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1 Additional theoretical Methods

Based on the structures calculated at the M06 functional level, the single point energies of reactants
and adsorption complexes were recalculated by the high-level partially spin-adapted open-shell
coupled-cluster method with single, double, and perturbative triple excitations [RCCSD(T)]'# using
the Molpro program package.’ In these CCSD(T) calculations, all the valence electrons were
correlated. The basis set used for all atoms were aug-cc-pVDZ and aug-cc-pVTZ (denoted as ADZ
and ATZ).%8 The two-point complete basis set (CBS) limit extrapolations for total electronic energy
were obtained by ADZ/ATZ pair of basis sets (ADZ and ATZ are augmented double-{ and triple-C
correlation consistent basis sets, respectively) based on equation 1,” which has been recently found

to be superior to alternative extrapolation schemes.!?

A
E =E —
totaln total,CBS 4
(n+1/2) (1)
Note that a diagnostic criterion has been examined to evaluate the suitability of single-reference wave

function-based methods for Ta,D, 4 and products.'!:1?

2 Additional experimental results
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Fig. S1 Variation of ion intensities with respect to the partial pressures of N, in the reactions of (a)
Ta,D,™ and (b) Ta,D,~ with N,. The data points were experimentally measured and the solid lines

S3



were calculated on the basis of rate constants determined form least-squares fitting.
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Fig. S2 Time-of-flight mass spectra for the reactions of Ta,D," cluster anion with (a) He, (b) 0.39 Pa
N, and (c) 0.39 Pa Ar for about 8.6 ms, the reactions of Ta,D,~ cluster anion with (d) He, (e) 0.19 Pa
N, and (f) 0.23 Pa Ar for about 1.6 ms.
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3 Additional theoretical results

3.1 Choice of theoretical methods

Table S1. Experimental and calculated bond dissociation enthalpies [Dy (A-B) at 0 K, given in eV]
of typical diatomic species containing Ta, H, and N atoms as well as the adiabatic electron detachment
energy / vertical electron detachment energy (ADE/VDE) of Ta,D,™ (given in eV). The standard
deviation (o) of calculated values (D, caic.) With respect to experimental data (Do, expt.) 1S given.

Dy(A-B) / eV Ta,Dy
TaTa Ta-N Ta-H N-N H-H | ADE VDE | ¢
Expt.13 400 625 235 975 448 | 151  1.54
M06 3.62 672 243 927 432 | 142 145 | 0.064
B3P86 344 636 229 978 450 | 1.69  1.73 | 0.086
Hybrid B3LYP 286 614 235 960 442 | 124 127 | 0.143
Fonctionals | BSFWOl 331 609 205 943 429 | 116 LI8 | 0.149
PBEIPBE 3.17 600 186 942 416 | 1.12 1.11 | 0.184
B1B95 3.06 6.07 207 944 430 | 1.06 1.1 |0.185
BILYP 249 583 253 933 436 | 1.08 1.1 | 0213
BMK 219 599 212 949 429 | 1.13  0.69 | 0.289
M062X 246 560 227 944 431 | 0.64 0.64 | 0.345
BPS86 437 7.03 280 1025 450 | 136 14 | 0.107
BPW91 434 679 245 995 424 | 1.18 122 | 0.124
Pure BLYP 372 6.82 255 1009 440 | 1.18 121 |0.128
Functionals | FBEPBE 443 701 262 1024 420 | 122 125 | 0.129
BPBE 439 680 244 995 422 | 1.17 12 |0.131
TPSS 413  6.63 266 953 454 | 1.13  1.16 | 0.144
MO6L 384 624 235 941 417 | 1.00 1.04 | 0.179
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3.2 Structural characterization of Ta,D, 4~
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Fig. S3 (a and b) The experimental photoelectron spectra of Ta,D,” at 425 nm and 660 nm,
respectively. (c-f) The simulated DOS spectra and structures of the low-lying isomers of Ta,D,". The
relative energies with respect to the lowest-lying isomer calculated by RCCSD(T) in unit of eV, the
symmetries and the electronic states are listed below the structures. The RCCSD(T)-calculated VDEs
are listed in the unit of eV.

The experimental photoelectron spectrum of Ta,D,™ recorded with 425 nm photons (Fig. S3a)
reveals four major peaks centred at 1.57, 2.02, 2.34, and 2.67 eV, respectively, and the experimental
VDE value of Ta,D,™ can be determined to be 1.54 eV at a wavelength of 660 nm (Fig. S3b). The
RCCSD(T)-calculated VDEs of 2IS1 (*R1 in the main text) and IS2 (*R2 in the main text) are 1.50
and 1.60 eV, respectively, which are very close to the experimental value (1.54 eV). In addition, the
simulated DOS spectra of 2IS1 and 2IS2 both can resonable reproduce most part of the experimental
spectrum (Fig. S3a). The other isomers 2IS3 and 2IS4 can be exclusted due to the obvious high relative
energies with respect to the most stable isomer 2IS1 (?1S3: 0.43 eV, 2IS4: 0.28 ¢V). Therefore, 2IS1
and 2IS2 could be the probable isomers of Ta,D,” generated in experiments.
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Fig. S4 (al and bl) The experimental photoelectron spectra of Ta,D,™ at 760 nm and Ta,H,™ at 745
nm, respectively. The simulated FC spectra of low-lying isomers of Ta,D,™ (a2-a4) and Ta,H,™ (b2-
b4). The peaks in panels a3, a4, b3, and b4 are red shifted by 0.01 eV, 0.11 eV, 0.01 eV, and 0.11 eV,
respectively. The highest occupied molecular orbitals (HOMOs) for each isomer are shown.

Vibrationally resolved detachment spectra for Ta,D,™ and Ta,H,” were obtained at the wavelength
of 760 nm and 745 nm, repsectively. Note that the peaks labelled with asterisk in Fig. S4 are possibly
contributed by the hot bands. Measurement of the photoelectron angular distribution (PAD) of
features labeled in Fig. S3a reveals that all transitions fall into one group with the same angular
distributions since all the peaks show negative values of the anisotropy parameter (f < 0),
corrpsonding to electron detachment from p or d type atomic orbitals.

DFT calculations predict two low-lying isomers for Ta,D,” (?R1 and ?R2). The Franck-Condon
(FC)-simulated spectrum of the 3B, «— 2A; vibrational transition for R1 can reproduce the three
strong vibrationally resolved peaks (A, C, and E) in the experimental spectrum, corresponding to a
stretching vibration of the two Ta atoms (v, ~289 cm!). Besides, the calculated results show that a
low-lying isomer of Ta,D,™ (?R2) with 0.002 eV higher than the ground state structure (*R1) has a
similar FC simulated spectrum that can contribute to the remainder of the experimental spectrum (B,
D, and F). The FC simulated spectrum of 2R2-D (Ta,D,", Fig. S4a4) contains a dominant progression
from the Ta-Ta stretching mode (v;, 290 cm!) modulated by a weak progression for the wagging
mode of two D atoms (v, ~145 cm™!). For 2R2-H (Ta,H;, Fig. S4b4), the frequency of the wagging
mode of two D atoms changes to 202 cm™!. Note that the major progressions all come from the Ta-Ta
stretching, as a result, the isotopic labelling would not influence the experimental results, which
rationalizes the almost same spectra for Ta,D,™ (Fig. S4al) and Ta,H,™ (Fig. S4bl).
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Fig. S5 (a and b) The experimental photoelectron spectra recorded with 459 nm and 760 nm laser
excitations at 10 K for Ta,D,4, respectively. (c-1) The simulated density-of-state (DOS) spectra and
structures of the low-lying isomers of Ta,D4 . The simulated DOS spectrum of 2R3 is red shifted by
0.08 eV. The relative energies with respect to the lowest-lying isomer calculated by RCCSD(T) in
unit of eV, the symmetries and the electronic states are listed below the structures. The RCCSD(T)-
calculated VDEs are listed in the unit of eV.

For Ta,D,~, two broad bands centred at 1.32 eV and 1.83 eV are present at 459 nm excitation (Fig.
S5a). The calculated lowest-lying isomer 2IS9 (?R3 in the main text) of Ta,D4 features two bridging
D atoms and two terminal D atoms. The DOS-simulated spectrum of 2IS9 (Fig. S5d) can reasonably
reproduce the experimental spectrum from 1.50 to 2.75 eV, and the calculated VDE of 2IS9 is close
to the experimental value (1.85 eV vs 1.83 eV), suggesting that the 2[S9 is the most probable species
of Ta,D,~ generated in the experiment. In addition, the simulated spectrum of the low-lying isomer
2IS12 (’R4 in the main text) with three bridging D atoms and one terminal D atom (Fig. S5¢) can well
reproduce the two bands around over the range of 1.0~1.6 eV in the experimental spectrum recorded
at 760 nm (Fig. S5b) in terms of VDE (1.34 eV vs 1.32 eV) and spectral patterns. Therefore, both
2[S9 and 2IS12 may contribute to the Ta,D4~ species in experiments.
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3.3 Structural isomers of Ta,D, 47, Ta,N,~, Ta,DN,~, and Ta,D,4N,~

(a) Ta,D,- ; oN
IS1 (R1) 1S2 (R2) IS3 IS4 IS5
C,., 2A,, 0.00 [0.00] C4, 2A, 0. 02 [0.002] C,, 2A, 0.22 [0.43] C,, 2A’, 0.28 [0.28] C,, ?A", 0.58
Co,, “A,, 0.60 C,,, “B,, 0.82 C., A", 0.36 C., *A",0.71  C, “A",0.74
C,, A4, 1.33 C,, 5A, 1.71 C., 6A”, 1.36 C,, 6A;, 115 C4,8A,1.75
(b) T32D47
IS7 IS9 (R3) IS10 IS11
C., 2A', 0.00 [0.10] Cq, 2A' 0.02[0.15] C4, 2A, 0.11 [0.00] Cq, 2A", 0.20 [0.07] C4, 2A, 0.22[0.30]
C., “A", 0.47 C., “A",0.43 C,, %A, 0.50 C,, %A, 0.32 C., *A", 0.59
CS, A", 1.21 c1, A, 1.17 C,, A, 1.21 C,., 6A,, 1.07 01, 6A, 1.1
(c) TayNy- ‘f
IS13 (P1/P3) IS14 IS15 IS16 1S17
Dy, 2A,, 0.00 C., 2A, 2.04 C,, *A;, 3.18 C,. ?B4, 3.79 C., 2A’, 4.58
C., “A",0.92 C,, %A, 2.30 C,,, 2A,, 3.81 C,, %A, 4.02 C,, A, 4.71
C., 6A", 2.37 C,, %A, 3.99 C,, %A, 3.99 C,, 6A, 4.83 C,, 5A, 5.40
(d) Ta,DN,- 0\
IS19 (P2/P4) 1S20 1S21 1S22 1523
C., 3A", 0.00 C., A", 1.09 C,, 3A, 1.79 C., 3A", 2.94 Cq, %A, 3.52
C., 'A’, 0.02 C., A", 1.66 C,, 5A, 2.26 C., 'A’, 3.06 Cy, 'A, 3.53
C., %A, 1.29 C,, 5A, 2.26 C., A, 2.28 C,, %A, 3.35 C,, %A, 4.23
(e) Ta;D;N,- :

IS25 1S26 1S27 1S28 1S29
C,., 2A,, 0.00 C,, 2B, 0.57 Con, 2B, 0.60 C,,2A,1.03 C,, 2A, 1.68
Coy, “A;, 117 C,, *B, 0.97 Cap, “By, 0.98 Co, *A;, 1.17 C,, “A, 2.26
C,,, 8A,, 3.92 C,., 6A,, 4.48 C., 6A" 4.44 C,, ®A", 3.92 C,, 8A, 3.51
(f) Ta2D4N2_ \

1S31 IS32 IS33 1S34 IS35

D,, 2A, 0.00 C,,2A,1.05 C,, 2A, 2.01 C,, 2A, 2.37 C,, %A, 252
C,, %A, 3.56 C,, *A", 2.76 C,, %A, 2.38 C,, %A, 2.98 C,, %A, 3.15
C,, 6A;, 7.04 C,, A, 6.07 C,, 8A, 5.79 C,, °A’, 5.67 C,, A, 5.65

Fig. S6 DFT calculated isomers for Ta,D,™ (a), Ta,D4 (b), Ta,N,™ (¢), Ta,DN,7(d), Ta,D,N,™ (e) and
Ta,D4N,~ (f). The relative energies (AH,, in eV) with respect to the lowest-lying isomers are given
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below the structures. The RCCSD(T)-calculated relative energies are given in brackets.
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3.4 Reaction mechanisms of Ta,D,” (R1/2R2) +N,

2R2+N,/0.02

2R1+N,/0.00
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Fig. S7 The potential energy surface of 2R1/2R2 + N,. The zero-point vibration corrected energies of
intermediates (Iz) and transition states (TSn) relative to the separated reactants (?R1 + N,) are in eV.
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3.5 Reaction mechanisms of Ta,Ds~ ((R3/2R4) +N,
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Fig. S8 The potential energy surface of 2R3/°R4 + N,. The zero-point vibration corrected energies of
intermediates (Iz) and transition states (TSn) relative to the separated reactants (?R3 + N,) are in eV.
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3.6 Potential energy profiles for the isomerization of 2R1 — 2R2 of Ta,D,™ and *R3 — 2R4 of
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Fig. S9 The DFT-calculated potential energy profiles for the isomerization of 2R1 — 2R2 of Ta,D,"
and ?R3 — 2R4 of Ta,Dy4~. The relative energies with respect to lowest-lying isomer are given in eV.
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3.7 The calculated VDEs and the binding energy of N, of all intermediates

Table S2. The calculated VDEs and the binding energy of N, of all intermediates on the potential
energy profile for the reaction of Ta,D,~ + N, and Ta,D4~ + No.

isomer VDE (eV) The binding energy of N, (eV)
I1 1.63 0.83
12 1.84 1.90
I3 1.57 2.03
14 3.45 3.80
I5 1.47 5.93
16 1.83 1.07
17 2.64 1.64
I8 1.86 2.12
19 2.37 2.83
110 3.72 3.83
111 1.53 6.66
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3.8 Molecular orbital analysis of Ta,D,™ and Ta,D,~
Ta,D,” Ta,D,”

Homo 4 g HOMO +Tawaz
HOMO-1 4 fﬂ
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HOMO-7 44 %}

HoMO-8 44~ }ﬁ)

Fig. S10 Molecular orbital analysis of Ta,D,™ and Ta,D4~. The up and down arrows denote a and 3
electrons.

The molecular orbital analysis was carried out and the result was added as Fig. S10. Five occupied
molecular orbitals (HOMO to HOMO-4) are composed of s/d atomic orbitals of Ta in Ta,D,~. When
the two additional D atoms bond with Ta,D,™ to form Ta,D4, two electrons from the occupied MO
pair with the single electrons from D atoms to form two new Ta-D bonds (HOMO-4 and HOMO-5
in Ta;D47). In addition, two of the five MOs (HOMO-2 and HOMO-3 in Ta,D4) almost remain
unchanged upon the D atoms bonding. While the first two MOs (HOMO and HOMO-1) rearrange
upon the D atom addition with the electron densities around Tal shifting to Ta2 atom. As a result, the
electron densities are more localized on Ta2 atom in Ta,D,4 than that in Ta,D,~, which plays a vital
role to facilitate the approaching of N, towards Ta2 as well as to maximize the overlap between the
occupied MO in Ta,D4 and the empty MO in N, as shown in Figs. 4 and 5 in the main text.
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