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S1 Mass Spectrometry Experiments
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Figure S1. Reactant concentration dependence. Mass spectra of pure Nb,, " clusters (a) and after reacting with BoHe
(b-g) in the laminar flow tube at different gas concentrations corresponding to different flow rates of the reactant gas
(0.3% ByHg in He). The weak peaks in the nascent Nb," cluster, marked with triangles, are due to minor niobium

oxide contamination.
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Figure S2. Concentration-dependent reactions of Nb,* at a different distribution. Mass spectra of the Nb,*
clusters (a) and after reacting with BoHg (b-g) in the laminar flow tube at different gas concentrations corresponding
to different flow rates of the reactant gas (0.3% B>Hg in He). The weak peaks in the nascent Nb,* cluster, marked

with triangles, are due to minor niobium oxide contamination.
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Figure S3. Reaction time dependence of 0.2 sccm B;Hs. Mass spectra of the nascent Nb,* clusters (a), and after
reacting with 0.2 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to
3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with
triangles, are due to minor niobium oxide contamination.
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Figure S4. Reaction time dependence of 0.3 sccm B;Hs. Mass spectra of the nascent Nb,* clusters (a), and after
reacting with 0.3 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to
3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with

triangles, are due to trace amount of niobium oxide contamination.
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Figure S5. Reaction time dependence of 0.4 sccm B;Hg. Mass spectra of the nascent Nb,* clusters (a), and after
reacting with 0.4 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to
3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with

triangles, are due to minor niobium oxide contamination.
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Figure S6. Reaction time dependence of 0.5 sccm B;Hs. Mass spectra of the nascent Nb,* clusters (a), and after
reacting with 0.5 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to
3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with
triangles, are due to minor niobium oxide contamination.
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Figure S7. Reaction time dependence of 0.6 sccm B;Hs. Mass spectra of the nascent Nb,* clusters (a), and after
reacting with 0.6 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to
3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with

triangles, are due to minor niobium oxide contamination.
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Figure S8. Reaction time dependence of 0.7 sccm B;Hs. Mass spectra of the nascent Nb,* clusters (a), and after
reacting with 0.7 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to

3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with
triangles, are due to minor niobium oxide contamination.

S9



26 N | INDB DB

g) +B,H; 10.9 ms

e . IL L L |
#Nb,B," Nb,B,’ f) +B,Hs 9.4 ms

?
%

e) +B,H; 7.8 ms

)
) LLL_L_L_L
=)
— 23f d) +B,H;6.3ms
X A
~ 16 . \
T W
2 0o ' ...
RTINS c) +B,Hg 4.7 ms
— 16} gu\.xzi‘f
o8t 2|7 [ [ |t L
0_0<LL_AAL;_J“UM«_LL n A L_JL_JLJJA_ nh_ L Ll
291z b) +B,Hs 3.1 ms
19+4
Z 24 |
1.0F \
OOMJ_LLL i M JL_JL,LLLLAL L b L
33l | 3 1 13 15 a) Nb,"
9
22} 5 17
L U
0-0..'.|.Jl.zl"IIjiLLF;.:.L.A:.A‘

1 s | L |

200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

Figure S9. Reaction time dependence of 1.0 sccm B;Hs. Mass spectra of the nascent Nb,* clusters (a), and after
reacting with 1.0 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to
3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with
triangles, are due to minor niobium oxide contamination.
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Figure S10. Reaction time dependence of 3.0 sccm B;Hg. Mass spectra of the nascent Nb," clusters (a), and after
reacting with 3.0 sccm ByHg (0.3% in He) in the laminar flow tube with controlled reaction time corresponding to
3.1,4.7, 6.3, 7.8, 9.4, and 10.9 ms respectively (b-g). The weak peaks in the nascent Nb," cluster, marked with

triangles, are due to minor niobium oxide contamination.
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Figure S11. Absolute intensity of the Nb," (n = 1-10) clusters and their reaction products with 0.4 sccm B2Hs (0.3%
in He) at different reaction time determined by the inlet distance.
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Figure S13. Absolute intensity of the Nb," (n = 1-10) clusters and the products after reacting with 0.8 sccm B,Hs
(0.3%in He) at different reaction time determined by the inlet distance.

S14



Ajsusju| eAnejay 1onpoid

Ajsusju| eAne[ey JoNpoId

Aysuaju| aAlejey Jonpoid

Aysusju| sAne|ey jPnpold

Aysueju| aaej@y 1onpold

(=1 [=] (=] f=] o =3 (=3 = w0 o 0 o o o o™ o - [=1 o o~ o - - @ w o [+ ©
8 ¢ 8 8 2 8 8 § ® ¢ 8§ 8 8 = ¢ =2 3 ] © ¢ 3 3 § T = = 3 g
o o o o o = =) (=] =1 =] o =1 =} o o =] o =1 o o o o o =3 o =3 o o
up 5 = > 5 u > 8 u > 5 o > -
> g up 3 = > 8 " > s " >
up 2 u | L] » 3 L > 2 ] >
» 3 £ o ] > € i ] 3 T v = > 2 T ] > F
S|lls s = T = e ~ of
.m up ML zz up ML z = [T o4 - " > ] Vm”w ™1 » L
o > u > >u z 2z
zZz | 3 > = i | 3 ] o | ] pd > up F
>u - - - -
o < =] (=] [
| 2 w2 » ] = | 4 m 3 | m 32 | m
8 & & &§ @ 8 & & & & 8 8 & 8 8 8 2 g g 8 8 5 % &5 2 2 g
o o o o o o (=] o o o o o o o [=] o o =] o [=] o o o (=] o o (=]
Alsuaju| aAnB|ay JueRSY Risuaju| aane|ay Juepeay Ajsuaju| anije|ay juejoeay AUsuau| sANEY JUBjORSY AUsua| BAIlE[DY JUBlORSY
Aysuayu| aniejay onpold Aysueju| eanejey jonpoid Ajisuayju| aane|ey Jonpoid Aysusiu| aaleey jonpold Aysusju| annejey Jonpold
6 2 o ow = o o @ o8 @ % W e w e W o w o @ B W 2 w @ ® o8 & =
5 3§ 8 8§ T 8 B 8§ % 8§ T 8 2 2 8 g 9§ 8 e g 8 B 8 8 8§ 8 © 8 & 8
S 2 S 2 2 =2 s < & 2 S = - = 2 2 s 2 3 S 2 s 3 5 s
] > IS ] | o | ] P | 2] F
n » |2 u » e ] > 2 "> 3 » r
n ] » L2 [ ] » 2 (] » = > 2 up» 3
L] > Prig| >3 r L] > ig = > ig »
- ~ + o ~ —
.2,
= | u >3- |22 » 3- i mp - i » -
. .
- .2 oD
" > 3 " [ L > = g §3 » Y g4 .l
- - - > u - >
(=3 o [ =1 B
> m 3 > Hg > m |3 b m 3 > =
g ¢ 5 3 © = e o« g z g ¥ 8 8 & = 5 z 8 2 2 & & 2 % 2 ¢ & &
o o o (=] o o o o o o o o o o o o o o o o o o o o o o (=1 o o

fysuaju| aAnejey jueeay

|
3
fyisuaju| aanejay Jueloedy

Kysuaju| anlje|ay juejoeay

Ausuaju| sAlelay JuejEaY

Aysusju| eAnejey Juelesy

04 05 06 07

03

0.2

0.1

0.0

06 07

05

01 02 03 04

0.0

L (m)

L (m)
tensity /(Nb,)/[(Nbi3*) of the Nb,” (n = 1-10) clusters and the products after react

0.8 sccm B;Hs (0.3%in He) at different reaction time determined by the inlet distance.

ing with

ive in

Figure S14. Relat

515



N
o
L

3.6
1.5 27
> —_
:é' 1.0 % 1.8
- £ |
0.54 0.9
0.0 . . . . 0.0 — ; ; :
0.0 0.2 04 0.6 0.8 0.0 0.2 04 06 0.8
Flow (sccm) Flow (sccm)
<
° 364 e +
28 t=4.7ms N2 t=9.4ms
27 * Nbs

ol
o

—_
o]
1

-In(i1ty)

-In(llly)
~

0.7 0.9+

00 02 04 06 08 0.0 0.2 0.4 0.6 0.8
Flow (sccm) Flow (sccm)
3.2 oy 3.6 Nb,*
t=6.3ms 2 t=109 ms H

2.4 - 2.7
S 3
= 1.64 = 18
= £
0.8+ 0.9- —
0.0 . . . 0.0 — . . :
0.0 0.2 04 0.6 0.8 0.0 0.2 0.4 06 0.8
Flow (sccm) Flow (sccm)
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Figure S16. The experimentally determined reaction rates of Nb,* (n = 1-6) reacting with B2He using two
methods (rate 1 and 2), in a comparison with the theoretically simulated rate constants based on the SCC
model and HSA model. The scale and tick labels for experimental rate 2 is displayed on the right axis. The
systemic errors are considered through error propagation based on the equations, including the measure of
the mass peak intensities, the measure of vacuum, and the estimation of the molecular beam density.
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Figure S17. Frontier orbital analysis. The highest occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) of the Nb," clusters in a comparison with that of BoHg.
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Figure S18. The optimized structures of Nb,B,,* clusters (n = 1-9, m = 0-2). Spin multiplicities (M) are shown
below each isomer.
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Figure S19. The optimized structures of Nb,BH* clusters (n = 1-8). Spin multiplicities (M) are shown below each
isomer.
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Figure S20. The optimized structures of neutral Nb,B,, clusters (n = 1-8, m = 0-2). Spin multiplicities (M) are
shown below each isomer.
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Figure S21. The optimized structures of neutral Nb,BH, clusters. Spin multiplicities (M) are shown below each
isomer.
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Table S1. Thermodynamics energy changes (AG) for Nb," + B;Hs — Nb,B>" + 3H;. The pre-superscripts refer to
spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

SNb* + BoHg — 'NbB," + 3H» AG=2.95
INby" + BoHs — 2Nb:B," + 3Ha AG=1.65
3Nbs" + B:Hg — *Nb3;B;" + 3H; AG=-0.20
INbs" + B;Hg — 2Nb4B>™ + 3H, AG = -0.60
3Nbs* + B,Hg — 'NbsB," + 3H, AG =-147
INbs" + B2:Hs — *NbsB2" + 3H; AG=-1.52
3Nb;7" + B:Hs — 'Nb7B;" + 3H; AG =-0.61
INbs* + B,Hg — 2NbsB," + 3H, AG=-0.72

Table S2. Thermodynamics energy changes (AG) for Nb," + BoHs — Nb,BH," + == H, + BH,. The pre-

superscripts refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

SNb* + B,Hg — NbBH' + BH + 2H, AG =524
Nb," + BoH¢ — 2Nb,BH™ + BH + 2H, AG=4.74
3Nbst + BoHg — 'Nb;BH™ + BH + 2H)» AG=3.22
Nbs+ + BoHg — 2NbsBH™ + BH + 2H)» AG =347
3Nbs* + BoH¢ — 'NbsBH™ + BH + 2H, AG=3.05
Nbg" + BoHg — 2NbgBH™ + BH + 2H, AG=1.93
3Nb;" + BoH¢ — 'Nb;BH™ + BH + 2H), AG =347
Nbg" + BoH¢ — 2NbgBH™ + BH + 2H>, AG=3.03

SNb* + BoHg — °NbB* + BH; + 2H, AG=5.61
2N‘bz+ + B,Hg — 3szB+ + BH, + 2H>» AG=4.69
3N‘b}+ + B,Hg — 2Nb3B+ + BH, + 2H>» AG=3.09
2N‘b4+ + B,Hg — le4B+ + BH, + 2H>» AG =290
3Nb5+ + BoHg — 4NbsBJr + BH; + 2H» AG=2.85
2Nb6+ + BoHg — 3Nb@BJr + BH; + 2H» AG=1.58
3Nb7+ + BoHg — 2Nb7BJr + BH; + 2H» AG=3.23
2Nb8+ + BoHg — legBJr + BH; + 2H» AG =295

SNb™ + B,Hg — SNbBH' + BH; + H» AG=1.57
2Nb2+ + BoHg — 2szBH+ + BH3 + H» AG=1.08
3Nb3+ + B;H¢ — 1Nb3BH+ + BH; + H, AG =-0.44
2Nb4+ + B;H¢ — 2Nb4BH+ + BH; + H, AG=-0.19
3Nbs"' + B;H¢ — lesBH+ + BH; + H, AG =-0.61
2Nb6+ + B;H¢ — szﬁBH+ + BH; + H, AG=-1.73
3Nb;* + B,Hs — 'Nb;BH* + BH; + H, AG=-0.19
Nbs* + B,Hs — *NbsBH* + BH; + H; AG =-0.64

SNb* + BoHg — °NbB* + BH4 + H; AG =457
2sz+ + BoHg — 3szB+ +BH4 + H» AG=3.65
3Nb3+ + BoHg — 2Nb3B+ +BH4 + H» AG=2.05
2Nb4+ + BoHg — INb4B+ +BH4 + H» AG=1.86
3Nbs" + BoHg — “NbsB* + BHs + Hp AG =138l
2Nb(,+ + B,Hg — 3Nb6B+ +BH4 + H» AG=0.54
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3Nb;* + B,He — 2NbsB* + BH4 + Ha
2Nbg" + BoHg — 'NbsB* + BH4 + H»
SNb* + B,Hg — 'NbB + BH4" + H»
INb,* + BoHs — 2NbyB + BHs* + H,
3Nbs* + BoHs — 'NbsB + BHs* + H,
2Nb4+ + BoHg — 2N‘b4B + BHs + H»
3Nbs* + BoHgs — 3NbsB + BHs* + H,
B,Hs — 2BH;

AG=2.19
AG =191
AG =935
AG=8.94
AG=28.13
AG=8.09
AG=17.89
AG=1.37
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Table S3. Thermodynamics energy changes (AG) for Nb," + BoHs — Nb,...B* + Nb,BH4 + H». The pre-superscripts
refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

2Nby" + BoHg — 'NbB™ + *NbBH4 + H, AG =548
3Nbst + BoHg — 3NboB™ + *NbBH;4 + H» AG=3.70
INb4" + BoHg — 2NbsB* + 3NbBH4 + H» AG=3.29
3Nbs* + BoHg — 'NbsB* + 3NbBH4 + Ha AG=2.78
2Nbﬁ+ + BoHg — 4N‘bsB+ + 3NbBH4 +H, AG =271
3Nb7+ + BoHg — 3N‘bsB+ + 3NbBH4 +H, AG=2.40
2Nbg+ + BoHg — 2N‘WB+ + 3NbBH4 +H, AG =351
'Nbo" + BoHg — 'NbgB* + 3NbBH4 +H, AG=3.01
3Nb;* + BoHg — °NbB™ + 2Nb,BH4 + Ha AG=15.62
2Nb4" + BoHg — *NbB* + 2Nb,BH,4 + H, AG=5.04
3Nb5+ + BoHg — 2Nb3B+ + 2N‘szH4 +H, AG =431
2Nbg" + BoHg — 'NbsB* + 2Nb,BH4 + H» AG=3.78
3Nb;" + B,Hg — *NbsB™ + 2Nb,BH4 + H» AG=4.67
2Nbs™ + BoHg — *NbgB* + 2Nb,BH4 + H» AG=3.83
'Nbo" + BoHg — 2NbsB* + 2Nb,BH4 + H» AG=4.71
2Nbo" + B,Hg — 'NbgB™ + 2Nb,BH4 + H» AG =449

Table S4. Thermodynamics energy changes (AG) for Nb,” + BoHg — Nb,.1B2™ + NbHyz + (3-x)Hz. The pre-
superscripts refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

2Nb," + BoHg — 'NbB,* + “NbH» + 2H, AG=17.14
2Nby" + BoHg — 'NbB,* + 2NbH4 + H» AG =581
3Nbs*™ + BoHg — 2Nb,By" + “NbH, + 2H, AG =498
3Nb;™ + B,Hg — 2NboB,™ + 2NbH4 + H» AG=3.64
2Nbs* + ByHg — *Nb3B,* + “NbH, + 2H, AG=4.32
2Nbst + B,Hg — 3Nb3]32+ +2NbH4 + H» AG =299
3Nbs™ + BoHg — 2NbsBy" + “NbH, + 2H, AG=3.61
3Nbs™ + BoHg — 2NbsBy" + 2NbH4 + H; AG =227
2Nbs* + BoHg — 'NbsBy" + “NbH, + 2H; AG=2.72
2Nbs" + BoHg — 'NbsB>™ + 2NbH4 + H» AG=1.39
3Nb;" + BoHg — 2NbeB," + “NbH, + 2H, AG=3.62
3Nb;" + B,Hg — 2NbgB,™ + 2NbH4 + H» AG=2.29
2Nbs™ + BoHg — 'NbsB>™ + “NbH» + 2H» AG=4.01
2Nbs™ + BoHg — 'NbsB>™ + 2NbH4 + H» AG=2.67
"Nbo" + BoHg — 2NbgB," + “NbH; + 2H» AG =3.67
'Nby* + B2Hs — NbsB," + 2NbH4 + H; AG=2.34
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Table S5. Thermodynamics energy changes (AG) for Nb,” + BoHs — Nb,B>" + Nb,.., + 3H>. The pre-superscripts
refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

INb," + BoHe — 'NbB," + °Nb + 3H, AG =8.33
3Nbs* + BoHg — INbB,* + 3Nb, + 3H; AG=17.90
2Nb4+ + ByHg — 1Nsz+ + 2Nb3 +3H, AG =946
3Nbs* + BoHg — 'NbB,* + 'Nbs + 3H; AG =9.44
2Nbs" + BoHg — 'NbB,* + 2Nbs + 3H; AG=9.71
3Nb;* + BoHg — *NbyBy™ + 'Nb + 3H; AG=6.16
2I\Ib4+ + BoHg — 2Nb2Bz+ + 3sz + 3H, AG =693
3Nbs* + BoHg — *NbyBy" + 2Nbs + 3Ha AG=28.16
ZN‘DG+ + BoHg — 2szBz+ + INb4 + 3H, AG=8.13
3Nbs" + BoHg — *NbyB," + 2Nbs + 3Ha AG=9.35
2Nb4+ + BoHg — 3I\Ft)3}32+ + °Nb + 3H» AG =551
3Nbs" + BoHg — 3Nbs;B," + 3Nb, + 3H, AG =596
2Nbg" + BoHg — 3NbsB," + 2Nbs + 3H; AG=17.17
3Nb;™ + B,Hg — 3Nb3B,™ + 'Nbs + 3H» AG=8.10
2Nbs* + BoHg — *NbsB,"™ + 2Nbs + 3H, AG=28.79
3Nbs* + BoHg — *NbsBy" + 'Nb + 3H; AG=4.79
2Nbs" + BoHe — 2NbyB," + 3Nb, + 3H, AG=5.22
3Nbs* + BoHg — *NbsBy' + 2Nbs + 3Ha AG=17.39
2Nbs* + BoHg — 2NbyB," + Nbs + 3H, AG=17.79
Nby* + BoHg — 2NbyB;" + 2Nbs + 3H, AG =8.25
Nbs* + BoHg — 'NbsBy" + 'Nb + 3H; AG=3.90
3Nbs* + BoHg — 'NbsBy' + 3Nbs + 3Ha AG=5.29
2Nbs* + BoHe — 'NbsB,"™ + 2Nb; + 3H, AG=6.93
"Nbo* + BoHg — 'NbsB,™ + 'Nbs + 3H; AG=17.10
2Nbyo" + BoHg — 'NbsB,* + 2Nbs + 3H; AG=17.84
3Nb;* + BoHg — NbeBy" + 'Nb + 3H; AG =4.81
2Nbg" + BoHg — 2NbeB2" + 3Nb, + 3H; AG=15.67
'Nbo" + BoHg — 2NbeB," + 2Nbs + 3H; AG=17.08
Nbio* + BaHg — 2NbgB,* + 'Nbs + 3H, AG=17.53
Nbs" + BoHg — 'NbsB," + °Nb + 3H, AG=5.19
'Nbo" + BoHg — 'Nb7B," + 3Nb, + 3H; AG=15.82
Nbio* + B,Hg — 'Nb7B,* + 2Nbs + 3H, AG=17.51
]Nb9+ + BoHg — szng + ONb + 3H> AG=4.85
Nbio* + BaHg — 2NbsB,* + 3Nb, + 3H, AG=15.77
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Table S6. Thermodynamics energy changes (AG) for Nb,” + BoHs — Nb,* + Nb,.\B> + 3H». The pre-superscripts
refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

INb," + BoHg — *Nb* + 2NbB; + 3H, AG=17.48
3Nbs* + BoHg — °Nb' + INb,B, + 3H; AG =6.59
2Nb4" + BoHg — SNb™ + 2NbsB, + 3H> AG =595
3Nbs* + BoHg — °Nb' + NbsB, + 3H; AG=6.11
2Nbs" + BoHg — Nb*™ + 2NbsB; + 3H» AG =531
3Nb;* + BoHg — *Nby* + 2NbB; + 3H; AG=6.62
2Nb4" + BoHg — 2Nb,' + 'Nb,B; + 3H, AG=6.92
3Nbs* + BoHg — *Nby' + 2NbsB, + 3Ha AG =596
ZN‘bs+ + BoHg — 2sz+ + INb4B;> + 3H> AG=6.10
3Nbs" + BoHg — *Nb,' + 2NbsB; + 3Ha AG=6.26
2Nb4+ + BoHg — 3Nb3+ + 2Nsz +3H, AG=17.81
3Nbs" + BoHg — 3Nb;* + INb,B; + 3H; AG=17.79
2Nbg" + BoHg — 3Nbsz* + 2NbsB; + 3H; AG=6.81
3Nb;™ + B,Hg — 3Nbs' + INbsB, + 3H» AG =791
2Nbs* + BoHg — *Nbs* + 2NbsB, + 3H; AG=1.54
Nbs* + BoHg — *Nbs™ + ?NbB: + 3H> AG=17.49
2Nbs" + BoHg — 2Nbg* + 'NbaB, + 3H; AG =145
3Nb7+ + BoHg — INbst + 2Nb3B2 + 3H, AG =743
2Nbg" + BoHg — 2Nbst + 'NbsB; + 3H; AG=17.99
'Nbg" + BoHg — 2Nbs" + 2NbsB, + 3H; AG =140
2Nbs" + BoHg — *Nbs* + 2NbB; + 3H» AG =747
3Nbs* + BoHg — 3Nbst + 'Nb,B, + 3Ha AG =8.39
2Nbs* + BoHe — *Nbs* + 2NbsB, + 3H; AG=1.84
'Nby" + BoHg — *Nbs* + NbsB, + 3H; AG=8.18
2Nby¢" + BoHg — 3Nbs™ + 2NbsB, + 3H; AG=17.86
3Nbs* + BoHg — *Nbg* + 2NbB, + 3H; AG =843
2Nbg" + BoHg — 2Nbg' + 'Nb,B; + 3H; AG = 8.82
Nbo" + BoHg — 2Nbs" + 2Nb;3 B, + 3H, AG=8.04
Nbio" + BaHg — *Nbs" + 'NbsB; + 3H, AG = 8.66
2Nbg" + BoHg — 'Nbs" + 2NbB; + 3H» AG =790
'Nbo" + BoHg — 'Nb;" + INb,B; + 3H, AG=8.06
Nbio* + BoHg — 'Nb;" + 2Nb;3;B; + 3H; AG=17.56
"Nbo" + BoHg — 2Nbg* + 2NbB, + 3H» AG=17.67
Nbio* + BoHg — *Nbg" + INb,B;, + 3H, AG=8.11
2Nbjo" + BHg — 'Nbg" + 2NbB; + 3H; AG=17.95
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Table S7. Thermodynamics energy changes (AG) for Nb,” + B,Hs — Nb,B* + Nb,..B + 3H,. The pre-superscripts
refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

INby" + BoHg — NbB™ + 'NbB + 3H; AG=10.00
3Nb;* + BoHg — NbB™ + 2Nb,B + 3H» AG=28.73
INb," + BoHs — SNbB* + 'NbsB + 3H, AG=9.12
3Nbs* + BoHg — NbB™ + 2NbsB + 3H» AG=38.75
2Nbs" + BoHg — “NbB™ + *NbsB + 3H, AG=28.53
3Nb;* + BoHg — *NbB™ + 'NbB + 3H» AG =822
2Nb4+ + BoHg — 3szB+ + 2N‘sz +3H, AG=8.15
3Nbs* + B,Hg — *NboB* + INbsB + 3H> AG=28.21
2Nbg* + BoHg — 3NboB* + 2NbsB + 3H» AG=17.83
3Nbs* + B,Hg — *NboB* + 3NbsB + 3H> AG = 8.56
2Nb4" + BoHg — 2NbsB* + 'NbB + 3H, AG =738l
3Nbs™ + B,Hg — 2Nbs;B™ + 2Nb,B + 3H» AG =741
2Nbs" + BoHg — 2NbsB* + INbsB + 3H» AG=17.46
3Nb;" + B,Hg — 2Nb3;B™ + 2Nb4B + 3H» AG = 8.03
2Nbs* + BoHg — NbsB* + 3NbsB + 3H; AG=8.24
3Nbs* + BoHe — 'NbyB* + 'NbB + 3H, AG =130
*Nbs" + BoHe — 'NbyB* + *Nb2B + 3H, AG =6.89
3Nb7+ + BoHg — INbsB* + 1N‘b3B +3H, AG=17.89
*Nbs" + BoHe — 'NbyB* + Nb4B + 3H, AG =17.94
1Nbg+ + BoHg — INbsB* + 3N‘bsB +3H, AG=17.92
2Nbs" + BoHe — “NbsB* + 7NbB + 3H, AG =124
3Nb;" + BoHg — “NbsB* + 2Nb,B + 3H, AG=17.78
2Nbs* + BoHg — “NbsB* + 'Nbs;B + 3H; AG=18.25
'Nby" + BaHs — “NbsB* + 2NbsB + 3Ha AG=38.07
2Nbo* + BoHg — “NbsB™ + *NbsB + 3H; AG=8.33
Nbs" + BaHe — *NbgB* + 'NbB + 3H, AG=6.92
2N‘bg+ + B,Hg — 3NbgB+ + 2N‘sz + 3H; AG =6.93
1N‘bg+ + B,Hg — 3NbgB+ + le}B + 3H; AG=17.18
2Nbjo* + BoHg — *NbgB* + 2NbyB + 3H, AG=17.28
2Nbs™ + BoHg — 2NbsB* + 'NbB + 3H>» AG=8.04
1N‘bg+ + B,Hg — 2Nb7B+ + 2N‘sz + 3H; AG=17.82
Nbio" + BaHg — 2Nb7B* + 'NbsB + 3H; AG =8.35
'Nby™ + B,Hg — 'NbgB* + 'NbB + 3H, AG=17.53
Nbio* + BaHg — 'NbgB* + 2Nb,B + 3H; AG=17.60
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Table S8. Thermodynamics energy changes (AG) for Nb," + Nb,,* + BoHs — Nb,B™ + Nb,,B* + 3H,. The pre-
superscripts refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

2 SNb* + BoHg — 2 °NbB* + 3H, AG=4.79
SNb* + 2Nb,* + BoHe — NbB™ + 3Nb,B* + 3H» AG=3.87
SNb* + 3Nb;* + BoHg — °NbB* + 2Nb;B* + 3H, AG =227
SNb* + 2Nbs" + BoHg — “NbB* + 'NbsB* + 3H, AG=2.08
SNb* + 3Nbs* + BoHg — °NbB™ + “NbsB™ + 3H» AG=2.03
SNb* + ?Nbg" + BoHe — °NbB™ + 3NbgB™ + 3H» AG=0.76
SNb* + 3Nbs* + BoHe — °NbB™ + 2NbsB™ + 3H» AG =241
SNb* + ?Nbg* + BoHeg — °NbB™ + 'NbgB™ + 3H» AG=2.13
2 2Nb," + B,H¢ — 2 *Nb,B* + 3H; AG=2.96
2sz+ + 3N‘b3+ + B,Hg — 3N‘sz+ + 2N‘b3B+ + 3H, AG=1.35
2sz+ + 2N‘b4+ + B,Hg — 3N‘sz+ + 'NbsB™ + 3H, AG=1.17
INb," + 3Nbs" + BoHg — 3Nb,B™ + “NbsB* + 3H, AG=1.12
INb," + 2Nbg" + BoHg — 3NbB™ + *NbgB™ + 3H» AG=-0.15
INb,* + 3Nbs" + BoHg — 3Nb,B™ + 2Nb7B* + 3H, AG=1.49
2INb," + 2Nbg" + BoHg — 3Nb,B™ + INbgB™ + 3H, AG=1.21
2 3Nbs" + BoHg — 2 2NbsB™ + 3H, AG=-0.25
3Nb3+ + 2Nb4+ + BHg — 2Nb3B+ + 1Nb4B+ +3H, AG=-0.44
3Nb3+ + 3Nb5+ + BHg — 2Nb3B+ + 4Nb5B+ +3H, AG=-0.49
3Nb3+ + ZNb(,+ + BHg — 2Nb3B+ + 3Nb6B+ +3H, AG=-1.76
3Nb3+ + 3Nb7+ + BHg — 2Nb3B+ + 2Nb7B+ +3H, AG=-0.11
3Nb3+ + ZNbg+ + BHg — 2Nb3B+ + legB+ +3H, AG=-0.39
2 2Nbs* + BoHg — 2 INbsB* + 3H, AG=-0.62
INbgt + 3Nb5+ + B)Hg — INbsB* + 4Nb5B+ +3H, AG=-0.67
2Nb4+ + ZNb(,+ + BHg — 1Nb4B+ + 3Nb6B+ +3H, AG=-1.94
INbst + 3Nb7+ + B)Hg — INbsB* + 2Nb7B+ + 3H, AG=-0.30
INbst + 2Nbg+ + B)Hg — INbsB* + legBJr + 3H, AG=-0.57
2 3Nbs+ + BoHg — 2 4Nb5B+ + 3H; AG=-0.72
3Nbs+ + 2Nbé+ + BHg — 4NbsB+ + 3NbsB+ + 3H, AG=-1.99
3Nbs*™ + 3Nb;" + B,Hg — “NbsB* + 2NbsB* + 3H, AG=-0.35
3Nb5+ + 2N‘bg+ + BHg — 4N‘bsB+ + lN‘bgB+ +3H, AG=-0.62
2 2N‘b6+ +ByH¢ — 2 3N‘b6B+ +3H, AG=-3.26
2Nb()+ + 3N‘b7+ + BHg — 3N‘b6B+ + 2N‘b7B+ +3H, AG=-1.62
2Nb()+ + 2N‘bg+ + BHg — 3N‘b6B+ + lN‘bgB+ +3H, AG=-1.90
2 3N‘b7+ +ByH¢ — 2 2N‘b7B+ +3H, AG=0.03
3Nb7+ + 2N‘bg+ + BHg — 2N‘b7B+ + lN‘bgB+ +3H, AG=-0.25
2 2N‘bg+ +ByH¢ — 2 lN‘bgB+ +3H, AG=-0.53
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Table S9. Thermodynamics energy changes (AG) for Nb," + Nb,, + BoHs — Nb,B" + Nb,,B + 3H,. The pre-
superscripts refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

SNb* + SNb + B,Hg — ‘NbB* + 'NbB + 3H, AG =4.62
SNb* + 3Nb, + BoHg — ‘NbB* + 2Nb,B + 3H, AG=3.77
SNb* + 2Nbs + BoHs — *NbB* + INbs;B + 3H; AG =261
SNb* + 'Nbs + B,Hg — SNbB* + 2NbyB + 3H, AG =226
SNb* + 2Nbs + BoHs — *NbB* + 3NbsB + 3H; AG=1.77
SNb* + 3Nbg + BoHg — ‘NbB* + 2NbeB + 3H, AG =0.86
SNb* + 2Nb; + B,Hg — ‘NbB* + 'Nb;B + 3H, AG =237
SNb* + 'Nbsg + BoHs — *NbB* + 2NbgB + 3H; AG =235
2Nby* + °Nb + B,Hg — 3Nb,B" + 'NbB + 3H, AG=3.70

2sz+ + 3sz + BoHg — 3szB+ + 2szB + 3H; AG=2.86
2Nb," + 2Nbs + B;Hg — *Nb,B" + INbsB + 3H» AG=1.69
INb,* + 'Nby + BoHg — 3Nb,B* + 2NbyB + 3H, AG=1.34
INby* + 2Nbs + BoHg — Nb,B* + 3NbsB + 3H, AG=0.86
INb,* + 3Nbg + BoHg — 3Nb,B* + 2NbgB + 3H, AG =-0.05
INby* + 2Nbs + BoHg — Nb,B* + INbsB + 3H, AG =145
2Nb," + 'Nbg + BoHg — *Nb,B" + 2NbgB + 3H> AG=1.44
3Nbs* + 6Nb + B,Hs — 2NbsB* + 'NbB + 3H, AG =2.10
3Nbs" + 3Nb, + BoHg — 2NbsB* + 2NboB + 3Ha AG=1.25
3Nbs* + 2Nbs + BoHg — 2NbsB* + 'NbsB + 3H, AG =0.09
3Nbs* + 'Nby + BoHg — 2NbsB* + 2NbsB + 3H» AG =-0.26
3Nbs* + 2Nbs + BoHg — 2NbsB* + 3NbsB + 3H, AG =-0.75
3Nbs* + 3Nbg + BoHg — 2NbsB* + 2NbeB + 3H, AG =-1.66
3Nbs* + 2Nb; + BoHs — 2NbsB* + 'NbsB + 3H; AG=-0.15
’Nbs* + 'Nbs + BoHg — 2NbsB* + 2NbsB + 3H, AG=-0.17
2Nb4+ + ONb + BHs — 1Nb4B+ + 'NbB + 3H> AG=1.92
INbs* + 3Nb, + BoHg — 'NbsB* + 2Nb,B + 3H, AG=1.07
INbs* + 2Nb; + BoHg — 'NbsB* + 'NbsB + 3H, AG=-0.10
2N‘b4+ + 1Nb4 + BHg — 1Nb4B+ + 2Nb4B +3H, AG=-045
INbs* + 2Nbs + BoHg — 'NbsB* + 3NbsB + 3H, AG =-0.93
2N‘b4+ + 3Nbg + BHg — 1Nb4B+ + 2Nb6B + 3H> AG=-1.84
INbs* + 2Nbs + BoHg — 'NbsB* + 'Nb;B + 3H, AG =-0.34
INbs* + 'Nbg + BoHg — 'NbsB* + 2NbgB + 3H, AG =-0.35
3Nbs* + Nb + B,Hs — “NbsB* + ’NbB + 3H, AG=1.87
3Nbs* + 3Nb, + B,Hg — “NbsB* + 2Nb,B + 3H, AG =1.02
’Nbs* + 2Nbs + BoHg — “NbsB* + 'NbsB + 3H, AG=-0.15
3Nbs* + 'Nbs + B,Hg — “NbsB* + 2NbsB + 3H, AG =-0.50
3Nbs* + 2Nbs + BoHg — “NbsB* + 3NbsB + 3H, AG =-0.98
’Nbs* + 3Nbs + BaHg — “NbsB* + 2NbeB + 3H, AG =-1.89
’Nbs* + 2Nb; + BoHg — “NbsB* + 'NbsB + 3H, AG =-0.39
3Nbs™ + 'Nbg + BoHs — “NbsB* + 2NbgB + 3H; AG = -0.40
2Nbs* + Nb + B,Hg — 3NbsB* + 'NbB + 3H, AG =0.59

527



2Nbg" + 3Nbs + BoHg — 3NbsB* + 2Nb,B + 3H»
2Nbg" + 2Nbs + BoHg — *NbeB* + 'Nb3B + 3H»
2Nbg" + INbs + BoHeg — 3NbgB™ + 2NbsB + 3H»
2Nbg* + 2Nbs + BoHg — 3NbgB* + 3NbsB + 3H,
2Nbg" + *Nbg + BoHs — *NbeB* + 2NbeB + 3H>
2Nbg" + 2Nb7 + BoHg — *NbgB*™ + INbsB + 3H,
2Nbg" + 'Nbg + BoHs — *NbeB* + 2NbsB + 3H>
3Nb7" + 'Nb + BoHg — *NbsB* + 'NbB + 3H,
3Nb;" + 3Nbs + BoHs — *NbsB* + 2Nb,B + 3H;
3Nb;" + 2Nbs + BoHe — 2NbsB* + 'NbsB + 3H,
3Nb;" + 'Nbs + BoHe — *NbsB* + 2NbsB + 3Ho
3Nb;" + 2Nbs + BoHs — 2NbsB* + 3NbsB + 3H,
3Nb7" + 3Nbs + BoHs — *Nb7B* + 2NbgB + 3Ho
’Nb7* + 2Nb; + BoHg — NbsB* + 'NbsB + 3H,
3Nb;" + 'Nbg + B,Hs — 2NbsB* + 2NbgB + 3H;
2Nbs* + °Nb + B,Hg — 'NbgB* + 'NbB + 3H,
2Nbs" + 3Nb; + BoHg — 'NbgB* + 2Nb,B + 3H;
2Nbg" + 2Nbs + BoHg — 'NbgB* + Nb;B + 3H»
INbs* + 'Nbs + BoHg — 'NbgB* + 2NbyB + 3H,
2Nbs" + 2Nbs + BoHg — 'NbgB* + 3NbsB + 3H;
2Nbg" + 3Nbg + BoHg — 'NbgB* + 2Nb¢B + 3H»
2Nbs" + 2Nb7 + BoHg — 'NbgB* + INbsB + 3H;
2Nbg" + 'Nbg + BoHg — 'NbgB* + 2NbgB + 3H»

AG=-0.25
AG=-1.42
AG=-1.77
AG=-2.25
AG=-3.16
AG=-1.66
AG=-1.68
AG=2.24

AG=1.39

AG=0.23

AG=-0.13
AG=-0.61
AG=-1.52
AG=-0.01
AG=-0.03
AG=1.96

AG=1.11

AG=-0.05
AG=-0.40
AG=-0.89
AG=-1.80
AG=-0.29
AG=-0.31
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Table S10. Thermodynamics energy changes (AG) for Nb," + Nb,, + BoHg — Nb.B" + Nb,+,n-.BH4 + Ha. The pre-
superscripts refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

SNb* + °Nb + B,H¢ — ‘NbB* + *NbBH4 + H» AG=0.09
2Nb2+ + °Nb + B,Hg — 3N‘sz+ + 3NbBH4 +H, AG=-0.82
3Nb3+ + ONb + BHg — 2Nb3B+ + 3NbBH4 +H» AG=-243
2Nb4+ + ONb + BHg — 1Nb4B+ + 3NbBH4 +H» AG=-261
3Nbs" + Nb + BoHg — “NbsB* + 3NbBH4 + H» AG =-2.66
2Nbg" + °Nb + BoHg — 3NbgB* + NbBH4 + H» AG=-393
3Nb7" + Nb + BoHg — *Nb;B* + 3NbBH4 + H» AG=-2.29
2Nbg+ + ONb + BHg — 3NbgB+ + 3NbBH4 +H» AG=-2.56
2sz+ + ONb + B,Hg — SNbB* + 2szBH4 +H> AG=1.11
3Nbs* + 'Nb + BoHg — 3Nb,B™ + 2Nb.BH4 + H» AG=-0.67
2Nb4+ + ONb + BHg — 2Nb3B+ + 2szBH4 +H» AG=-1.08
3Nbs" + °Nb + BoHg — 'NbsB*™ + 2Nb,BH4 + H» AG=-1.59
2Nbe+ + ONb + B,Hg — 4N‘bsB+ +2Nb,BH4 + H> AG=-1.66
3Nb7" + °Nb + BoHg — *NbgB™ + 2Nb,BH4 + H» AG=-197
2Nbg" + °Nb + BoHg — 2Nb7B* + 2Nb,BH4 + H> AG=-0.86
Nbe" + °'Nb + BoHg — 'NbgB™ + 2Nb.BH4 + H» AG=-1.36
SNb*™ + 3Nb; + BoHg — 3NboB™ + 3NbBH4 + H» AG=-1.26
2Nb," + 3Nb; + B,Hg — 2NbsB™ + 3NbBH4 + H» AG=-2.00
3Nbs™ + 3Nb, + BoHs — 'NbsB™ + 3NbBH4 + H» AG=-338
2Nb4" + 3Nb; + B,Hg — *NbsB™ + 3NbBH4 + H» AG=-3.11
3Nbs™ + 3Nb, + BHs — 3NbsB™ + 3NbBH4 + H» AG =-4.36
2Nbg" + 3Nb; + B,Hg — 2NbsB™ + 3NbBH4 + H» AG =-3.67
3Nb;" + 3Nb, + BoHs — 'NbsB™ + 3NbBH4 + H» AG=-342
INb," + 3Nb, + B,Hg — Nb.B* + 2Nb,BH4 + H» AG=-0.25
3Nbs* + 3Nb, + B,Hg — 2NbsB* + 2Nb,BH4 + H» AG=-1.85
2Nb4+ + 3N‘bz + BoHe — lN‘b4B+ + 2N‘b2BH4 + H» AG=-2.04
3Nbs+ +3Nb, + B,Hg — 4NbsB+ + 2Nb,BH4 + H> AG=-2.09
2Nbﬁ+ +3Nb, + B,Hg — 3Nb@B+ + 2Nb,BH4 + H> AG=-3.36
3Nb;" + 3Nb, + BoHg — 2NbsB* + 2Nb,BH4 + H> AG=-1.72
2Nbg+ +3Nb, + B,Hg — legB+ + 2Nb,BH4 + H> AG=-1.99
SNb" + 2Nb; + BoHg — 2NbsB*™ + *NbBH4 + H» AG=-322
2Nb,* + 2Nbs + BoHe — 'Nb3;B* + *NbBH4 + H» AG=-3.74
3Nb3+ + 2Nb3 + B)Hg — 4Nb3B+ +3NbBH4 + H» AG = -4.66
2Nb4" + Nbs + BoHg — *Nb3;B* + *NbBH4 + H» AG=-5.59
3Nbs+ + 2Nb3 + B)Hg — 2Nb3B+ +3NbBH4 + H» AG =-4.89
2Nbé+ + 2Nb3 + B)Hg — 1Nb3B+ +3NbBH4 + H» AG=-5.59
SNb* + 2Nb; + BoHg — *NbyB* + 2Nb,BH4 + H» AG =-147
2Nbyt + 3Nbs + B,Hg — 2NbsB* + 2Nb,BH4 + H» AG=-221
3Nb3+ + 3Nb3 + ByHg — INb4B+ + 2szBH4 +H» AG=-3.59
2Nb4" + 3Nbs + BoHg — *NbsB*™ + 2Nb,BH4 + H» AG=-332
3Nbs*" + 3Nbs + BoHg — 3NbgB* + 2Nb,BHy + Ha AG=-4.57
2Nbs" + 3Nbs + BoHg — 2NbsB* + 2Nb,BH4 + H» AG=-388
3Nb;" + 3Nbs + BoHg — 'NbgB™ + 2Nb,BH4 + H> AG=-3.63
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Table S11. Thermodynamics energy changes (AG) for Nb," + Nb,, + BoHg — Nb,B2™ + Nb, + 3 H,. The pre-
superscripts refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

SNb* + 3N‘bz + BHg — 2N‘szz+ +°Nb + 3 H» AG=1.20
SNb* + 2N‘b3 + BHg — 3N‘b382+ +°Nb + 3 H» AG=-1.00
SNb* + 'Nbs + BoHs — *NbsB,™ + *Nb + 3 H, AG=-1.71
SNb* + 2N‘bs + BoHg — 'NbsB,™ + °Nb + 3 H» AG=-2.86
SNb* + 3Nbg + BoHg — NbeB>" + °Nb + 3 H, AG=-291
SNb* + 2N‘b7 + BoHg — 'NbsB,™ + °Nb + 3 H» AG=-2.13
SNb* + INbg + BoHg — 2NbgB2+ +°Nb + 3 H» AG=-2.03
2Nby" + 'Nb + BoHg — 'NbB,* + 3Nby + 3 H; AG=3.39
2Nb," + 2Nbs + BoHg — 3Nb3B," + *Nb, + 3 Hs AG=-0.56
INby" + 'Nb4 + BoaHg — NbsB2* + Nb,y + 3 H AG=-1.27
INb," + 2Nbs + B,Hg — 'NbsB,>" + 3Nb, + 3 H, AG=-241
Nb," + 3Nbs + BoHg — 2NbsBy" + 3Nbs + 3 Ha AG = -2.47
INb," + 2Nb7 + BoHg — 'NbsB,* + 3Nb, + 3 Ha AG=-1.69
Nb," + 'Nbg + BoHs — 2NbgBy" + Nby + 3 H, AG =-1.59
’Nbs* + “Nb + BaHs — 'NbB," + *Nbs + 3 H, AG =3.75
3Nbs* + 3Nb; + BoHg — 2NboBo™ + 2Nbs + 3 Ha AG=2.00
3Nbst + INbs + BoHg — 2NbsB," + 2Nbs + 3 Hp AG=-091
3Nbs" + 2Nbs + BoHs — 'NbsB" + 2Nbs + 3 H, AG=-2.06
3Nbs* + 3Nbs + BoHg — 2NbeB," + 2Nbs + 3 Ha AG=-2.11
3Nbs* + 2Nb7 + BoHg — 'Nb7B2" + 2Nbsz + 3 Ha AG=-1.33
3Nbs* + 'Nbs + BoHg — 2NbsB," + 2Nbs + 3 Ha AG=-123
INbs* + *Nb + BoHg — 'NbB>" + Nby + 3 Ha AG=4.05
Nbs" + 3Nb, + BoHg — NbyB," + 'Nbs + 3 Hy AG =231
2Nb4+ + 2N‘b} + BoHe — 3N‘b3Bz+ + 1Nb4 +3 H, AG=0.11
INbs" + 2Nbs + BoHg — 'NbsB,* + 'Nbs + 3 Ha AG=-1.75
2Nb4+ + 3N‘b6 + BoHe — ZN‘bng+ + 1Nb4 +3 H> AG=-1.80
2Nb4+ + 2N‘b7 + BoHe — lN‘b7Bz+ + 1Nb4 +3 H> AG=-1.02
INbs" + 'Nbs + BoHg — 2NbgB,* + 'Nbs + 3 Ha AG=-0.92
3Nbs"™ + SNb + BoHs — 'NbB>* + 2Nbs + 3 H, AG=4.34
Nbs* + *Nb, + BoHs — *Nb2By™ + ?Nbs + 3 H» AG =259
SNbs" + 2Nb; + BoHs — 3Nb3By" + 2Nbs + 3 H, AG=0.39
3Nbs* + 'Nby + BaHg — *NbsBy" + 2Nbs + 3 Ha AG=-0.32
3Nbs" + 3Nbs + BoHs — *NbsB:" + ?Nbs + 3 H, AG=-1.52
3Nbs* + 2Nb7 + BaHg — 'NbsBs" + 2Nbs + 3 Ha AG =-0.74
3Nbs* + 'Nbs + BoHe — 2NbgB," + 2Nbs + 3 H, AG =-0.64
INbg" + 'Nb + BoHg — 'NbB,™ + 3Nbg + 3 H» AG =434
Nbs" + *Nb, + BoHg — *Nb2By™ + *Nbg + 3 H» AG =2.60
INbs" + 2Nbs + BoHs — 3NbszB," + 3Nbg + 3 H, AG=0.39
Nbg" + 'Nbs + BoHg — 2NbsBo" + 3Nbg + 3 Ha AG=-0.32
2Nbs" + 2Nbs + BaHg — 'NbsBa" + Nbg + 3 Ha AG = -1.46
INbs" + 2Nb7 + BoHs — 'NbsB," + 3Nbg + 3 H, AG=-0.74
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INbs" + 'Nbg + BoHg — 2NbgB," + 3Nbg + 3 Ha AG=-0.64

3Nb7" + ®Nb + BoHg — 'NbB,* + 2Nb; + 3 Ha AG =4.46
3Nb;s" + 3Nb + BoHs — 2Nb2By* + 2Nby + 3 Ha AG=2.72
3Nb;" + 2Nbs + BoHs — NbzBy* + 2Nb7 + 3 Ha AG=0.52
3Nb7+ + INbs + B,Hg — 2Nb4B2+ + 2Nb7 +3 H; AG=-0.19
3Nb;" + 2Nbs + BoHs — 'NbsB,* + 2Nb7 + 3 Ha AG=-134
3Nb;* + 3Nbg + BoHg — 2NbgB," + 2Nb; + 3 H, AG=-1.39
3Nbs" + 'Nbg + BoHs — 2NbgB,* + 2Nb7 + 3 Ha AG=-0.51

INbs" + °Nb + BoHg — 'NbB," + 'Nbg + 3 H, AG=4.26
2Nbg* + 3Nb, + BoHg — 2NbaB,™ + 'Nbg + 3 Ha AG =252
2Nbg* + 2Nbs + BoHg — 3NbsB," + 'Nbg + 3 H, AG=0.31
2NbS+ + INbs + B,Hg — 2Nb4B2+ + INbg + 3 H» AG=-0.39
INbs" + 2Nbs + BoHg — 'NbsB,* + 'Nbg + 3 Ha AG=-1.54
2Nbg" + 3Nbs + BoHg — 2NbsBa" + 'Nbg + 3 Ha AG =-1.59
Nbg* + 2Nb7 + BaHg — 'Nb/By" + 'Nbg + 3 Hy AG =-0.81

Table S12. Thermodynamics energy changes (AG) for Nb," + Nb,, + BoHs — Nb,B>" + Nb, + 3 H,. The pre-
superscripts refer to spin multiplicities. Energies are given in eV.

Thermodynamics energy changes (eV)

SNb* + 3Nb, + B,Hg — 3Nb,B* + 'NbB + 3 H» AG=3.26
SNb* + 2Nb3 + BoHg — 2N‘b3B+ +7NbB + 3 H» AG=1.30
SNb" + INbs + BoHg — 'NbsB™ + "NbB + 3 H» AG=0.81
SNb* + 2N‘bs + ByHg — 4N‘bsB+ +7NbB + 3 H» AG =048
SNb* + 3Nbg + BoHg — 3NbgB* + "NbB + 3 H; AG=-0.80
SNb* + 2Nbs + BoHg — 2NbsB* + 'NbB + 3 H; AG=0.72
SNb*™ + leg + BoHe — lN‘bgB+ +7NbB + 3 H»> AG=0.65
2N‘bz+ + Nb + B>Hg — SNbB™ + 2N‘b2B +3 H, AG=421
2Nb2+ + 2N‘b} + BoHe — 2N‘b3B+ + 2N‘b2B +3 H, AG=0.90
2Nb2+ + le4 + BoHe — lN‘b4B+ + 2N‘b2B +3 H, AG=0.40
2Nb2+ + 2N‘bs + BoHe — 4N‘bsB+ + 2N‘b2B +3 H, AG=0.07
2Nb2+ + 3N‘b6 + BoHe — 3N‘bgB+ + 2N‘b2B +3 H, AG=-1.20
2Nb2+ + 2N‘b7 + BoHe — 2N‘b7B+ + 2N‘b2B +3 H, AG=0.31
2Nb2+ + leg + BoHe — lN‘bgB+ + 2N‘b2B +3 H, AG=0.24
3N‘b}+ + Nb + B>Hg — SNbB™ + le3B +3 H, AG=341
3sz.+ + 3N‘bz + BoHe — 3N‘sz+ + le3B +3 H, AG=2.05
3sz.+ + le4 + BoHe — lN‘b4B+ + le3B +3 H, AG=-041
3Nb3+ + 2Nb5 + BoHg — 4N]Z)58+ + 1Nb3B +3H, AG=-0.74
3Nb3+ + 3Nb6 + BoHg — 3NbﬁB+ + 1Nb3B +3H, AG=-2.01
3Nb3+ + 2Nb7 + BoHg — 2N]ZMB+ + 1Nb3B +3H, AG=-0.49
3Nb3+ + leg + BoHg — legB+ + 1Nb3B +3H, AG=-0.57
2Nb4* + 'Nb + BoHg — ‘NbB* + ?NbsB + 3 Ha AG=3.36
INb4" + 3Nb, + BoHg — *Nb,B*™ + 2NbsB + 3 H» AG=2.01
INb4" + 2Nbs + BoHg — 2Nb3;B* + 2NbsB + 3 H» AG=0.05
INb4" + 2Nbs + BoHg — “NbsB™ + 2NbsB + 3 H» AG=-0.78
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INb4+ + 3Nbg + BoHg — 3NbgB*™ + 2NbyB + 3 H, AG=-2.05

2Nb4+ + 2N‘b7 + BHg — 2N‘b7}3+ + 2N‘b4B +3 H, AG=-0.54
2Nb4+ + 'Nbg + BoHg — 'NbgB™ + 2N‘b4B +3 H, AG=-0.61
3Nbs* + °Nb + B,Hg — °NbB™ + *NbsB + 3 H; AG=3.16
3Nbs+ + 3N‘bz + BHg — 3N‘sz+ + 3N‘bsB +3 H, AG=1.80
3Nbs+ + 2N‘b3 + BHg — 2Nb3B+ + 3N‘bsB +3 H, AG=-0.16
3Nbs+ + 'Nbs + BoHg — 'NbsB™ + 3N‘bsB +3 H, AG = -0.65
3Nbs+ + 3N‘b6 + BHg — 3Nb6B+ + 3N‘bsB +3 H, AG=-2.26
3Nbs*™ + 2Nb7 + BoHg — 2NbsB* + 3NbsB + 3 H; AG=-0.74
3Nbs" + 'Nbs + BoHg — 'NbsB* + *NbsB + 3 H» AG =-0.81
INbs" + °Nb + BoHs — NbB* + 2NbeB + 3 H, AG=2.26
INbg" + 3Nbs + BoHg — 3Nb,B* + 2NbeB + 3 H» AG=0.90
INbg" + 2Nbs + BoHg — 2NbsB* + 2Nb¢B + 3 H» AG =-1.06
INbg" + 'Nbs + BoHg — 'NbsB* + 2NbeB + 3 H» AG =-1.56
2Nb6+ + 2I\Fbs + BoHg — 4NbsB+ + ZNbéB +3 H, AG=-1.89
2Nb6+ + 2I\Fb7 + BoHg — 2N‘b7B+ + 2Nb6B +3 H AG=-1.64
2Nb6+ + leg + BoHg — legB+ + 2Nb6B +3 H, AG=-1.72
3Nb;" + 'Nb + BoHg — NbB™ + 'NbsB + 3 H, AG=3.89
3Nb7+ + 3Nb, + B,Hg — SNb.B* + 1N‘b7B +3 H, AG =253
3Nb7+ + 2Nb3 + BoHg — 2N‘b3B+ + 1N‘b7B +3 H, AG=0.57
3Nb7+ + INby4 + B,Hg — INbsB* + 1N‘b7B +3 H, AG=0.07
3Nb;" + 2Nbs + BoHg — “NbsB™ + 'NbsB + 3 H» AG=-0.26
3Nb;™ + 3Nbg + BoHg — 3NbgB™ + 'NbsB + 3 H» AG=-1.53
3Nb;™+ 'Nbg + BoHg — 'NbsB™ + 'NbsB + 3 H» AG=-0.09
2Nbg" + °Nb + BoHg — °NbB* + 2NbgB + 3 H» AG=3.67
2Nbg+ + 3Nb, + B,Hg — SNb.B* + 2NbgB +3 H, AG =231
2Nbg+ + 2Nb3 + BoHg — 2N‘b3B+ + 2NbgB +3 H, AG=0.35
2Nbg+ + INby4 + B,Hg — INbsB* + 2NbgB +3 H, AG=-0.15
2Nbg+ + 2N‘bs + BoHe — 4N‘bsB+ + 2N‘bgB +3 H, AG=-048
2Nbg+ + 3N‘b6 + BoHe — 3N‘bgB+ + 2N‘bgB +3 H, AG=-1.75
2Nbg+ + 2N‘b7 + BoHe — 2N‘b7B+ + 2N‘bgB +3 H, AG=-0.23
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