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1. Methods.

1.1 Experimental Methods.

Details of the experimental setup can be found in our previous studies,1,2 and only a brief outline of the

experiments is given below. In experiments, a series of iron-sulfur cluster anions were generated by laser ablation

of a rotating and translating Fe/S mixed-powder disk target (molar ratio of Fe/S is 10:1) in the presence of a He

carrier gas with a backing pressure of about 4 atm. The anion clusters of interest were mass-selected by a

quadrupole mass filter (QMF)1 and then entered into a linear ion trap (LIT)2 reactor, in which they were confined

and thermalized by collisions with a pulse of He gas for about 1 ms. The thermalized cluster anions subsequently

reacted with a pulse of N2 for about 14.6 ms. The pressures of N2 were in the range of 1.0‒1.5 Pa. The reactant

and product ions ejected from the LIT were transferred into a reflectron time-of-flight (TOF) mass spectrometer

for mass and intensity measurements.1

1.2 Theoretical Methods.

Density functional theory (DFT) calculations using Gaussian 09 program3 were carried out to investigate the

structures of Fe5S1‒4− as well as the corresponding N2 adsorption products. A Fortran code4 based on a genetic

algorithm was used to generate initial guess structures of the clusters. The detailed procedure to perform the

genetic algorithm can be found in our previous work. Combined with 6-311+G* basis set5, the BPW91 functional6

was employed in this work, which has been shown to have good performance for iron-sulfur clusters.7 Each initial

structure was optimized at various possible spin multiplicities and all relative energies were zero-point energy

corrected. The reaction mechanism calculations of Fe5S1‒4− with N2 by the DFT method involved geometry

optimization of reaction intermediates (IMs). Vibrational frequency calculations were further performed to

confirm the IMs, which have zero imaginary frequency. Natural bond orbital (NBO) analysis was performed with

NBO 6.08 and the program Multiwfn9 was employed to perform the projected electronic densities of states (pDOS)

and localized molecular orbital (LMO) analysis.
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2. Additional experimental results.

Figure S1. Time-of-flight mass spectra for the reactions of mass-selected FexSy− (x = 1‒8, y = 0‒x) with 1.0‒1.5

Pa N2 for about 14.6 ms. The FexSy− species are denoted as x,y. Peaks marked with asterisks are due to the residual

water in the gas handling system. The blue imaginary lines indicate the peaks of N2 adsorption products.



S4

Table S1. Estimated rate constants (k1, 10−14 cm3molecule−1 s−1) for thermal reactions of FexSy− (x = 1‒8, y = 0‒x)

clusters with N2.

The pseudo-first-order rate constants (k1) for the reactions of FexSy− with N2 were determined by Eq. (1), in

which IR is the intensity of the reactant cluster ions after the reaction, IT is the total ion intensity including product

ion contribution, P is the effective pressure of the reactant gas, kB is the Boltzmann constant, T is the temperature

(298 K) of the reactant gas, and tR is the reaction time (14.6 ms).
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When estimating the k1 value in Eq. (1), the systematic deviations of tR (± 3%), T (± 1%), and P (± 20%) were

considered. For unreactive clusters, the upper limits of the reaction rate constants were estimated. Rate constants

k1 values for the reactions of all investigated FexSy− with N2 are presented in Table S1.

FexSy− k1 FexSy− k1 FexSy− k1 FexSy− k1

1,0 ≤ 1.4 2,0 ≤ 0.5 3,0 ≤ 1.4 4,0 ≤ 0.9

1,1 ≤ 0.3 2,1 ≤ 0.7 3,1 2.0 4,1 1.6

‒ ‒ 2,2 ≤ 0.2 3,2 1.3 4,2 1.1

‒ ‒ ‒ ‒ 3,3 ≤ 0.02 4,3 ≤ 0.1

‒ ‒ ‒ ‒ ‒ ‒ 4,4 ≤ 0.01

FexSy− k1 FexSy− k1 FexSy− k1 FexSy− k1

5,0 ≤ 0.5 6,0 ≤ 1.8 7,0 2.2 8,0 ≤ 1.6

5,1 1.5 6,1 ≤ 0.7 7,1 ≤ 1.5 8,1 ≤ 0.6

5,2 8.4 6,2 ≤ 0.1 7,2 ≤ 0.2 8,2 ≤ 0.2

5,3 12.0 6,3 4.1 7,3 ≤ 0.2 8,3 ≤ 0.3

5,4 ≤ 0.05 6,4 ≤ 0.4 7,4 ≤ 0.2 8,4 ≤ 0.4

5,5 ≤ 0.8 6,5 ≤ 0.5 7,5 ≤ 0.6 8,5 ≤ 0.2

‒ ‒ 6,6 ≤ 0.3 7,6 ≤ 0.6 8,6 ≤ 0.3

‒ ‒ ‒ ‒ 7,7 ≤ 0.4 8,7 ≤ 0.2

‒ ‒ ‒ ‒ ‒ ‒ 8,8 ≤ 0.3
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Figure S2. Variations of the relative intensities with respect to the N2 pressures in the reactions of (a) Fe5S2− and

(b) Fe5S3− with N2. The data points were experimentally measured, and the solid lines were calculated on the basis

of rate constants determined from least-squares fitting.
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3. Additional theoretical results.

Figure S3. (a) DFT calculated low-lying isomers of Fe5Sn− (n = 1‒4). The relative energies (∆H, in eV) of Fe5Sn−

(Rn-i) with respect to the lowest-lying isomer (Rn-1) are given. The DFT calculated vertical detachment energy

(VDE) values are shown in the square brackets. (b) DFT calculated low-lying isomers of Fe5SnN2− (n = 1‒4). The

adsorption energies of Fe5SnN2− (Pn-i) with respect to the separated reactants (Fe5Sn− and N2) in eV are listed. The

superscripts indicate spin multiplicities.
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The lowest lying isomer of Fe5S– is predicted to have a Fe5 trigonal bipyramid skeleton and a 2-fold

coordinated S atom with a spin multiplicity of 18 (18R1-1). A low lying isomer with a 3-fold coordinated S atom

(18R1-2) is 0.02 eV higher than 18R1-1 in energy. Both isomers with a spin multiplicity of 16 (16R1-1 and 16R1-2)

lie slightly higher (< 0.3 eV) in energy than those with a spin multiplicity of 18 (18R1-1 and 18R1-2). Thus, all four

isomers are possible candidates of Fe5S– generated in experiments. Furthermore, the conversion of 18R1-2 to

18R1-1 is feasible with a small energy barrier of 0.20 eV with respect to the lowest lying isomer (18R1-1).

The lowest lying isomer of Fe5S2– is predicted to have a Fe5 skeleton capped by two sulfur atoms on the

opposite 3-fold hollow sites (18R2-1). A low lying isomer with a spin multiplicity of 16 with one 2-fold S atom and

one 3-fold S atom (16R2-2) is only 0.05 eV higher than 18R2-1 in energy. While 18R2-1 is the most possible species

of Fe5S2– generated in experiments due to the well match of calculated vertical detachment energy (VDE) with the

experimental value (1.95 eV vs 1.97 eV) and 16R2-2 may be excluded due to the mismatch of the calculated VDE

value with the experimental value (2.24 eV vs 1.97 eV).

The lowest lying isomer of Fe5S3– is predicted to have three 3-fold coordinated S atoms in the Fe5 trigonal

bipyramid skeleton (18R3-1). The isomer with a spin multiplicity of 16 (16R3-1) is 0.17 eV higher in energy than

that with a spin multiplicity of 18 (18R3-1). While 18R3-1 is the most possible species of Fe5S3– generated in

experiments due to the reasonable match of the calculated VDE value with the experimental value (2.16 eV vs

2.41 eV) and 16R3-1 may be ruled out due to the mismatch of the calculated VDE value with the experimental

value (2.01 eV vs 2.41 eV).

The lowest lying isomer of Fe5S4– is predicted to have three 3-fold coordinated S atoms and one 2-fold

coordinated S atom in the Fe5 trigonal bipyramid skeleton (18R4-1). A low lying isomer with two 3-fold

coordinated S atoms and two 2-fold coordinated S atoms (18R4-2) is only 0.01 eV higher in energy than 18R4-1.

The isomers with a spin multiplicity of 16 (16R4-1 and 16R4-2) are 0.16 eV and 0.20 eV higher in energy than

those with a spin multiplicity of 18 (18R4-1 and 18R4-2). Thus, all four isomers are possible candidates of Fe5S4–

generated in experiments. Note that the transformation from 18R4-2 to 18R4-1 has a negligible energy barrier of

0.02 eV.
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Figure S4. DFT-calculated potential-energy curves (PECs) for spin conversions occurring in the reactions of

Fe5S2,3− with N2 (18R2 + N2→ 16P2 and 18R3 + N2→ 16P3) in the main text. The relative energies (∆H, in eV) are

with respect to the separate reactants (18R2/18R3 and N2). M values indicate spin multiplicities.
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Figure S5. The natural charge difference (ΔQ) of Fe5 unit, Sn unit and N2 unit upon the process of N2 adsorption

toward Fe5S1‒4–.

As shown in Figure S5, Fe5 units in Fe5S1‒3– are regarded as main electron donors to trap N2 and the electron

donating ability of the metal centers (Fe5) strengthens from Fe5S– to Fe5S3– and dramatically weakens in Fe5S4–/N2

system. In Fe5S4–/N2 system, both metal centers and sulfur ligands act as electron donators in the adsorption and

activation of N2. It is noteworthy that the N2 unit in Fe5S4–/N2 reaction system is least activated as reflected by the

less electrons gained from Fe5S4– compared to other systems.
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Figure S6. (a) Projected electronic densities of states (pDOS) and schematic illustrations of 3d orbitals of Fe5 unit

and 2p-orbitals of N2 molecule in Fe5S1,4N2− (M=18, M indicates the spin multiplicity). Orange fillings stand for

3d orbitals of Fe5 unit and blue fillings stand for 2p-orbitals of N2. The black dashed lines indicate the positions of

the HOMO. All energies are shown relative to the Fermi level. (b) The profiles of four interesting β orbitals

(orbitals 1‒4) marked in (a). The percentages of the localized molecular orbitals (LMOs) on N2 unit are listed.

Different from the unexpected back-donation interactions involving d-d bonding orbitals of dual iron sites in

Fe5S2,3N2−, classical back-donation interactions between symmetry matched d orbitals (dxz or dyz) of the adsorption

site and π* orbitals of N2 in Fe5S1,4N2− are drawn clearly in Figure S6. It is noteworthy that only one π* orbital (πx*)

is partially occupied while the other π* orbital (πy*) is totally unoccupied in Fe5S1,4N2−, which may lead to less

overlap and smaller population of electron densities on N2 unit than the unexpected back-donation interactions

resulting in more overlap between d-d bonding orbitals and two π* (πx* and πy*) orbitals.
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Figure S7. (a) Projected electronic densities of states (pDOS) and schematic illustrations of 3d orbitals of Fe5 unit

and 2p-orbitals of N2 molecule in Fe5S2,3N2− (M=18, M indicates the spin multiplicity). Orange fillings stand for

3d orbitals of Fe5 unit and blue fillings stand for 2p-orbitals of N2. The black dashed lines indicate the positions of

the HOMO. All energies are shown relative to the Fermi level. (b) The profiles of four interesting β orbitals

(orbitals 1‒4) marked in (a). The percentages of the localized molecular orbitals (LMOs) on N2 unit are listed.

As shown in Figure S3, isomers of Fe5S1‒4− with a spin multiplicity of 18 can only weakly bind N2 with the

binding energy in a range of 0.29~0.55 eV, while the isomers with a spin multiplicity of 16 can bind N2 with larger

adsorption energies. Therefore, it can be concluded that the isomers with a spin multiplicity of 16 (16R) may have

higher reactivity towards N2 than those with a spin multiplicity of 18 (18R). In order to understand how the spin

state controls the reactivity of the iron-sulfur cluster, the N2 adsorption process toward Fe5S2,3− with a spin

multiplicity of 18 was analyzed. There are more electron occupancy in the valence 4s orbital of Fe5S2,3− with a

spin multiplicity of 18 (4s0.79 and 4s0.64, respectively) than that of Fe5S2,3− with a spin multiplicity of 16 (4s0.71 and

4s0.55, respectively), which leads to more σ repulsion and is responsible for the small binding energy of 18Fe5S2,3−.

Besides, as shown in Figure S7, the orbital interactions between metal centers and N2 in 18Fe5S2N2− are weak, with

inefficient orbital overlap and less characters of nitrogen π* orbitals. As for 18Fe5S3N2−, the two back-donation

orbitals are unoccupied due to the high energy levels.
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Table S2. The spin densities and electron occupancy on each atom and bond lengths (pm) of Fe–N, Fe–Fe, and

Fe–S in Fe5Sn‒ and Fe5SnN2‒ (n = 1‒4). Δ(e) is the electron occupancy change of each atom in Fe5S1−4− compared

with the corresponding isolated atom.

Atom Spin densities (ρ) Electron occupancy
Rn Pn Δρ Rn Δe

18R1 18P1 Fe1 3.12 2.56 -0.56 4s0.723d6.92 0.36
Fe2 3.58 3.70 0.13 4s1.223d6.88 -0.10
Fe3 3.58 3.71 0.13 4s1.223d6.88 -0.10
Fe4 3.04 3.10 0.07 4s0.693d6.93 0.38
Fe5 3.30 3.51 0.21 4s1.243d6.87 -0.11
S6 0.39 0.37 -0.02 3s1.893p5.02 -0.91
N7 0.00 0.00 0.00 - -
N8 0.00 0.04 0.04 - -

16R2 16P2 Fe1 3.04 1.98 -1.05 4s0.763d6.95 0.29
Fe2 2.85 3.01 0.17 4s0.743d7.05 0.21
Fe3 2.83 2.86 0.03 4s0.553d7.07 0.38
Fe4 2.84 3.38 0.54 4s0.743d7.05 0.21
Fe5 3.04 3.33 0.29 4s0.763d6.95 0.29
S6 0.20 0.26 0.06 3s1.873p5.01 -0.88
S7 0.20 0.31 0.10 3s1.873p5.01 -0.88
N8 0.00 ‒0.11 ‒0.11 - -
N9 0.00 ‒0.02 ‒0.02 - -

16R3 16P3 Fe1 2.91 2.40 -0.52 4s0.623d6.99 0.39
Fe2 2.86 3.02 0.16 4s0.563d7.09 0.35
Fe3 2.73 2.87 0.14 4s0.483d6.91 0.61
Fe4 2.73 2.87 0.14 4s0.523d7.02 0.46
Fe5 3.04 3.09 0.05 4s0.563d7.09 0.35
S6 0.23 0.20 -0.03 3s1.873p4.99 -0.86
S7 0.25 0.33 0.08 3s1.873p4.99 -0.86
S8 0.25 0.33 0.09 3s1.853p4.95 -0.80
N9 0.00 ‒0.12 ‒0.12 - -
N10 0.00 0.00 0.00 - -

18R4 18P4 Fe1 3.11 2.68 -0.43 4s0.503d6.87 0.63
Fe2 3.00 3.00 0.00 4s0.543d6.93 0.53
Fe3 3.00 3.02 0.02 4s0.543d6.93 0.53
Fe4 3.09 3.17 0.08 4s0.463d6.86 0.68
Fe5 3.08 3.16 0.07 4s0.543d6.86 0.60
S6 0.42 0.57 0.16 3s1.873p4.93 -0.80
S7 0.32 0.29 -0.03 3s1.883p4.92 -0.80
S8 -0.84 -0.79 0.05 3s1.853p4.95 -0.80
S9 -0.83 -0.80 0.03 3s1.873p4.93 -0.80
N10 0.00 0.03 0.03 - -
N11 0.00 0.01 0.01 - -
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Spin density differences (Δρ) upon the process of N2 adsorption toward Fe5S1‒4– are shown in Table S2. Due to

the high spin multiplicity of Fe5S1‒4–, the spin densities are mainly located on the five iron atoms. It can be seen

that the spin densities of the adsorption site decreases significantly after the N2 adsorption and a redistribution of

spin densities among Fe5 unit appears.

The oxidation state is defined as “the degree of oxidation of an atom in terms of counting electrons”, where the

nominal counting of electrons is performed following an agreed set of rules.10 Electron occupancy gained from

NBO analysis can reveal the counting electrons in valence orbitals. The analysis on electron occupancy of each

atom in reactant clusters has been performed and the results are given in Table S2. Δ(e) is the electron occupancy

change of each atom in Fe5S1−4− compared with the corresponding isolated atom. The electron occupancy in

valence orbital of Fe element is 4s23d6. Thus, for Fe1 atom in Fe5S2−, Δ(e) = 2＋6－0.76－6.95 = 0.29, which

indicates that Fe1 donates 0.29 e in the formation of Fe5S2− and the oxidation state of Fe1 is about +0.3. Similarly,

the oxidation state of each iron center is in the range of −0.1 ~ +0.4 in Fe5S−, +0.2 ~ 0.4 in Fe5S2− ,+0.4 ~ 0.6 in

Fe5S3− and +0.5 ~ 0.7 in Fe5S4−. Thus, the average oxidation state of each Fe atom in Fe5S1−4− can be considered as

+0.1 in Fe5S−, +0.3 in Fe5S2−, +0.4 in Fe5S3− and +0.6 in Fe5S4−. Obviously, with the increasing number of S atoms,

the degree of oxidation of iron centers gradually increases.
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