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Figure S1. Structures of Coy clusters
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Figure S3. Structures of Con(PH3)z clusters
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Figure S4. Structures of clusters with ligand shell composed of both Cl and PHj3
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Figure SS. Structures of CoyLy clusters with different percent ligand coverages
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Figure S6. Structures of CossLy clusters with different percent ligand coverages



Impact of multiple component ligand shells on the magnetic properties of Con
nanocluster cores

Many nanoclusters that are synthetically accessible with fewer than 100 metal
atoms contain multiple component ligand shells, where each type of ligand is important
for the stability of the nanocluster.'™ Structural diversity on the surface often arises due
to having many components in the solution at the time of nucleation, and a high energy
surface that will bind to many different ligands to gain both thermodynamic and kinetic
stability. To extend our work toward more realistic model systems, we built a set of
clusters with both Cl and PH; ligands present (Figure S4). The Cl ligands were added to
bare surface sites of the Con(PH3)z set of ligands and subsequently reoptimized. Overall,
9 ConCly(PHs)z clusters were considered and together, 7 unique surface coordination
environments were generated by the ligand shell after optimization (Figure S7A). Here a
unique environment was defined as either having a coordination number to each Cl and
PHj; ligands (i.e. 1Cl/1PH;3 vs. 2CI/PH3), or as having the coordinating ligand binding to a
different number of surface atoms (i.e. direct binding vs. bridging 2 Co atoms).

In bare clusters and single component ligand shells, we find a clear correlation
between the composition of the immediate coordination environment at a surface Co
atom and its LMM, allowing us to isolate the role the ligand plays on the electronic
structure at the surface. Consistent with these observations with single component ligand
shells, as the Co-Co coordination number increases in the dual component ligand shells a
general quenching of the LMM is observed, independent of the ligand coordination.
However, coordination environments containing both CI and PHj; ligands present show
LMMs that fall between what is expected based on results form single component ligand

shells. LMM averaging leads to the total magnetic moment of the dual ligand shell



clusters falling between that of the pure Cl and PHj3 ligand shells for a given core size
(Figure S1B). Importantly, the ConCly(PH3)z clusters does not qualitatively differ from
the pure ligand shells, where there is no size dependent evolution of magnetism. The
lack of size dependence indicates that the local coordination environment remains the
determining factor in the LMM in complex ligand shells, and the set of coordination
environments on a given nanocluster will determine the overall magnetism of a given
system.
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Figure S7: A) Each unique local structural motif generated from ligand shell in
ConCly(PH3)z clusters. The number below each structure indicates the LMM of the
center of coordination environment (blue atom). B) Average LMM on each Co atom as a
function of number of atoms in the core of each cluster considered including dual ligand
shell systems. C) LMM as a function of Co-Co coordination number for every atom in
each cluster considered in this study.



Calculation of total and local magnetic moments

The local magnetic moment atom i is given by the following equation.”

W = f [o1(r) — pu()]dr

Where R is the radius of the augmentation sphere centered at atom 1, and p m(r) (py(1)) is
the majority (minority) spin density. The radius of the augmentation sphere in which the
integration is preformed is chosen as half the bond length of the nearest neighbor bond
length to ensure there is no overlap between atoms. The total magnetic moment of the
system is given by the sum of each atoms local magnetic moment.

To estimate the error in the calculation of total magnetic moment we report the
value of spin contamination in Figure S11. The total magnetic moment is calculated as
an integral of the net spin density over all space. In an unrestricted calculation, the spatial
components of the spin-up and spin-down wave functions can be different. Spatial
mismatch results in regions of space where the net spin density is negative. In DFT, spin
contamination is calculated as the integral of the net spin density over all space where the
spin down electron density is greater than the spin up electron density.’

Coordination Number

In order to characterize the local atomic structure of each cluster and correlate this
structure with local magnetism of a given position in the cluster we utilize the
coordination number of a given atom position extensively. Because the average Co-Co
bond lengths are different for each cluster, both as a function of size and ligand shell
composition (Figure S8), it is difficult to assign whether or not a bond exists between two
atoms. To calculate coordination numbers consistently across each cluster, we calculated

a fractional coordination number given below:



Where,

1 ) if I < Ieq

C.= r.—r. \V
v exp[—(u) ] , otherwise
o

First we calculate every bond length between each pair of Co atoms less than 3.0 A apart.
From this set of bond lengths we calculate the average (r.q) and the standard deviation
(0). The coordination number of atom i is given by equation 1, where we calculate the
distance between atom 1 and atom j (r;), if this value is less than the equilibrium BL we
add one to the coordination number, if it is greater than the equilibrium BL the value is
weighted with a Gaussian distribution.
Ligand binding energy

The ligand binding energy (LBE) of each Con (N = 15 - 55) cluster was calculated

using the following equation.

LBE = E[Cox(Lig)m] — (E[Coyn] + M x E[Lig])
Where M is the number of ligands in the cluster. In cases where the ligand has an
unpaired electron and is therefore not stable as a radical (i.e. Cl), the hydrogenated

version of the ligand was used to calculated E[Lig] and the LBE was calculated with the

following modified version of the above equation.

LBE = (E[CON(Lig)M] + % * E[Hz]) — (E[Coyn] + M * E[Lig])
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Figure S8. Average Co-Co BL as a function of nanocluster core size.
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Figure S9 Average LMM as a function of the average Co-Co bond length for each ligand
shell composition.
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Figure S10. Average LBE as a function of core size.
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Figure S11. Percent spin contamination present in calculating as a function of
nanocluster core size.
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Figure S12. Local magnetic moment as a function of atomic charge for every Co atom in
each nanocluster considered.
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Figure S13. Average Co-Co bond length in the first coordination environment as a
function of the local magnetic moment for every Co atom in each nanocluster considered.



Table S1. Various starting local magnetic moments (LMMs) used on each atom to
initiate single point calculation and resulting total magnetic moment (TMM) for each
ligand shell considered for Coss core size.

System 0.5 1.0 1.5 2.0
Co45Cly5 67.9 67.9 67.9 67.9
Co45(PH3) 45 547 54.7 54.7 547
Co45(PH3)415Clyq 60.2 60.2 60.2 60.2
References

1. McKenzie, L. C.; Zaikova, T. O.; Hutchison, J. E., Structurally Similar
Triphenylphosphine-Stabilized Undecagolds, Au;(PPhs3);Cl; and
[Au;1(PPh3)sClL;]Cl, Exhibit Distinct Ligand Exchange Pathways with
Glutathione. J. Am. Chem. Soc. 2014, 136 (38), 13426-13435.

2.Erickson, J. D.; Mednikov, E. G.; Ivanov, S. A.; Dahl, L. F., Isolation and Structural
Characterization of a Mackay 55-Metal-Atom Two-Shell Icosahedron of Pseudo-I
h Symmetry, PdssL;2(u3-CO),o (L= PR3, R= Isopropyl): Comparative Analysis
with Interior Two-Shell Icosahedral Geometries in Capped Three-Shell Pd145, Pt-
Centered Four-Shell Pd—Pt M165, and Four-Shell Aul33 Nanoclusters. J. Am.
Chem. Soc. 2016, 138, 1502-1505.

3. Teo, B. K.; Yang, H.; Yan, J.; Zheng, N., Supercubes, Supersquares, and Superrods of
Face-Centered Cubes (FCC): Atomic and Electronic Requirements of
[Mm(SR)i(PR’3)s]? Nanoclusters (M = Coinage Metals) and Their Implications
with Respect to Nucleation and Growth of FCC Metals. Inorg. Chem. 2017.

4. Enkovaara, J.; Rostgaard, C.; Mortensen, J. J.; Chen, J.; Dutak, M.; Ferrighi, L.;
Gavnholt, J.; Glinsvad, C.; Haikola, V.; Hansen, H., Electronic Structure

Calculations with GPAW: a Real-Space Implementation of the Projector
Augmented-Wave Method. J. Phys-Condens. Mat. 2010, 22, 253202.

5. Pople, J. A.; Gill, P. M.; Handy, N. C., Spin-Unrestricted Character of Kohn-Sham
Orbitals for Open-Shell Systems. 1995.



