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Table S1. ZPE-corrected energies (eV) and vibrational harmonic frequencies (cm!) of the

stationary points along the reaction Ta* + CH4 — TaCH," + H,

. Frequencies

Species  Method  E | 2 3 4 5 6 7 8 9 10 11 12

Ta' + __ PES¢ 0 1308 1308 1308 1529 1529 3037 3143 3143 3143

CH, DFT 0 1303 1303 1303 1522 1522 3028 3144 3144 3144
DFT ¢ 0
cce 0
Expt. ¢ 0

STa*+  PES© 0404 1308 1308 1308 1540 1540 3018 3230 3230 3230

CH, DFT® 0387 1303 1303 1303 1522 1522 3028 3144 3144 3144
DFT®  0.402
cCd 0393
Expt.c 0428

Ta"+  PES® 0593 1303 1303 1303 1513 1513 3077 3103 3103 3103

CH, DFT® 0584 1303 1303 1303 1522 1522 3028 3144 3144 3144
DFT®  1.900
ccd 1328
Expt.c 1216

SINT1 PES¢  -0.634 144 209 238 1147 1313 1344 1451 1507 2838 2885 3110 3199
DFT® 0611 71 209 491 1156 1289 1374 1454 1561 2670 3016 3107 3173
DFT¢  -0.561
cCcd  -0.691

SINTI PES® 0322 173 233 640 1046 1354 1397 1428 1521 2499 2625 3043 3129
DFT® 0333 209 277 673 1094 1335 1341 1485 1552 2482 2671 3073 3149
DFT®  -0.232
cCcd 0417

IINT1 PES®  -0.008 96 174 423 1045 1277 1398 1423 1523 2523 2636 2975 3062
DFT®  -0.118 140 164 599 1103 1322 1362 1447 1571 2542 2804 3080 3158
DFT®  0.840
ccd 0176

SINT2 PES¢ 0743 133 153 269 380 449 966 1326 1343 1768 3004 3150 3170
DFT® 0530 177 224 281 331 425 913 1323 1349 1620 2973 3127 3173
DFT®  0.631
cCcd  0.642

SINT2 PES«  -1.805 251 366 349 521 621 1147 1318 1344 1890 2887 2998 3040
DFT®  -1.802 260 261 340 554 612 1152 1314 1321 1951 2938 3028 3054
DFT®  -1.637
ccd  -1.736

INT2  PES¢  -1.619 288 299 379 527 645 1152 1317 1373 1929 2887 2968 3013
DFT®  -1612 262 271 321 536 639 1153 1304 1328 1964 2913 2992 3084
DFT® - 1.440
CCed  -1.540

SINT3 PES® 1829 124 168 393 462 530 635 662 809 1375 1661 3072 3082
DFT® 1826 101 172 405 58 629 658 723 991 1298 1509 3053 3155
DFT®  2.037
ccd 2083

SINT3 PES¢ 0738 125 350 385 594 673 716 806 1323 1946 2008 3036 3141
DFT®  -0.731 151 311 325 597 647 727 808 1311 1949 1956 3041 3141
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Figure S1. Comparison of geometries in internal coordinates (distances in A and angles in degrees)
for the stationary points on the quintet state. The values correspond to PIP-NN PES, B3LYP/DZ,
and B3LYP/HW+/6-311++G(3df,3p)! from top to bottom.
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Figure S2. Similar to Figure S1 but for the triplet state.
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Figure S3. Similar to Figure S1 but for the singlet state.
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Figure S4. (a) Fitting error (Eg;

- Earger, In €V) of the quintet, triplet, and singlet PESs as a

function of the DFT energy (eV). (b) Distributions of the absolute fitting errors.
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Figure S5. MEPs of the quintet state along (a) SP1, (b) SP2, (¢) SP3, and (d) SP4.
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Figure S6. Similar to Figure S5 but for the triplet state.
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Figure S7. Similar to Figure S5 but for the singlet state.
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Figure S8. Comparison of geometries in internal coordinates (distances in A and angles in

degrees) for the MECP and 3SP1 at the B3LYP/DZ level.
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Figure S9. Correlation diagrams between the impact parameter and the scattering angle at

different collision energies.
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Figure S10. (a) Experimental velocity distributions of the TaCD," product ion at £, = 1.2 eV. (b)
Similar to (a) but for theoretical data. (c¢) Comparison of experimental integrated angular
distributions between Ta™ + CD, reaction at £, = 1.2 eV and Ta" + CHyreaction at E. = 1.3 eV. (d)
Similar to (d) but for theoretical data. (¢) Comparison of experimental distribution of the internal
energy between Ta™ + CD, reaction at £, = 1.2 eV and Ta* + CH, reaction at E. = 1.3 eV. (f)

Similar to (e) but for theoretical data.
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Figure S11. Spin-orbital couplings between quintet and triplet states at seven selected points along

the minimum energy path.
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Figure S12. 1D cuts for the interaction potential energy surface between Ta* and CH,4 (top
panels) and between TaCH,* and H, (lower panels) with other coordinates fixed at their

equilibrium values.
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