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Table S1. Cartesian coordinates and natural charge distribution of the optimized structures shown in
Fig. 4 calculated with TPSSh/def2-TZVP using Stuttgart/Dresden relativistic effective potential
(ECP) for tantalum atoms.

Species ~ Symmetry Tc}ﬁgft?:::gy Atom x /A y/A z/A cllj:;;éa/le
STaNH" Cov —112.025719 Ta 0.000000 0.000000 0.182448  +1.445
N 0.000000 0.000000 —1.537573  —0.867
H 0.000000 0.000000  —2.555705  +0.421
'TaN,H," Ca —167.447170 Ta 0.000000 0.205515 0.000000  +1.974
N 1.428205  —0.825573 0.000000  —0.891
N —1.428205  —0.825573 0.000000  —0.891
H 1.909502  —1.722304 0.000000  +0.404
H —1.909495  —1.722307 0.000000  +0.404
'TaN," Ca —166.135246 Ta 0.000000 0.000000 0.264284  +1.708
N 0.000000 0.722422  —1.378052  —0.354
N 0.000000  —0.722422  —-1.378052  —0.354
“Ta," Doch —113.549129 Ta 0.000000 0.000000 1.110866  +0.500
Ta 0.000000 0.000000  —1.110866  +0.500
*Ta,NH" Ca —169.034315 Ta 0.000000 1.128951  —0.089413  +0.840
Ta 0.000000 —1.128951  —0.089413  +0.840
N 0.000000 0.000000 1.504652  —1.083
H 0.000000 0.000000 2.521668  +0.402
*Ta;NoH," Ca —224.499393 Ta 1.219799 0.000000 —0.061237  +1.147
Ta —1.219799 0.000000  —0.061237  +1.147
N 0.000000 1.411766 0.514267  —1.047
N 0.000000 —1.411766 0.514267  —1.047
H 0.000000  —2.366216 0.870420  +0.400
H 0.000000 2.366216 0.870420  +0.400
Ta,N," Dy, —223.306433 Ta 0.000000 0.000000 1.368087  +1.396
Ta 0.000000 0.000000 —1.368087  +1.396
N 0.000000 1.272131 0.000000  —0.896
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N 0.000000 —1.272131 0.000000  —0.896

*Ta,N;H" Cs —278.749802 Ta —0.839171  —1.209365 0.000000  +1.449
Ta 0.859938 0.965219 0.000000  +1.809
N —0.034478  —0.195351 1.283151 —0.905
N —0.034478  —0.195351 —1.283151 —0.905
N —0.034478 2.485471 0.000000  —0.846
H —-0.791974 3.159211 0.000000  +0.397
*Ta;NgH," Ca —334.126483 Ta 0.000000 1.406805 —0.159101 +1.746
Ta 0.000000  —1.406805 0.159101 +1.746

N —1.283187 0.000000 —0.271977  —0.853
N 1.283187 0.000000 —0.271977  —0.853
N 0.000000  —1.923307 1.563348  —-0.784
N 0.000000 1.923307 1.563348  —-0.784
H 0.000000 —1.839036 2.574756  +0.391
H 0.000000 1.839036 2.574756  +0.391

*TaNy"* Cs —332.818207 Ta 1.259094  —0.091452 0.017643  +1.632
Ta —1.259094  —0.091452 0.017642  +1.632
N 0.000002 1.847356 0.081255  —0.280
N 0.000001  —1.225743  —0.862552  —0.827
N 0.000004 1.230056  —1.019129  —0.419
N —0.000005 0.055753 1.432460  —-0.737

*Tas” D3y, —170.574764 Ta 0.000000 1.410137 0.000000  +0.334
Ta —-1.221214  —0.705068 0.000000  +0.333

Ta 1.221214  —0.705068 0.000000  +0.333

*TasNH" Cy —226.056553 Ta 0.000000 1.436078  —0.567469  +0.746
Ta 0.000000 0.000000 1.354289  +0.205

Ta 0.000000 —1.436078 —0.567469  +0.746

N 0.000000 0.000000 —1.873941 —1.101

H 0.000000 0.000000 —2.895085  +0.404

'"Ta;NoH, Cs —281.507448 Ta —0.936091 1.042542 0.000000  +1.046
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—0.927
—0.977
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Table S2. Change in relative energy of the reactants and possible products upon
reaction of Ta,” with NH3 molecules. The change in relative energy exhibits the
same trend in both calculations employing TPSSh and B3LYP functional.

Formal Change in relative energy / eV
Species oxidation TPSSh B3LYP
number of Stuttgart/Dresden Stuttgart/Dresden

Ta atoms ECP ECP

n=1
Ta™ + 2NH; +1 0.00 0.00
TaNH" + H, + NH; +3 —2.33 —2.24
TaN>H," + 2H, +5 -1.19 -1.01
TaN>" + 3H, +7 +3.89 +4.06

n=2
Ta,™ + 4NH; +0.5 0.00 0.00
TaaNH' + H, + 3NH; +1.5 -2.92 -2.62
Ta;N>H," + 2H, + 2NH;3; +2.5 —-2.38 -2.15
T32N2+ + 3H, + 2NH;3 +3.5 +0.65 +0.74
T.’:\.QI\BHJr + 4H, + NH3 +4.5 —-1.78 -1.65
T.’:‘.QI\I4H3Jr +4H, + H +5 +0.26 -1.35
Ta:NsH>" + 5H» +5.5 —-0.23 +0.21
Ta;Ns" + 6H, +6.5 +3.79 +4.37

n=>3
Tas™ + 6NH;3 +0.3 0.00 0.00
TasNH' + H, + 5NH; +1 -2.83 —2.64
T.’:‘.3I\12HQJr + 2H; + 4NH; +1.7 -1.99 -1.70
Ta3N2+ + 3H, + 4NH;3 +2.3 +0.58 +0.63
T.’:13I\I3HJr + 4H, + 3NH; +3 -2.30 -1.99
T.’:‘.3I\I4HQJr + 5H; + 2NH; +3.7 -2.63 -2.37
Ta3N4+ + 6H, + 2NH; +4.3 +1.54 +1.49
T.’:‘.3I\15HJr + 7H, + NH3 +5 -2.01 -2.00
Ta3N6H2+ + 8H, +5.7 +0.74 +0.87
TasNg" + 9H, +6.3 +1.83 +6.06
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Table S3. Cartesian coordinates and natural charge distribution of the optimized structures shown in
Fig. 5 calculated with TPSSh/def2-TZVP using Stuttgart/Dresden ECP for vanadium atoms.

Species  Symmetry T(}‘Elaft?:fr:gy Atom x /A y/A z/A Cﬁ:ﬁgéa/le
V,© Do —141.377560 \% 0.000000 0.000000 0.836972  +0.500
\% 0.000000 0.000000  —0.836972  +0.500
*V,NH" Ca —196.786484 \Y% 0.000000 0.872701  -0.254879  +0.725
\% 0.000000 —0.872701  -0.254879  +0.725
N 0.000000 0.000000 1.338195  —0.842
H 0.000000 0.000000 2357049  +0.392
VLN, H," Ca —252.250293 \Y 1.355463 0.000000  —0.035231  +1.107
\% —1.355463 0.000000  —0.035231  +1.107
N 0.000000 1.262242 0.114163  —0.981
N 0.000000  —1.262242 0.114163  —0.981
H 0.000000  —2.279627 0011164  +0.374
H 0.000000 2279627 0011164  +0.374
*VaoN, Dy, —251.041795 \% 0.000000 0.000000 1.256102  +1.052
\Y% 0.000000 0.000000 -1.256102  +1.052
N 0.000000 1.183998 0.000000  —0.552
N 0.000000  —1.183998 0.000000  —0.552
*VoN;H C —306.406515 \Y 1.365261 0.247314 0.004780  +0.967
\% -1.023126  —0.664089 0.014412  +1.091
N 0.712812  -1.271982  -0.025374  —0.598
N —-0.139176 1.138533 0.012242  —-0.333
N —1.428876 1.217645  -0.104039  —0.528
H —1.882424 1.996459 0.378788  +0.400
*VoNGH, C —361.746380 \Y 1.308675  —0.565905 0.160696  +1.109
\% —-1.141375  -0.005115  -0.429864  +0.825
N 0.357517 1.069919  -0.425192  —0.248
N —0.188796  -1.417158 -0.015279  —0.500
N —2.024359 0.349962 0.884392  —0.492
N 1.417436 1.460047 0.132449  -0.491
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Table S4. Change in relative energy of the reactants and possible products upon reaction of V,,* with
NH3 molecules. The change in relative energy obtained by either of the methods exhibits the same
trend for n =2 and 3; the result depends neither on functional nor on the use of ECP. For n =1, the
result is dependent on the method; the use of ECP resulted in far off from a previous experiment,
where the total energy of VNH' + H; is reported to be about 0.1 eV lower than that of V* + NH3.?

Formal Change in relative energy / eV
Species oxidation TPSSh TPSSh B3LYP B3LYP
number of  Stuttgart/Dresden All Stuttgart/Dresden All
V atoms ECP electrons ECP electrons
n=1
V' + 4NH; +1 0.00 0.00 0.00 0.00
VNH' + Hz + 3NHj3 +3 +0.76 +0.01 +0.96 +0.25
VNH," + 2H; + 2NH; +5 +0.04 +0.30 +0.34 —-0.01
VN," + 3H, + 2NH; +7 +1.61 +1.42 +1.47 +1.91
n=>2
V2" + 4NH; +0.5 0.00 0.00 0.00 0.00
VoNH' + H; + 3NH; +1.5 —0.85 —-1.15 -1.33 —0.75
VoNoH," + 2H, + 2NH; +2.5 -2.34 -2.32 —2.47 -2.59
V2N, + 3H, + 2NH;3 +3.5 +1.08 +0.89 +1.37 +1.25
VoN3H' + 4H; + NH; +4.5 +0.71 +0.64 +0.76 +0.70
VoNsH,™ + 5H, +5.5 +0.68 +0.29 +0.81 +0.47
n=3
V3" + 6NH; +0.3 0.00 0.00 0.00 0.00
V3NH' + H; + 5NH; +1 -3.18 -2.57 -3.80 =2.72
ViNH," + 2H, + 4NH; +1.7 +0.56 -1.21 -0.12 —1.54
V3N, + 3H, + 4NH; +2.3 +0.08 +1.15 +0.83 +0.77
ViN;H' + 4H, + 3NH; +3 -2.15 -2.31 -1.73 —2.06
ViNsH," + 5H, + 2NH; +3.7 -1.33 -2.17 —0.82 -1.59
ViNs" + 6H, + 2NH; +4.3 +1.27 +1.60 +1.94 +1.83
V3NsH' + 7H; + NH; +5 +0.55 +0.23 +0.31 +0.21
V3NgH," + 8Ha +5.7 +0.50 +0.26 +0.70 +0.43
VNs" + 9H, +6.3 +1.10 +1.50 +0.27 -1.39

4 D. E. Clemmer, L. S. Sunderlin and P. B. Armentrout, J. Phys. Chem., 1990, 94, 208-217.
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Table S5. Bond dissociation energies obtained by DFT calculations along with
experimental reports.

Bond dissociation energy / eV

Species TPSSh TPSSh B3LYP B3LYP
Stuttgart/Dresden All Stuttgart/Dresden All Experiment

ECP electrons ECP electrons
Ta™—Ta 4.50 4.19 6.872
Ta,™—Ta 5.55 4.74 6.602
Ta;™—Ta 6.56 5.64 7.602
V-V 2.26 2.88 2.12 1.95 3.14°
Vo -V 1.67 2.35 0.53 0.37 2.27°

2 P. B. Armentrout, D. A. Hales and D. Lian, in Advances in Metal and Semiconductor Clusters, ed. M. A.
Duncan, JAI Press, Greenwich, 1994, vol. 2, pp. 1-39.

b C.-X. Su, D. A. Hales and P. B. Armentrout, J. Chem. Phys., 1993, 99, 6613-6623.
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