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H;-loss pathways from dimeric M(NH;BH3) (Figure 1d, e).

H, is released by as H® atom transfer from a boron atom to a H®" atom bonded to a nitrogen atom due to an alkali
or alkaline-earth metal cation with/without oligomerization, denoted as the Q/D-pathway. In the O/D-pathway, the
metal hydride M—H in 2y is formed in the first reaction step through T1y (1, 2).

([M'[NH,BH;] ), — NH,BH, + H-M" + [M'] [NH,BH;] (1)
[M"**(INH,BH;] ), — NH,BH, + [H-M"]"[NH,BH;] )

In the O-pathway, the intermolecular N-B bond in 2° forms through T2° (3, 4).

NH,BH, + H-M' + [M']'[NH,BH;] — [M']'[NH,BH,NH,BH;] + H-M' (3)
NH,BH, + [H-M"]'[NH,BH;]” — [H-M"]"[NH,BH,NH,BH;]" 4)

Then, first H, is released by the ionic recombination of H* with H>" through T2° forming 3° (5, 6).

[M'T[NH,BH,NH,BH;]” + H-M' — [M']"[M'] [NH,BH,NHBH;]* + H, Q)
[H-M"]"[NH,BH,NH,BH;]” — [M"]* [NH,BH,NHBH;]* + H, (6)

Second H, also occurs by the formation of M—H, T3%; — 4%y (7, 8), followed by the ionic reaction of the M—H®*"
--H*-N dihydrogen bond, T4%; — 5° (9, 10).

[M'T'[M']T'[NH,BH,NHBH;]* — H- M' + [M'] [NH,BHNHBH;] (7)
[M"][NH,BH,NHBH;]* — [H-M"]'[NH,BHNHBH;]| (8)
H- M' + [M'] [NH,BHNHBH;] — [M']"[M'] [NHBHNHBH;]* + H, )
[H-M"]" [NH,BHNHBH;] — [M"]* [NHBHNHBH;]* + H, (10)

In the D-pathway, two molar equivalents of H, release without oligomerization by the redox reaction of H> and
H® in T2y — 3 (11, 12), by the formation of M—H in T3y — 4y (13, 14), and by the redox reaction of H>” and H*
in T4y — 5 (15, 16).

NH,BH, + H-M' + [M']'[NH,BH;]” — [NHBH,] [M']" + [M'] [NH,BH;] + H, (11)

NH,BH, + [H-M"]'[NH,BH;]" — [NHBH,] [M"]* [NH,BH;] + H, (12)
[NHBH,] [M'T" + [M'][NH,BH;] — [NHBH,] [M']" + NH,BH, + H-M' (13)
[NHBH,] [M"]*'[NH,BH;]” — [NHBH,] [H-M"]" + NH,BH, (14)
[NHBH,] [M']" + NH,BH, + H-M' — ([NHBH,] [M']"), + H, (15)
[NHBH,] [H-M"]" + NH,BH, — ([NHBH,] ),[M"]*' + H, (16)
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Fig. S1 Systematic increase of the activation energies in the H-steps. Among the H-steps, either T2y or T4y leads

to the lowest activation barriers, while T2% leads to the highest barrier.
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Fig. S2 Resonance (M-N-B=N--M «> M--N=B-N—M) hybrid bonds in T3y, 4%y, T4%, and 5°.
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Kinetic scheme of the O/D-pathway.

Applying the steady-state approximation, the rate constants are expressed as follows:

O kcalz O
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Fig. S3 Microcanonical rate-energy curve at 0 K for the H, release of a) (K'[NH,BH;]),, b) (Na'[NH,BH;]),, ¢)
(Li" [NH,BH;] ),, d) Ca® ([NH,BH3] ),, €) Mg®"([NH,BH;] ),, and f) K'Li"([NH,BH;] ).
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Thermal rate constants of Keat1/Keatr/Keatz” (in s7).

Table S1 Rate constants of kcaq1/kcan/kear” (in s’l) at 100-1000 K of the H-release reaction in (K [NH,BH;]),.

T (K) kcatl kcatl, kcatz'
100 1.55x10"~ 3.53x10° 1.20x 10"
200 4.00x 10722 2.82x107% 3.29x10°°
300 1.41x10"7 6.86x10" 257x10"
400 235x107"° 376 x107 7.98x 107
500 433x10° 441x10° 6.69%x10°
600 2.69x10° 236x10° 2.87x 10°
700 2.49x 10" 2.14x10°  2.23 x 10?
800 7.07x10° 624x10° 590 x 10°
900 885x10' 8.13x10* 7.39x10*
1000 5.92 x 10> 5.61x10° 526 10°

Table S2 Rate constants of kcag1/kcan/kear” (in s’l) at 100-1000 K of the H,-release reaction in (Na+[NH2BH3]’)2.

T (K) kcatl kcat1’ kcatz,

100 2.62x10> 2.68x10% 243 x10°
200 3.40x 10 1.17x10% 2.75x10*
300 1.43x10"7 494x10"° 795x10"2
400 8.80x 107 1.11x10° 147x107
500 2.59x10° 7.58x10° 8.63 x 1072
600 531x10" 2.80x10° 2.83x 10!
700 239x 10" 1.94x10° 1.77 x 10°
800 4.14x10> 4.67x10°  3.92 x10*
900 3.72x10° 533x10* 4.28x10°
1000 2.01 x 10*  339x10° 2.76 x 10°

Table S3 Rate constants of kcaq1/kcan/kear” (in s_l) at 100-1000 K of the H,-release reaction in (Li [NH,BH;])s.

T (K) kcatl kcatll kcatZ,

100 6.65x10° 568 %107 4.04x 10
200 1.11x10% 285x10% 3.19x107
300 2.71x10"° 333x10' 872x10™
400 4.15x107 4.13x107 520x 107
500 2.14x10° 7.98x10° 6.47x10°
600 6.43x10" 5.99x10° 3.62x10°
700 3.83x 10"  6.95x10°  3.42 x 10?
800 823x10° 246x10* 1.05x 10*
900 8.77x10° 3.73x10° 1.49x 10°
1000 5.44 x10* 293 x10° 1.18x10°

Table S4 Rate constants of kcaq1/keart /hkeary” (in sfl) at 100—-1000 K of the H,-release reaction in Caz+([NH2BH3]*)2.

T (K) kcatl kcatll kcat2,
100 1.67x10% 385x10°% 435x10°
200 1.17x107% 3.01x102% 240x 107
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300 496x 102 670x10" 2.59x 107"
400 3.40x 102 341 x107 938x107
500 1.78x10° 3.76x10° 844x10°
600 2.57x10° 1.90x10° 3.75x10°
700 470 x 107 1.65x10°  2.97 x 10
800 233x10"' 470x10°  7.99 x 10°
900 4.61x10° 6.25x10* 1.04x 10
1000 4.51 x 10"  4.69x10° 7.88 x 10°

Table S5 Rate constants of kcaq1/kcan/kear” (in s’l) at 100-1000 K of the H,-release reaction in Mg2+([NH2BH3]’)2.

T (K) kcatl kcat1’ kcatz,

100 5.19x10°° 3.01x10°" 6.05x107"
200 8.05x 107 222x1077 2.94x 107
300 3.90x 107 546x 10" 635x 107"
400 8.36x107 295x107 3.25x107
500 833x10° 337x10° 3.62x10°
600 1.80x10° 1.75x10° 1.86x 10°
700 438x10° 1.56x10°  1.64 x 10°
800 2.65x10"' 456x10° 4.80x10°
900 6.02x10° 622x10* 6.65x 10*
1000 6.47 x 10" 477 x10° 533 x10°

Table S6 Rate constants of kcyi/keart” (in s_l) at 100-1000 K of the H,-release reaction in (Li' [NH,BH,CHs] ), and
K'Li"([NH,BH;] ).

(Li'[NH,BH,CH;] ), K'Li"([NH,BH;] ),

T (K) kcatl kcatl kcatlr
100 7.99 x 10°% 3.56x 10 143 %10
200 1.73 x 10 6.63 x 10%° 3.47x10°°
300 1.50 x 107" 1.58x 10" 2.65x10"
400 5.08x 107 235x 107  8.06x 107’
500 450 x 10" 1.18x10°  6.60 x 10~
600 2.01 x 10? 348 x 10" 2.77 x 10°
700 1.58 x 10* 2.03x10"  2.12x10?
800 3.80 x 10° 431 x10° 549 x 10°
900 3.60 x 10° 450%10°  6.65 x 10*
1000 1.60 x 10’ 272 %10 4.43x10°
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Relative energies along the reaction pathways.

Table S7 MP2/6-311++G** relative energies (4E) and ZPE-corrected energies (4E,) for (K'/Na'/Li [NH,BH;]),
and Ca*"/Mg*"([NH,BH;]"), along the O-pathway.

1 Tly 2m T2° 20 2% 3° T3%, 4%, T4%, 50
K AE 0.00 3936 3392 4183 17.96 36.46  15.81 38.56 2245  31.57  20.89
AE, 0.00 36.14 3090 39.12 17.35 34.88 9.30 29.73 1438  20.62 8.49
Na AE 0.00 3276 29.13  34.13 9.99 3573 1833 3541 1732 3521 21.93
AE, 0.00  30.00 2631 31.84 10.02 3225 12.01 26.82 9.57  24.79 9.59
Li AE 0.00  31.08 2950 3234 1191 37.87 12.17 30.51 2027  39.39  19.88
AE, 0.00 27.85 2648 2995 11.42 34.00 5.94 21.83  11.92  28.00 7.06
Ca AE 0.00 3927 3629 3925 16.46 4638  39.77 4532 2725 5287 4248
AE, 0.00 3572 3336 3649 1590 4292 3338 3723 1892 4234  29.54
Mg AE 0.00 2621 26.19  27.00 2.15 49.46  43.49 4749 1692 5828 4597
AE, 0.00  23.07 2335 2476 2.18 4595  36.43 38.90 8.67  47.12 31.85

Table S8 MP2/6-311++G** relative energies (4E) and ZPE-corrected energies (4E,) for (K'/Na'/Li [NH,BH;]),
and Ca**/Mg”"([NH,BH;]"), along the D-pathway.

T2h 3 T3um 4y T4y 5
K AE 39.22  20.20 58.08 53.48 57.98  39.00
AE, 3346  12.77 47.64 4299 4473  23.84
Na AE 39.67 18.11 51.37  46.61 5747 3531
AE, 34.21 10.77 41.15 36.52 4428  20.68
Li AE 44.02  16.39 4776  46.35 58.58 3221
4E, 37.55 8.71 37.20  36.04 4481 17.26
Ca AE 39.86  19.51 58.13 55.99 59.36 39.21
4E, 3448 11.94 47.01 45.37 46.37  24.02
Mg AE 41.41 17.27 42.10  41.55 5846  34.87
4E, 36.14 9.60 31.54  30.99 45.57  19.55

Table S9 MP2/6-311++G** relative energies (4E) and ZPE corrected energies (4E,) for K'Li"([NH,BH;]"), along
the O/D-pathway.

1 Tly 2m T2° 20 m™°% 3° T2y 3
AE 0.00 3432 31.04 3510 1451 37.92 1445 4025 17.11
AE, 0.00 31.42 28.13 32.86 1424 34.10 832  34.83 9.81

Table S10 MP2/6-311++G** relative energies (4E) and ZPE corrected energies (4Ey) for (Li'[NH,BH,CH;] ),
along the D-pathway.

1 Tly 2w T2y 3

AE 0.00 2530 2432 40.88 13.30
AE) 0.00 2233 2120 3440  5.65
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