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Experimental Methods

The experiments described were carried out at the W. M. Keck Research Laboratory in
Astrochemistry.'® The apparatus is housed in a hydrocarbon-free stainless steel ultra-high vacuum
(UHV) chamber which is maintained at a few 107! Torr by magnetically levitated turbomolecular
pumps.* A closed cycle helium refrigerator (Sumitomo Heavy Industries, RDK-415E) cools a
mirror-polished silver wafer (15.1x12.6 or 32.8x32.8 mm for PI-ReToF-MS or FTIR-TPD
experiments, respectively) to 5-12 K. The refrigerator-wafer assembly is rotatable about the
vertical axis because it is mounted on a doubly differentially pumped rotatable flange (Thermionics
Vacuum Products, RNN-600/FA/MCO), and can be translated along its rotation axis via an
adjustable bellows (McAllister, BLT106). Ices were prepared by passing ammonia (NHs,
Matheson, 99.99%; °NHs, Aldrich, 98% atom °N; NDs, Aldrich, 99% atom D) and carbon
dioxide (CO, Airgas, research grade; 3CO,, Cambridge Isotope Laboratories, 99% 3C, < 1% 180;
C180,, Aldrich, 95% atom *80) through separate glass capillary arrays (10 or 25.4 mm diameter
for PI-ReToF-MS or FTIR-TPD experiments, respectively) directed at the cooled wafer. Partial
pressures of each ice component were adjusted by the use of leak valves to achieve approximately
a 1:1 ratio of [NH3]:[CO.]. Ice thickness was determined by monitoring the ice deposition with a
helium-neon laser (CVI Melles-Griot, 25-LHP-230, 632.8 nm) at a 4° angle of incidence and
measuring variations in reflected power due to thin film interference by the ice.® The index of
refraction of the mixed ice is unknown though this parameter is necessary to determine ice
thickness from interferometric measurements. This parameter was approximated by the average of
the indexes of refraction of the two components, 1.33 for ammonia at 18 K and 1.27 £ 0.02 at 15
K for acetaldehyde, with an average of 1.32 + 0.03.%7 Details of the composition and thickness of

ices studied are reported in Table S1.

Fourier transform infrared (FTIR) spectra (Thermo Electron, Nicolet 6700) were measured in
the range 6000-500 cm™* with 230 spectra averaged over a two-minute period after ice deposition
and used to calculate the relative abundance of the two components (Figures S1-S5). Relative
concentrations of ammonia and carbon dioxide in ices were determined using integrated infrared
absorption strength of the components. For ammonia, the integrated intensities of v2, v3, and va
observed at 1077, 3394, and 1627 cm™ have absorption coefficients of 2.1 x 107/, 2.3 x 107,
and 5.6 x 1078 cm molecule™, respectively.® For carbon dioxide, the integrated intensities used

for quantification were vi+vs (3708 cm™, 1.8 x 1028 cm molecule™), 2vz+vs (3600 cm™?, 5.5 x 10-
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19 ¢m molecule™), and vs (*3COg; 2283 cm?, 6.8 x 101" cm molecule™).2 FTIR spectra were

measured every 2 minutes during TPD.

The photoionization reflectron time-of-flight mass spectrometry (PI-ReToF-MS) technique has
been discussed in detail elsewhere.! Ices were heated to 320 K with temperature programmed
desorption (TPD) at a rate of 1 K min~*. During TPD, pulsed 30 Hz coherent vacuum ultraviolet
(VUV) light was passed 1-2 mm above the surface of the ice to photoionize subliming molecules.
VUV light was produced via resonant difference four-wave mixing (ovuv = 201 * ®2) schemes
(Table S7). After generation of the selected 1 and w2, the lasers were made collinear and directed
through a lens (Thorlabs, LA5479, f = 300 mm) and focused into a jet of rare gas in the VUV
generation vacuum chamber. Coherent VUV light exiting this chamber was separated from ®; and
w2 by passing the collinear beams through an off-axis lithium fluoride (LiF) biconvex lens (Korth
Kristalle, R1 = R2 =131.22 mm) which imparts an angular separation between the three frequencies
and directs only the VUV light through an aperture to the ionization region. lons formed are mass-
analyzed in a reflectron time-of-flight mass spectrometer (ReToF-MS; Jordan TOF Products) and
detected with a dual microchannel plate (MCP) detector in the chevron configuration (Jordan TOF
Products). MCP signal was amplified (Ortec, 9305) before discrimination and amplification to 4
V (Advanced Research Instruments Corp., F100-TD) and recorded by a multichannel scaler
(FAST ComTec, MCS6A). lon arrival times were recorded to 3.2 ns accuracy. New mass spectra

were accumulated every two minutes during TPD.

Computational Methods

The geometries of carbamic acid dimer and its isotopologues and their cations were optimized
by the hybrid density functional B3LYP®'? with the cc-pVTZ basis set and the harmonic
frequencies obtained (Tables S3—-S6). The corresponding coupled cluster'*1® CCSD(T)/cc-pVDZ,
CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ energies are calculated and extrapolated to
completed basis set limits,!” CCSD(T)/CBS, with B3LYP/cc-pVTZ zero-point energy corrections.
The adiabatic ionization energies are computed by taking the energy difference between the neutral
and cationic species that correspond to similar conformation. The adiabatic ionization energies at
this level of calculations (CCSD(T)/CBS//B3LYP/cc-pVTZ) are expected to be accurate within +

0.05 eV.1¥1% The GAUSSIAN16 program?® was utilized in the electronic structure calculations.
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Figure S1. Infrared spectrum of freshly deposited ammonia — carbon dioxide ice.
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Figure S5. Infrared spectrum of freshly deposited ammonia-NDs — carbon dioxide ice.
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Table S1. Ices studied in this experiment containing ammonia and carbon dioxide or their
isotopomers. The ratio of the concentration of the components, ice thickness, and photon energy

used are listed.

Experiment Composition Ratio Thickness (hm)  Photon energy (eV)
1 CO2:NH;3 12205:1 750 + 50 11.10
21 CO2:NH;3 12205:1 750 + 50 11.10
3 CO2:NH;3 12205:1 750 + 50 10.25
41 CO2:NH;3 12205:1 750 + 50 10.25
5 CO2:NH3 15+05:1 750 + 50 8.45
6 C0:NH;3 10£05:1 750 £ 50 10.25
7 CO2:5NHs 12205:1 750 + 50 10.25
8 13C0O,:NHs3 11£05:1 750 + 50 10.25
9 CO2:NDs 14+05:1 750 + 50 10.25
10 13C0O2:NH3 12205:1 750 + 50 11.10
11 C280,:NHs3 11£05:1 750 + 50 11.10
12 CO2:!5NHs 13+05:1 750 + 50 11.10
13 CO2:ND3 12205:1 750 + 50 11.10
14 CO2:!5NHs 12205:1 750 + 50 -
15 CO2:NH3 17+05:1 750 + 50 -
16 C80,:NHs 14+£05:1 750 + 50 ~

Yrradiated for 30 minutes with 50 nA of 5 keV electrons
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Table S2. Positions of peaks observed in ammonia — carbon dioxide, ammonia — carbon dioxide-

C!80,, and ammonia->NHs — carbon dioxide ices, and likely assignments.?

Ammonia — ammonia — carbon | ammonia-°NHsz — | Assignment
carbon dioxide | dioxide-C*0, carbon dioxide
3442 3430 3438 | vas NH2
3313 3310 3308 | vus NH>
3173 3174 3193 | s NH>
2981 2988 2998 | 15 NH»
2814 2759 2799 | v NH>
1688 1699 1697
1596 1606 1613
1542 1533 1545
1444 1465 1444 | vCO
1380 1371 1390 | SNH:
1247 1228 1249 | vC-O
1091 1096 1112 | pNH,
820 815 818 | £NH>
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Table S3. Carbamic acid dimer zero-point corrected electronic energy (E at 0 K) and ionization
energy (IE) at the CCSD(T)/CBS level with zero-point vibrational energy, Cartesian coordinates
(Angstrom), vibrational frequencies, and vibrational intensities calculated at the B3LYP/cc-pVTZ
level.

E[CCSD(T)/CBS] = -489.876639 Ha
IE[CCSD(T)/CBS] = 9.95 eV
E[B3LYP/cc-pVTZ] = -490.416153 Ha
ZPVE[B3LYP/cc-pVTZ] = 0.103725 Ha

Atom x y z

H 1.263849 3.61486 0.047066

H 2.735638 2.687153 0.050628

H 1.146184 -0.310904 -0.000233

H -1.263849 -3.61486 0.047066

H -2.735638 -2.687153 0.050628

H -1.146184 0.310904 -0.000233

C 0.997909 1.600105 -0.000932

C -0.997909 -1.600105 -0.000932

N 1.736091 2.733164 -0.013764

N -1.736091 -2.733164 -0.013764

0] -0.235222 1.625514 0.000208

o) 1.736091 0.504919 0.000353

0] 0.235222 -1.625514 0.000208

o) -1.736091 -0.504919 0.000353

Frequency  Intensity Frequency  Intensity
(cm™) (km mol?) (cm™) (km mol™?)
50.8857 1.4487 1013.5385  22.0766
67.7513 1.137 1023.2393  0.0732
97.1206 17.0352 1100.6955  0.0147
113.6713 413.6448 1105.1725  15.2638
114.2483 2.7397 1380.231 0.0012
172.055 0.3877 1388.4665  608.7929
198.3018 0.3608 1506.7698  125.1948
211.6932 48.4244 1527.8616  0.0367
507.6482 0.0008 1600.0454  0.5622
545.5912 44.2089 1623.7866  382.562
557.9816 0.3044 1727.0474  0.0977
560.7513 29.0695 1758.8305  1246.383
636.5226 0.0161 2934.2387  0.0001
655.634 22.563 3062.4273  3909.3742
791.7295 0.0073 3621.2851  96.0524
793.4902 15.9592 3621.6559  0.5494
952.9947 0.0093 3755.803 0.0008
994.9402 178.0167 3755.8575  124.7305
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Table S4. Carbamic acid dimer cation zero-point corrected electronic energy (E at 0 K) at the
CCSD(T)/CBS level with electronic energy, zero-point vibrational energy, Cartesian coordinates
(Angstrom), vibrational frequencies, and vibrational intensities calculated at the B3LYP/cc-pVTZ
level.

E[CCSD(T)/CBS] = -489.511458 Ha
E[B3LYP/cc-pVTZ] = -490.071349 Ha
ZPVE[B3LYP/cc-pVTZ] = 0.104119 Ha

Atom X y z

H -1.78149 3.048982 -0.016486

H -0.251436 3.88136 0.004823

H 1.540431 1.027581 0.015268

H 1.78149 -3.048982 -0.016486

H 0.251436 -3.88136 0.004823

H -1.540431 -1.027581 0.015268

C -0.136864 1.86489 -0.000442

C 0.136864 -1.86489 -0.000442

N -0.775633 3.02012 -0.004497

N 0.775633 -3.02012 -0.004497

o) -0.775633 0.767204 -0.010206

0] 1.169849 1.925768 0.014021

o) 0.775633 -0.767204 -0.010206

0] -1.169849 -1.925768 0.014021

Frequency  Intensity Frequency  Intensity
(cm™) (km mol?) (cm™) (km mol™?)
4.2978 0.5778 1037.5168  16.034
41.4509 6.4057 1042.18 0.003
56.772 0.0022 1086.4906  0.0015
104.0416 2.2176 1087.5057  33.745
181.641 0.0004 1241.2907  0.033
230.221 0.0001 1242.1235  334.6915
435.8541 386.2823 1493.0037  1349.3464
437.3397 0.072 1523.5077  0.0412
481.8176 14.6827 1571.6869  599.3849
492.7309 0.2245 1609.939 0.0282
496.3874 28.8834 1672.7205  1332.88
505.8405 0.0177 1706.2203  0.001
579.0743 73.9273 3570.4787  562.3039
629.0433 0.0278 3573.7887  0.0009
633.628 0.2329 3687.8425  84.2785
638.0424 249.64 3691.56 0.0102
759.4192 0.0064 3698.3781  0.0383
760.865 45.3826 3698.3927  273.4669
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Table S5. Carbamic acid-*20 dimer electronic energy (E at 0 K), zero-point vibrational energy,
Cartesian coordinates (Angstrom), vibrational frequencies, and vibrational intensities calculated at

the B3LYP/cc-pVTZ level.

E[B3LYP/cc-pVTZ] = -490.416891 Ha
ZPVE[B3LYP/cc-pVTZ] = 0.102987 Ha

Atom X y

H 1.263849 3.61486
H 2.735638 2.687153
H 1.146184 -0.310904
H -1.263849 -3.61486
H -2.735638 -2.687153
H -1.146184 0.310904
C 0.997909 1.600105
C -0.997909 -1.600105
N 1.736091 2.733164
N -1.736091 -2.733164
o) -0.235222 1.625514
0] 1.736091 0.504919
o) 0.235222 -1.625514
0] -1.736091 -0.504919
Frequency  Intensity

(cm™) (km mol™?)
48.8814 1.2481

65.4794 1.2425

96.4622 15.5979

110.722 4.2334

113.6577 413.4247
163.978 0.4514

192.6589 0.4094

205.8197 46.2489

495.164 0.002

532.553 57.933

555.7353 7.2143

556.8398 0.3287

611.3526 0.0214

630.9656 18.7882
785.1798 0.0047

787.5808 16.9633
951.4123 0.0075

980.1009 22.8199

z
0.047066
0.050628
-0.000233
0.047066
0.050628
-0.000233
-0.000932
-0.000932
-0.013764
-0.013764
0.000208
0.000353
0.000208
0.000353
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Frequency
(cm™)
990.8892
992.2254
1088.4114
1093.1184
1367.7198
1377.0277
1501.4902
1514.5376
1594.6686
1620.7178
1716.0016
1735.4544
2922.7937
3051.8419
3621.2727
3621.6514
3755.802
3755.8562

Intensity
(km mol™?)
14.6074
159.2529
0.0209
19.2625
0.001
595.7977
132.4797
0.0189
0.557
346.9901
0.1239
1232.4391
0.0001
3883.2332
96.9618
0.5494
0.0008
124.8583



Table S6. Carbamic acid-'0 dimer cation electronic energy (E at 0 K), zero-point vibrational
energy, Cartesian coordinates (Angstrom), vibrational frequencies, and vibrational intensities

calculated at the B3LYP/cc-pVTZ level.

E[B3LYP/cc-pVTZ] = -490.072049 Ha
ZPVE[B3LYP/cc-pVTZ] = 0.103419 Ha

Atom X y

H 1.263849 3.61486
H 2.735638 2.687153
H 1.146184 -0.310904
H -1.263849 -3.61486
H -2.735638 -2.687153
H -1.146184 0.310904
C 0.997909 1.600105
C -0.997909 -1.600105
N 1.736091 2.733164
N -1.736091 -2.733164
o) -0.235222 1.625514
0] 1.736091 0.504919
o) 0.235222 -1.625514
0] -1.736091 -0.504919
Frequency  Intensity

(cm™) (km mol™?)

4.085 0.4746

40.5708 6.656

54.3315 0.0023

100.456 2.3048

176.1115 0.0004

220.9762 0

435.7497 385.5529
437.3374 0.0735

479.7903 15.4488
484.7111 26.7025
490.8876 0.024

493.5723 0.0298

558.4246 68.6366
606.5276 0.0036

628.448 0.0301

636.8712 253.5439
753.5556 0.0058

755.0077 40.2804

z
0.047066
0.050628
-0.000233
0.047066
0.050628
-0.000233
-0.000932
-0.000932
-0.013764
-0.013764
0.000208
0.000353
0.000208
0.000353
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Frequency
(cm™)
999.6222
1004.0018
1075.0691
1076.6834
1229.5974
1229.7495
1474.2914
1511.5016
1566.6849
1602.9093
1670.8194
1700.7654
3570.4671
3573.781
3676.0186
3679.9007
3698.2351
3698.3854

Intensity
(km mol™?)
26.9413
0.0042
0.0019
42.1679
0.0322
334.6912
1383.8445
0.0443
547.1885
0.0235
1275.3109
0.0004
563.1247
0.0009
79.537
0.0059
0.0425
274.7965



Table S7. Four-wave mixing schemes were employed to generate vacuum ultraviolet (VUV)

photons for photoionization in experiments 1-13 (Table S1). All experiments use at least one dye

laser (Sirah Lasertechnik, Cobra-Stretch) pumped by a neodymium yttrium-aluminum garnet
(Nd:YAG, Spectra-Physics, Quanta Ray PRO 270-30 or PRO 250-30) laser harmonic (355 or 532

nm) appropriate for the dye in use. Because of the orientation of the FTIR and mass spectrometric

probes in the experimental chamber, only one may be measured during TPD, these experiments

are those for which the PI1-ReToF-MS technique was used.

Experiments | Medium | owuv= | ®1(nm) w1 Dye ®2 (nm) | 2 Dye | Energy (eV)
1,8-13 Xenon 201+ 2 | 249.628 | Coumarin 10642 - 11.10
503
2,47 Krypton | 2m1-®2 | 202.316 | Rhodamine | 617.9 DCM 10.25
610/640
3 Xenon 2m1- w2 | 222.566 | Coumarin 460.7 | Coumarin 8.45
450 460

aNd:YAG harmonic
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Table S8. Parameters used in irradiation dose calculation and resulting doses.

Irradiated area 1.6 £ 0.1 cm?
Initial Kinetic energy of e 5.000 keV
Irradiation current 50 nA
Total number of e (5.6 + 0.06) x 10
Total molecules irradiated 9.58 x 10/
Approximate density of mixed ice® 0.925 g cm*
Average Penetration depth 325+10 nm
Fraction of backscattered energy 0.241
Fraction of Transmitted e 0.000
Dose per molecule of ammonia 1.24 +0.03
Dose per molecule of carbon dioxide 3.2%0.1
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