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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)'. Adapted with permission from ref. 3. Copyright (2015) Royal Society of
Chemistry.
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Supplementary Figure 2| Interference pattern measured during the deposition of NHz gas for a

632.8 nm laser at an angle of incidence of 4°.
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Supplementary Figure 3. Decrease in the absorption of vz (asymmetric stretch) and vi (Symmetric
stretch) vibrational modes of ammonia (NH3) ice with increasing temperature recorded during the
Temperature-Programmed Desorption (TPD) phase of ammonia-coated montmorillonite. For
clarity, the IR spectra measured at only few temperatures are displayed.
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Supplementary Figure 4. In-situ infrared (IR) spectra of ammonia (NH3) on the surface of natural
montmorillonite at 5 K (red) and 300 K (blue). At 300 K new broad absorption features appeared
in the region 3150-2800 cm™* and at 1430 cm™ which correspond to ammonium ions (NH4"). The
initial mineral absorptions are subtracted to clearly identify absorptions of ammonia and
ammonium ions. Vibrational modes of ammonia and ammonium ions are labelled using symbol
‘v’ in black and pink color fonts respectively. Refer to Supplementary Tables S2 and S4 for
detailed assignments of the bands.
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Supplementary Figure 5. Magnified view of the spectral regions (a, ¢) 4000-2500 and (b, d)
1700-1300 cm of the IR spectra displayed in Fig 1f of the main article. Individual peak fits as
well as total fit in the IR spectral regions 4000-2500 cm™ and 1700-1300 cm™ of the ammonia
treated commercial montmorillonite are displayed in (c) and (d) respectively. Symbols vi1-v4 denote
vibrational modes of ammonium ion. Labels v (H20) and v (OH) indicate stretching vibrational
modes of interlayer water molecules and -OH groups bonded to metal ion respectively. Bending
vibrational mode of interlayer water molecules are labeled as & (H20). Detail assignments of the
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Supplementary Figure 6. Magnified view of the spectral regions (a, ¢) 4000-2500 and (b, d)
1700-1300 cm™* of the IR spectra displayed in Fig. 1g of the main article. Individual peak fits as
well as total fit in the IR spectral regions 4000-2500 cm™ and 1700-1300 cm™ of the ammonia
treated natural montmorillonite are displayed in (c) and (d) respectively. Symbols vi-v4 denote
vibrational modes of ammonium ion. Labels v (H20) and v (OH) indicate stretching vibrational
modes of interlayer water molecules and -OH groups bonded to metal ion respectively. Bending
vibrational mode of interlayer water molecules are labeled as & (H20). Detail assignments of the
bands are provided in Supplementary Tables S3-S5.
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Supplementary Figure 7. Ex-situ infrared spectra of NHs-coated natural montmorillonite in the
present study and reference ammoniated-natural montmorillonite sample prepared following the
procedure described in Ferrari et al. Icarus, 321, 2019, 522-530.* Both the spectra are measured at
standard temperature and pressure. Absorption features corresponding to ammonium ions (NH4*)
are indicated by shaded color bars. See Supplementary Table S4 for detailed assignments.
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Supplementary Figure 8. Change in the absorption of va bending mode of NH4" ions with
increasing temperature measured during the TPD phase of ammonia-coated natural
montmorillonite. For clarity, the IR spectra measured at only few temperatures are displayed.
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Supplementary Figure 9. (a) Absorption of a bending mode (8) of interlayer water in non-
ammoniated natural and commercial montmorillonite samples. (b) Absorption of v4 bending mode
of ammonium (NH4") ions in ammonia-coated natural and commercial montmorillonite samples.
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Supplementary Figure 10. IR spectra of ammonia ice on the surface of natural montmorillonite
at 5 K and 40 K.
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Supplementary Figure 11. PI-ReTOF mass spectra of ammonia (mass-to-charge ratio (m/z) = 17)
subliming from the surface of natural montmorillonite during the TPD phase. Measured after
deposition of ammonia at (a) 5 K and (b) 40 K at a photoionization energy of 10.49 eV. The vertical
error bars indicate standard deviation.
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Supplementary Figure 12. Evolution of column density of ammonium ion at 1420 cm™ band
measured as a function of temperature during the TPD phase of ammonia-coated natural
montmorillonite. Ammonia was deposited at 40 K. The vertical error bars indicate standard
deviation (£ 10%).
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Supplementary Figure 13. Ex-situ IR spectra of ammonia-coated natural montmorillonite
samples prepared after deposition of ammonia ice on the surface of natural montmorillonite (a) 5
K and (b) 40 K. Absorptions corresponding to ammonium ions are shaded with color bars.
Vibrational modes of chemical species are labeled using symbols ‘v’ and ‘6’. Detail assignments
of the bands are provided in Supplementary Tables S3-S5.
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Supplementary Figure 14. (a) Infrared spectra of ammoniated-natural montmorillonite before
and after irradiation. Highlighted wavenumbers define the absorptions of NH4* cation. (b) 3D PI-
ReTOF mass spectrum measured after irradiation of ammoniated natural montmorillonite at a
photoionization energy of 10.49 eV.



Supplementary Tables

Supplementary Table 1. Data applied to calculate irradiation dose per molecule. *Values from
CASINO simulations * Derived values based on 100 nA for 60 min irradiation of NHz molecules

Initial Kinetic energy of the electrons S5keV
Irradiation current (I) 100£5 nA
Irradiation time (t) 3600 s
Average penetration depth, | 329.18+80 nm
Average kinetic energy of backscattered electrons, Eps.  3.18+0.3 keV
Fraction of backscattered electrons, fys~ 0.31+0.1
Average kinetic energy of transmitted electrons, Eians , 0.0 keV
Fraction of transmitted electrons, fians 0
Density of the ice, p 0.74 gcm?
Irradiated area, A 1 cm?
total # molecules processed (8.63+2)x10%
dose per molecule, D 10.96 £ 0.1 eV
Total number of electrons generated (2.80+0.3)x10%




Supplementary Table 2. Infrared absorption features of ammonia ice at 5K

Wavenumber Wavenumber (cm™)  Vibrational Vibrational Modes
(cm™) observed literature® Assignments
4992 4994 vzt vy Combination band (asymmetric
stretch + degenerated deformation)

4476 4478 va+ v Combination band (symmetric stretch
+ symmetric deformation)

3369 3372 V3 Asymmetric N-H stretch

3209 3212 Vi Symmetric N-H stretch

1625 1628 V4 Degenerated deformation

1070 1097 V2 Symmetric deformation




Supplementary Table 3. Infrared absorptions of NH4" ions in ammoniated montmorillonite
samples (Natural and Commercial) observed in the present study in comparison with that of
reported in the literature.

Absorption Band position (um)
Modes This study Literature
Commercial Natural Berget Ferrariet Ehlmann  Bishop
Montmorillonite  Montmorillonite | al.® al.* etal.’ etal®
vz +v2 - 2.01 2.03 2.01 - 2.03
V3 +va - 2.12 2.12 2.12 - 2.13
V3 3.05 3.06 3.05 3.05 3.04 3.05
V2 + Vs 3.23 3.25 3.28 3.25 - 3.24
V4 6.99 6.99 6.89 6.95 - 6.99




Supplementary Table 4. Infrared absorption features of ammonia treated and untreated natural
montmorillonite samples measured at 300 K and 1 atm pressure. Spectra of the samples are
provided in Figure 1(g) of the main article.

NHs-Natural montmorillonite

Wavenumber Wavenumber Vibrational Carrier
(cm?) literature (cm™)* Assignments
5239 - v+ (H20) Combination band of H.O
4969 4975 vz +v3 (NH4™) Combination band (In-Plane bend
+Asymmetric stretch) of NH4*
4705 4716 va +va(NH4") Combination band (Asymmetric
stretch + out-of-plane bend) of NHs*
4500 - v (OH) + 5 (Al-Fe- Combination band of structural OH
OH) stretch and bending mode of Al-Fe-
OH
3618 3636 v (OH) Structural OH stretch
3469 - v (H20) H>O stretch
3263 3279 vz (NH4") Asymmetric stretch of NH,*
3070 3077 vz +va4 (NHsY) Combination band (In-plane bend out-
of-plane bend) of NH,4*
1843 - Combination band or overtone of
Metal cation-OH vibrations
1643 1635 d (H20) Bending vibration of H,O
1430 1438 va (NH4") Out-of-plane bend of NH,*
1132 1176 v (M*-0) Stretching vibration of Metal cation-
O group
960 1086 v (Si-0) Stretching vibration of Si-O group
835 - d (Al-Fe-OH) Bending vibration of Al-Fe-OH group




Natural montmorillonite

Wavenumber Wavenumber Vibrational Carrier
(cm®) literature (cm™)* Assignments
5221 - v + & (H20) Combination band of H.0O
4506 - v (OH) + 5 (Al-Fe- Combination band of structural OH
OH) stretch and bending mode of Al-Fe-OH
3621 3636 v (OH) Structural OH stretch
3474 - v (H20) H.O stretch
1841 Combination band or overtone of Metal
cation-OH vibrations
1638 1635 d (H20) Bending vibration of H,O
1127 1250 v (M*-0) Stretching vibration of Metal cation-O
group
1003 1098 Stretching vibration of Si-O group
821 - d (Al-Fe-OH) Bending vibration of Al-Fe-OH group




Supplementary Table 5. Infrared absorption features of ammonia treated and untreated
commercial montmorillonite samples measured at 300 K and 1 atm pressure. Spectra of the
samples are provided in Figure 1g of the main article.

NH3z-Commercial montmorillonite

Wavenumber Wavenumber Vibrational Carrier
(cm™) literature (cm™)58 Assignments
5230 - v+ 8 (H20) Combination band of H20
4534 - v (OH) + 6 (Al-  Combination band of structural OH
Fe-OH) stretch and bending mode of Al-Fe-
OH
3621 v (OH) Structural OH stretch
3458 3430 v (H20) H20 stretch
3270 3278 vz (NH4") Asymmetric stretch of NH4*
3090 3086 v2 +v4 (NHs") Combination band (In-plane bend
and out-of-plane bend) of NH4*
1847 - Combination band or overtone of
Metal cation-OH vibrations
1637 1635 3 (H20) Bending vibration of H.O
1430 1430 va (NH4") Out-of-plane bend of NH4*
1198 - v (M*-0) Stretching vibration of Metal cation-
O group
932 - v (Si-0) Stretching vibration of Si-O group
840 - d (Al-Mg-OH) Stretching vibration of Al-Mg-OH

group




Commercial montmorillonite

Wavenumber Wavenumber Vibrational Carrier
(cm™) literature (cm™)®°®  Assignments
5160 5250 v+ (H20) Combination band of H20
4543 4535 v (OH) + 6 (Al-  Combination band of structural OH
Al-OH) stretch and bending mode of Al-Al-
OH
3614 3632 v (OH) Structural OH stretch
1625 1635 3 (H20) Bending vibration of H.O
1031 1040 v (Si-0) Stretching vibration of Si-O group
832 840 d (Al-Mg-OH) Stretching vibration of Al-Mg-OH
group
556 523 Bending vibrations of Si-O-Si bond




Supplementary Notes

Supplementary Note 1: Ammonia ice calibration

Ammonia gas was deposited at 2 x 108 torr on the cold (5 K) silver mirror through a glass capillary
to form ammonia-ice. The thickness of the ice was determined online via laser interferometry. A
He-Ne laser (A = 632.8 nm) is reflected off the silver substrate at an incident angle (8i) of 4° to
obtain an interferogram. Supplementary Fig. S3 shows an interferogram measured during
ammonia NHz ice deposition, the number of interference fringes (m) observed in the spectrum is

equal to 2.5. The thickness (d) of ammonia ice is determined using equation (1)

mAa

== O

where, n is the refractive index of ammonia (n = 1.38)%.
Supplementary Note 2: Column density calculation

Column density (N) of NH4" ions and interlayer water molecules were determined at 1420 (va)

and 1637 (8) cm™ respectively, using a modified Lambert-Beer law equation given as:

B In10 f;lz A,dv cos(8 = 45°)
Aexp 2

2 . . . ) i
where fvvl A, dv is the integral peak area of the absorbance in the region vi-va cm™, Aexp is the

integrated absorption coefficient in units of cm molecule™, 0 is the angle of incident IR beam from
the normal of the substrate. The integrated absorption coefficients (Aexp) 0f NH4™ v4 bending mode
(1.50 x 10® cm molecule) and H,O deformation band (1.1 x 10" cm molecule) were

determined from the literature.!2

The absorbance (Ay) of the peak at 1420 cm™ (v4 mode of NH4") was recorded in-situ during the
TPD at every 2 K rise in the temperature. Column density was derived for each absorbance values
using the abovementioned equation and then plotted against temperature. The onset of the band at
1420 cm™ i.e. column density > 0, is observed at 54 + 6 K. Indicating that the acid-base chemistry

leading to the formation of ammonium ion could occur at very low temperature.
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