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Computational Methods 

Hybrid density functional theory calculations (HSE06)1 were carried out using the CRYSTAL17 package.2,3 For 

the validation, against experimental data, of the standard hybrid functional HSE06 as a robust theoretical 

approach to describe structural, electronic, and magnetic properties of magnetite system, please refer to 

Ref. 4 and corresponding Supporting Information, where some of us also analyzed the effect of reducing the 

fraction of the exact exchange, in comparison with B3LYP calculations and PBE+U calculations with different 

U values. The Kohn−Sham orbitals are expanded in Gaussian-type orbitals: the all-electron basis sets are 

H|511G(p1), C|6311G(d11), O|8411G(d1) (for NP oxygen atoms), O|8411G(d11) (for adsorbed molecules 

oxygen atoms), Si|86311(d1), P|8521G(d1), and Fe|86411G(d41). The convergence criterions of 10-6 hartree 

and 4.5×10-4 hartree/bohr for total energy and forces, respectively, were used during self-consistent field 

calculations and geometry optimization, according to the scheme previously used for Fe3O4.4,5,6 

The cubic nanoparticle (NP) model used for this investigation (429 atoms with edge length of 1.5 nm) was 

obtained from a larger one (1466 atoms with edge length of 2.3 nm), recently proposed by Liu and Di 

Valentin,6 by simply reducing the total number of atoms. Both these models are enclosed by six (001) facets, 

as observed in experiments,7,8 and present the same type of corners, edges, and surface reconstruction, 

which consists of the transfer of three six-coordinated iron atoms from octahedral to tetrahedral sites at four 

of the eight corners of the cube, i.e., those exposing tetrahedral Fe atoms. For more details regarding this 

reconstruction process, please refer to Ref. 6. The total magnetization is computed according to the formula, 

which determines the total magnetic moment of a magnetite system, as proven in Ref. 6: 

𝑚𝑡𝑜𝑡 = 5 × [𝑁(𝐹𝑒𝑂𝑐𝑡
3+ ) − 𝑁(𝐹𝑒𝑇𝑒𝑡

3+ )] + 4 × [𝑁(𝐹𝑒𝑂𝑐𝑡
2+ ) − 𝑁(𝐹𝑒𝑇𝑒𝑡

2+ )],     (1) 

where 𝐹𝑒𝑂𝑐𝑡
3+  and 𝐹𝑒𝑂𝑐𝑡

2+  are Fe3+ and Fe2+ ions at octahedral sites, 𝐹𝑒𝑇𝑒𝑡
3+  and 𝐹𝑒𝑇𝑒𝑡

2+  are Fe3+ and Fe2+ ions at 

tetrahedral sites and 𝑁 is the number of the corresponding ions. Similarly to what happens in bulk magnetite, 

for 𝐹𝑒𝑂𝑐𝑡
3+  and 𝐹𝑒𝑇𝑒𝑡

3+  the high-spin 3d5 configuration gives an atomic magnetic moment of +5 and -5 µB, 

respectively; for 𝐹𝑒𝑂𝑐𝑡
2+  and 𝐹𝑒𝑇𝑒𝑡

2+  the high-spin 3d6 electron configuration gives +4 and -4 µB, respectively. 

The total magnetic moment 𝑚𝑡𝑜𝑡 was found to be 288 µB for the cubic NP under investigation.  

To mimic spin disorder phenomena, we forced some 𝐹𝑒𝑂𝑐𝑡
3+  to hold a negative atomic magnetic moment of -

5 µB, instead of +5 µB,9,10 which lowers the total magnetic moment of the NP. We named the energy difference 

between the spin-up and spin-down solutions as ∆𝐸𝑆𝑝𝑖𝑛−𝐹𝑙𝑖𝑝. After the spin-flip, we allowed for a full atomic 

relaxation of the NP, and we named the energetic gain associated to the relaxation as ∆𝐸𝑅𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛. We 

named the sum of these two contributions as ∆𝐸𝑆𝐹+𝑅𝑒𝑙: 

∆𝐸𝑆𝐹+𝑅𝑒𝑙 =  ∆𝐸𝑆𝑝𝑖𝑛−𝐹𝑙𝑖𝑝 + ∆𝐸𝑅𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛.    (2) 



For further details regarding the spin-flip process, please refer to Ref. 10 and corresponding Supplementary 

Material.  

The adsorption energy per adsorbed molecule (𝐸𝑎𝑑𝑠) was calculated as follows: 

𝐸𝑎𝑑𝑠 = (𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑁𝑃 − 𝑁𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 × 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒) 𝑁𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒⁄ ,    (3) 

where 𝐸𝑡𝑜𝑡𝑎𝑙  is the total energy of the whole system (NP and adsorbed molecules), 𝐸𝑁𝑃 is the energy of the 

Fe3O4 NP, 𝑁𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 is the number of adsorbed molecules and 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 is the energy of one isolated 

molecule. This formula provides a value for the adsorption energy that is normalized by the total number of 

adsorbed molecules. 

The band center of mass (COM) was computed using the formula:11,12,13 

 

𝑏𝑎𝑛𝑑 𝐶𝑂𝑀 =  
∫ 𝐸𝜌(𝐸)𝑑𝐸

𝐸𝐹

−∞

∫ 𝜌(𝐸)𝑑𝐸
𝐸𝐹

−∞

,    (4) 

where E is the energy, EF the Fermi energy (which is set to 0), and ρ(E) the electronic density of states. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S1. Global minimum energy structure of the magnetite cubic NP. The white, green, and labelled red 

beads represent O, Fe, and FeOct on which the spin-flip cost is evaluated, respectively. In the nomenclature 

used for defining the spin-flipped FeOct ions, further labels 4c-6c indicate the actual coordination number of 

the corresponding ions. 

 

 

 

 

 



 

Figure S2. Ball-and-stick representations for the adsorption of different ligands at local high coverage onto 

the nanoparticle surface. Only the ligands and the NP surface portion around 𝐹𝑒𝑂𝑐𝑡
3+ 5𝑐 − (𝟓) are shown for 

clarity, as schematized in top left corner of the figure. The black, gray, orange, yellow, white, green, and red 

beads represent H, C, P, Si, O, Fe, and FeOct on which the spin-flip process is investigated, respectively.  

 

 

 

 



 

 

Figure S3. Ball-and-stick representations for the most stable adsorption mode of different ligands at local low 

coverage onto the NP corner. Only the ligands and the NP O-corner are shown for clarity, as schematized in 

top left corner of the figure. The red dashed lines indicate the edges of the hidden NP. The black dashed lines 

indicate the formation of hydrogen bonds. The H-bonds and Fe-OLigand bonds length (in Å) are shown. The 

black, gray, orange, yellow, white, green, and red beads represent H, C, P, Si, O, Fe, and FeOct on which the 

spin-flip process is investigated, respectively. 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Ball and stick representations of the Fe3O4 cubic NP with a methylphosphonic acid (MPA) molecule 

adsorbed on its corner in different (stable) configurations. The black, gray, orange, white, and green beads 

represent H, C, P, O, and Fe, respectively. H-bonds are indicated by dashed black lines. The H-bonds and Fe-

OMPA bonds length (in Å) and the adsorption energy (in eV) calculated at HSE06 level are shown. 

 

 

Figure S5. Ball and stick representations of the Fe3O4 cubic NP with a catechol (CAT) molecule adsorbed on 

its corner in different (stable) configurations. The black, gray, white, and green beads represent H, C, O, and 

Fe, respectively. The Fe-OCAT bonds length (in Å) and the adsorption energy (in eV) calculated at HSE06 level 

are shown. 

 

 

Figure S6. Ball and stick representations of the Fe3O4 cubic NP with a methylsilanetriol (SIL) molecule 

adsorbed on its corner in different (stable) configurations. The black, gray, yellow, white, and green beads 

represent H, C, Si, O, and Fe, respectively. H-bonds are indicated by dashed black lines. The H-bonds and Fe-

OSIL bonds length (in Å) and the adsorption energy (in eV) calculated at HSE06 level are shown. 

 



 

Figure S7. Ball-and-stick representation for the adsorption of AA in the monodentate mode at local high 

coverage onto the NP corner. Only the ligands and the NP O-corner are shown for clarity, as schematized on 

the left. The red dashed lines indicate the edges of the hidden NP. The black dashed lines indicate the 

formation of hydrogen bonds. The H-bond and the Fe-OLigand bond lengths (in Å) for the asymmetric unit are 

shown. The black, gray, white, green, and red beads represent H, C, O, Fe, and FeOct on which the spin-flip 

process is investigated, respectively. 

 

 

 

 

 

Figure S8. Ball-and-stick representations of the minimum energy structures of the unreconstructed (left) and 

reconstructed (right) NP at half acetic acid coverage (24 acetic acid molecules). The black, gray, white, green, 

and blue beads represent H, C, O, Fe, and FeOct which are involved in the reconstruction process, respectively.  

The reconstructed NP is favored by about -1.2 eV. 

 

 

 

 

 

 

 



Table S1. Spin-flip energetics of pairs of Fe ions in comparison with those for single Fe ions from Ref. 10. 

 ΔESpin-Flip (eV) ΔERelaxation (eV) ΔESF+Rel (eV) 

𝐹𝑒𝑂𝑐𝑡
3+ − (𝟏, 𝟑) +358 -99 +260 

𝐹𝑒𝑂𝑐𝑡
3+ 4𝑐 − (𝟏) +252 -77 +174 

𝐹𝑒𝑂𝑐𝑡
3+ 6𝑐 − (𝟑) +270 -256 +13 

𝐹𝑒𝑂𝑐𝑡
3+ − (𝟒, 𝟓) +607 -112 +495 

𝐹𝑒𝑂𝑐𝑡
3+ 5𝑐 − (𝟒) +425 -88 +337 

𝐹𝑒𝑂𝑐𝑡
3+ 5𝑐 − (𝟓) +208 -71 +137 

 

The energy cost for the simultaneous spin-flip of nearby Fe ions pair 𝐹𝑒𝑂𝑐𝑡
3+ 4𝑐 − (𝟏) / 𝐹𝑒𝑂𝑐𝑡

3+ 6𝑐 − (𝟑) is slightly 

higher (ca 70 meV) than the sum of those for the two independent single process, indicating that there is no 

cooperation. For the 𝐹𝑒𝑂𝑐𝑡
3+ 5𝑐 − (𝟒) / 𝐹𝑒𝑂𝑐𝑡

3+ 5𝑐 − (𝟓) pair, the cost for the simultaneous spin-flip corresponds 

almost exactly to the sum of those for the two independent single process (with a small difference of ca 20 

meV). Based on these results, we conclude that the simultaneous spin-flips of multiple Fe centers, even when 

they are close, are not cooperative processes, in analogy to what observed for Fe ions in distant position in 

our previous work.10 
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