑑𝜈̅   cos (sin−1

𝑛𝑣
𝑛𝑖𝑐𝑒

sin(𝜃)) 𝛿
𝜈̅ 2
𝜈̅ 1

2 𝐴𝑒𝑥𝑝

(7) 

This calculation was performed for each sulfur-bearing component in the ice, and the results 

were summed to determine the total number of sulfur atoms exposed to energetic electrons. By 

comparing the total sulfur atoms in this region with the number of sulfur atoms converted to S8, 

we calculate the percent yield of S8 produced after irradiation (Equation (8)). 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑 =
8𝑁𝑆8

𝑁𝑟𝑐𝑡
⋅ 100 (8) 

Conversion yields (in molecules eV−1) were determined by calculating the total energy 

deposited into the ice by 5 keV electrons over the course of the 1-hour irradiation at 100 nA. To 

account for electron backscattering, dose corrections were applied using simulations from 

CASINO v2.42. The total energy deposited during the experiment was 1.1 ± 0.2 × 1019 eV. The 

conversion yield was then obtained by dividing the total number of octasulfur (S8) molecules 

produced by the deposited dose (Equation (9)). 



𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑌𝑖𝑒𝑙𝑑 =
𝑁𝑆8

𝐷𝑜𝑠𝑒
(9)



Table S1. Experimental parameters for the sulfur-bearing ices. 

Experiment Ice 

Composition 

Irradiation 

Current 

(nA) 

Irradiation 

Time 

(min) 

Energy 

(eV) 

Ice 

Ratio*

Ice 

Thickness 

(nm) 

Refractive 

Index (n) 

1 H2S/H2O 100 60 9.34 1 : 1.3 1150 ± 60 1.34 

2 SO2 100 60 9.34 - 1150 ± 60 1.33 

3 SO2/H2O 100 60 9.34 1 : 1.4 1120 ± 60 1.30 

4 SO2/H2S 100 60 9.34 1.3 : 1 1090 ± 100 1.37 

5 H2S/H2O 100 60 8.75 1 : 1.2 1090 ± 50 1.34 

6 SO2 100 60 8.75 - 1180 ± 60 1.33 

7 SO2/H2O 100 60 8.75 1 : 1.4 1180 ± 60 1.30 

8 SO2/H2S 100 60 8.75 1.2 : 1 950 ± 90 1.37 

*Error in ice ratio calculations is ± 0.2



Table S2. Infrared absorption assignments for the SO2 ice experiment. 

Before Irradiation 

Peak Position (cm−1) Assignment Reference 

2461 ν1 + ν3 SO2 (70) 

2290 2ν1 SO2 (70) 

1325 ν3 SO2 (70) 

1314 ν3 SO2 (70) 

1147 ν1 SO2 (70) 

After Irradiation 

2457 ν1 + ν3 SO2 (70) 

2288 2ν1 SO2 (70) 

1401 ν3 SO3 (35) 

1388 ν3 SO3 (35) 

1343, 1319, 1310 ν3 SO2 (35) 

1146 ν1 SO2 (70)



Table S3. Infrared absorption assignments for the SO2/H2O experiments. 

Before Irradiation 

Peak Position (cm−1) Assignment Reference 

3599, 3368, 3222, 3184, 3114 ν1/ν3 H2O (33) 

2466 ν1 + ν3 SO2 (70) 

2185 ? 

1655, 1540 ν2 H2O (33) 

1325 ν3 SO2 (70) 

1152 ν1 SO2 (70) 

811 νL H2O (33) 

After Irradiation 

3603 ν1/ν3 H2O (33) 

3566 ν(OH) (38) 

3496 ν(OH) (38) 

3409, 3252 ν1/ν3 H2O (33) 

3110, 2983, 2468, 2466, 2141 ν(OH) (38) 

1833 δ(HOH) (38) 

1708, 1645, 1562 ν2 H2O (33) 

1338, 1331, 1322, 1311 ν3 SO2 (70) 

1288 ν(S=O) (38) 

1226 ν(S=O) (38) 

1151, 1142 ν1 SO2 (70) 

1137 δ(SOH) (38) 

1089 ν(S=O) (38) 

1049 ν(S–O) (38) 

1023 ν(S–O) (38) 

975 ν(S–OH) (38) 

898 ν(S–OH) (38) 

852, 774 νL H2O (33) 

Note. “L” defines the lattice vibration 



Table S4. Infrared absorption assignments for the SO2/H2S experiments. 

Before Irradiation 

Peak Position (cm−1) Assignment Reference 

2596 ν3 H2S (34) 

2557 ν1 H2S (34) 

2456 ν1 + ν3 SO2 (70) 

2286 2ν1 SO2 (70) 

2042 ν3 OCS (35) 

1319 ν3 SO2 (70) 

1171 ν2 H2S (34) 

1145 ν1 SO2 (70) 

After Irradiation 

3573, 3404, 3251, 3002, 2682 ν(OH) (38) 

2589 ν3 H2S (34) 

2554 ν1 H2S (34) 

2488 ν(SH) H2Sx (36, 37) 

2453 ν1 + ν3 SO2 (70) 

2391 ν(OH) acid (38) 

2362 ν(OH) acid (38) 

2339 ν(OH) acid (38) 

2311 ν(OH) acid (38) 

2284 ν(OH) acid (38) 

2039 ν(OH) acid (38) 

1718 δ(HOH) H3O
+ (38) 

1327, 1314, 1311 ν3 SO2 (70) 

1298, 1268, 1214, 1184 ν(S=O) (38) 

1167 ν2 H2S (34) 

1145 ν1 SO2 (70) 

1130 δ(SOH) (38) 

1120, 1083 ν(S=O) (38) 

806 ν(S–OH) (38)



Table S5. Infrared absorption assignments for the H2S/H2O experiments. 

Before Irradiation 

Peak Position (cm−1) Assignment Reference 

3510, 3391, 3292, 3188, 2963 ν1/ν3 H2O (33) 

2544 ν3 H2S (34) 

2505 ν3 H2S (34) 

2038 ν3 OCS (71) 

1635 ν2 H2O (33) 

1171 ν2 H2S (34) 

830, 742 νL H2O (33) 

After Irradiation 

3489, 3408, 3318, 3170 ν1/ν3 H2O (33) 

2931, 2693 ν(OH) (38) 

2544, 2505 ν3 H2S (34) 

2477 ν(SH) H2Sx (36, 37) 

2038 ν3 OCS (35) 

1635 ν2 H2O (33) 

1171 ν2 H2S (34) 

830, 742 νL H2O (33) 

Note. “L” defines the lattice vibration 
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Figure S1. FTIR spectra of sulfur dioxide (SO2) ice before (top) and after (bottom) 

irradiation. The spectra are deconvoluted to reveal functional groups related to the reagents 

(green) and products (blue).  
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Figure S2. FTIR spectra of sulfur dioxide (SO2)/water (H2O) ice before (top) and after 

(bottom) irradiation. The spectra are deconvoluted to reveal functional groups related to the 

reagents (green) and products (blue).  
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Figure S3. FTIR spectra of sulfur dioxide (SO2)/hydrogen sulfide (H2S) ice before (top) and 

after (bottom) irradiation. The spectra are deconvoluted to reveal functional groups related to 

the reagents (green) and products (blue). Sulfanes (H2Sx; where x ≥ 2) overlap and cannot be 

deconvoluted from one another. 
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Figure S4. FTIR spectra of hydrogen sulfide (H2S)/water (H2O) ice before (top) and after 

(bottom) irradiation. The spectra are deconvoluted to reveal functional groups related to the 

reagents (green) and products (blue). Sulfanes (H2Sx; where x ≥ 2) overlap and cannot be 

deconvoluted from one another. 



Table S6: Error analysis of adiabatic ionization energies (IEs) and relative energies of distinct S8 

isomers a-f (m/z = 256); IEs and relative energies were calculated with F12-TZ//B3LYP/aug-cc-

pVTZ and F12-TZ//B3LYP/aVTZ levels of theory including zero-point vibrational energy 

corrections. The IE ranges are corrected for the thermal and Stark effect by –0.03 eV and the 

combined error limits of –0.05/+0.05 eV.(41) 

S8 

isomer 
Structure 

Relative 

energy 

(kJ mol−1) 

IE (eV) 

IE range 

with error 

(eV) 

Corrected 

IE with 

Stark effect 

(eV) 

1 
a: 

Crown 
0 8.85 ± 0.05 8.80 – 8.90 8.77 – 8.87 

2 

b: 

Cluster 

chain 

70 8.61 ± 0.05 8.56 – 8.66 8.53 – 8.63 

3 c: S7S 109 8.31 ± 0.05 8.26 – 8.36 8.23 – 8.33 

4 
d: 

Boat 
69 8.30 ± 0.05 8.25 – 8.35 8.22 – 8.32 

5 e: C2h 67 8.26 ± 0.05 8.21 – 8.31 8.18 – 8.28 

6 
f: 

Chair 
39 8.20 ± 0.05 8.15 – 8.25 8.12 – 8.22 



Table S7. Parameters for the generation of VUV light utilizing difference four-wave mixing. The resulting photon energy has an 

uncertainty of less than 0.001 eV. 

Experiment Medium ωVUV ω1 (nm) 

YAG 1 

Wavelength 

(nm) 

ω1 Dye 

YAG 2 

Wavelength 

(nm) 

ω2 (nm) 
Energy 

(eV) 

1, 2, 3 Krypton 2ω1- ω2 212.556 355 
Stilbene 

420 
532 532a 9.34 

4, 5, 6 Krypton 2ω1- ω2 212.556 355 
Stilbene 

420 
- 425.112 8.75 

aNd:YAG harmonic 



Table S8. Physical parameters of each ice reagent used in these experiments. 

Ice 

Component 

Density 

(g cm−3) 

Peak Position 

(cm−1) 

Band Strength 

(cm molecule−1) 

Refractive 

Index (n) 

Reference 

H2S 0.944(62) 2548 1.12 × 10−17 1.41 ± 0.01 (63) 

SO2 1.343(62) 1333 1.47 × 10−17 1.36 (72) 

H2O 0.97(73) 1650 1.0 × 10−17 1.26 ± 0.01 (74, 75) 



Table S9. Physical parameters for Monte Carlo Simulations using CASINO v2.42 software 

suite.(66) 

Ice Mixture Density 

(g cm−3) 

99% Penetration Depth 

(nm) 

Dose (eV molecule−1) 

SO2 1.343 500 ± 50 19 ± 2 

SO2/H2O 1.16 540 ± 50 21 ± 2 / 6 ± 1 

H2S/H2O 0.96 640 ± 60 11 ± 1 / 6 ± 1 

SO2/H2S 1.14 600 ± 60 18 ± 2 / 10 ± 1 
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Figure S5. TPD-PI-ReToF-MS of m/z = 224 and 226 in the SO2 ice recorded at 8.75 eV. The 

mass spectra reveals two sublimation events; one correlating to S7 which peaks at 312 K.
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Figure S6. TPD-PI-ReToF-MS recording of mass channels associated with sulfanes (H2Sn) in 

the SO2/H2O ice experiment with a photon energy of 9.34 eV. These mass channels correlate to 

H2S2 (66 m/z), H2S3 (98 m/z), H2S4 (130 m/z), H2S5 (162 m/z), H2S6 (194 m/z) and their 

corresponding 34S isotopologues. 
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Figure S7. TPD-PI-ReToF-MS of m/z = 224 and 226 m/z in the SO2/H2O ice using 8.75 eV 

photon energy. The mass spectra reveals two sublimation events; one correlating to S7 which 

peaks at 312 K. 
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Figure S8. TPD-PI-ToF-MS of the H2S/H2O ices at 9.34 and 8.75 eV in mass channels 

associated with sulfanes (H2Sn). During TPD, hydrogen disulfide (H2S2; 66 m/z), H2S3 (98 m/z), 

H2S4 (130 m/z), H2S5 (162 m/z), H2S6 (194 m/z), H2S7 (226 m/z), H2S8 (258 m/z), H2S9 (290 m/z), 

H2S10 (322 m/z), H2S11 (354 m/z), and their corresponding 34S isotopologues sublime and 

subsequently detected via photoionization reflectron time-of-flight mass spectrometry. 
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Figure S9. TPD-PI-ToF-MS of the H2S/H2O ices at 9.34 eV in mass channels associated 

with S6 (192 m/z). The spectra at m/z = 192 and 194 were corrected for fragmentation of H2S7 

(m/z = 226) by normalizing and subtracting the signal. The corrected spectra must only derive 

from S6 which sublimes at 240 K. 
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Figure S10. TPD-PI-ToF-MS of the H2S/H2O ices at 8.75 eV in mass channels associated with 

S7 (224 m/z). The mass spectra reveal two sublimation events; one correlating to S7 which peaks 

at 306 K. 
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Figure S11. TPD-ReToF-MS of the irradiated H2S/H2O ices associated with fragmentation 

of sulfanes towards allotropes of sulfur. The recorded mass-to-charge of 256 (S8; black) using 

9.34 eV photons, 258 (H2S8; blue) using 8.75 eV photons, and 256 (S8; red) using 8.75 eV photons 

to compare fragmentation of H2S8 to S8. 
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Figure S12. TPD-PI-ToF-MS of the SO2/H2S ices at 9.34 and 8.75 eV in mass channels 

associated with sulfanes. During TPD, hydrogen disulfide (H2S2; 66 m/z), H2S3 (98 m/z), H2S4 

(130 m/z), H2S5 (162 m/z), H2S6 (194 m/z), H2S7 (226 m/z), H2S8 (258 m/z), H2S9 (290 m/z), H2S10 

(322 m/z) and their corresponding 34S isotopologues sublime and subsequently detected via 

photoionization reflectron time-of-flight mass spectrometry.  
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Figure S13. TPD-ReToF-MS of the irradiated SO2/H2S ices associated with fragmentation of 
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compare fragmentation of H2S8 to S8. 
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Figure S14. TPD-PI-ToF-MS of the SO2/H2S ices at 9.34 and 8.75 eV in mass channels 

associated with allotropes S6 and S7. Allotropes like S7 (224 m/z) and tentatively S6 (192 m/z) 

can be found subliming during TPD and subsequently ionized and detected via reflectron time-of-

flight mass spectrometry. 
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Figure S15.  Mass spectra of sulfur dioxide (SO2) in the pure SO2 ice experiment. Sulfur 

dioxide (64 m/z) was recorded during TPD from 5-330 K. 
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Figure S16. Mass channels of reagents in the hydrogen sulfide (H2S)/water (H2O) ice 

experiment. Hydrogen sulfide (34 m/z; top) and water (18 m/z; bottom) were recorded during TPD 

from 5-330 K. 
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Figure S17. Mass channels of reagents in the sulfur dioxide (SO2)/water (H2O) ice 

experiment. Sulfur dioxide (64 m/z; top) and water (18 m/z; bottom) were recorded during TPD 

from 5-330 K. 
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Figure S18. Mass channels of reagents in the hydrogen sulfide (H2S)/sulfur dioxide (SO2) ice 

experiment. Sulfur dioxide (64 m/z; top) and hydrogen sulfide (34 m/z; bottom) were recorded 

during TPD from 5-330 K. 
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