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ABSTRACT: The magnetic properties of Au nanoparticles (NPs)
have long been an intriguing topic in fundamental research. In the
quantum size regime (1—3 nm), Au NPs indeed exhibit distinct
magnetism in contrast to diamagnetic gold in bulk or relatively large
plasmonic NPs. However, previous studies often give controversial
results due to imprecise NPs used in magnetic studies, making it
difficult to understand the origin of magnetism in Au NPs. Recent
progress has led to atomically precise Au nanoclusters (NCs for
differentiation with regular NPs), which can serve as a unique model
for studying the delocalized spin in isolated NCs and the spin—spin
exchange interaction between NCs in assembled solids. Moreover, such
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mechanisms are correlated to the atomic structures of the magnetic NCs. The precise formulas of the NCs serve as a clear indicator
for magnetism. So far, the Au-thiolate NCs reported to be magnetic, including the doped ones, all contain icosahedral kernel
structures, which are facile compared to other structures in adding or removing one electron for endowing magnetism to the NCs.
Heteroatom doping in the NCs is an effective method to probe the magnetic mechanism in NCs, such as the origin of magnetic
anisotropy, and the counterion tailoring for those charged NCs can also impart magnetism to the initially diamagnetic NCs via
stabilizing a particular charge state of the NCs. While only a few cases of NCs have been reported with magnetism thus far, future
research on metal NCs (especially in the critical regime between molecular and metallic state) will reveal more fundamentals of
magnetism, and the control of spin—spin exchange coupling in nanocluster-assembled solids is particularly promising for tailoring the

magnetic functionality of NCs and ultimately finding versatile applications.

1. INTRODUCTION

Although single gold atoms are paramagnetic because of the
unpaired 6s' electron, bulk gold is diamagnetic as the 5d'°
electrons are buried deep below the Fermi level' and the
orbital and ionic core diamagnetism counteracts the weak
paramagnetism of conduction electrons.”® Nanoparticles and
clusters of metals have intriguing physical and electronic
properties due to quantum size effects.* Two decades ago,
some of the ligand-protected Au nanoparticles (NPs) were
found to have permanent magnetism,’~ being different from
the diamagnetic bulk Au and “naked” Au NPs (deposited from
gas phase). The observed magnetism was found to be closely
related to the particle size and the type of capping ligands.*~"°
Hori et al. reported ~20 spins per particle in poly(N-vinyl-2-
pyrrolidone) protected Au NPs of ~3 nm diameter, and such a
large magnetic moment cannot be explained by the “odd/even
electron number effect” and Stoner’s enhancement model.®
Poly(allylamine hydrochloride)-stabilized Au NPs (~1.9 nm
diameter) demonstrated ferromagnetic spin polarization.® In
terms of the ligand effect, dodecanethiolate-capped Au NPs
were ferromagnetic and tiopronin-protected ones were para-
magnetic, but tetraalkylammonium-capped ones were diamag-
netic.'"" Gold NPs of ~5 nm with dodecanethiolate ligands
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showed a blocking temperature of ~50 K, while the ~12 nm
NPs were diamagnetic.'” For phosphine/chloride coprotected
Au NPs, it is interesting to see that permanent magnetism
(measured at both S and 300 K) can be observed in ~2 nm
NPs, but not in undecagold clusters."* Unfortunately, some of
these early results may be controversial,"*'® probably due to
less precise control over the composition, structure, charge
state, and crystallinity of NPs.'® For example, in polydispersed
Au NPs, the magnetism might come from one (or more)
type(s) of Au NPs of specific size (or Au atom number) in the
mixture, while other sizes are nonmagnetic. Besides, magnet-
ism could be affected by impurities, and one must be very
careful in sample preparation as contamination from objects
like a metal spatula may lead to spurious results. Thus, these
observations require more analyses. Later, the Lear group
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synthesized plasmonic Au—thiolate NPs with metal core
diameters of 1.8—1.9 nm (highly monodispersed as indicated
by transmission electronic microscopy), and managed to
demonstrate that the g factors probed by conduction electron
spin resonance (CESR) can be controlled by thiolates with
different lengths or substituents as well as solvents with
different dielectric constants.”'® Nevertheless, the origin of
magnetism remains unclear. But a common trend is that
ultrasmall Au-SR NPs within a critical size range seem the
most promising ones to be responsible for the outstanding
magnetic properties.

In order to identify the origin of magnetism in Au NPs, the
sample should ideally contain only one size, i.e., atomically
identical. Fortunately, ultrasmall Au-SR NPs with core size <3
nm have been made with atomic precision (called Au-SR
nanoclusters, NCs),'”* with all particles in a sample being
truly identical. In ultrasmall NPs, the surface plasmon
resonance (SPR) band—which dominates the optical spec-
trum of larger Au NPs—vanishes at sizes below Au,;6(SR)s,,
giving rise to a multiband spectrum due to discrete energy
states in small NCs.”'~>* Moreover, such atomically precise
NCs can grow into single crystals for atomic structure
determination by X-ray crystallography (SCXRD), providing
ideal platforms for correlating the total structures and
physicochemical properties.'”** As such, many fundamental
issues such as the structural evolution (even atom by
atom),”>™*” assembly,”* ™" isomerism,’' > optical absorp-
tion,”>** excited state dynamics,*>® chirality,”’~** photo-
luminescence,**~** dipole moments,*’ and catalytic perform-
ance,"*™" as well as magnetism,48 have been studied. The
magnetic properties of thiolate (SR) protected Au NPs hold
promise in magnetic resonance imaginég, magneto-optical data
storage, recyclable nanocatalysts, etc.,* ™! but the fundamen-
tals are still poorly understood. Generally, the physicochemical
properties of NPs are greatly affected by their size and surface.
X-ray studies revealed that, as the size of thiolate-protected
NPs decreases, the d orbitals become more depleted relative to
bulk gold due to Au—S charge redistribution,** hence,
potentially giving rise to magnetism. The well-defined
nanoclusters offer a model for probing the magnetism and
providing insights.

In this Perspective, we highlight the magnetic properties of
atomically precise Au and doped NCs. It has become clear that
an odd number of core valence electrons, determined by the
numbers of Au atoms, ligands, and charge state of the NC,
rather than the ligand type and NC size, is the origin of
magnetism. We shall start with Au,5(SR),5 NCs as a classical
model to demonstrate the magnetic properties in both the
isolated state and the assembled solids with exchange coupling.
The effects of doping in the core as well as the shape control of
Auy (e.g., sphere vs rod) are discussed subsequently. The
magnetism of larger sized Au,33(SR)s, is also discussed, and
finally, some future perspectives are provided. Overall, the
magnetism in gold and doped NCs constitutes an attractive
topic, and the development of one’s capability to control spin—
spin exchange interaction in nanocluster-assembled solids is
quite promising for not only tailoring the magnetic
functionality but also finding versatile applications.

2. MAGNETISM IN [Au,5(SR);s]” NANOCLUSTERS

While the magnetic properties are typically measured on a
superconducting quantum interference device (SQUID)
magnetometer, another popular technique is electron para-

magnetic resonance (EPR) spectroscopy. Briefly, EPR
measures the absorption of microwave radiation by a spin,
followed by spin flipping. In the presence of an external
magnetic field, the Kramer’s degeneracy of the spin states of an
unpaired electron is lifted. The applied static field B and
microwave frequency (1) are linked by the relation: hv = guzB
(where, h is the Planck constant, g is the gyromagnetic factor
(gfactor), and pg is the Bohr magneton). EPR is a highly
sensitive technique for probing materials ranging from organic
free radicals to nanoparticles with surface ligands modified by
radicals, and not only the paramagnetism but also ferromag-
netism and superparamagnetism (see section 2.2) can be
analyzed by EPR. In early times, it was suggested that Au NPs
protected by self-assembled monolayers were EPR inactive;
thus, paramagnetic molecules with unpaired electrons (e.g.,
nitroxyl radicals) were usually introduced onto the Au NPs as
spin labels, and the ERP signal of the paramagnetic radical can
be seen by EPR.**7°° Note that the EPR hyperfine structure
observed in radical solutions may be lost in radical-modified
Au surfaces due to significant intermolecular exchange
interactions typical for concentrated spin systems.>

The EPR active [Au,s(SR);]® (its neutral charge high-
lighted for differentiation with the EPR silent anionic
[Au,5(SR),5]7),%” serves as a paradigm for understanding the
origin of paramagnetism in atomically precise NCs (see section
2.1) as well as the exchange coupling between NCs in the
assembled crystal (see section 2.2). Experimentally, three
charge states of [Au,5(SR)]? (9 = —1, 0, +1) were found to
be stable. Their particular stability was earlier attributed to the
geometry of [Auys(SR)]?, rather than the electron shell
closing.58 Later, a superatom picture was proposed on the basis
of several cases of ligand-protected Au and Ag NCs,*
including [Au,(SR)5]7,°° Au,,(SR)4,, " and
[Ag,,(SR)3]*.%> According to the density functional theory
(DFT) calculations on [Au,s(SR),4]% the anionic form (g =
—1) was found to have an enhanced stability originated from
the eight electrons (25 — 18 + 1 = 8e), i.e., shell closing of
delocalized Au(6s) electrons in the kernel of the NC.®* Kohn—
Sham orbitals and corresponding energies show triple
degeneracy of the HOMO, with its projection being mainly
of P-character, hence, the 15*1P¢ superatomic configuration for
[Auys(SR) 1] ™

2.1. Superatomic Magnetism in [Au,5(SR),g]? Nano-
clusters. It was discovered that, as the anionic [Au,5(SR) 5]~
NC was oxidized (e.g,, reaction with 33% aqueous H,0,),
neutral [Au,5(SR)5]° (7e) with one unpaired electron in the
P-character superatomic orbital resulted, and its rhombic EPR
signal can be readily assigned.”” The crystal structure was
solved by SCXRD,** which contains an icosahedral Au, ; kernel
and six staple motifs of —SR—Au—SR—Au—SR— arranged in
an octahedral symmetry (Figure la, inset), the same to its 8e
counterpart. The low-temperature EPR spectra (Figure 1a) of
both microcrystalline phase and frozen solution samples
demonstrate an S = '/, signal with g = (2.56, 2.36, 1.82), g
strain (6,) = 0.03, and 13 equiv I = */, gold nuclei with
hyperfine constant A = (71, 142, S0) MHz. The solvents and
concentrations of the frozen solutions show no discernible
change to the g values or the line width.”’

Quantification indicates that [Au,s(SR)s]° has one
unpaired spin per NC. Thus, whether an atomically precise
NC is EPR active depends on whether the electron count of
the NC is an odd number. The electron count is calculated by
the total number of s orbital valence electrons of metal atoms
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Figure 1. (a) EPR spectra of [Au,5(SR);5]°. (b) Reversible conversion between the neutral and anionic [Au,5(SR);5]”~ NCs. (c) Frontier orbital
level diagrams. Inset: the structure of Au,sS;5 (—R groups omitted for clarity). Color codes: magenta = kernel Au; blue = surface motif Au; yellow =
S. Reproduced with permission from ref 57. Copyright 2009, American Chemical Society.

(e.g,, Au 6s') being subtracted by the number of ligands as well
as the charge state. In other words, as the electron
configuration of [Au,s(SR);5)° is (a,)*(a,)*(a,)! (HOMO
set) or 1S*1P° (an open-shelled superatom) (Figure 1b/c), the
NC is correspondingly EPR active. The P orbital exhibits an
axial symmetry. The energies of the three orbitals (P,,.) are
indeed slightly split (P, being ~0.1 eV above P, ) but were
viewed as quasi-degeneracy in early work since the DFT-
simulated HOMO—LUMO transition in [Au,s(SR),5]™ had no
splitting.60 Later DFT simulations involving bulkier —SR®
(such as SPh, as opposed to SCH;) or spin—orbit coupling
(with just SCH;)® led to a splitting of the HOMO—LUMO
transition into two peaks resembling the experimental spectral
feature of [Au,s(SR),5]%.%”® When being applied to other
cases, the electron counting rule explains the diamagnetic
behavior of Au,, NCs," including Au,,(PPh;),X; and
[Au;;(PPh;)¢X,]" (X = Cl or Br), both being 8e
superatoms. 70

The results explicitly demonstrate that sizes and ligands are
not the cause of magnetism in Au NCs (ligands might have
some effect on g-tensor splitting); rather, the electron count is
decisive. From this conclusion, we deduce that when the
electron count of an atomically precise metal NC is an odd
number according to its formula, the NC should be EPR
active. For example, Au;33(SR)s, with 8le is indeed para-
magnetic (see section 5). But unexpectedly, Fanchini and co-
workers reported an EPR signal from [Au,s(SR);5]" with an
even number of electrons (6e),”" which is still controversial
since other groups determined that this 6e NC is
diamagnetic,'”**® and it shows a temperature-independent
response in susceptibility.68

2.2. Exchange Coupling between Superatomic Spins
of [Au,s(SR);gl° in Assembled Crystals. The magnetic
properties of [Au,s(SR) 5]° are sensitive to the physical state
and crystallinity. The Maran group reported a detailed study.'
The EPR signal of a single crystal of [Au,5(SR),5]° NCs shows
very narrow peaks at 2460—2630 G (Figure 2, panels a and b,
green shadowed; note that the left and right sides of the
shadowed region are spurious peaks from the EPR cavity),

15775

which are quite different from those measured with amorphous
films (peaks at 2700—3800 G, the same as frozen solution
shown in Figure 1a). The spectrum can be simulated to have
two g factors of 2.79 and 2.70, which are originated from the
bulk and surface magnetization, respectively, © indicating the
low temperature ferromagnetism of the single crystal. When
rotating the single crystal (0° to 90° to 180°), isotropic
behavior was unexpectedly observed; i.e., no change in spectra
was observed (Figure 2a, green shadowed), indicating free
reorientation of the crystal with the applied magnetic field.
However, when the single crystal was fixed by the frozen
nonsolvent, the spectrum recorded at 90° rotation demon-
strated the as-expected differences from 0° to 90° and a
recovery at 180° (Figure 2b, green), confirming the physical
reorientation of the free crystal during the measurement in
Figure 2a. The single crystal also exhibits EPR hysteresis when
applying upward (low to high field) and downward scans
(Figure 2c), which again agrees with the ferromagnetic
behavior (e.g., at S K). As to the microcrystals of
[Au,s(SR) 5]°, superparamagnetism is observed below 100 K,
and hysteresis becomes perceivable below 40 K (Figure 2d).'°

The solid-state magnetism of [Au,s(SR),]° also exhibited
some distinct effects of the —R groups of the thiolate ligands,
in which the superatomic spin coupling was controlled by the
interparticle distance due to the —R groups. For example, using
a C,H, group (shorter than CH,CH,Ph), Maran’s group
observed an antiferromagnetic coupling of the superatomic
spins of [Au,s(SC,Hy)5]° NCs,”* as opposed to the
ferromagnetic coupling in the [Au,s(SC,H,Ph) ]’ assembled
solids.

3. MAGNETISM OF DOPED 25-ATOM
NANOCLUSTERS AND RELATED SYSTEMS

As mentioned in the previous section, the spherical
[Auy(SR)4]° (SR = SC,H,Ph) is the first and foremost
case in studying the magnetic properties of Au NCs. The g
values of (2.56, 2.36, 1.82) for [Au,s(SR),3]° (frozen solution)
significantly shift from g = 2 for the free electron, as well as the
values for the single gold atom adsorbed on MgO(001) in
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Figure 2. Orientation dependent EPR spectra of a single crystal of [Au,5(SR)5]° (a) free or (b) immobilized by frozen CH;CN. Note that the left
and right sides of the shadowed region are spurious peaks. (c) Hysteresis EPR spectra for a [Au,5(SR),]° single crystal, T = S K. (d) Hysteresis
EPR spectra of a large collection of [Au,5(SR),5]° microcrystals measured from 60 to 9 K, in which the black and the red traces indicate the upward
and downward scans, respectively. Reproduced with permission from ref 16. Copyright 2017, American Chemical Society.

which gy = 1.99 and g, = 2.07.”* Note that these g values
indicate the geometric differences of the spins, i.e., the free
electron and the isolated Au’ atom have isotropic and axial
spin, respectively, while the spin of [Au,s(SR)5]° is rhombic,
ie, g # g # g Other groups later reproduced the EPR
spectrum of the same NC, suggesting that it is not necessary to
elucidate the EPR data based on 13 equivalent I = 3/, '’Au
nuclei because smaller numbers (2, 4, 6, 8 and 10) of
equivalent Au atoms do not appreciably affect the simulation
due to the anisotropic hyperfine structure.”* When the
temperature increases from 6 to 50 K, the g values do not
change, but the EPR intensity decreases according to the Curie
law and the line broadens due to spin relaxation.””’* At higher
temperatures (>100 K), there is significant broadening in EPR
spectra, and no EPR signal is detectable at room temper-
ature.”” Another [Au,s(SR”),]° with alkyl thiol (SR’ = SC,Hj)
also demonstrates a similar EPR spectrum.”

DFT simulations on the isotropic hyperfine coupling
constant (A;,) for [Au,s(SR),]® indicate that, although the
A, of central Au is only 1.5 MHz and those of the 12 Au
atoms in staple motifs are lower than 12.5 MHz, the atoms in
the icosahedral Auy, shell possess A;, values in the range of
36.0 to 56.4 MHz>" The spin density was also calculated,
finding that the staple Au atoms do not share much of the spin
density; instead, the spin density is mainly distributed on the
icosahedral Au,; kernel.’” However, DFT calculations by
Kumar and co-workers indicate a controversial result that the
spin density is larger on the surface motifs than in the kernel.”®

In order to obtain more insights into the spin properties of
[Au,s(SR) 5]°, doping heteroatoms into the structure is an
effective way. The Pt or Pd doping has been reported to
change the electronic structure of the superatom,”’ ™" and in
the meantime, the magnetic properties could be altered.
Experimentally, the central doping of Pt generally results in
diamagnetic [PtAu,,(SR)5]° (6e, here Pt adopts 65°) and the
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electron-shell-closed [PtAu,,(SR),3]*~ (8e), and the former
can be reduced with a large excess of H™ to the latter.
Interestingly, the Tsukuda group reported that, by reacting
[PtAu,,(SR);5]® with 1 equiv of NaBH,, [PtAu,,(SR)s]”
could be obtained, and as the NC has 7e, it is paramagnetic
and EPR active.®” The EPR spectrum of [PtAu,,(SR)s]”
shows a rhombic signal (Figure 3) with g values (2.57, 2.37,

2
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Figure 3. EPR spectrum of [PtAu,,(SC,H,Ph);] [N(n-CeH,,),]"
(black = experiment; red = simulation), inset: the total structure of
the nanocluster. Color codes: light gray = Pt; magenta = kernel Au;
blue = surface motif Au; yellow = S; gray = C; white = H. Reproduced
with permission from ref 82. Copyright 2019, American Chemical
Society.

1.75), very close to those reported for [Au,5(SR);5]° (see
Figure 1a, g = (2.56, 2.36, 1.82)). This result not only indicates
that [PtAu,,(SR)5]  is a radical species but also suggests that
the spin density on the central Pt” in the 7e (PtAu,,)>* kernel
is almost the same as that on the central gold atom in the 7e
(Au,3)°* kernel.**

Regarding the Pt-related EPR studies, in previous work
Roduner et al. studied the three different magnetic states of
superatomic Pty (most likely with the icosahedral geometry)
NCs in details.*> Due to the local environmental differences,
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the NCs are composed of 15—20% with high-spin magnetic
moments, < 1% with EPR signal, and the rest is diamagnetic.84
The adsorption and amount of hydrogen (or deuterium)
coverage on Pt;3 NCs have great effects on the EPR spectra,
and EPR signals disappear upon hydrogen desorption.®>*®
Moreover, the spectrum of Pt;;D, NCs showing hyperfine
splitting can be simulated based on 12 equivalent Pt nuclei
(*Pt, I = '/,, 33.8% natural abundance), and the authors used
the superatom picture to describe the undetectably small
hyperfine coupling of the central Pt atom (i.e., a very small spin
density on the central Pt).*> Thus, the result can be used to
support the observation that the spin property of
[PtAu,,(SR),4]™ is the same as that of [Au,s(SR),4]°, as the
Pt doping at the center affects little on the spin density
distribution.

By contrast, the paramagnetic property of {Ag;[Fe-
(CO),4Js}*™ with a cuboctahedral Ag,; kernel demonstrates a
different story.”” Each of the doublet line (due to two isotopes
of Ag, i.e, 1°7Ag, I="/,, 51.35% natural abundance; 109Ag, I=
'/, 48.65% natural abundance) is further splitting into 13
observable hyperfine lines. As there is a significant difference
between the coupling constants of the central Ag and the Ag
atoms in the cuboctahedral Ag,, shell, Albano et al. contribute
the unpaired electron mainly to the central Ag."” The reason
that the cluster with Au,; kernel has its spin on the shell while
the cluster with Ag;; kernel has its spin at the center still
remains unclear. The different elements, i.e., Au vs Ag, and the
different kernel structures, i.e., icosahedral Au,; vs cuboctahe-
dral Ag,;, might contribute to the significant difference.

Despite the yet unclear difference between Ag and Au,
doping silver into [Au,5(SR) 4] could be a promising strategy
to demonstrate a different picture compared to the Pt doping.
However, it has been found that Ag cannot be doped into the
central site of the spherical Au,s.”*** Nevertheless, the effect
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of Ag doping on the EPR signal is still very informative. Jin and
co-workers recently reported the manipulation of EPR via
controlling the Ag/Au molar ratios in the precursors to obtain
a series of [Au,s_,Ag,(SC,H,Ph);4]° (x = 0—9), and the X-
band (9.645 GHz) EPR spectra were recorded at 16 K (Figure
4a).”° The g-tensors of the species with different Ag doping
amounts are determined (simulations overlaid on the data), in
which the determined g = (2.62, 2.31, 1.81) for
[Au,s(SC,H,Ph),]° (Figure 4a, sample A) is consistent with
that in the previous report™ except the slightly different
simulation (i.e., the exclusion of a hyperfine term); the same g-
values can be obtained if hyperfine is included. Interestingly,
the EPR analysis indicates a clear gradual shift in g-values (g,
and g,) for the Ag-doped NCs in comparison to the homogold
counterpart (Figure 4a); e.g., for [Au,s_,Ag.(SC,H,Ph)5]° (x
= 59, average 7.2), g, and g, values decrease to 2.38 and 2.25
(sample E). The spin—orbit coupling of the unpaired electron
delocalized over the metal atoms in bonding is identified to be
responsible for the anisotropic g-tensor, and the decreasing
splitting in g, and g, with Ag doping can be understood by the
much greater spin—orbit coupling parameter of Au (~14400
cm™") compared to that of Ag (~3470 cm™).”" The EPR
signals are broadened, as the doped samples (B—E) are
mixtures of multiple species. The plot of g, vs the average
number of Ag in [Au,_,Ag,(SC,H,Ph) 5] gives a linear trend
and g, = 2.25 at the maximum « of 12 (Figure 4b), i.., all of
the atoms in the icosahedral shell are Ag. The exclusion of Ag
at the center, as well as the exterior staple motif sites, is proved
by SCXRD of [Au,s_,Ag,(SPh-0-C,Hs),]° (x = 4—7, average
5.8, Figure 4c). Since the SPh-0-C,H; ligand is the aromatic
homologue of SC,H,Ph. A comparative EPR study on axial
splitting in Ag-doped systems shows that the carbon tail
isomerism in the thiolate ligand also has some effect on the
magnetic properties (Figure 4d). [Au,s_,Ag,(SPh-0-C,Hy),5]°
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Figure 5. Total structures of (a) [Au,s(PPh;),(SePh)sCL]*(SbFs)™ (17e) and (b) [Au,s(PPh;),0(SePh)CL]**(SbFs) " (BPh,)™ (16e). (c) UV—
vis absorption spectra of (blue) Au,s (16e) and (red) Au,s (17e). (d) EPR spectra of (blue) Au,s (16e) and (red) Au,g (17e). Both spectra were
recorded at § K (microwave frequency, 9.4 GHz; microwave power, 25 ;/W; amplitude modulation, 0.5 mT). Color codes: magenta = Au; orange =
P; light blue = Se; green = CI; gray = C; white = H. Reproduced with permission from ref 100. Copyright 2016, American Chemical Society.

showed a slight reduction in axial splitting in comparison to
[Auy_,Ag,(SC,H,Ph)4]°. This may be contributed by
aromatic vs nonaromatic ligand systems”” and the interactions
between the metal kernel and the capping ligands.”

4. MAGNETISM IN THE Au,s-ROD NANOCLUSTER

Compared to the spherical Au,s(SR);3 NC, the rod-shaped
[Au,5(PPhy),4(SR)sCL]*" NC is also well studied, including
the synthesis, structure, luminescence, electrochemistry, and
ultrafast dynamics.”*”"” The structure of rod-shaped Au,g
contains two icosahedral Auj; units connected via sharing a
vertex gold atom (Figure Sab). According to Mingos electron
counting rule as well as the ligand protection of
[Au,s(PPh;),0(SR)Cl,]*, the valence electron number is 16
(ie, 25—5—2—2 = 16e). Note that the phosphine ligands
adopt dative bonds and do not contribute to the electron
count. Thus, the rod-shaped Au,s NC can be considered to be
two 8e superatoms combined together.

Based on the rod-shaped Au,s, Song et al. replaced the
thiolates with selenolate (SePh) and studied the magnetic
properties of [Au,5(PPh;),0(SePh);CL]? by controlling the
number of counterions (Figure 5), including Au,s (17¢) when
q = 1+, counterion = SbFg, and Au,s (16e) when g = 2+,
counterions = one SbF4 and one BPh, according to SCXRD."”
After reacting with H,0, (10%), the rod-shaped Au,s (17¢)
can be oxidized to Au, (16e) as indicated by time-dependent
UV—vis absorption spectra, in which the peak at 870 nm
disappears and the 420 nm peak divides into two shoulder
peaks (Figure Sc). By contrast, the Au,s (16e) cannot be
reduced back to Au,s (17e) by excess NaBH,, suggesting that
the formation of Au, (17e) is obtained by kinetic control. The
Auyg (16e) sample is EPR silent due to the even number of
electrons (Figure 5d, blue line), like the thiolate counterpart
[Au,5(PPhy),4(SR)sCL,]*". Interestingly, the Au,s (17e) micro-
crystal powders measured at 5 K demonstrates a strong EPR
signal with S = '/,, g = (2.40, 2.26, 1.78) (Figure 5d, red line).
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This is different from the signal observed for a spherical
[Au,5(SC,H,Ph),]° with g = (2.56, 2.36, 1.82). Although both
Au NCs contain 25 gold atoms, their structures and protecting
ligands are different. The [Au,s(PPhs),o(SePh)sCL]" (17¢)
case consolidates the conclusion that for Au NPs of ultrasmall
sizes, the exact electron count determined by their precise
formulas can serve as an indicator for magnetism. Besides this,
the EPR signal provides further evidence for that the charge of
Auyg (17e) is +1 as determined by SCXRD, as it is possible
that small counterion(s) might not be resolved by SCXRD.

5. MAGNETISM IN THE Au,3; NANOCLUSTER

In addition to the small-sized Au NCs discussed above, larger
Au NCs with unpaired electron have also been reported'’" and
are even more intriguing as these NCs bridge up the small NCs
possessing discrete energy levels with conventional plasmonic
NPs possessing a quasi-continuous band.'*>'*® The magnetism
of atomically precise Au,(SR),, NCs can serve as an important
indicator for the investigation on the transition from atomic
magnetism (localized) to delocalized spin to band magnetism.
Among the Au NCs of large sizes (>100 atoms of Au), the
charge-neutral Au,;;(SR)s, (81e) of 1.7 nm core diameter is a
recent example, which illustrates a different EPR spectrum
from that of Au,s(SR);s (7¢).'”" Both the S- and X-band
spectra of Auy;;(SR)s, display a signal with g, = 2.47 and g, =
1.69 (Figure 6a). As the EPR signal intensity is temperature-
dependent from 2 to 25 K, obeying the Curie law (intensity vs
1/T), the behavior of magnetism in atomically precise
Au,33(SR)s, is different from the temperature-independent,
electron-conduction-band Pauli paramagnetism. EPR quanti-
tation of Au;3;(SR)s, reveals that each NC possesses one
unpaired spin. Electron loss (i.e., oxidation by H,0,) results in
an EPR inactive [Au;33(SR)s,]" (80e) NC (Figure 6a, green
line). A comparison of EPR signals between Au,33(SR)s, and
Au,5(SR);5 clearly shows that the shape of magnetic moment
for the former is axial, while the latter is thombic (Figure 6b).
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Figure 6. S-band (3.48 GHz) at 10 K and X-band (9.64 GHz) at 6 K EPR spectra (blue/black lines) of (a) Au,33(SR)s,, and (b) Auys(SR),,
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If we take the average of the two larger g values of Au,5(SR) s,
the axial tensors become g; = 1.81 and g, = 2.48, and the
directions of the g tensors are in reverse in comparison to
Auy33(SR)s,, indicating a change in the symmetry of the
unpaired electron. The simulations for Au,33(SR)s, indicate a
spin of S = '/, with 12 equivalent Au nuclei with A;, = SO
MHz. These parameters are comparable to those of
Auys(SR) g, i.e., the unpaired electron is delocalized on the
innermost icosahedral Au;, shell.

The above-discussed cases of EPR activity have common
character that the spherical Au,;, rod-shaped Au,;, and
spherical Au, 33, all contain icosahedral kernel structures. The
number of electrons in these icosahedral Au,(SR),, NCs can be
readily altered by oxidation/reduction, and the spin is likely
distributed on the icosahedral Auy, shell that wraps the central
atom.

6. FUTURE PERSPECTIVES

While bulk Au is diamagnetic, Au NPs may exhibit interesting
magnetic properties, especially in the 1—4 nm regime. The
magnetic studies on regular NPs that are imprecise and with
possible impurities still cannot reach a consistent conclusion.
Therefore, the development of atomically precise Au NCs
(Scheme lab) provide a great opportunity for mechanistic
studies, as all of the particles are truly identical in size and
structure, such as the classic case of [Au,5(SR),4]° (7¢), which
clearly reveals that each particle holds one unpaired spin with
axial splitting of the g value. The NC can be reversibly reduced
to diamagnetic [Au,5(SR) 5]~ (8, EPR inactive). Based on the
chemical formula (ie., the numbers of metal atoms, ligands
and charges), one can directly tell if the NC is paramagnetic or
not. For conventional NPs, as the exact electron count cannot

15779

be determined due to nonuniformity of the NPs and no atomic
precision, it is only possible to relate the magnetism to the NP
size.> Note that the EPR active NCs reported so far are stil
small in size and possess molecular-like electronic structure
only, and their energy gaps are larger than the thermal
energy.'’’ When the size approaches the metallic state, thermal
energy and the increasing population of electrons lying beneath
the excited states are expected to present some interesting
phenomena, which deserves future studies.

A vast majority of atomically precise metal NCs turn out to
have even numbers of valence electrons, and even if the
metal—ligand number subtraction indicates an odd number,
the open-shelled electronic structure and the natural pairing
requirement (especially for small-sized NCs) would often lead
to a charge in the NC for eliminating the magnetism, and
subsequently the counterion(s) associate with these NCs
according to the positive or negative state of the NC.'"* In
order to have a more complete picture on the spin
delocalization and the effect of geometry on the signal profile,
more EPR-active NCs need to be created via size and charge-
state control. When the size increases, the geometrical
structure becomes more important for the stability of NCs
than does the electronic structure. Interestingly, unlike
homogold NCs, alloy NCs tend to bear charges, e.g,
[AU3A838(SR)24X5]2_(PPh4)22+ x = ¢ Br);lo [Auyy-
Ag46(SR)32]2+(BPh4)2_,106 [Cu30Ag61(SR)3SS3]+(BPh4)_,107
and Aug,Cu,,(SR)ss* (SbFy)~.'%% EPR activity could be
achieved by controlling the electron binding.'”” Recent work
shows that [Au;3Cus,(SR)56]>” containing an icosahedral Auy,
kernel can be reduced to [Au;4Cus,(SR)34]%~ which dis(})lays a
strong EPR signal with S = '/, and g = (2.02, 2.35).M"

Some cases on Ag NCs have also been reported to be EPR
active," ' 7*'* but no doublet signal from '"Ag and '“Ag
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Scheme 1. Gold NCs with Schematic Energy States and the Corresponding EPR

Sg)ectra of (a) Auys(SR) g, (b) Auys3(SR)sy,

and Au,,4(SR)g,” and (c) a Schematic of the Pauli Paramagnetism of Au-SR NPs” and the Corresponding CESR Spectra®
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(51:49) was observed, except an isotropic EPR profile. This is
probably due to the broadening (overlap) of the signal, as seen
in Au analogues. It is worth mentioning that although
Auys(SR) ;g (7e) and its alloy NCs have been studied in
terms of paramagnetism, its silver analog, i.e.,
[Ag,s(SR)5]7,""® has no success yet in oxidization to 7e. It
has been demonstrated that Au doping is able to enhance the
stability and photoluminescence of Ag,s,''® and we suppose
that the doped Ag,s could also be a good candidate to study
the EPR of Ag NCs. Overall, systematic EPR measurements
and quantitative analysis are necessary in order to have an
unambiguous assignment of EPR signals and eliminate the
possibility of impurities in future work.

The magnetic NCs observed so far all belong to the
molecular state with a sizable HOMO-LUMO gap (as
opposed to plasmonic NPs with zero gap). As to conventional
NPs, the strength of Au—S charge transfer localizes surface
conduction electrons in plasmonic NPs, affecting the width of
surface plasmonic resonance (SPR).""” In metallic Au-SR NPs,
electrons are arranged in quasi-continuous states, and CESR
can be used to detect the magnetic properties of the metallic
electrons near the Fermi level. The signal is very sensitive to
ligand tailoring (Scheme 1c).'”” Interestingly, an abrupt

transition was observed from the molecular-state Au,,4(SR)g,
to the metallic/plasmonic Au,;6(SR)g,.""® The Au,0(SR)g,
NC has 195e, which is an odd number, and thus, it would be
interesting to study its magnetic properties. This will help
understand the magnetic transition from the molecular state to
the metallic state (Scheme la—c). Similarly, Au;g;(SR)4s with
125e is another potentially interesting case to study in future
work.'"?

The structural dependence of magnetism in Au NCs is also
an interesting aspect and remains to be investigated. As we
discussed in the above sections, Au NCs with icosahedral
kernels are generally found to be more facile in adding/
removing one electron for imparting magnetism, while those
with fcc structures tends to accept/lose 2e with structural
evolution.”*"**"*! Thus, more work is needed to explore and
engineer the nonicosahedral Au NCs for fundamental
understanding and magnetic functionality expansion.

The use of heteroatoms as dopants for the EPR active NCs
can be quite valuable for probing the spin delocalization inside
the Au NCs. For example, similar to the case of spherical
Au,s Ag, systems, Ag doping in the rod-shaped Au,s (17¢)
may show a significant effect on the ERP signal, which could
be carried out in future work. In addition, as it has been clear
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that the spin is delocalized in the icosahedral Au;, shell of
spherical Au,5(SR) ;5 and ligands are directly anchored on this
shell, ligand tailoring might also have some effect on the
magnetic properties and is worth studying in the future.
Previous experiments on Au NPs have demonstrated that
different types of ligands, e.g., thiolate vs amine, could
effectively alter the SPR, electron—phonon coupling and
magnetic properties of the NPs.'*> As the recently developed
alkynyl-protected Au NCs are thriving in their sizes and
applications,'** and some of them share the same structures as
Au-SR NCs,'** it would be interesting to compare them in
respect to EPR signals.

Overall, magnetism in gold and other metal nanoclusters, as
well as the doped or alloy nanoclusters, will continue to be an
intriguing topic, and future research is expected to obtain
further control over the spin properties in isolated particles and
to understand exchange coupling between particles in the
assembled solids. The superparamagnetic, antiferromagnetic,
and ferromagnetic states of the nanocluster-assembled solids
remain to be investigated, and based on that, the characteristic
temperatures (such as the blocking temperature and the Néel
temperature) may acquire an exquisite tuning. Both the
isolated nanoclusters and the assembled solids with versatile
magnetic functionality'>*'*® will find applications in sensing,
catalysis, and quantum technology.
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